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Foreword

Asthe scale and complexity of High Energy Physics experiments increase, simulation studies require more
and more care and become essentia to

¢ design and optimise the detectors,
e develop and test the reconstruction and analysis programs, and

e interpret the experimental data.

GEANT is a system of detector description and simulation tools that help physicists in such studies. The
GEANT system can be obtained from CERN as six Patchy [8]/CMZ [9] files: GEANT, GEANG, GEANH, GEANF,
GEANE and GEANX. The program runs everywhere the CERN Program Library has been installed?.

The GEANT and GEANG files contain most of the basic code. The GEANH file contains the code for the hadronic
showers simulation from the program GHEISHA [1]. The GEANF file contains the source of the routines for
hadronic showers development from the FLUKA [2, 3, 4, 5, 6, 101, 102] program which is interfaced with
GEANT as an alternative to GHEISHA to simulate hadronic cascades. The GEANE [11] file contains atracking
package to be used, in the context of event reconstruction, for trgjectory estimation and error propagation.
The GEANX file contains the main program for the interactive version of GEANT (GXINT) and afew examples
of application programs which may help users to get started with GEANT.

Genera information concerning GEANT, for example access to the source code, the list of problems and
their proposed corrections, the context of utilisation on the CERN machines, the status of some application
programs, the acquisition of documentation, etc., are kept up to date through CERN news and InterNet
news group (cern.lgeant) and an electronic mailing list which isinstalled on the CERN IBM mainframe
(BITnet/EARN node CERNVM). The name of the list is LGEANT (see below how to subscribe).

The first version of GEANT was written in 1974 as a bare framework which initially emphasised tracking
of afew particles per event through relatively simple detectors. The system has been developed with some
continuity over the years [12]

New versions may differ from the previous ones. Some of the modifications may lead to backward incom-
patibilities. The user istherefore invited to read carefully the Patch HISTORY of the current GEANT file where
al changes are described in detail.

The development and the maintenance of GEANT are possible only thanks to the devoted and continuous
collaboration of physicists around the world who use the program and contribute their feedback to the
authors and maintainers at CERN. It is of course impossible to mention al of them, and new names are
added frequently to the list of the contributors. The GEANT team wish to thank them all and expresses its
hope that they will continue to help us.

GEANT version 3 originated from an idea of René Brun and Andy McPherson in 1982 during the devel opment
of the OPAL simulation program. GEANT3 was based on the skeleton of GEANT version 2 code [12].

In close collaboration with René and Andy, Pietro Zanarini developed the first versions of the graphics
system as well as the early versions of the interactive package initially based on ZCEDEX, then upgraded to
KUIP.

At the moment of writing these are the systems on which the CERN Program Library is maintained: VM/CMS-HPO-XA-
ESA, SUN, Silicon Graphics, CRAY Y-XMP, Apollo 3000 series, Apollo 10000, HP 400 series, HP 700 series, IBM RS/6000,
IBM AIX/370, VAX/VMS, Alliant, Dec Ultrix, NeXT, IBM MV S-HPO-XA-ESA, Convex, MAC/MPW (partia implementation),
PC-DOS, PC-Linux, PC-Windows/NT.
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Glenn Patrick (RAL) implemented afirst version of the electromagnetic processes. Tony Baroncelli (Roma)
helped in interfacing GEANT to his hadronic shower package TATINA. Federico Carminati contributed to the
interface with GHEISHA, an hadronic shower package developed by Harn Fesefeldt (Aachen).

Francis Bruyant and Michel Maire (LAPP) made substantial contributions to the geometry, tracking and
physics parts of GEANT while adapting the system to the L3 environment. Francis has been, for many years,
an essential collaborator, testing new ideas for the geometry and hits packages. Michel, together with Elemer
Nagy and Vincenzo Innocente, developed the GEANE system.

A very important contribution to GEANT has been made by Laszl6 Urban (KFKI Budapest) who has contin-
uously improved the electromagnetic physics package. Lazlo has spent a considerable amount of time in
reading the relevant papers in the literature and in making comparisons with experimental results.

René Brun has coordinated the devel opment and the maintenance of GEANT from 1982 until 1991 (versions
3.00 up to 3.14). Federico Carminati coordinated the development of the versions 3.15 and 3.16 between
1991 and 1993. Since January 1994, the responsability for GEANT is in the hands of Simone Giani. Before
assuming this responsahility, Simone made substantial improvements in the graphics and interactive pack-
ages. After he has enhanced the power of the geometry package and the performance of the tracking for
a new version of GEANT: in March 1994 the version 3.21 has been released and is the current version of
GEANT.

Many people contributed their work or their experience. We have tried to acknowledge their names in the
manual pages and we apologise for any omissions.

Special mention should be made here of the following contributions:

S.Banerjee (contribution to the tracking package), R.Jones (contribution to the smulation of electromag-
netic processes), K.Lassila-Perini (interface with FLUKA and MICAP), G.Lynch (contribution to the mul-
tiple scattering algorithms), E.Tchernyaev (origina code for hidden-line removal graphics), J.Salt (original
interface to the GC package).

S. Ravndal did a complete revision and update of the full documentation for the release of GEANT version
3.21.

Specia thanks should go to the authors of the packages interfaced with GEANT, and in particular to Harn
Fesefeldt (GHEISHA) and Alfredo Ferrari (FLUKA see later). Their patience in explaining the internals of
their code, their experience and their collaborative and open attitude have been instrumental.

Another special thanks goes to Mike Metcalf, who helped to improve the English and the structure of the
manual.

Any reader who is not familiar with GEANT should first have a glance at the notes numbered 001 to 009 in
each section of this manual.

Despite our efforts, the documentation is still incomplete and far from perfect. We accept full responsibility
for its present status.

Finally, we express our thanks to Michel Goossens for translating the SCRIPT/SGML source of the original
GEANT manual into IATEX.

1 The GEANT-FLUKA interface

Since version 3.15, GEANT includes an interface with some FLUKA [2, 3, 4, 5, 6, 101, 102] routines. This
part has been updated and extended in subsequent releases.

FLUKA is a standalone code with its own life. Only afew parts have been included into GEANT, namely the
ones dealing with hadronic elastic and inelastic interactions.

The implementation of FLUKA routines in GEANT does not include any change, apart from interface ones and
those agreed by the FLUKA authors. Whenever different options are available in FLUKA, the one suggested by
the authors have been retained. Nevertheless the results obtained with FLUKA routines inside GEANT could
not be representative of the full FLUKA performances, since they generally depend on other parts which are
GEANT specific.
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The routines made available for GEANT have been extensively tested and are reasonably robust. They usually
do not represent the latest FLUKA developments, since the policy is to supply for GEANT well tested and
reliable code rather than very recent developments with possibly better physics but also still undetected
errors.

It isimportant that GEANT users are aware of the conditions at which this code has been kindly made avail-
able:

e relevant authorship and references about FLUKA [2, 3, 4, 5, 6, 101, 102] should be clearly indicated
in any publication reporting results obtained with this code;

e the FLUKA authors reserve the right of publishing about the physical models they developed and im-
plemented inside FLUKA, GEANT users are not supposed to extract from the GEANT-FLUKA code the
relevant routines running them standal one for benchmarks;

e more generally, FLUKA routines contained in the GEANF file are supposed to beincluded and used with
GEANT only: any other use must be authorised by the FLUKA authors.

2 Documentation

The main source of documentation on GEANT is this manual. Users are invited to notify any correction or
suggestion to the authors.

A detailed description of the history of modifications to the GEANT code is contained in the $VERSION Patch
in the GEANT file.

GEANT is part of the CERN Program Library, and problems or questions about GEANT should be directed to
the Program Library Office (see next section).

GEANT problems can be submitted to an InterNet discussion group cern.lgeant.

A mailing list is maintained on CERN’s central IBM machine (BITnet node CERNV M) viathe LISTSERV
mechanism. LISTSERV acts as arudimentary conferencing system, which forwards the mail received to all
subscribed users and to the InterNet group cern.lgeant. Thelist is accessible to all users who have an
e-mail connection to CERNV M. To subscribe to the list from a Bl Thet node a user has to send the following
message to LISTSERV at CERNVM using the local BITnet message facility:

SUBSCRIBE LGEANT

From a non-BITnet node, the user can send an ordinary mail message to the user LISTSERV at CERNVM
containing that single line.

Together with the GEANT library comes a correction cradle(see section on maintenance policy) which con-
tains the history of the modifications to the current version of the GEANT program. Thisfileis accessible to
all usersin the PRO area and can be found in:

GCORRXXX.CAR

where xxxis the version number.

Documentation on the elements of the CERN Program Library used by the GEANT program is available from
the CERN Program Library Office.

3 Update policy

The GEANT program is constantly updated to reflect corrections, most of the time originating from users
feed-back, and improvements to the code. This constant evolution, which is one of the reasons for the
success of GEANT, poses the serious problem of managing change without disrupting stability, which is very
important for physicists doing long production runs.
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In the CERN Program Library maintenance scheme, three versions of any product are present at the same
time on the central systems, inthe OLD, PRO and NEW areas with those same names. This scheme does not
apply to GEANT because every new release usually contains modifications in the physics which can produce,
we hope, better but often different results with respect to the previous version. It is therefore appropriate to
offer to the users an extra level of protection against running inadvertedly the wrong version by appending
the version number to al the files of GEANT. In this way the users will have to change their procedure to
change the version of GEANT.

On the other hand, the new user should not bother about version numbers and correction files, and so an
diasisinstalled on al systems without any version number, always pointing to the latest released version.

Assaid before, users' feed-back is of paramount importance in detecting problems or areas for improvement
in the system, so the new version is made available in the NEW area well before the official release. If, on
the one hand, those who use this version do so at their own risk, on the other hand users are encouraged to
perform as much testing as possible, in order to detect the maximum number of problems before the final
release. Modifications in the pre-release version are made directly in the source code.

When problems are discovered, which may seriously affect the validity of the results of the simulation,
they are corrected and the library recompiled in the /new area. To minimise network transfer for remote
users and in the interest of the stability of the system, the source code of the released version in PRO is
not touched, but rather the correction is applied via a so-called correction cradlewhich is afile containing
the differences between the original and the corrected version in aformat required by PATCHY/CMZ. Both
these programs can read the original source and the correction cradle and produce the corrected source. The
corrected car/cmz source and the corrected binary library are made then available in /pro at the following
CERNLIB release (when /new becomes /pro).

The cmz source files contain the full history of the corrections applied with proper versioning, so that every
intermediate version can be rebuild. Users at CERN should not need to use the correction cradle other than
for documentation purposes. Remote users may want to obtain the cradle and apply the corrections. At
every CERNLIB release the correction cradle is obviously reset to be empty, as all the corrections have been
applied in the code directly. The correction cradle for the OLD version is available but has to be considered
frozen. No correction is ever applied to an old version.

New versions of GEANT are moved into the PRO area synchronously with releases of the CERN Program
Library. If no new version of GEANT is available at the time of the release of the Program Library, the GEANT
files do not change their location and the production version remains the same.

4 Availability of the documentation

This document has been produced using BTEX? with the cernman and cerngeant style options, devel-
oped at CERN. A printable version of each of the sections described in this manual can be obtained as
a compressed PostScript file from CERN by anonymous ftp. You can look in the directory described in
the procedure below for more details. For instance, if you want to transfer the description of the physics

2| edlie Lamport, IATEX — A Document Preparation SysteAddison-Wesley, 1985
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routines, then you can type the following (commands that you have to type are underlined)?3

ftp asisOl.cern.ch

Trying 128.141.201.136...

Connected to asisOl.cern.ch.

220 asisO1 FTP server (SunOS 4.1) ready.

Name (asisOl:username): anonymous

Password: your_mailaddress

ftp> binary
ftp> cd cernlib/doc/ps.dir/geant

ftp> get phys.ps.Z

ftp> quit

3You can of course issue multiple get commands in one run.
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Introduction to the manual

The present documentation is divided into sections which follow the structure of GEANT and its major func-
tions. Each section isidentified by a keywordwhich indicates its content. Sections arein aphabetical order:

AAAA introduction to the system;

BASE GEANT framework and user interfaces to be read first;
CONS particles, materials and tracking medium parameters;
DRAW the drawing package, interfaced to HIGZ;

GEOM the geometry package;

HITS the detector response package;

I0PA the I/O package;

KINE event generators and kinematic structures;

PHYS physics processes,

TRAK the tracking package;

XINT interactive user interface;

27277 appendix.

Within each section, the principal system functions or the details of subroutines are described in a series
of papersnumbered from 001 to 999. In the upper left corner it is indicated in which Geant release the
subroutines were introduced and left unchanged. The authors of the conceptual ideas or/and of the early
versions of the code are acknowledged under the item Origin, while Revision contains the contributors to
any important upgrade. Documentation is essential, but sometime implies a not negligeable amount of
work. When relevant these contributions are acknowledged here. In addition al reported bugs, accepted
suggestions...etc...are mentioned in the history part of the source code and correction cradle.

Subroutines which are not necessary for an understanding of the program flow and which are not intended
to be called directly by the user have been omitted.

The notation [<KEYW>nnn] is used whenever additional information can be found in the quoted section. In
the description of subroutine calling sequences, the arguments used both on input and on output are preceded
by a* and the output arguments are followed by a* .

For convenience, two more sections have been added: the section AAAA, for general introductory information
at the beginning, and the section ZZZz, for various appendices and indexed lists, at the end.

A table of contents is available in AAAA000. To ease access to this documentation an index appears in
Z777999. It gives in aphabetic order the names of al documented GEANT subroutines with references to
the appropriate write up(s).

A short write up of GEANT can be obtained by collecting the papers numbered 001 to 009 in each section.
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Introduction to GEANT

1 GEANT applications

The GEANT program simulates the passage of elementary particles through the matter. Originally designed
for the High Energy Physics experiments, it has today found applications also outside this domain in areas
such as medical and biological sciences, radio-protection and astronautics.

The principal applications of GEANT in High Energy Physics are:

e the transportof particles (tracking in this manual) through an experimental setup for the simulation
of detector response;

e the graphical representation of the setup and of the particle trgjectories.

The two functions are combined in the interactive version of GEANT. This is very useful, since the direct
observation of what happens to a particle inside the detector makes the debugging easier and may revea
possible weakness of the setup (also sometimes of the program!).

In view of these applications, the GEANT system allows you to:

e describe an experimental setup by a structure of geometrical volumes. A MEDIUM number is assigned
to each volume by the user ([GEOM]). Different volumes may have the same medium number. A
medium is defined by the so-called TRACKING MEDIUM parameters, which include reference to the
MATERIAL filling the volume [CONS];

e accept events simulated by Monte Carlo generators [KINE];

e transport particles through the various regions of the setup, taking into account geometrical volume
boundaries and physical effects according to the nature of the particles themselves, their interactions
with matter and the magnetic field [TRAK], [PHYS];

e record particle trajectories and the response of the sensitive detectors [TRAK], [HITS];

e visualise the detectors and the particle trgjectories [DRAW] , [XINT].

The program contains dummyand defaultuser subroutines called whenever application-dependent actions
are expected.

It isthe responsibility of the user to:

e code the relevant user subroutines providing the data describing the experimental environment;
e assemble the appropriate program segments and utilities into an executable program;

e compose the appropriate data records which control the execution of the program.

The section [BASE] of this manual gives more information on the above.
Note: the names of the dummy or default user subroutines have GU or UG as their first two letters.
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2 Event simulation framework

The framework offered by GEANT for event simulation is described in the following paragraphs, in order to
familiarise the reader with the areas where user interventions are expected. For each item we will indicate
in brackets the relevant section where more information can be found.

At the sametime, the GEANT data structures are introduced. Thisisimportant asthe coding to be provided by
the user most often consists of storing and retrieving information from data structures, or reading or writing
data structures. For simple applications user routines are provided as an interface to the data structures
partially hiding them from the users. For advanced users of GEANT, some idea of the layout of the data in
memory is helpful. GEANT data structures are logically related set of data which are physically stored in
the /GCBANK/ common block. The position of each structure is contained in an INTEGER variable which is
constantly kept up-to-date by ZEBRA. By convention the names of these variable, called pointersbegin with
J, and they are used in this manual to designate the structure they point to.

A main program has to be provided by the user ([BASE100]) for batchtype operation. For interactive
operation amain program is provided, both binary and source, in the library directory both at CERN and in
the standard distribution tape of the CERN Program Library. Thefileis caled gxint<ver>.<ext>, where
<ver> is the version of GEANT to which this file belongs and <ext> is the system-dependent file-name
extension to denote a FORTRAN source or an object file. This file should be loaded in front of al other
files when assembling a GEANT application. The source is provided in case the user wants to modify it, in
particular changing the size of the commons /GCBANK/ or /PAWC/.

The main program alocates the dynamic memory for ZEBRA and HBOOK and passes control to the three
phases of the run:

1. initialisation

2. event processing

3. termination
where in each of the three phases the user can implement his own code in the appropriate routines.
3 Initialisation

The initialisation is controlled by the user in the subroutine UGINIT who has the responsibility to call the
appropriate routines ([BASE1001]). It consists of the following steps, most of them performed through calls
to GEANT subroutines:

GINIT initialise the GEANT common blocks with default values ([BASE030], [BASE110]);
GFFGO read free formatdatarecords either to modify the default options ([BASE040] , [BASE110])
or to provide information on the current run;

GZINIT initialise the memory manager, the link areas and the run header bank JRUNG ([BASE110]);
GDINIT initialise the drawing package ([DRAW]), caling this routine without having initialised the
graphics package viaacall to IGINIT or HPLINT will cause GEANT to abort;

GPART (or GSPART) fill the data structure JPART with the particle properties ([CONS]);
GMATE (or GSMATE) fill the data structure JMATE with the characteristics of the materials used
(fcons]);

User code itistheresponsibility of the user to:

edefine the geometry of the different components of the setup ([GEOM]), stored in the
JROTM and JVOLUM data structures;

edefine tracking medium parameters ([CONS] , [TRAK]), stored in the JTMED data struc-
ture;
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especify which elements of the geometrical setup should be considered as sensitive
detectorsgiving aresponseavhen hit by aparticle ([HITS]);

eusually all done in auser routine called UGEQN;

GGCLOS process all the geometrical information provided by the user and prepare for particle trans-
port;

GBHSTA book standard GEANT histogramsif required by the user with the datarecord HSTA ([BASE040] ,
[BASE110]);

GPHYSI compute energy loss and cross-section tables and store them in the data structure JMATE

(Ccons], [PHYSI).

4 Event processing

The processing phase is triggered by a call to the subroutine GRUN which, for each event to be processed,
gives control to the subroutines:

GTRIGI initialise event processing and create the event header bank JHEAD;
GTRIG process one event;

GTRIGC clean up the portion of memory used by the event and check that enough time is left for the
next event ([BASE2001]).

GTRIG callsthe following user routines:

GUKINE generates or reads ([I0PA]) the kinematics of the event and stores it in the data structures
JVERTX and JKINE ([KINE]);

GUTREV calling GTREVE which performs the following operations for each vertex in turn:

1.moves al the particles attached to the vertex from the permanent stack JKINE to the
temporary stack JSTAK;

2.controls the propagation of each particle though the setup by calling GUTRAK/GTRACK
([TRAK]); each particle is tracked in turn and when a sensitive detector is traversed, the
user may store any useful information in the data structure JHITS via the routines de-
scribed in the section [HITS];

The JSTAK data structure isa LIFO (Last In — First Out) stack. Secondary products generated
by the current particle transported are processed before proceeding to the next particle. It is
very important to understand that by default GEANT does not follow the secondary particles
generated. It isthe responsibility of the user to indicate which particles should be followed via
the routines GSKING/GSKPHO.

The data structure JXYZ, containing the coordinates of space points along the tracks, can be
filled by the user during tracking ([TRAK]).

GUDIGI simulate the detector responses for the event, using the information recorded in the data struc-
ture JHITS during particle transport, and store the results in the data structure JDIGI ([HITS]);

GUOUT perform all the processing at the end of the event and output the relevant data structures
(CIOPAI).

Other routines called during the tracking phase triggered by GTREVE should be mentioned for completeness:

¢ hadronic interactions can be ssimulated via either the GHEISHA [1] or FLUKA [2, 3, 4, 5, 6] hadronic
shower generator. In the subroutines GUPHAD and GUHADR. ( [TRAK]) the user may select the hadronic
shower generation program to be used. The default for GEANT is GHEISHA;
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e after each tracking step along the track, control is given to the subroutine GUSTEP. From the infor-
mation available in labelled common blocks the user is able to take the appropriate action, such as
storing a hit or transferring a secondary product either in the stack JSTAK or in the event structure
JVERTX/JKINE viathe subroutine GSKING. In the subroutine GSSTAK, called by GSKING, a user rou-
tine GUSKIP is called which permits skipping any unwanted track before entering it in the stack for
subsequent transport;

e the subroutine GUSWIM is called by the the routines which transport charged particles when in a mag-
netic field; it selects and calls the appropriate routine to transport the particle. Although formally a
user routine, the default version provided by GEANT is usually appropriate for most situations. The
magnetic field, unlessiit is constant along the Z axis, has to be described via the subroutine GUFLD.

5 Termination
The termination phase is under the control of the user ([BASE300]) viathe routine GULAST. In simple cases

it may consist of a call to the subroutine GLAST which computes and prints some statistical information
(time per event, use of dynamic memory, etc.).
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Simplified Program Flow Chart

MAIN
GZEBRA
UGINIT
GINIT
GFFGO
GZINIT
GPART/GSPART
GMATE/GSMATE
user code
GPHY S
GRUN
GTRIGI
GTRIG
GUKINE
GUTREV
GTREVE
GUTRAK
GTRACK
GFINDS
GUSTEP
GUPARA
GTGAMA/GTELEC/...
GFSTAT
GSTRAC
GUSTEP
GTMEDI

user routine

initialisation of ZEBRA system, dynamic core
alocation

user routine

initialisation of GEANT variables

interpretation of data records

initialisation of ZEBRA core divisions and link
areas

creation of the particle data structure JPART
creation of the material data structure JMATE

description of the geometrical setup, of the
sensitive detectors, creation of data structures
JVOLUM, JTMED, JROTM, JSETS

preparation of cross-section and energy-loss ta-
blesfor al used materials

loop over events

initialisation for event processing

event processing

(user) generation (or input) of event initial kine-
matics

(user)

loop over tracks, including any secondaries gen-
erated

(user)

control tracking of current track

find current volume in the geometry tree

(user) recording of hits in data structure JHITS
and of space points in data structure JXYZ

called if the particle falls below the tracking
threshold

tracking of particle according to type

fill banks for volume statistics
store information of the current track segment

(user) recording of hits in data structure JHITS
and of space points in data structure JXYZ

finds in which volume/medium the current space
point is
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GUDIGI

GUOUT
GTRIGC
UGLAST
GLAST

GUSTEP

BASEO10-2

(user) recording of hits in data structure JHITS
and of space points in data structure JXYZ

computation of digitisations and recording in
data structure JDIGI

output of current event

clearing of memory for next event
(user)

standard GEANT termination
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The data structures and their relationship

1 Dynamic memory

The GEANT data structures are stored in the common /GCBANK/ accessible through the following Patchy
sequence: The /GCLINK/ variables are pointers to the GEANT data structures in the /GCBANK/ common.
They belong to a permanent area declared in GZINIT.

+SEQ /GCBANK/ Dynamic core for the GEANT data structures

PARAMETER (KWBANK=69000,KWWORK=5200)
COMMON/GCBANK/NZEBRA , GVERSN, ZVERSN, IXSTOR, IXDIV, IXCONS, FENDQ(16)
+ ,LMAIN,LR1,WS (KWBANK)
DIMENSION IQ(2),Q(2),LQ(8000),IWS(2)
EQUIVALENCE (Q(1),IQ(1),LQ(9)),(LQ(1),LMAIN), (IWS(1),WS(1))
EQUIVALENCE (JCG,JGSTAT)
COMMON/GCLINK/JDIGI ,JDRAW ,JHEAD ,JHITS ,JKINE ,JMATE ,JPART
+ ,JROTM ,JRUNG ,JSET ,JSTAK ,JGSTAT,JTMED ,JTRACK, JVERTX
+ ,JVOLUM, JXYZ ,JGPAR ,JGPAR2, JSKLT

C

The figure on the next page indicates the ralations between the GEANT data structures. Detailed description
of the data structure parts can be found in the following sections:

JRUNG [BASE299]

JPART [CONS399] JMATE [CONS199]

JROTM [GEOM299] JTMED [CONS299]

JVOLUM [GEOM199]

JSET [HITS199] JDRAW [DRAW399]

JHEAD [BASE299] JKINE [KINE199] JVERTX [KINE199]
JSTAK [TRAK399]

IDIGI [HITS399] JHITS [HITS299] JXYZ [TRAK 499]
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Particles Materials

JPART JMATE/JTMED

Geometry

JVOLUM/JROTM

Drawmg
JDRAW
Initialization
of
Kinematics
Tracking
/ GUSTEP
PHYSICS
JSTAK
Event processin
P 9 Simulated
History Raw Data
JVERTX/JKINE JHITS/IDIGI

! !

Figure 1. Relation between GEANT data structures

2 Common blocks

The communication between program segments of the GEANT system is assured by the contents of the data
structures and by the definition of long range variables in several common blocks. In addition, within the
program segments, the subroutines communicate with each other through actual arguments and through
the common block variables. A detailed list of the user accessed common blocks is given in [ZZZZ010].
Their aso the variables initialized in GINIT and the possibility in overriding them through data records
[BASE040] or interactive commands [XINT] are specified.

In most of the cases there is a correspondence between a given data structure and a given common block
where the current contents of the banks are stored. The labelled common blocks are accessible through
Patchy/CMZ sequences identified by the name of the COMMON. They are defined in the Patch GCDES.

Note:

Unless otherwise specified, the long range variables are initialised in GINIT. When non-zero, default values
are quoted between brackets. If the value may be modified the keyword for the data record and for the
interactive command is also given in bold characters between brackets.
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Summary of Data Records

1 Introduction

GEANT uses the FFREAD [7] package to read free format data records in the routine GFFGO. The keywords
accepted by GFFGO can be classified as:

1. genera control of the run;

2. control of the physics processes,
3. debug and 1/0O operations;

4. user applications,

5. Lund event generation.
The data records are listed below by category with the following information:

KEY  keyword, any number of characters truncated to the first 4 unless otherwise specified by the user;
N maximum expected number of variables (NVAR);
T type of these variables (I=INTEGER, R=REAL or M=MIXED) and for each variablein turn:
evariable FORTRAN name;
eshort description (more detail in [22ZZ010]);
elabelled common where it is stored;
edefault value, usualy from GINIT.

When arecord is decoded, the values entered by the user in free format are assigned to the variablesin order.

The number of values can be less than NVAR. In case of aMIXED type the values entered have agree with the
type of the corresponding variable.

For example the data record:
RUNG 5 201

presets the run and event number to 5 and 201 respectively. None of the records mentioned below is manda-
tory.

2 User defined datarecords
Before calling GFFGO the user may define private data records through calls to FFKEY as follows:
CALL FFKEY(’key’,VAR(1),NVAR,’type’)

They will be interpreted by GFFGO in the same way as the GEANT pre-defined records.
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3 Summary of GEANT data records

3.1 General control

KEY N | VAR Short description COMMON GINIT
HSTA 20 M LHSTA names of required standard histograms, see /GCLIST/ Blank
[BASE110]
oPTI 1 | IOPTI  automatic optimisation of the geometry via /GCOPTI/ 1
GSORD
RNDM 2 |  NRNDM initia random number seed (2 words) /GCFLAG/ O
RUNG 2 | IDRUN  user run number /GCFLAG/ 1
IDEVT  first user event number /GCFLAG/ 1
SORD 1 | ISTORD stack ordering flag /GCSTAK/ O
TRIG 1 | NEVENT total number of eventsto process /GCFLAG/ 10000000
TIME 3 M TIMINT timeleft after initialisation (see Note below) /GCTIME/
TIMEND timerequired for termination /GCTIME/ 1
ITIME test every ITIME events /GCTIME/ 1

Note: the time alowed for the job after initialisation cannot be set by the user via the data record. To set
the total time for the job the user should call the TIMEST routine at the beginning of the program before any
call to GEANT routines. This variable in the data record has not been removed for backward compatibility.

3.2 Control of physics processes

For more information on the use of these flags, see [PHYS001].

KEY N | VAR Short description COMMON GINIT
ANNI 1 | IANNI  annihilation /GCPHYS/ 1
AUTO 1 | IGAUTO automatic computation of the tracking medium /GCTRAK/ 1
parameters
BREM 1 | IBREM bremsstrahlung /GCPHYS/ 1
CKOV 1 | 1IcKov  Cerenkov photon generation /GCTMED/ O
coMP 1 | IcCoMP  Compton scattering /GCPHYS/ 1
CUTS 16 R Kinetic energy cutsin GeV:
CUTGAM cut for for gammas /GCCUTS/ 0.001
CUTELE cut for electrons /GCCUTS/ 0.001
CUTNEU cut for neutral hadrons /GCCUTS/ 0.01
CUTHAD cut for charged hadrons /GCCUTS/ 0.01
CUTMUO  cut for muons /GCCUTS/ 0.01
BCUTE  cut for electron bremsstrahlung /GCCUTS/ GUTGAM
BCUTM  cut for muon and hadron bremsstrahlung /GCCUTS/ CUTGAM
DCUTE  cut for §-rays by electrons /GCCuTs/ 10t
DCUTM  cut for §-rays by muons /GCCUTS/ 104
PPCUTM total energy cut for direct pair production by /GCCUTS/ 0.01
muons
TOFMAX time of flight cut in seconds /GCCUTS/ 100
GCUTS 5 user words /GCCUTS/ O
DCAY 1 | IDCAY  decay /GCPHYS/ 1
DRAY 1 | IDRAY J-ray /GCPHYS/ 1
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KEY N | VAR Short description COMMON GINIT
ERAN 3 M cross-section tables structure:
R EKMIN  minimum energy for the cross-section tables /GCMULO/ 107
R EKMAX  maximum energy for the cross-section tables /GCMULO/  10*
|  NEKBIN number of logarithmic bins for cross-section taa /GCMULO/ 90
HADR 1 |  IHADR IE]Ia%lﬁroni C process /GCPHYS/ 1
LABS 1 | ILABS Cerenkov light absorbtion /GCPHYS/ O
LOSS 1 | ILOSS energy loss /GCPHYS/ 2
MULS 1 | IMULS  multiple scattering /GCPHYS/ 1
MUNU 1 | IMUNU  muon nuclear interaction /GCPHYS/ 1
PAIR 1 | IPAIR pair production /GCPHYS/ 1
PFIS 1 | IPFIS photofission /GCPHYS/ O
PHOT 1 | IPHOT  photo eectric effect /GCPHYS/ 1
RAYL 1 | IRAYL Rayleigh scattering /GCPHYS/ O
STRA 1 | ISTRA energy fluctuation model /GCPHYS/ O
SYNC 1 | ISYNC  synchrotron radiation generation /GCPHYS/ O
3.3 Debug and 1/O operations
KEY N | VAR Short description COMMON GINIT
DEBU 3 M IDEMIN first event to debug. /GCFLAG/ O
IDEMAX last event to debug /GCFLAG/ O
ITEST  print control frequency /GCFLAG/ O
GET 20 M LGET NGET names of data structures to fetch (seeNote) /GCLIST/ Blank
PRIN 20 M LPRIN NPRIN user keywordsto print data structure (see /GCLIST/ Blank
Note)
RGET 20 M LRGET NRGET names of data structuresto fetchfromRZ /GCRZ/ Blank
files (see Note)
RSAV 20 M LRSAVE NRSAVE namesof datastructurestosavefromRZ /GCRZ/ Blank
files (see Note)
SAVE 20 M LSAVE NSAVE names of data structures to save (see /GCLIST/ Blank
Note)
SWIT 10 |  ISWIT userflagsfor debug /GCFLAG/ O

Note: the user data records for 1/0 have no effect on the GEANT system, and the user is supposed to analyse
them at run time and take corresponding action. For instance, a use of the PRIN data record could be the
following:

CALL GLOOK(’VOLU’,LPRIN,NPRIN,IPRES)
IF(IPRES.NE.O) THEN

CALL GPVOLU(0)
ENDIF

All the names quoted here are given as 4-character strings in input and their ASCII equivalent is read into
the corresponding variable. The same applies to the user lists of the following section.
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3.4 User applications

KEY N | VAR  Short description COMMON GINIT
KINE 11 M IKINE userflag /GCKINE/ O
PKINE 10 user words /GCKINE/ 10%

SETS 20 M LSETS user wordsfor detector sets /GCLIST/ Blank
STAT 20 M LSTAT user wordsto control statistics /GCLIST/ Blank
PLOT 20 M LPLOT user wordsto control plots /GCLIST/ Blank
GEOM 20 M LGEOM user wordsto control geometry setup /GCLIST/ Blank
VIEW 20 M LVIEW user wordsto control view banks /GCLIST/ Blank

See note in the previous section on the use of these data records.

3.5 Lund event generation

KEY N | VAR Short description COMMON GINIT
LUND 2 M IFLUND flavour code (See /GLUNDI/) /GCLUND/ O
R ECLUND total CMSenergy /GCLUND/ 94

3.6 Scan geometry control

The scan geometry has been introduced in GEANT version 3.15 with the idea of developing a general
parametrisation scheme. While the scan geometry can aready be built, the parametrisation scheme has
not yet been developed, so the following data records have to be considered as a forward compatibility
feature.

KEY N | VAR Short description COMMON GINIT
PCUT 6 M parametrisation control
IPARAM parametrisation flag /GCPARM/ O
PCUTGA threshold for gammas /GCPARM/ O
PCUTEL threshold for e e™ /GCPARM/ O
PCUTNE threshold for neutral hadrons /GCPARM/ O
PCUTHA threshold for charged hadrons /GCPARM/ O
PCUTMU threshold for muons /GCPARM/ O
PNUM 2 | parametrisation stack size
MPSTAK size of the parametrisation stack /GCPARM/ 1000
NPGENE number of pseudo-particles generated /GCPARM/ 20
SCAN 8 M scan geometry control
SCANFL  scan processing flag (LOGICAL) /GCSCAN/ .FALSE.
NPHI number of divisionsin ¢ /GCSCAN/ 90
PHIMIN minimum value of ¢ /GCSCAN/ O
PHIMAX maximum value of ¢ /GCSCAN/ 360
NTETA  number of divisionsin ¢ /GCSCAN/ 90
TETMIN minimum value of ¢ /GCSCAN/ O
TETMAX maximum value of ¢ /GCSCAN/ 180
MODTET type of 6 division /GCSCAN/ 1
SCAL 32 M ISLIST listof volumesto be scanned /GCSCAN/ Blank

BASE040-4 23



KEY N | VAR Short description COMMON GINIT
SCAP 6 R scanparameters
VX scan vertex X coordinate /GCSCAN/ O
VY scan vertex Y coordinate /GCSCAN/ O
VZ scan vertex Z coordinate /GCSCAN/ O
FACTX0 scale factor for SX0 /GCSCAN/ 100
FACTL  scalefactor for SL /GCSCAN/ 1000
FACTR  scae factor for R /GCSCAN/ 100

3.7 Landau fluctuations versus j-rays

In order to avoid double counting between energy loss fluctuations (IL0SS=2) and generation of §-rays
IDRAY=1, if ILOSS = 2 the default value for §-ray generation is set to 0 and it cannot be changed. The
different cases are summarised in the table below.

Full fluctuations | Restricted fluctuations | No fluctuations
IL0OSS = 2 (D) | ILOSS = 1 or 3 ILOSS = 4
IDRAY | O 1 1
DCUTE | 10 TeV CUTELE CUTELE
DCUTM | 10 TeV CUTELE CUTELE

24
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The reference systems and physical units

1 TheMAster Reference System (MARS)

The kinematic variables of the particles transporter by GEANT are always referred to the so-called MAster
Reference System (MARS). This system isimplicitly defined as the local reference system of the first volume
defined, which contains all the others. This is a Cartesian coordinate system with axis z, 4, Z where 2 =
Z x g. If theaxes are labelled (X,Y,Z), then the point P is represented in fig 2.

« P(XY2)

/ |

X

Figure 2: GEANT reference system

Tracking is performed in the MARS and the input position for user routines such as the magnetic field routine
isgiven in this system.

2 Thelocal reference systems (MRS and DRS)

As explained in [GEOMO001], the setup is described via the definition of an initial volume inside which all
the others will be positioned. In GEANT terminology, each time a volume has contents, created either via
division or by positioning other volumes inside, it is called a MOTHER. The volumes contained are called
DAUGHTERS, and they, in turn, can contain volumes to a depth of 15 levels. Thisis sometimes referred to as
aRussian doll geometry.

Every volume defined in GEANT has a reference system attached to it (see GEOM section). When this volume
has contents, this is referred to as the Mother Reference System (MRS, with origin in Q,,). Daughters are
positioned inside the mother with respect to the MRS. The MRS of the first volume defined, containing all the
others, is nothing else than the MARS.

Each one of the daughters has its own reference system, which is referred to as the Daughter Reference
System, or DRS with origin in Q.

The transformation of a point from the MRS (V,,,) to the DRS (Vy), at any level, is performed using arotation
matrix [R] and atranslation vector T" viathe relation :

Vd = [R](Vm - T)

The components of 7" are the projections of the vector (O,,, O4) onto the MRS axes. The rotation matrices
are computed from the spherical angles of each of the axes of the daughter reference systems (I, II, III)
with respect to the mother reference system (1, 2, 3). The spherical angles © and ¢ of adirection D are
defined as follows:
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© isthe angle formed by theaxis3and D (° < © < 180°).
) is the angle formed by the axis 1 and the projection of D onto the plane defined by the axes 1 and
2(0° < & < 360°).

Examples are given in [GEOM200] . The various rotation matrices required for agiven setup must be defined
by the user during the initialisation stage. A number is assigned to each matrix [GEOM200]. Thetranslation
vector and the number of the rotation matrix are specified by the user when the volumes are positioned
inside their mother [GEOM110].

3 Physical units

Unless otherwise specified, the following units are used throughout the program: centimeter, second, kilo-
gauss, GeV, GeV ¢! (momentum), GeV ¢—2 (mass) and degree.
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Examples of GEANT application

This section contains a skeleton of a standard user program GEXAMP to use the GEANT system. More detailed
examples can befound in the standard examples GEXAM1 - 6. Therecommended user routines are indicated
in bold characters and will be explained more in detail in the following.

PROGRAM GEXAMP CALL GPRINT(’MATE’,0)
PARAMETER (NGBANK=50000, NHBOOK=5000) CALL GPRINT(’TMED’,0)
COMMON/GCBANK/Q (NGBANK) CALL GPRINT(’VOLU’,0)
COMMON/PAWC  /H(NHBOOK) C--> Book histograms
C--> Initialises HBOOK and GEANT memory END
CALL GZEBRA( NGBANK) fommm
CALL HLIMIT(-NHBOOK) SUBROUTINE UGEOM
C--> Open graphics system C--> Defines material, tracking media
CALL HPLINT(0) C--> and geometry.
CALL IGMETA(S8,0) C--> Close geometry banks.
C--> GEANT initialisation CALL GGCLOS
CALL UGINIT END
C--> Start events processing K———— o
CALL GRUN SUBROUTINE GUKINE
C--> End of Run C--> Generates kinematics
CALL UGLAST C--> Datacard KINE itypexy z px py pz
END +SEQ, GCFLAG.
o -—= +SEQ, GCKINE.
SUBROUTINE UGINIT CALL GSVERT(PKINE,0,0,0,0,NVERT)
C--> Initialise GEANT CALL GSKINE(PKINE(4),IKINE,NVERT,0,0,NT)
CALL GINIT C--> Print kinematic
C--> Read data records IF (IDEBUG.NE.O) THEN
OPEN (4,FILE="gcards.dat’,STATUS="UNKNOWN’) CALL GPRINT(’VERT’,0)
CALL GFFGO CALL GPRINT(’KINE’,0)
C--> Initialise data structure END IF
CALL GZINIT END
Cc--> |Initialise graphics K———— o
CALL GDINIT SUBROUTINE GUSTEP
IF(NRGET.GT.0) THEN C--> Called at the end of each tracking
C--> Read data structures from file C--> step.
CALL GRFILE(1,’mygeom.dat’,’I’) +SEQ, GCKINE.
ELSE C--> Debug event
C--> Particletableinitialisation CALL GDEBUG
CALL GPART C--> Storethe created particles
C--> Geometry and materials description IF (NGKINE.GT.0) CALL GSKING (0)
CALL UGEOM END
ENDIF ettt
C--> Energy loss and cross-sections tables SUBROUTINE UGLAST
CALL GPHYSI C--> Termination routine
IF(NRSAVE .GT. 0) THEN C--> Print histograms and statistics
C--> Savepermanent data structures CALL GLAST
CALL GRFILE(2,’mysave.dat’,’N0’) C--> Close HIGZ/GKS file
ENDIF CALL IGEND
C--> Print banks END
1 Notes

e Whenever possible GEANT makes use of the ZEBRA store for large data structures. This allows it to
adapt the size of the program data portion to the size of the problem. The total amount of space
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required depends on the application. GEANT can run with aslittle as 50,000 words or less, but for large
detectors it is not uncommon to declare stores of several million words. The call to GZEBRA initialises
the common /GCBANK/ to receive the GEANT data structures. This call is necessary before any other
routine of the GEANT system is called.

The call to HLIMIT initialises the ZEBRA system to use the /PAWC/ common block for the HBOOK
histogram package. The size of the common depends on the number and size of the plot requested.
The ZEBRA system must be initialised only once, and the negative argument to HLIMIT prevents a
second initialisation of the system. The HLIMIT call has to be placed after the call to GZEBRA and the
argument has to be the dimension of the /PAWC/ common block with a negative sign in front.

The main program is intended for batch applications, while to run the simulation interactively, the
interactive main program called GXINT should be linked in front of the user code.

The program shown will require the graphic librariesin the link sequence. Often, for batch production
or for small tests, graphics is not needed, and not loading the graphics code makes the program
smaller. To avoid loading graphic routines the callsto IGINIT, IGMETA, IGEND, GDINIT and GDEBUG
should be removed.

If, on the other hand, the user isinterested in including the routine GDEBUG and in excluding graphics
at the same time, then the following routine should be included in the code:

SUBROUTINE GDCXYZ
ENTRY IGSA

ENTRY GDTRAK

END

which will avoid every reference to the graphics routines from GDEBUG.

The user code to define the tracking media and the geometry of the setup should be inside the routine
UGEQM. The pre-initialised data structured can be read from disk, but it isrecommended to call GPHYSI
inany case, to initialise the cross-section tables. An example of afull material, geometry and detector
design is given below and has been extracted from the example GEXAM3. Here only major calls are
shown, the redundant parts can be found in the source code of UGEOM in GEXAM3.

The example shows the basic concept in GEANT. First material parameters are defining the properities
of a detector material calling the subroutine GSMATE. Here in addition to the 16 predefined materi-
as, the materia definition of Calcium is examplary shown. More information towards the prede-
fined materials and further use of material definition routines can be found in the section CONS001
- CONS101. Then tracking parameters are associated to the materias, defining a so called tracking
medium. Each GEANT volume must be associated to an existing tracking medium. Herein the example
the tracking medium ’ TARGET” is defined to exist of Calcium.

In the example shown below several detector volumes are defined using the subroutine GSVOLU.
The defined volume have associated parameters of name, shape, tracking medium and shape pa-
rameters. In this example the volume ’TGT ° consists of the previously defined tracking medium
>TARGET’.The volumes (and if necessary identical copies of them) are then positioned according to
the detector geometry. The volumes are positioned on the same level, or inside each other. By setting
the parameter ONLY or MANY in the call of GSPOS the user has the opportunity to tell either GEANT the
logical volume structure and to apply boolean operations (cutting, joining and intersection) between
two positioned volumes. More information about the concept in defining volumes and positioning can
be retrieved from the section GEOM.

Finally the user isrequired to classify into sets all sensitive detectors (defined as those volume defined
as detector via GSDET and other related routines, for which he wants to store hits in the hit data
structure JHITS.
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SUBROUTINE UGEOM + (°TGT ’,2,’TBIN’, O., 0.,-2.54,0,’0NLY’)

+SEQ,GCLIST CALL GSPOS
+SEQ, GCONSP + (°TGT ’,3,’TBIN’, 0., 0., 0. ,0,’0ONLY’)

COMMON/DLSFLD/ISWFLD,FLDVAL CALL GSPOS
C--> Defining material parameters + (°TGT ’,4,’TBIN’, O., 0., 2.54,0,’0NLY’)
C--> Defining geometry parameters CALL GSPOS
C--> Defining positioning parameters + (°TGT ’,5,’TBIN’, 0., 0., 5.08,0,’0NLY’)
C--> Data statements, left out here, to CALL GSPOS
C--> Define materials and mixtures + (°TBIN’,1,°TBOU’, 0., O., 0.,0,’0NLY’)

CALL GSMATE(17,’CALCIUMS’, CALL GSPOS

+ 40.08,20.,1.55,10.4,23.2,0,0) + (°TBOU’,1,’°CAVE’, 0., 0., ZTG,0,’0NLY’)
C--> ... CALL GSPOS
C--> further material an mixture definitions + (’ARM °’,1,’°CAVE’ ,XLARM,0.,ZLARM,1, °0NLY’)
C—> ... CALL GSPOS
C--> Defining tracking media + (’ARM °’,2,’CAVE’ ,XRARM,0.,ZRARM,2, ’0ONLY’)

CALL GSTMED( 2,°’TARGET $, CALL GSPOS

+ 17,0,0,0.,10.,.2,.1,.001,.5,0,0) + (°FDOU’,1,’ARM ’,0.,0., DFDO ,0,’0NLY’)
C--> ... CALL GSPOS
C--> defining further media + (°FDIN’,1,°FD0OU’,0.,0., O. ,0,’0NLY?)
C--> ... CALL GSPOS
Cc--> Define the reference frame + (’FSp ’,1,’FDIN’,0.,0.,-2.9975,0,’0NLY’)

CALL GSVOLU C—> ...

+ (’CAVE’,’B0OX ’,1,CAVPAR,3,ICAVE) C--> positioning of further volumes
C--> Thetarge box is shifted by 100 cm C--> ...
C--> inthecave. C--> Print the stored definitions

CALL GSVOLU CALL GLOOK(’VOLU’,LPRIN,NPRIN,ILOOK)

+ (’TGT ’,’BOX ’,2,TGTPAR,3,ITGT ) IF(ILOOK.NE.O) CALL GPVOLU(O)

CALL GSVOLU CALL GLOOK(’ROTM’,LPRIN,NPRIN,ILOOK)

+ (’TBIN’,’TRD1’,3,TBIPAR,4,ITBIN) IF(ILOOK.NE.O) CALL GPROTM(O)

CALL GSVOLU CALL GLOOK(’TMED’,LPRIN,NPRIN,ILOOK)

+ (’TBOU’, >TRD1’,4,TBOPAR,4,ITBOU) IF(ILOOK.NE.O) CALL GPTMED(O)

CALL GSVOLU CALL GLOOK(’MATE’,LPRIN,NPRIN,ILOOK)

+ (’ARM ’,’TRD1’,1,ARMPAR,4,IARM) IF(ILOOK.NE.O) CALL GPMATE(O)

CALL GSVOLU CALL GLOOK(’PART’,LPRIN,NPRIN,ILOOK)

+ (’FDIN’,’BOX ’,9,FDIPAR,3,IFDIN) IF(ILOOK.NE.O) CALL GPPART(0)

CALL GSVOLU C--> Clean up volume banks and perform

+ (’FDOU’,’BOX °’,4,FDOPAR,3,IFDOU) C-——> opﬁnﬂzaﬁon

C--> Define drift wire planes
CALL GSVOLU

CALL GGCLOS

C--> Define sensitive detector parts

+ (’FSP ’,’B0OX ’,13,FDIPAR,3,IFSP) CALL GSDET
C—=> . &(°DRFT’,’FSP ’,2,NAFD ,NBITSV,1,100,
C--> further geometry definitions &100,IDRFT,IFD )
C-——> ... C--> Define hit parameters

C--> Positioning the daughter volumesin
C--> their mother volume.

CALL GSDETH(’DRFT’,’FSP ’,9,NAMESH,
&NBITSH,ORIG,FACT)

CALL GSPOS RETURN
+ (°TGT ’,1,’TBIN’, 0., 0.,-5.08,0,’0NLY’) END
CALL GSPOS

It is convenient to store the input data records (see [BASE040]) in an auxiliary file (gcards.dat in
the example). This allows to have a standard input file and to overwrite selected input data records
as needed. If, for instance, the standard gcards . dat file contains the record TRIG 1000 and a short
test run is requested this can be obtained with the following input:

READ 4
TRIG 10
STOP

the first line instructs FFREAD to open and process the file connected with logical unit 4, and the
second line (re-)defines the number of events to be processed. The STOP command ends the FFREAD
processing of the input.
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¢ In the above example the common blocks have not been expanded in the code. The notation used is
the one of the PATCHY/CMZ [8, 9] code management systems. These products, among other things, can
run as pre-processors, replacing the +SEQ, . . . instructions with the corresponding code fragments.
Usersare strongly recommended to use these systems to include GEANT common blocks in their code.

Long experience in supporting GEANT users has shown that, as the user program grows, typing errors
in the insertion of the common blocks by hand become very common, but difficult to find. The
investment needed to learn a code management system at the user level isusually negligible compared
with the time and energy needed in hunting a problem introduced by a mistyped common.
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The system initialisation routines

CALL GZEBRA (NZ)

Initialises the ZEBRA memory manager to use the common /GCBANK/ to store the GEANT data structures.
NZ (INTEGER) size of the /GCBANK/ common asit is dimensioned in the main program.

The size of the dynamic memory is set to NZ-30. The common /GCBANK/ must be dimensioned in the main
program. ZEBRA [8] must be initiaised only once. The call to the HBOOK initialisation routine HLIMIT
triesto initialise ZEBRA as well, and this will cause a program abort. To avoid this, HLIMIT must be caled
after GZEBRA and its argument must be a negative number whose absolute value is the size of the /PAWC/
common containing the histograms. Thisis shown in the example of main program given in [BASE100].

CALL GINIT
Presets labelled common block variables to default values. See [BASE030] for more information.
CALL GFFGO

Reads a set of data records via the FFREAD package. See [BASE040] for more information on the possible
datarecords. GFFGO must be called after GINIT.

CALL GZINIT

Initialises the ZEBRA permanent data structuresin division 2 of the GEANT main store in common /GCBANK/.
Creates the user long term division (index IXCONS) (minimum size 2000, maximum size 8*NZEBRA/10).
The ZEBRA division IXDIV isreserved for the event data structures and the division IXCONS for the initial-
isation data structures. Allocates 5200 words of working space. Initialises the link areas and a default run
header bank JRUNG [BASE299]. Defines banks format for 1/0. GZINIT must be called after GFFGO.

A layout of the dynamic store is shownin fig 3.

/GCBANK/
Event Constant
i Reserv
Fence Working —> L division division dS_y_stgm
space area IXDIV IXCONS ivision

Figure 3: Layout of the dynamic store

3 BASE110-1



CALL GDINIT

This routine initialises the GEANT drawing package [DRAWO001] and it has to be called before any other
graphic routine. GEANT uses the CERN-developed HIGZ [1] graphic library, and this has to be initialised
before the call to GDINIT. In the example given in [BASE100] the routines IGINIT and IGMETA are used.
Alternatively, the routine HPLINT from HPLOT [7] can be used. This routine calls the appropriate proce-
dures from HIGZ to initialise the underlaying graphics system. At the moment HIGZ can use severa flavours
of GKS [2, 3, 4] and X11 and it is available on al machines where the CERN Program Library has been
installed.

CALL GPHYSI

Completes the data structure JMATE, (see [PHYS100]) calculating the cross-section and stopping power
tables.

CALL GBHSTA

Initialises the standard histograms requested by the user via the data record HSTA. The following histogram
keywords may be used :

TIME time per event;

SIZE size of division IXDIV per event;
MULT total number of tracks per event;
NTRA number of long life tracks per event;
STAK maximum stack size per event.

GBHSTA should be called after GFFGO.

CALL GGCLOS

This routine has to be called at the end of the definition of the geometry by the user, after thal al volumes
have been defined and positioned and all detectors defined. Failureto call thisroutine will prevent the GEANT
system from working correctly. Main tasks of this routine are:

e close the geometry package;
e complete the JVOLUM data structure;
e process the detector definition provided by the user;

e prepare the tables for the tracking speed optimisation requested by the user via the GSORD routine or
the OPTI datarecord.
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Steering routines for event processing
CALL GRUN

Main routine to control arun of events. The following flow chart is only valid for the batch execution mode.
For interactive applications, see section XINT. A schematic description of the routine is shown in fig. 4.

GRUN

Gets time left
TIMEL

Initialises dynamic memory banks for next event
GTRIGI

Processes one event
GTRIG

Clears dynamic memory banks used for the event
GTRIGC

Checks time left
and event number

Figure 4: Flow of the GRUN routine.

CALL GTRIGI
Initialisation routine for event processing:
e resetsto 0 the flag IEOTRI in /GCFLAG/ and the counters NTRACK and NVERTX in /GCNUM/;
e setsthe debug flag IDEBUG in /GCFLAG/ to the value required for the current event;
e creates a default header bank JHEAD for current event [BASE299];

e prints the sequence number, the event number and the random number generator seeds, under control
of the flag ITEST (data record DEBU).
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GTRIG

User routine to generate or read the kinematic
GUKINE

User routine to handle the tracking of the initial kinematics
GUTREV

User routine to perform digitisation
GUDIGI

User routine called at the end of each event
GUOUT

Figure 5: Flow of the GRUN routine.

CALL GTRIG

Steering routine to process one event (trigger). A schematic description of the routine is shown in fig. 5.
Default routines provided by GEANT are dummy.

CALL GTRIGC

The event division IXDIV is cleared. The space used by the current event may be used by the next one.
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Storing and retrieving JRUNG and JHEAD infor mation

CALL GSRUNG (NUBUF,UBUF,IADR*)

NUBUF (INTEGER) number of user words,
UBUF (REAL) array of user words,
IADR (INTEGER) position where information is stored in the user bank of the JRUNG structure.

This routine stores the first NUBUF words of array BUF in the user bank attached to the structure JRUNG (see
[BASE299]), starting at location TADR+1. On exit IADR is set to TADR+NUBUF, allowing subsequent filling.
This allows effectively to add information to the current JRUNG bank, whether or not it has already an user
buffer.

CALL GFRUNG (NWRUNG*,IRUNG* ,NUBUF*,UBUFx*)

NWRUNG (INTEGER) number of words in JRUNG bank;

IRUNG (REAL) content of JRUNG bank;
NUBUF (INTEGER) number of user words;
UBUF (REAL) array of user words;

This routine retrieves the content of the JRUNG bank and of the user information added, if any.

CALL GPRUNG
This routine prints the content of the JRUNG bank and of the user information added, if any.

CALL GSHEAD (NUBUF,UBUF,TIADRx*)

NUBUF (INTEGER) number of user words;
UBUF (REAL) array of user words;
IADR (INTEGER) position where information is stored in the user bank of the JHEAD structure.

This routine stores the first NUBUF words of array BUF in the user bank attached to the structure JHEAD (see
[BASE299]), starting at location ITADR+1. On exit IADR is set to TADR+NUBUF, allowing subsequent filling.
This allows effectively to add information to the current JHEAD bank, whether or not it has already an user
buffer.

CALL GFHEAD (NWHEAD#*,TIHEAD*,NUBUF*,UBUF*)

NWHEAD (INTEGER) number of words in JHEAD bank;

IHEAD (REAL) content of JHEAD bank;
NUBUF (INTEGER) number of user words,
UBUF (REAL) array of user words;

This routine retrieves the content of the JHEAD bank and of the user information added, if any.

CALL GPHEAD
This routine prints the content of the JHEAD bank and of the user information added, if any.
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The banks JRUNG and JHEAD

Run bank JRUNG: 1 user link, 30 data words

LQ(JRUNG-1)

IQ(JRUNG+1)
+2 ...+10)
+11)
+12)
+13)
+14)
+15)
+16)
+17)
+18)
+19)

+20)

+21)
+22)
+23)
+24)
+25)
+26)
+27)
+28)
+29)

user link

IDRUN (Run number)

Reserved for user applications
creation date for INIT data structures
creation time for INIT data structures
creation date for KINE

creation time for KINE

creation date for HITS

creation time for HITS

creation date for DIGI

creation time for DIGI

BASE299

Submitted: 01.10.84
Revised: 14.12.93

NRNDM (1) First seed for the random number generator at the end

of the last event generated

NRNDM (2) Second seed for the random number generator at the

end of the last event generated
GEANT version number when INIT created

ZEBRA version number when INIT created
GEANT version number when KINE created
ZEBRA version number when KINE created
GEANT version number when HITS created
ZEBRA version number when HITS created
GEANT version number when DIGI created
ZEBRA version number when DIGI created

IEVENT event sequence number at the end of the last generated

event

Header bank JHEAD: 1 user link, NHEAD (=10) data words
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LQ(JHEAD-1)

IQ(JHEAD+1)
+2)
+3)

+4)

+5 ..

.10)

user link

IDRUN Run number

IDEVT Event number

NRNDM(1) Value of random number generator first seed at the
beginning of the event

NRNDM(2) Value of random number generator second seed at the
beginning of the event
Reserved for user applications
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Example of user termination routine

SUBROUTINE UGLAST
*

+SEQ,GCLIST
*

* Call standard GEANT termination routine
CALL GLAST

Terminate graphics
CALL HPLEND

Close I/0 buffers
IF(NGET .NE. O .OR. NSAVE .NE. 0) CALL GCLOSE(O,IER)

Print histograms
CALL HISTDO

END

CALL GLAST
Standard GEANT termination routine:
e computes and prints the processing time per event;
e callsMZEND to print the statistics relative to the current run;

e if the structure JGSTAT has been initidlised, calls GPSTAT [GEOM700].
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Debugging facilities

The flags IDEBUG, ITEST and ISWIT(1-10) are available to in the common /GCFLAG/ for debug control
[BASE030]. The array ISWIT is filled through the data record SWIT. Some flags are used by GHEISHA
[PHYS510] and by the routine GDEBUG.

The flag IDEBUG is set to 1 in GTRIGI for the events with sequence number from IDEMIN to IDEMAX,
as specified by the user on the data record DEBU. If IDEMIN is negative, debug is activated also in the
initialisation phase.

Theflag ITEST, set by the user viathe data record DEBU, is also used by GTRIGI. The sequence number, the

event number and the random numbers seeds are printed at the beginning of each event every ITEST from
IDEMIN to IDEMAX.

1 Debug of data structures

The contents of the data structures can be dumped by the routine

CALL GPRINT (CHNAME,NUMB)

CHNAME (CHARACTER*4) name of atop level data structure;
NUMB (INTEGER) number of the substructure to be printed, O for all.

Examples

e CALL GPRINT(’KINE’,0) printsall banks JKINE;
e CALL GPRINT(’KINE’,8) prints JKINE bank for track 8;

e CALL GPRINT(’VOLU’,0) printsall existing volumes.
The following names are recogni sed:
DIGI,HITS,KINE,MATE,VOLU,ROTM,SETS, TMED,PART, VERT, JXYZ

GPRINT calls selectively the routines:

GPDIGI(’*’,’%’) GPHITS(’*’,’*’) GPKINE(NUMB) GPMATE (NUMB)
GPVOLU (NUMB) GPROTM (NUMB) GPSETS(’*’,’*’) GPTMED(NUMB)
GPPART (NUMB) GPVERT (NUMB) GPJXYZ (NUMB)

These routines can be called directly by the user. In case of SETS, HITS and DIGI the content of all detectors
of all setswill be printed, so NUMB isirrelevant.
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2 Debug of events

The development of an event can be followed viathe routine:
CALL GDEBUG

which operates under the control of the ISWIT array. It isthe user responsibility to call this routine from
GUSTEP. If the DEBUG flag is active, the routine will perform as follows:

ISWIT(1)

2 the content of the temporary stack for secondaries in the common /GCKING/ is printed;

ISWIT(2)

1 the current point of the track is stored in the JDXYZ bank viathe routine GSXYZ;

2 the current information on the track is printed via the routine GPCXYZ;

3 the current step is drawn via the routine GDCXYZ;

4 the current point of the track is stored in the JDXYZ bank via the routine GSXYZ. When the
particle stops the track is drawn via the routine GDTRAK and the space occupied by the track
in the structure JDXYZ rel eased;

ISWIT(3)

1 the current point of the track is stored in the JDXYZ bank via the routine GSXYZ.
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Utility Routines
CALL GLOOK (CHNAME,IVECT,N,ILOOK*)

CHNAME (CHARACTER*4) variable containing the name to be searched for in IVECT;

IVECT (INTEGER) array containing the ASCII code of the names among which NAME is searched. The
names are stored 4 characters per word;

N (INTEGER) number of itemsin IVECT;

ILOOK (INTEGER) position in IVECT where NAME has been found, 0 if not found.

This routine is very useful when searching for a string stored in a ZEBRA bank. For instance to find the
position of the > CRYS’ volume in the volume bank, the following piece of code could be written:

+SEQ, GCBANK.
+SEQ, GCNUM.

CALL GLOOK(’CRYS’,IQ(JVOLUM+1),NVOLUM,IVO)
IF(IVO.GT.0) THEN
JV0 = LQ(JVOLUM-IVO)
ELSE
JVvo = 0
ENDIF

Jvo, if different from 0, is the pointer to the data bank containing the information relative to the volume
’CRYS”.

CALL GEVKEV (EGEV,ENERU*,CHUNIT*)

EGEV (REAL) input, energy in GeV,
ENERU (REAL) output, energy in the new unit;
CHUNIT (CHARACTER#4) unit in which the energy has been converted.

This subroutine converts the input energy in GeV to a unit in which 1 < F < 999. CHUNIT contains the
new unit. The following piece of code illustrates the use of GEVKEV:

+SEQ, GCTRAK.
CHARACTER*4 CHUNIT

CALL GEVKEV(DESTEP, DE, CHUNIT)
WRITE(6,10000) DE, CHUNIT
10000 FORMAT(’> The energy loss in this step is ’,F7.2,A)
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The random number generator

CALL GRNDM  (VEC*,LEN)

VEC (REAL) vector containing the generated random number;

LEN (INTEGER) number of random numbers to generate.

GRNDM generates a sequence of uniformly distributed random numbers in the interval (0,1). The numbers
are returned in avector. The code is a copy of the CERN Program Library routine RANECU [16, 17] (entry
V114).

Several independent sequences can be defined and used. Each sequence must be initialised by the user,
otherwise the result is unpredictable. Two integer seeds are used to initialise a sequence. Not all pairs of
integers define a good random sequence or one which is independent from others. Sections of the same
random sequence can be defined as independent sequences. The period of the generator is ° ~ 10'%. A

generation has been performed in order to provide the seeds to start any of the generated sections. There are
215 possible seed pairs and they are all 10° numbers apart. Thus a sequence started from one of the seed
pairs, after 10° numbers will start generating the next one.

CALL GRNDMQ (ISEED1,ISEED2,ISEQ,CHOPT)

ISEED1 (INTEGER) first seed of the sequence;
ISEED2 (INTEGER) second seed of the sequence;

ISEQ (INTEGER) number of the independent sequence of random numbers referred to by this call. If
ISEQ<O, then thelast valid sequence used will be addressed either for asave or astore. In case
the option * G’ is specified, on output the variable will contain the sequence actually used;

CHOPT (CHARACTER* (*)) the action to be taken:

’ if 1<ISEQ<215, sequence number ISEQ will be initialised with the seeds of the pre-
computed independent sequence ISEQ.
If ISEQ<O0 or ISEQ>215, sequence number 1 will be initialised with the default seeds.
ISEED1 and ISEED2 are ignored;

’G>  get the present status of the generator: the two integer seeds ISEED1 and ISEED2 will
be returned for sequence ISEQ;

’S>  set the status of the generator. The two integer seeds ISEED1 and ISEED2 will be used
to restart the generator for sequence ISEQ.

’SH’ the same action as for ’S’ and store the two integer seeds ISEED1 and ISEED2 in the
event header bank.

’Q>  Get the pre-generated seeds for ISEQ (1<ISEQ<215). There are 215 pre-generated
sequences each one will generate 10° numbers before reproducing the following one.

Initialises the random number generator.
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VALUE = GARNDM (DUMMY)

DUMMY (REAL) dummy parameter, ignored;
Returns a random number r distributed as e *. r = —In(n) where 7 is a random number extracted by
GRNDM.

CALL GPOISS (AMVEC,NPVEC*,LEN)

AMVEC (REAL) array of length LEN containing the average val ues of the Poisson distributions requested;

NPVEC (INTEGER) array of length LEN containing the random numbers; NPVEC (I) isarandom number
with a Poisson distribution of average AMVEC (1);

LEN (INTEGER) number of random numbers requested.

This routine extracts integer random numbers according to the Poisson distribution. Given a Poisson distri-
bution of average A < 16 and r uniformly distributed between 0 and 1, the method used is the following:

1. let P=exp(—A), N=0and S = P;
2. if r < S accept N;
B legeN=N+1,P=PXN,S=S5+ P andgo back to 2;

If A > 16, agaussian distribution with average X and o = v/ is generated.
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Introduction to the section CONS

1 Introduction

The setup where the particles are transported is represented by a structure of geometrical volumes. Each
volume is filled with matter (which can have the properties of the vacuum in case of it contains no matter).

The matter composing the volumes is described via two sets of attributes. The first set is relative to the
nature of the material composing the volume, and contains information such as the atomic number, the
atomic weight, the density and so on (see the description of the routine GSMATE in this section for more
information).

The second set of attributesis relevant to the process of particle transport and they define aso-called tracking
medium. These are parameters such as the material composing the volume, the magnetic field, the required
tracking precision, the maximum energy that can be lost in one step and so on (see the description of the
routine GSTMED in this section for more information).

Each tracking medium refers to a material via a material number which is assigned by the user. Different
tracking media can, with some limitation, refer to the same material.

Each volume isfilled by a tracking medium identified by a medium number. Different volumes may have
the same medium number (see [GEOM]).

The transport of particles through a setup ([TRAK]) requires access to data which describe:

e the geometry of the setup;
¢ the material and tracking medium parameters;

e the particle properties.

The section [CONS] contains the routines for the storage and retrieval of information related to materials,
tracking media and the particles.

Important note: many entitiesin GEANT are user-defined via a subroutine call. One of the arguments of this
subroutine is ainteger number which identifies the entity. Examples are materials, tracking media, particles
and so on. It can be tempting, for booking purposes, to use very large numbers. For instance, in a large
detector, the number of all the materials in the hadronic calorimeter could be 1001 < I < 2000. Even if
these conventions are very handy, they can introduce a performance penalty.

For reasons of speed, the number provided by the user is used directly as the number of the link in the
ZEBRA data structure indicating where to store the pointer to the bank containing the information on the
entity. ZEBRA pointers are contiguous. Defining an object with auser number of 1000 forces ZEBRA to allow
space for 1000 links. This entails aloss of space (999 words), but much worse than that, induces ZEBRA to
believe that there are in fact 999 more banks. At every operation which causes arelocation of banks, ZEBRA
will check al the possible links, which can be very time consuming.

So values of user-defined entities must be kept as small as possible and contiguous. In large applications
one could write a routine which returns the next free number to be allocated, which can then be stored in a
variable and always referenced symbolically, freeing the user from the need to define ranges. Asan example
we give here afunction performing this operation for the material number:
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FUNCTION NEXTMA(Q)
+SEQ, GCBANK
IF(JMATE.LE.O) THEN
NEXTMA = 1
ELSE
DO 10 IMAT = 1, IQ(JMATE-2)
IF (LQ(JMATE-IMAT) .EQ.0) GOTO 20
10 CONTINUE
20 NEXTMA = IMAT
ENDIF
END

2 Materials

The materia constants are stored in the data structure JMATE via the routine GSMATE and can be retrieved
via the routine GFMATE and printed via the routine GPMATE. The routine GMATE calls repeatedly the routine
GSMATE to define a standard set of materials, but its useis not mandatory. Mixtures of basic materials, com-
pounds or molecules with atoms from different basic materials, may also be defined and their characteristics
are stored in the structure JMATE, through calls to the routine GSMIXT. Mixtures of compounds are allowed.

Quantities such as energy loss and cross-section tables (see [PHYS]), computed during the initialisation
of the program are stored in the structure JMATE. These can be accessed through the routine GFTMAT and
plotted or printed through the routines GPLMAT and GPRMAT respectively.

3 Tracking media

Thetracking medium parameters are stored in the data structure JTMED by the routine GSTMED. Details about
these parameters are given in [TRAK]. They can be accessed with the routine GFTMED and printed with the
routine GPTMED.

The correctness of the transport process and thus the reliability of the results obtained with GEANT depend
critically on the values of the tracking medium parameters. To help the user, most of the parameters are
recalculated by default by GEANT irrespective of the value assigned by the user. Advanced users can control
the value of the parameters thus bypassing the automatic computation. See the description of the routine
GSTMED for more information.

The tracking thresholds, and other parameters and flags that control the physics processes, defined in GINIT
and possibly modified through the relevant data records, are also stored in the structure JTMED. These pa-
rameters can be redefined for each tracking medium viathe routine GSTPAR.

4 Particles

The parameters of the particles transported by GEANT are stored in the data structure JPART via the routine
GSPART. The decay properties of particles are defined via the routine GSDK. The particle constants can be
accessed with the routine GFPART and printed with the routine GPPART.

The routine GPART defines the standard table of particles, branching ratios and decay modes. This routine
needs to be called for the GEANT system to work properly. GPART calls the routine GSPART for the particle
properties and GSDK for the decays for each particle in the standard GEANT table. The user may call GSPART
and GSDK to extend or modify the table defined by GPART.
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M aterial definition

CALL GMATE

Stores the following standard material constants in the data structure [7] JMATE.

Material No. A Z Density | Radiat L
Hydrogen 1 1.010 | 1.000 0.071 | 865.000
Deuterium 2 2.010 1.000 0.162 | 757.000
Helium 3 4.000 | 2.000 0.125 | 755.000
Lithium 4 6.940 | 3.000 0.534 | 155.000
Beryllium 5 9.010 | 4.000 1.848 35.300
Carbon 6| 12010 6.000 2.265 18.8
Nitrogen 7| 14.010( 7.000 0.808 44.500
Neon 8| 20.180 | 10.000 1.207 24.000
Aluminium 9| 26.980 [ 13.000 2.700 8.900
Iron 10 | 55.850 | 26.000 7.870 1.760
Copper 11 | 63.540 | 29.000 8.960 1.430
Tungsten 12 | 183.850 | 74.000 19.300 0.350
Lead 13 | 207.190 | 82.000 11.350 0.560
Uranium 14 | 238.030 | 92.000 18.950 0.320
Air 15 14.610 7.300 | 1.205 x 1073 30423
Vacuum 16| 10716 | 10716 10716 1016

Note: this table provides some material definition with standard properties. Advanced user will want to
define their own table of materials, which can be done with the routine GSMATE, described below.

CALL GSMATE (IMATE,CHNAMA,A,Z,DENS,RADL,ABSL,UBUF, NWBUF)

Stores the constants for the material IMATE in the data structure JMATE.

IMATE
CHNAMA
A

Z

DENS
RADL
ABSL

UBUF
NWBUF

47

(INTEGER) material number;
(CHARACTER*20) material name;
(REAL) atomic weight;

(REAL) atomic number;

(REAL) density in g cm™3;
(REAL) radiation length in cm;

(REAL) absorption length in cm. This parameter is ignored by GEANT, but it has been kept in
the calling sequence for backward compatibility;

(REAL) array of NWBUF additional user parameters;
(INTEGER) number of user words in UBUF.
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CALL GFMATE (IMATE,CHNAMA*, A% Z* DENS*,RADL*, ABSL*,UBUF*,NWBUFx*)

Retrieves the constants of material IMATE from the data structure JMATE. The parameters are the same as
for GSMATE.

CALL GPMATE (IMATE)

Prints the material constants;

IMATE (INTEGER) material number. If IMATE=0 then all materials will be printed. If IMATE<O the
material number -IMATE will be printed without the header describing the value of the various
fields.
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Retrieve material cross-sections and stopping power

CALL GFTMAT (IMATE,IPART,CHMECA,KDIM,TKIN,VALUE*,PCUT*,IXST*)

Retrieve and interpolate the d E'/dx and cross-sections tabulated in material banks corresponding to agiven
array of kinetic energy bins.

IMATE (INTEGER) material number;

IPART (INTEGER) particle number;

CHMECA (CHARACTER*4) name of the mechanism bank to be retrieved;

KDIM (INTEGER) dimension of the arrays TKIN and VALUE;

TKIN (REAL) array of kinetic energiesin GeV;

VALUE (REAL) array of energy lossesin MeV cm™!, or macroscopic cross sections in cm*;

PCUT (REAL) array containing the 5 energy thresholds for the material in GeV (CUTGAM, CUTELE,
CUTNEU, CUTHAD, CUTMUOQ);

IXST (INTEGER) return code:

0 the table was not filled:
1 normal return; values are returned into the VALUE array;

The mechanisms have the following conventional name and a code number (IMECA):

HADF
INEF
ELAF ( 3) hadronic elastic cross-section according to FLUKA;

( 1) total hadronic interaction cross-section according to FLUKA;
(
(
NULL ( 4) unused;
(
(
(
(

2) hadronic inelastic cross-section according to FLUKA;

NULL ( 5) unused;

HADG ( 6) total hadronic interaction cross-section according to GHEISHA;
INEG
ELAG
FISG ( 9) nuclear fission cross-section according to GHEISHA;

7) hadronic inelastic cross-section according to GHEISHA;
8) hadronic elastic cross-section according to GHEISHA;

CAPG (10) neutron capture cross-section according to GHEISHA;
LOSS (11) stopping power;

PHOT (12) photoelectric cross-section;

ANNI (13) positron annihilation cross-section;

COMP (14) Compton effect cross-section;

BREM (15) bremsstrahlung cross-section;

PAIR (16) photon and muon direct- e~e™*pair cross-section;
DRAY (17) Jd-rays cross-section;
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PFIS (18) photo-fission cross-section;

RAYL (19) Rayleigh scattering cross-section;
MUNU (20) muon-nuclear interaction cross-section;
RANG (21) rangeincm;

STEP (22) maximum step in cm.

Note: Common /GCMULO/ contains an array ELOW (200) (see [CONS199]) with NEK1 kinetic energy values
ranging from EKMIN to EKMAX. GPHYST initialises by default the first 91 locations of ELOW with values of
energy from 107° GeV (10 keV) to 10* GeV (10 TeV) equally spaced on logarithmic scale. This can be
controlled by the user viathe data record or the interactive command ERAN ([BASE040]). ELOW can be used
as the input argument TKIN, e.g.:

CALL GFTMAT (10, 1,’PHOT’,NEK1, ELOW ,VALUE, PCUT, IXST)

will return in array VALUE the photoelectric cross-section in material number 10.

CALL GPLMAT (IMATE,IPART,CHMECA,KDIM,TKIN,IDM)

Plot and interpolate the dE'/dxz and cross-sections tabulated in material banks corresponding to a given
array of kinetic energy bins. The mechanisms are the same as the previous routine. If the mechanism name
is >ALL’, then al the mechanisms will be plotted.

Thefirst five parameters have the same meaning as in the previous routine and:

IDM (INTEGER) treatment of the created histogram(s):
>0 fill, print, keep histogram(s);
=0 fill, print, delete histogram(s);
< 0 fill, noprint, keep histogram(s).

Theresult isnot returned to the user asisthe casein the previous routine but it is put in an HBOOK histogram.
The HBOOK package needs to be initialised by the user via the routine HLIMIT, see [BASE100] for more
information. The histogram identifier is calculated as: 10000*IMATE+100*IPART+IMECA where IMECA iS
the mechanism code listed above.

CALL GPRMAT (IMATE,IPART,CHMECA,KDIM,TKIN)

Print and interpolate the dE/dz and cross-sections tabulated in material banks corresponding to a given
array of kinetic energy bins. The mechanisms are the same as the previous routine. If the mechanism name
is >ALL’, then al the mechanisms will be printed.

Theresult is printed in the form of atable.
The five parameters have the same meaning as in the previous routine.

CONS101 -2 50



Geant 3.16 GEANT User’s Guide CONSI110

Origin . R.Brun, M.Maire, J.Allison Submitted: 01.06.83
Revision : Revised: 08.12.93
Documentation : M.Maire

Mixturesand Compounds

CALL GSMIXT (IMATE,NAMATE,A,Z,DENS,NLMAT,WMATx*)

Defines mixture or compound IMATE as composed by NLMAT materials defined viathe arrays A, Z and WMAT.
Mixtures of compounds can also be defined.

IMATE (INTEGER) user material (mixture) number;
NAMATE (CHARACTER*20) mixture name;

A (REAL) array of atomic weights;

VA (REAL) array of atomic numbers;

DENS (REAL) density in g cm™3;

NLMAT (INTEGER) number of elements in the mixture;

>0 WMAT contains the proportion by weights of each material in the mixture;

<0 WMAT contains the proportion by number of atoms of each kind, the content of WMAT
in output is changed to contain the relative weights;

M ethod

For acompound (NLMAT < 0), the molecular weight and charge are:

Amol = anAz Lol = anzz
i 7

where n; = WMAT (I) isthe number of atoms of the i component of the molecule. In this case the propor-
tion by weight is:
niAi
i =
’ Amol

where p; = WMAT(I) in output. From the relative weights, GSMIXT works out the effective atomic weight
and atomic number according to the following formulas:

AeffZsz’Az’ Zeff:ZPiZi
i i

which are stored in the JMATE data structure [CONS199] together with the radiation length.
The radiation length is computed according to the EGS manua [12], formula 268 (37), for an element:

1,1 183
— = AriNa (2 +£(2) 0o — F(2)]

where

Xo radiation length (in cm);

) density (in g cm™3);
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o fine structure constant;

r classical electron radius (in cm);
N Ay Avogadra’s number;

A atomic weight;

Z atomic number;

F.(2) Coulomb correction function.

F.(Z) = (aZ)* 5 4 0.20206 — 0.0369(cvZ)* 4 0.0083(cvZ)* — 0.0020(0vZ)°

1+ (a2)
I 1440
§(2) = 183 —
In 5 — Fe(2)

for a compound or mixture:

1 Di

pXo ~ piXoi

where p; is the proportion by weight of the i element. For more information on the organisation of the
datain memory see [CONS199].

The effective absorption length ) is defined as the interaction length of a5GeV pion in the material:

I i 1 o7 (5GeV )Ny, 1.9
A ZZ: Ai i A; 9 om

Once this value has been determined, an effective hadronic atomic weight (4,_.f) is calculated by the
routine GHMIX [3] and stored in the data structure.
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The Material data structure IMATE

NMATE IMATE JMATE
1 Material
2 Name
5
6 A (AEFF for mixtures)
7 Z (ZEFF for mixtures)
8 Density
9 RADL
10 ABSL
11 NLMAT
User words

Figure 6: JMA = LQ(JMATE-IMATE) pointer to material IMATE

When the subroutine GPHY Sl is called at initialisation time the following substructure is created for each
material whose number is refered to by any of the user defined tracking media.

Note: The energy losses are stored in GeV cm~!. The inverse of the macroscopic cross-section (i.e. the
mean free path, in cm), is stored instead of the cross-section, to speed up the calculation of the distance to
the next interaction point.
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JMATE
NMATE IMATE

JMA = LQ (JMATE-IMATE)

|19181716151413121110 987654321 Material parameter I
JMAEL = LQ(IMA-1) 180
Energy loss for electron/positron I
JIMAMU = LQ(IMA-2) 90
Energy loss for muons I
JMAAL = LQ(IMA-3) 90
\ Energy loss for other particles I
JPROB = LQ(JMA-4) 40
Some material constants I
IMIXT = LQ(IMA-5) 90
Mixture or compound parameters I
JPHOT = LQ(JMA-6) 90
j Cross-sections for photo-effect I
JANNI = LQ(IMA-7) 90
Positron annihilation cross-section I
JCOMP = LQ(IMA-8) 90
\ Compton scattering cross-section I
JBREM = LQ(JMA-9) 270
Bremsstrahlung cross-section for electron and muons I
JPAIR = LQ(IJMA-10) 180
\ Cross-sections for pair production / production by muons I
JDRAY = LQ(JMA-11) 270
Moeller and Bhabha cross-sections for delta rays by muons I
JPFIS = LQ(UMA-12) 180
N Photo-fission cross-section I
JRAYL = LQ(IMA-13) 180
Rayleigh scattering cross section and atomic form factors I
JMUNU = LQ(JMA-14) 90
Muon nuclear interactions I
JMASE = LQ(JMA-15) 180
Stopping range for electrons/positrons I
JMASM = LQ(JMA-16) 180
Stopping range for muons / other particles I
LQ(IMA-17) 540
Coefficients for electron/positron energy loss I
LQ(JIMA-18) 540

Coefficients for muon energy loss

JTSTRA = LQ(IMA-19)

Straggeling for thin layers

Figure 7: Material data structure
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1 Energy binning

IDECAD | Bin number | Energy range

IEKBIN

1—-10 10 KeV — 79.43 KeV
11— 20 100 KeV — 794.3 KeV
21— 30 1 MeV — 7.943 MeV
31— 40 10 MeV — 79.43 MeV
41 — 50 100 MeV — 794.3 MeV
51 — 60 1GeV — 7.943 GeV
61 — 70 10 GeV — 79.43 GeV
71— 80 100 GeV — 794.3 GeV
81— 90 1TeV — 7.943 TeV

© 00N O B~ WDN P

The values of the bins are kept in the array ELOW(90) in/GCMULO/ :
ELOW(i) = 10T ~5[GeV]

2 Energy lossfor electrons and positrons

Words 1 to 90, for electrons: DE/DX = lonisation (Moller) +brems.
Words 91 to 180, for positrons. DE/DX = lonisation (Bhabha) +brems. [PHY S 330, 340].

3 Energy lossfor muons

DE/DX = lonisation +brems. +Direct e e~ production +Nuclear interacti on [PHY S 430, 440, 450].

4 Energy lossfor other charged particles

DE/DX = lonisation

The values are computed for a proton (mass Mp). For any other particle with mass M and kinetic energy T,
one has to compute the equivalent proton kinetic energy as T*Mp/M and look at the corresponding energy
binning [PHY S 430].

5 Somematerial constants

Various constants which are material dependent and needed to compute the cross-sections.
See routine GPROBI.

6 Mixtureand compound parameters
Words 1 to 4*NLM where NLM is the number of mixture or compound components [CONS110].
7 Photo-electric effect. Muon nuclear interaction

As the photo-electric effect vanishes at high energies whereas the muon nuclear interaction cross-section is
null at low energies, the two effects are stored within the same bank in order to save space.

From 10 KeV to 50 MeV : Photo-€lectric effect mean free path [PHY S 230] From 1 GeV to 10 TeV : Muon
nuclear interaction mean free path [PHY S 460].
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8 Positron annihilation

[PHY S 350].

9 Compton scattering

[PHY S 220].

10 Bremsstrahlung for electronsand muons

Words 1 to 90, mean free path for electrons [PHY S 340] Words 91 to 180, mean free path for muons [PHY S
440].

11 Pair production by gammas and muons
Words 1 to 90, for gammas [PHY S 210]. Words 91 to 180, for muons [PHY S 450].
12 Deltaray production by electrons and muons

Words 1t0 90, for e e™— e~ e~ [PHY S 330].
Words 91 to 180, for e e~ — ete " [PHY S 330]
Words 181 to 270, for e~ — e~ [PHY S430].

13 Photo-fission

Only for material with atomic number A¢200 [PHY S 240].
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Tracking medium parameters

Description of theroutines

CALL GSTMED (ITMED,NATMED,NMAT,ISVOL,IFIELD,FIELDM,TMAXFD,STEMAX,
DEEMAX,EPSIL,STMIN,UBUF ,NWBUF)

This routine associates a set of tracking parameters to a material, defining a so-called tracking medium.
Every GEANT volume must be associated to an existing tracking medium. The routine stores the parameters
of the tracking medium ITMED in the data structure JTMED.

ITMED (INTEGER) tracking medium number;

NATMED (CHARACTER*20) tracking medium name;

NMAT (INTEGER) material number corresponding to ITMED;
ISVOL (INTEGER) sensitivity flag (see later):

<0 not a sensitive volume;
>0 sensitive volume;

IFIELD (INTEGER) magnetic field flag:
=0 no magnetic field;

=1 strongly inhomogeneous magnetic field (returned by the user function GUFLD): tracking
performed with the Runge-Kutta method by the routine GRKUTA;

=2 inhomogeneous magnetic field (returned by the user function GUFLD), tracking along a
helix performed by the routine GHELIX;

=3 uniform magnetic field along the z axis of strength FIELDY, tracking performed along
ahelix by the routine GHELX3;

FIELDM (REAL) maximum field value (in Kilogauss);

TMAXFD (REAL) maximum angular deviation due to the magnetic field permitted in one step (in degrees);
STEMAX (REAL) maximum step permitted (cm);

DEEMAX (REAL) maximum fractional energy lossin one step (0 < DEEMAX < 1);

EPSIL (REAL) boundary crossing precision (cm);

STMIN (REAL) minimum value for the maximum step imposed by energy loss, multiple scattering,
Cerenkov or magnetic field effects (cm);

UBUF (REAL) array of NWBUF additional user parameters;

NWBUF (INTEGER) number of additional user parameters.

Note: the tracking medium number can in principle be any positive integer from 1 to 65,535. However this
number is used directly by GEANT as the number of the pointer to the data structure where the information is
stored. When a pointer isdefined, al pointers from 1 to the one allocated are created, if not already existing.
Every time data structures are moved in memory, al the links are potentially scanned for update. This can
be time consuming and it can seriously affect performances. So a continuous range of numbers should be
used for tracking media.
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CALL GFTMED (ITMED,NATMED#,NMAT*, ISVOL*, IFIELD*,FIELDM*, TMAXFD*,
STEMAX* ,DEEMAX* , EPSIL*, STMIN* , UBUF*, NWBUF*)

Extracts the parameters of the tracking medium ITMED from the data structure JTMED.
CALL GPTMED (ITMED)
Prints the tracking medium parameters for the given medium.

ITMED (INTEGER) tracking medium to be printed, al tracking mediaif ITMED=0.
Automatic calculation of the tracking parameters

The results of the simulation depend critically on the choice of the tracking medium parameters. To make
of GEANT areliable and consistent predictive tool, the calculation of these parameters has been automated.
In anormal GEANT run, the variable IGAUTO in common /GCTRAK/ is set to 1. In this case the following
parameters are calculated by the program:

TMAXED — 20 |.f TMAXFD < 0 or TMAXFD > 20
input value if 0 < TMAXFD < 20
STEMAX =  BIG(=10'7)
0.25 if ISVOL = 0 and Xy < 2¢m, where X isthe radiation length of
DEEMAX — the materia
0.25 — —— otherwise
v Xo
21 if ISVOL =0
STMIN = \/5)1%0
if ISVOL # 0
Vv Xo

where R isthe rangein cm of an electron of energy CUTELE+200keV.

If the IGAUTO variable is set to O via the AUTO data record, then value given by the user for the above
parameters is accepted as the true parameter value if > 0, while automatic calculation still takes place in
case the input value is negative.

Users are strongly recommended to begin their simulation with the parameters as calculated by GEANT.
Users who want to modify any of the above parameters must be sure they understand their function in the
program and the implications of a change.

The EPSIL parameter represents the absolute precision with which the tracking is performed. It has a
double meaning. When tracking in magnetic field, EPSIL is the minimum distance for which boundaries
are checked. A particle nearer than EPSIL to the boundary is considered as exiting the current volume. If
the end point of the step of a particle in magnetic field is distant less than EPSIL aong each axis from what
would be the end point in absence of magnetic field, then no boundary checking is performed.

In all cases, when a particle is going to reach the boundary of the current volume with the current step, the
step length is increased by a quantity (PREC, common /GCTMED/) which is set to the minimum between
0.1 x EPSIL and 10 micron at the beginning of the tracking. This quantity is recalculated at every step
according to the formula:

EPSIL
o101 ) max .ol |21, 5) x ¢ @

Where z, y, z are the current coordinates of the particle, S is the length of the track, and ¢ is the assumed
machine precision. ¢ (called EPSMAC in the program) isinitially set to 10-% for 32 bits machines and 101!
for 64 bits machines. During the tracking, every fifth time that a particle tries unsuccessfully to exit from
the same volume, the machine precision is multiplied by the number of trials. This accounts for additional
losses of precision due to transformation of coordinates and region of the floating point range where the
real machine precision is different from the above (this happens in particular on IBM mainframes with 370
floating point number representation).

PREC = max {min (
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Special Tracking Parameters

CALL GSTPAR (ITMED,CHPAR,PARVAL)

ITMED (INTEGER) tracking medium number;

CHPAR (CHARACTER#4) character string, name of the variable to be modified;

PARVAL (REAL) new value (must be given as afloating point).

Default parameters Parameter name | Default value

Q(JTMN +1) = CUTGAM | CUTGAM 0.001GeV
Q(JTMN +2) = CUTELE | CUTELE 0.001GeV
Q(JTMN +3) = CUTNEU | CUTNEU 0.01GeV
Q(JTMN +4) = CUTHAD | CUTHAD 0.01GeV
Q(JTMN +5) = CUTMUO CUTMUO 0.01GeVv
Q(JTMN +6) = BCUTE BCUTE CUTGAM
Q(JTMN +7) = BCUTM BCUTM CUTGAM
Q(JTMN +8) = DCUTE DCUTE 10.TeV
Q(JTMN +9) = DCUTM DCUTM 10.TeV
Q(JTMN+10) = PPCUTM | PPCUTM 0.01GeVv
Q(JTMN+11) = IPAIR PAIR 1
Q(JTMN+12) = ICOMP COMP 1
Q(JTMN+13) = IPHOT PHOT 1
Q(JTMN+14) = IPFIS PFIS 0
Q(JTMN+15) = IDRAY DRAY 2
Q(JTMN+16) = TIANNI ANNT 1
Q(JTMN+17) = IBREM BREM 1
Q(JTMN+18) = TIHADR HADR 1
Q(JTMN+19) = IMUNU MUNU 0
Q(JTMN+20) = IDCAY DCAY 1
Q(JTMN+21) = ILOSS LOSS 2
Q(JTMN+22) = IMULS MULS 1
Q(JTMN+26) GHEISHA | GHCOR1 see [PHYS700]
Q (JTMN+27) MODEL BIRK1 see [PHYS337]
Q(JTMN+28) RKB BIRK2 see [PHYS337]
Q(JTMN+29) C BIRK3 see [PHYS337]
Q(JTMN+31) ILABS LABS see [PHYS260]
Q (JTMN+32) ISYNC SYNC see [PHYS360]
Q(JTMN+33) ISTRA STRA see [PHYS333]

The data structure JTMED contains the standard tracking parameters (CUTS and flags to control the physics
processes) which are used by default for all tracking media. It is possible to redefine individualy with
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GSTPAR any of these parameters for a given tracking medium. For example to change CUTGAM to 0.0001 for
tracking medium ITMED:

CALL GSTPAR(ITMED, ’CUTGAM’,0.0001)

For more information on default values for IDRAY and ILOSS see [BASE040].

The default tracking medium parameters are stored in the bank whose pointer is stored in the JTMED variable.
In this case in the above table JTMN = JTMED. In the case one or more of the above parameters has been
modified for a specific tracking medium, the whole parameter set is stored in the next bank of the given
trackin medium. In this case JTMN = LQ (JTM) in the above table, where JTM is the pointer to the bank of the
tracking medium, i.e. JTM = LQ (JTMED-ITMED).

Note

At tracking time the parameters above are copied from JTMN into the common blocks /GCCUTS/ and
/GCPHYS/. GSTPAR must be called before GPHYST.
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Particle definition

CALL GPART

Stores the standard particle constants in the data structure JPART and, through the routine GSDK, their decay
modes [CONS310].

61

Particle No. | Mass(GeV) Charge | Lifetime(sec)

Gamma 1|00 0 stable (10%°)
Positron 2 | 0.00051099906 1 stable
Electron 3 | 0.00051099906 -1 stable
Neutrino 4100 0 stable

Muon + 5 | 0.105658389 1 2.19703 x1076
Muon - 6 | 0.105658389 -1 2.19703 x 1076
Pion 0 7 | 0.1349764 0 8.4 x10717
Pion + 8 | 0.1395700 1 2.603 x10~8
Pion - 9 | 0.1395700 -1 2.603 x10~8
Kaon 0 long 10 | 0.497672 0 5.17 x1078
Kaon + 11 | 0.493677 1 1.237 x1078
Kaon - 12 | 0.493677 -1 1.237 x1078
Neutron 13 | 0.93956563 0 887.0

Proton 14 | 0.93827231 1 stable
Antiproton 15 | 0.93827231 -1 stable

Kaon 0 short 16 | 0.497672 0 8.926 x10~ 1
Eta 17 | 0.54745 0 5.485 x 10719
Lambda 18 | 1.115684 0 2.632 10710
Sigma+ 19 | 1.18937 1 7.99 x10~ 1!
Sigma0 20 | 1.19255 0 7.40 x10720
Sigma - 21 | 1.197436 -1 1.479 x10~10
Xi0 22 | 1.3149 0 2.90 x10710
Xi - 23 | 1.32132 -1 1.639 x10~19
Omega 24 | 1.67245 -1 8.22 x10~1!
Antineutron 25 | 0.93956563 0 887.0
Antilambda 26 | 1.115684 0 2.632 x10~10
Antisigma - 27 | 1.18937 -1 7.99 x10~ 1
Antisigma 0 28 | 1.19255 0 7.40 x10~20
Antisigma + 29 | 1.197436 1 1.479 x10~10
Antixi 0 30 | 1.3149 0 2.90 x10~10
Antixi + 31| 1.32132 1 1.639 x10~19
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CALL GPIONS

Particle No. | Mass(GeV) Charge | Lifetime(sec)
Antiomega + 32 | 1.67245 1 8.22 x10~ 1!
Deuteron 45 | 1.875613 1 stable
Tritium 46 | 2.80925 1 stable
Alpha 47 | 3.727417 2 stable
Geantino 48 | 0 0 stable
He3 49 | 2.80923 2 stable
Cerenkov 50| 0 0 stable
Stores the standard ions constants in the data structure JPART.

Particle No. | Mass(GeV) Charge | Lifetime(sec)
Li6 61 | 5.60305 3 1000
Li7 62 | 6.53536 3 1000
Be7 63 | 6.53622 4 1000
Be9 64 | 8.39479 4 1000
B10 65 | 9.32699 5 1000
B11 66 | 10.25510 5 1000
C12 67 | 11.17793 6 1000
N14 68 | 13.04378 7 1000
016 69 | 14.89917 8 1000
F19 70 | 17.69690 9 1000
Ne20 71 | 18.62284 10 1000
Na23 72 | 21.41483 11 1000
Mg24 73 | 22.34193 12 1000
Al27 74 | 25.13314 13 1000
Si28 75 | 26.06034 14 1000
P31 76 | 28.85188 15 1000
S32 77 | 29.78180 16 1000
CI35 78 | 32.57328 17 1000
Ar36 79 | 33.50356 18 1000
K39 80 | 36.29447 19 1000
Ca40 81 | 37.22492 20 1000
Sca5 82 | 41.87617 21 1000
Ti48 83 | 44.66324 22 1000
V51 84 | 47.45401 23 1000
Cr52 85 | 48.38228 24 1000
Mn55 86 | 51.17447 25 1000
Feb6 87 | 52.10307 26 1000
Co59 88 | 54.89593 27 1000
Ni58 89 | 53.96644 28 1000
Cu63 90 | 58.61856 29 1000
Zn64 91 | 59.54963 30 1000
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Particle No. | Mass(GeV) Charge | Lifetime(sec)

Ge74 92 | 68.85715 32 1000
Se80 93 | 74.44178 34 1000
Kr84 94 | 78.16309 36 1000
Sr88 95 | 81.88358 38 1000
Zr90 96 | 83.74571 40 1000
Mo98 97 | 91.19832 42 1000
Pd106 98 | 98.64997 46 1000
Cd114 99 | 106.10997 48 1000
Sn120 100 | 111.68821 50 1000
Xel32 101 | 122.86796 54 1000
Bal38 102 | 128.45793 56 1000
Cel40 103 | 130.32111 58 1000
Sm152 104 | 141.51236 62 1000
Dy164 105 | 152.69909 66 1000
Ybl74 106 | 162.02245 70 1000
w184 107 | 171.34924 74 1000
Pt194 108 | 180.67513 78 1000
Aul97 109 | 183.47324 79 1000
Hg202 110 | 188.13451 80 1000
Pb208 111 | 193.72907 82 1000
U238 112 | 221.74295 92 1000

Note

Itispossible for the user to define more particles or to redefine some characteristics of the particles currently
defined in GEANT, but this must be done with extreme care. In particular, the mass and charge of most
particles are stored independently in FLUKA, and any change made via GSPART will not affect these values.
Removing particles from the list can lead to unpredictable results and it is strongly discouraged.

The user who needs more particles, or wants to partly override the standard values, can do that via the
routines GSPART and GSDK.

All datataken from M. Aguilar Benitez [4] and updated with the values of the PDG [7].

CALL GSPART (IPART,CHNPAR,ITRTYP,AMASS,CHARGE,TLIFE,UB,NWB)

Stores the constants describing the particle. IPART in the data structure JPART.

IPART (INTEGER) particle number;
CHNPAR (CHARACTER#20) particle name;
ITRTYP (INTEGER) type of tracking routine requested:

particle tracked by GTGAMA;
particle tracked by GTELEC;
particle tracked by GTNEUT;
particle tracked by GTHADR;
particle tracked by GTMUON;
geantino tracked by GTNINO;
heavy ion tracked by GTCKOV;
light photon tracked by GTHION;

O N O O W N -
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AMASS (REAL) particle massin GeV;
CHARGE (REAL) particle charge;

TLIFE (REAL) particle life time (in seconds);
UB (REAL) array of NWB user additional parameters,
NWB (INTEGER).

CALL GFPART (IPART,CHNPAR*,ITRTYP*,AMASS*,CHARGE*, TLIFE*,UB*,NWB*)

Extracts the constants describing the particle IPART from the data structure JPART.

CALL GPPART (IPART)

Prints the particle constants for particle IPART (for al particlesif IPART=0).
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Branching Ratios and Particle Decay M odes

CALL GSDK (IPART,BRATIO,MODE)

IPART (INTEGER) GEANT particle number;
BRATIO (REAL) array of branching ratios in %, maximum 6;
MODE (INTEGER) array of partial decay modes.

GSDK stores the branching ratios and partial decay modes for two and three body particle decays into the
data structure JPART. The decay modes should be coded into the array MODE such that:

MODE(I) = 10% N3 + 10% N2 + N1 for I=1,---,6
where:

N1 particle number for decay product 1;
N2 particle number for decay product 2;
N3 particle number for decay product 3 (if any).

It isimportant to note the following:

e prior to calling GSDK, all parent and secondary particles should have been defined by GSPART;

e if less than six decay modes are defined the remaining elements of BRATIO and MODE must be set to
ZEro.

For agiven particle, IPART, the decay parameters are stored into the JPART data structure as follows:

JPA = LQ(JPART-IPART) pointer to the bank containing the information on the particle IPART;
JDK1 = LQ(JPA-1) pointer to branching ratios bank;

JDK2 = LQ(JPA-2) pointer to decay modes bank;

BR(I) = Q(JDK1+I) I*" branching ratio;

MODE (I) = IQ(JDK2+I) I*" decay mode, where I=1,- - -,6.

When a particle decays during tracking, the routine GDECAY is called. If branching ratios and modes have
been stored by GSDK, then GDECAY generates the decay products in the 2- or 3-body phase space. If no
branching ratios have been defined by GSDK, the user routine GUDCAY is called, where the user can code
specia decay modes and branching ratios. All data taken from Aguilar Benitez [4].
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etov 100.00

Yy 98.802
vete~ 1.198
uty 100.00
ety 19.35
rte v 19.35
TAY 13.50
TR 15.50
707070 21.50
atr— 0 12.38
uty 63.51
ntn0 21.17
rEata— 5.59
etund 4.82
ptomd 3.18
7E7070 1.73
rtn~ 68.61
700 31.39
0% 38.80
707070 31.90
atr—n0 23.60
Tty 4.88
ete ™y 0.50
709y 0.071
pr 63.90
nm” 35.80
pr? 51.57
nrt 48.30
Ay 100.00
nmw- 100.00
AxO 100.00
Am~ 100.00
AK~ 67.80
E07- 23.60
E-n0 8.60
A prt 63.90
nm? 35.80
S pr? 51.57
am 48.30
30 Ay 100.00
ot nmt 100.00
20 Ar® 100.00
=t Arnt 100.00
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I ntroduction to the Drawing package

1 Thedrawing package
The drawing package has been designed mainly to visualise:

e detector components;

e thelogical tree of detector components;
e the geometrical dimensions;

e particle trajectories

e the hits recorded in the sensitive elements of the detector.
2 Graphicsin GEANT

The set of routines in the drawing package alows the visualisation of the volumes of the detector. These
routines can be called from the user program or interactively via the command interface. The output can be
directed onto the screen or to afile. The graphics of GEANT is based on the HIGZ [1] package. HIGZ isa
high-level interface between the user program (in this case GEANT), ZEBRA and a basic graphics library. At
the moment of writing, HIGZ can use various flavours of the GKS [2, 3, 4] graphics system or the X11 [5]
system. A version based on the PHIGS [6] system is now being developed at CERN.

3 Graphicsfunctionality of GEANT

The graphics capabilities of GEANT have been grestly enhanced in the last few revisions of the program.
It is now possible to display volumes with hidden lines removed from the drawing. This improves the
understanding of complicated objects. It is also possible to cut the displayed volumes with various shapes
(boxes, cones, tubes and spheres) in order to visualise the internals of a detector element. The surfaces of
the volumes drawn can be filled with colour, either solid or shaded according to a scan-line based lighting
algorithm. A more sophisticated surface rendering algorithm is now being developed but it will be available
only in the next version of the program.

Almost all drawing commands can be executed either by calling a routine from the user application or by
issuing a command when running GEANT with the standard interactive interface. Several interactive tools
(z0oowM, LENS) have been developed to analyse in detail the various parts of the detectors. Theinteractive MOVE
facility allows the rotation, trandation and zooming in real time for simple components of the detectors.
Some of these commands are only available in the interactive interface. These are described briefly in
[DRAW500] and more extensively in the [XINT] section.

A user interface based on X-Windows and Motif is also available mainly on Unix workstations. Details of
this interface are described in [DRAW510].

Various graphical options can be set viathe GSATT and GDOPT routines.

Every detector component can be visualised either in orthonormal projection or in perspective (routines
GDRAW and GDRVOL). Sections of the volumes and of their descendents can be visualised as well (routines
GDRAWX and GDRAWC).
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The hierarchical relations of the various volumes which compose the detector can be visualised via the
GDTREE routine. In the interactive interface the user can select one of the volumes which are nodes of the
tree with the mouse, and display the characteristics of the volume and walk up and down the logical tree.
Tracks and hits can be drawn either aone or superimposed on the detector (routines GDCHIT, GDHITS,
GDAHIT, GDXYZ). It is aso possible to draw the tracks while tracking is performed via the routine GDCXYZ.
The drawing may be done with hidden-line removal and with shading effects according to the value of the
options HIDE and SHAD (see next section).

Drawing complicated detectors can be alengthy process even on afast machine. In particular, when graphics
options like hidden line removal or surface shading are requested and many volumes are involved, the
complete drawing can take several minutes on the most powerful workstations. To alleviate this problem
drawings can be stored in memory in so called view banks. The routines involved are GDOPEN, GDCLOS,
GDSHOW and GDELET, and the corresponding interactive commands (DOPEN, DCLOSE, DSHOW, DELETE).
These banks can then be redisplayed quickly. They can aso be written on disk and read back.

Attributes like colour (GDCOL) and line width (GDLW) can be globally set for al 2D drawings (i.e. text,
vectors, man, etc.); such attributes do not affect the volume attributes that can be set by the GSATT routine
with COLO or LWID option.

The user can control some drawing options (GDOPT), by selecting, for instance, to have either parallel or
perspective projection, either Y-Z or R-Z projection, etc.

The geometrical dimensions of an existing volume can be changed via the routine GEDITV.

Various service routines allow the drawing of the profile of a human figure, the axis, the scale of the dimen-
sion of the drawing and so on. These are described in [DRAW400].

4 Theshading algorithm

In GEANT 3.16 a new shading algorithm has been introduced which is 10 to 100 times faster than the
algorithm which was implemented in GEANT 3. 15. In the new algorithm the search for the visible portions
of al the faces of every volume is performed in the following steps.

1. the vertices of each face are transformed from the MARS to the screen reference system. In this way
the dimensions of the face are of the order of magnitude of centimeters.

2. inthe screen reference system the face isfilled with horizontal lines scan-lines according to the desired
resolution.

3. These lines are then transformed back in the MARS, where the hidden line removal technique is used
to find their visible portions.

4. The colour luminosity is chosen as afunction of the angle between the normal to the surface and the
line of view which is considered to be also the line of illumination.

5. The visible portions of the lines are finally transformed into the screen reference system and drawn
with the calculated luminosity so that they fill only the visible part of each face.

The resulting picture can be saved into GEANT view banks or HIGZ picture files.
5 Summary

The best way to initialise the drawing package isto call the HPLOT [7] initialisation routine HPLINT. This
will work independently of the basic graphic package used. The reader should consult the HPLOT documen-
tation for more information on this routine. The drawing package isinitialised by:

HPLINT toinitialise the basic graphics package and the HPLOT package;
GDINIT toinitialise the GEANT drawing package.
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The main drawing routines are:

GDRAW to draw aprojection view of the detector — Case 1
GDRVOL to draw a projection view of the detector — Case 2
GDRAWC to draw acut view of the detector (along one axis)
GDRAWX to draw acut view of the detector (from any point)

GDXYZ todraw tracks at the end of the event

GDCXYZ to draw tracks at tracking time

GDPART to draw particle names and track numbers at end of tracks
GDAHIT to draw one single hit

GDHITS to draw hits for trajectory type detectors

GDCHIT to draw hits for calorimeter type detectors

Routines that show how the detector has been modelled are:

GDTREE to draw a picture with the geometrical tree
GDSPEC to draw a picture with volume specifications
GDFSPC to draw several GDSPEC pictures

Routines that perform control operations on view banks are:

GDOPEN to open agiven view bank, identified by aview number; in this way we enter in bank mode
GDCLOS to close the current view bank, i.e. the last one opened, and restore screen mode

GDSHOW to show al graphics information contained in a given view bank

GDLENS to scan interactively the drawing contained in the view bank

GDELET to delete agiven view bank from memory

Routines that allow the visualisation of the detector with hidden line removal are;

GDCGOB to create CG objects

GDCGSL to create clipping objects

GDCGCL to perform boolean operations

GDCGHI toinsert CG objects in HIDE and WIRE structures of faces
GDSHIF to shift in the space a CG object

GDBOMB to make the detector explode

Other routines are:

GDOPT to set drawing options

GDZ0OOM to set the zoom parameters

GDAXIS to draw the axes of the MARS, oriented according to the current view parameters
GDSCAL to draw the current scale

GDMAN to draw aprofile of a man within the current scale

GDRAWT to draw text, with software characters

GDRAWV to draw polylinesin 2D user coordinates

GDHEAD to draw aframe header
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GDCOL to set colour code

GDLW  to setlinewidth

GDCURS to have an input from the graphics cursor

GDFR3D to convert from 3D coordinates (either in MARS or DRS) to 2D user coordinates
GD3D3D to convert from 3D MARS coordinates to 3D Projection Reference System coordinates.
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The Ray-tracing package

Running interactively under X11, a new visualization tool is provided in GEANT 3.21: the ray-tracing pack-
age. Based on the new GEANT tracking (see GEOM and TRACK), a set of routines doing light processing is
provided to visualize the detectors (useful also to visualize the results of boolean operations). Basically,
visible light particles are tracked throughout the detector until when they do not hit the surface of a vol-
ume declared not transparent; then, the intersection point is transformed to the screen coordinates and the
corresponding pixel is drawn with a computed hue and [uminosity.

In case the command (DOPT RAYT ON) is executed, the drawings are performed by the GEANT ray-tracing;
automatically, the color is assigned according to the tracking medium of each volume and the volumes with
adensity lower/equal than the air are considered transparent; if the option (USER) is set (ON) (again viathe
command (DOPT)), the user can set color and visibility for the desired volumes via the command (SATT), as
usual, relatively to the attributes (COLO) and (SEEN). The resolution can be set via the command (SATT *
FILL VALUE), where (VALUE) is the ratio between the number of pixels drawn and 20 (user coordinates).
Parallel view and perspective view are possible (DOPT PROJ PARA/PERS).

In the first case, we assume that the first mother volume of the tree is a box with dimensions 10000 X
10000 X 10000 cm and the view point (infinetely far) is 5000 cm far from the origin aong the Z axis of
the user coordinates; in the second case, the distance between the observer and the origin of the world
reference system is set in cm by the command (PERSP NAME VALUE). Grand-angle or telescopic effects can
be achieved changing the scale factors in the command (DRAW). (Please, note that in case of perspective
views, fixed the distance of the viewer, the zooming factors for the raytracing option must be 8.25 times
bigger than the ones used for the HIDE options in order to get the same picture). When the final picture
does not occupy the full window, mapping the space before tracing can speed up the drawing, but can
also produce less precise results; values from 1 to 4 are allowed in the command (DOPT MAPP VALUE), the
mapping being more precise for increasing (VALUE). For (VALUE = 0) no mapping is performed (therefore
max precision and lowest speed).

The command (VALCUT) alows the cutting of the detector by three planes ortogonal to the x,y,z axis. The
attribute (LSTY) can be set by the command SATT for any desired volume and can assume values from O to
7. It determines the different light processing to be performed for different materials: 0 = dark-matt, 1 =
bright-matt, 2 = plastic, 3 = ceramic, 4 = rough-metals, 5 = shiny-metals, 6 = glass, 7 = mirror.

The detector is assumed to be in the dark, the ambient light luminosity is 0.2 for each basic hue (the satu-
ration is 0.9) and the observer is assumed to have a light source (therefore he will produce parallel light in
the case of parallel view and point-like-source light in the case of perspective view). Finally, a second light
source can be positioned in the space (with a desired intensity) via the command (SPOT).
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Drawing a Volume—-Case 1

CALL GDRAW (CHNAME, THETA,PHI,PSI,U0,VO,SU,SV)

Draws an orthographic parallel projection or a perspective projection of volume CHNAME according to the
options set via the routine GDOPT and all its visible descendants (see routine GSATT to alter the visibility of
avolume) at position U0, V0 (user coordinates), with the scale factors SU and SV; the object is seen from
THETA and PHI angles, and the resulting 2D projection isrotated by an angle PSI on the screen plane. These
parameters, as well as zoom parameters set by GDZ0OOM define the current view parameters, and they are
copied in the common /GCDRAW/. Attributes like colour, surface fill, line width, line style, visibility, etc.
can be set by calling the GSATT routine for CHNAME and its descendants [GEOM 500]. An example of the
result of the call:

CALL GDRAW(’ARM ’,40.,40.,0.,nx,ny,0.015,0.015)

isgiven in fig 8 for various values of the attributes and graphic options.

=

default drawing hidden lines removed

<

surface shading perspective view

Figure 8: Examples of use of GDRAW

Drawing with hidden line removal and surface fill shading isalso possible, but the drawing time may increase
substantially for complicated objects.

When using the interactive interface it is possible to cut the object to be drawn with cutting volumes (com-
mand CVOL). Thisis particularly useful to visualise the contents of an object drawn with hidden line removal.
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Ancther feature which is available only interactively is the possibility to draw each decendant of a volume
shifted along the axis which goes from the centre of the local coordinate system to the centre of gravity
of the descendant itself. This again is useful to improve the visibility of the details of a complicated setup
(command BOMB). Please see the interactive interface description for more information on this part.

CHNAME (CHARACTER#4) volume name.

THETA (REAL) theta angle between the line of sight and the Z axis of MAster Reference System (MARS).
PHI (REAL) phi angle between the projection of the line of sight on plane X Y and the X axis of MARS.
PSI (REAL) psi angle by which the projected image will be rotated on the screen plane.

Uo (REAL) u coordinate on the screen of the volume origin.
VO (REAL) v coordinate on the screen of the volume origin.
SU (REAL) scale factor for u coordinates.
SV (REAL) scae factor for v coordinates.
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Drawing a Volume Projection view — Case 2

CALL GDRVOL (NNAMS,CHNAMS,LNUMBS,NRS,THETA,PHI,PSI,U0,V0,SU,SV)

Draws an orthographic parallel projection or a perspective projection (depending on the option chosen via
GDOPT) of the volume CHNAMS (N) , LNUMBS (N) with all its descendants, at the position U0, VO (user coordi-
nates), with the scale factors SU and SV. The object is seen from THETA and PHI angles, and the resulting 2D
projection isalso rotated by an angle PSI on the screen plane. These parameters, aswell as zoom parameters
set by GDZ00M, define the current view parameters, and they are copied in /GCDRAW/. Attributes like colour,
fill area, line width, line style, visibility, etc. can be set by the GSATT routine for CHNAMS (N) and or its
descendants [GEOM 500]. This routine differs from GDRAW in the following aspects:

e The object to be drawn isidentified by a full path. This gives the possibility of drawing a particular
copy or division of a volume, or even a volume that has more than one mother in the geometry
tree. CHNAMS (1), ... ,CHNAMS (N) contain the volume names and LNUMBS (1), . . . ,LNUMBS (N), the
volume numbers defining the path to go from the top volume to the one to be drawn.

e The abject can be drawn either with respect to the MAster Reference System (NRS=0) or with respect
to its Daugther Reference System (i.e. the Local R.S); in the first case it isdrawn in its position in the
real world, while in the second oneit is drawn like GDRAW would do.

e Inthis latter case, track and hit points will be drawn with respect to the DRS of the volume last drawn
by this routine, and not with respect to the MARS asis done normally (to reset to the normal case acall
with NRS=0 or NNAMS=0 is required).

NNAMS  (INTEGER) number of elements levels in the arrays CHNAMS, LNUMBS. The bottom volume of
this path is also the one that is actually drawn;

CHNAMS (CHARACTERx*4) array of volume name (dimensioned at |east to NNAMS);
LNUMBS array of volume numbers (dimensioned at |east to NNAMS);
NRS reference system used:

NRS=0 to have the volume(s) drawn with respect to the MARS
NRS#£0 to have the volume(s) drawn with respect to the DRS

THETA 6 angle between the line of sight and the Z axis of MARS;

PHI ¢ angle between the projection of the line of sight on plane X Y and the X axis of MARS
PSI 1) angle by which the projected image will be rotated on the screen plane

Uuo u coordinate on the screen of the volume origin

VO v coordinate on the screen of the volume origin

SU scale factor for u coordinates

SV scale factor for v coordinates

Two examples of use of GDRVOL are shown in fig 9 and 10.

76 DRAW115-1



CHARACTER*4 CHNAMS(5)

INTEGER LNUMBS(5)

DATA CHNAMS/’0PAL’,’BRL-’,’EB ’,’EBB ’,’EBP ’/
DATA LNUMBS/ 1, 1, 1, 1, 20/

NRS=0

CALL GDRVOL(5,CHNAMS,LNUMBS,NRS,80.,135.,0.,13.,10.,0.03,0.03)
CALL GDAXIS(0.,0.,0.,200.)

CALL GDXYZ(0)

Figure 9: Example of use of GDRVOL in the MAster Reference System
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CHARACTER*4 CHNAMS(5)

INTEGER LNUMBS(5)

DATA CHNAMS/’OPAL’,’BRL-’,’EB ’,’EBB ’,’EBP ’/
DATA LNUMBS/ 1, 1, 1, 1, 20/

NRS=1

CALL GDRVOL(5,CHNAMS,LNUMBS,NRS,55.,135.,0.,5.,5.,0.035,0.035)
CALL GDAXIS(0.,0.,0.,200.)

CALL GDXYZ(0)

Figure 10: Example of use of GDRVOL in the Daughter Reference System
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Draw avolume cut view

CALL GDRAWX (CHNAME,CUTTHE,CUTPHI,CUTVAL,THETA,PHI,UO,VO,SU,SV)

CHNAME (CHARECTER#4) name of volume;
CUTTHE (REAL) ¢ angle of the line normal to the cut plane;
CUTPHI (REAL) ¢ angle of the line normal to the cut plane;

TETHA (REAL) viewing angle 0,

PHI (REAL) viewing angle ¢;

Uo (REAL) u coordinate on the screen of the volume origin;
VO (REAL) v coordinate on the screen of the volume origin;
SU (REAL) scale factor for u coordinates;

SV (REAL) scale factor for v coordinates.

Draws a cut view of the volume CHNAME with all its visible descendants, i.e. draws their intersection with
the cut plane normal to the axis given by the angles CUTTHE, CUTPHI at the distance CUTVAL from the
origin. The view point is defined by the angles THETA, PHI.UO, VO, SU, SV havethe same meaning as
in GDRAW. These view parameters, as well as zoom parameters set by GDZ00OM are copied in /GCDRAW/.

Attributes like colour, surface fill, line width, line style, visibility, etc. can be set by the GSATT routine for
CHNAME and its descendants [GEOM500].

CALL GDRAWC (CHNAME,IAX,CUTVAL,UO,VO0,SU,SV)

CHNAME (CHARECTER*4) name of volume;

IAX (INTEGER) axis of the cut (1=X, 2=Y, 3=2);

Uo (REAL) u coordinate on the screen of the volume origin;
VO (REAL) v coordinate on the screen of the volume origin;
SU (REAL) scale factor for u coordinates;

SV (REAL) scale factor for v coordinates.

Thisroutine is a specia case of the previous GDRAWX. Here the cut plane is normal to one of the main axes
(IAX) and placed at a distance CUTVAL from the origin. The view-point is along the same axis.

Fig. 11 gives an example of utilisation of GDAXIS, GDRAW and GDRAWX. Fig. 12 gives an example of use of
GDRAWC.
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CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

GDOPT (’HIDE’,’0ON’)

GSATT(’NBOX’,’COL0’,2.)

GSATT(’NTUB’, >COLO’,4.)

GDRAW (’NBOX’,50.,150.,0.,10.,10.,0.01,0.01)
GDRAW(’NTUB’,50.,150.,0.,10.,10.,0.01,0.01)

GDOPT (*HIDE’ , ’OFF’)

GSATT(’*’,°COLO’ ,1.)

GDRAWX (*NBOX’,30.,40.,0.,50.,150.,10.,10.,0.01,0.01)
GDAXIS(0.,0.,0.,200.)

Figure 11. Example of utilisation of GDAXIS, GDRAW and GDRAWX
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CALL GDRAWC(’0PAL’,2,0.,10.,10.,0.01,0.01)

Figure 12: Example of utilisation of GDRAWC
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Draw Particle Trajectories
1 Visualisation of particletrajectories

The tracks generated by the tracking package, and optionally stored in the data structure JXYZ, can be
displayed by the routine GDXYZ (corresponding to the interactive command DXYZ).

The names of the particles and or the track numbers can be added by the routine GDPART (corresponding to
the interactive command DPART).

A specia routine has been provided to visualise the tracks during the transport process (GDCXYZ), that could
be called for instance by GUSTEP. That routine shows the tracks while they are transported by the tracking
package of GEANT, providing a useful interactive debugging tool.

CALL GDXYZ (ITRA)

Draws track number ITRA for which space points have been stored in bank JXYZ via calls to the routine
GSXYZ. The view parameters are taken from /GCDRAW/.

ITRA (INTEGER) track number (if O all tracks are taken)

The colour and line style corresponds to the track type:

(blue) dotted linefor gammas L
(red) solid line for charged particles (except muons)

(black)  blank/dotted line for neutral hadrons or neutrinos
(green)  dashed line for muons S L
(yellow) dotted linefor Cerenkov photons ...

CALL GDPART (ITRA,ISEL,SIZE)

Draws the particle names and/or the track numbers of track ITRA, supposing that its space points had been
stored in the bank JXYZ via the routine GSXYZ. At present only primary tracks are displayed by GDPART
and their name or number is written at the end the track trajectory. The view parameters are taken from
/GCDRAW/.

ITRA (INTEGER) Track number (if O all tracks are taken)

ISEL (INTEGER)
ISEL=x1 draws the track number,
ISEL=1x draws the particle name,
ISEL=11 draws both.

SIZE (REAL) Character sizeincm.

CALL GDCXYZ

If GDCXYZ iscalled at tracking time (for instance by GUSTEP), it drawsthe tracks while tracking is performed,
a the same time as they are generated by the tracking package of GEANT. Thisis a very useful interactive
debugging tool. Theline style isthe same asfor GDXYZ. The view parameters are taken from /GCDRAW/.

Here we give an example of the use of GDPART:
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CALL GSATT(’HB’,’FILL’,3)
CALL GSATT(’HE’,’FILL’,1)

CALL GDRAWC(’0OPAL’,2,5.,10.,10.,0.013,0.013)
CALL GDXYZ(0)
CALL GDPART(0,11,0.25)
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Drawing Track Hitsin Sensitive Detectors

The hits generated by the tracking package and stored in the data structure JHITS can be displayed by the
following routines:

1. draw one hit (GDAHIT); called by the user;
2. draw all the hits of trgjectory type sets/ detectors (GDHITS);

3. draw al the hits of calorimeter type sets/ detectors (GDCHIT).

Different symbols for each subdetector can be used, chosen among hardware characters (dots), software
crosses, or from the HPLOT table of software characters. The size of the software characters and crossesis
given as an argument to GDAHIT and GDHITS, while it is computed as a function of the hitsvaluein GDCHIT.

The option H of the interactive MOVE command gives the possibility to rotate, zoom and trandate in real time
the hits stored for one event. This allow a 3D display of the event where it is possible to pick one hit with
the mouse and have the hit values printed. The interactive command LENS allows a detailed visual scanning
of the hits displayed (see the interactive section).

CALL GDHITS (CHUSET,CHUDET,ITRA,ISYMB,SSYMB)

Draws the hit points as stored by GSAHIT, which were generated by track ITRA in detector CHUDET of set
CHUSET, with the currently selected view parameters in /GCDRAW/. The character plotted at each point may
be chosen via ISYMB:

-1 (small) hardware points (fast)
0 software crosses (default)
840/850 empty/full circles (slow)
841/851 empty/full squares (slow)
842/852 empty/full triangles (up) (slow)
843/853 empty diamond/full triangle (down) (slow)
844/854 empty/full stars (dow)

More information on the meaning of the ISIMB value can be found in the HPLOT manual [7]. Any value
for ISYMB which is not in the above table is equivalent to option 0. Except for ISYMB = -1, the size of the
character can be chosen by SSYMB. On the 2D projection on the screen one can distinguish which set/detector
agiven track passes, by drawing different symbols for the hits in different sets/detectors. The size of these
symbols may then be chosen to suit the scale of the total picture (detectors and tracks).

Note: It is abligatory for the use of this routine that the spatial MARS (MAster Reference System) current
coordinates of the hits are stored as the first 3 elements of the hit [HITS200].

CHUSET (CHARACTER#4) user set identifier (if '*’ all sets are taken)

CHUDET (CHARACTER=*4) user detector identifier (if '*’ all detectors are taken)
ITRA  (INTEGER) number of selected track (if O all tracks are taken)

ISYMB (INTEGER) character selection number (see table above)

SSYMB (REAL) size of charactersin cm (if O, adefault of 0.1 istaken)
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CALL GDRAW(’CAVE’,40.,40.,0.,10.,10.,.04,.04)
CALL IGSET(’TXCI’,2.)

CALL GDHITS(’DRFT’,’FSP ’,0,850,.3)

CALL IGSET(’TXCI’,3.)

CALL GDHITS(’DRFT’,’RSP1’,0,851,.3)

CALL IGSET(’TXCI’,4.)

CALL GDHITS(’DRFT’,’RSP2’,0,852,.3)

CALL IGSET(’TXCI’,5.)

CALL GDHITS(’DRFT’,’RSP3’,0,853,.3)

Figure 13: example of use of GDHITS

CALL GDCHIT (CHUSET,CHUDET,ITRA,ISYMB,SIZMAX,IHIT,HITMIN,HITMAX)

Draws the hit points as stored by GSCHIT, which were generated by track ITRA in detector CHUDET of set
CHUSET, with the currently selected view parametersin /GCDRAW/. Except for ISYMB = -1 the size of the
character is chosen as afunction of HITS (IHIT):

SIZE = sizmax * ( hits(ihit) - hitmin ) / hitmax

Note: It is obligatory for the use of this routine that the spatial MARS (MAster Reference System) current
coordinates of the hits are stored as the first 3 elements of the hit [HITS200].

SIZMAX (REAL) maximum character sizeincm

IHIT (INTEGER) HITS(IHIT) contains the calorimeter hit value. THIT>3, and the first three elements
are supposed to contain the space position of the hit

HITMIN (REAL) minimum boundary of HITS (IHIT)
HITMAX (REAL) maximum boundary of HITS (IHIT)
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CALL GDAHIT (X,Y,Z,ISYMB,SSYMB)

Draws one hit point at coordinates X, Y, Z. This routine is useful when the user wants only to display
but not to store the hits. The first three arguments are the position of the hit in the MARS, and the last two
arguments have the same meaning as the similar arguments in GDHITS.

X  (REAL) x coordinate in MARS of the hit point
Y  (REAL) Yy coordinate in MARS of the hit point
X  (REAL) z coordinate in MARS of the hit point

An example of use of the hits drawing routinesis given in fig 13.
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Drawing the geometrical tree

The geometrical tree is a hierarchical representation of the structure of the detector, based on the mother-
daughter relationship among the various volumes composing it. The GDTREE routine (corresponding to the
DTREE interactive command) allows the drawing of the logical tree, displaying name, multiplicity and other
information about the volumes.

CALL GDTREE (CHNAME,LEVMAX,ISEL)

CHNAME (CHARACTER*4) volume name;
LEVMAX (INTEGER) depth levels (if O al levels are taken) default is 3;
ISEL (INTEGER) used to select options in the picture of the tree:

0  only the node nameis drawn;
xxxx1  multiplicity isadded:
ecach node that has been positioned several times (by GSPOS or GSPOSP) has a
multiplicity number preceded by the symbol '*’;
ecach node that has been obtained by division mechanism (by GSDVN, GSDVT,
etc.) has amultiplicity number preceded by the symbol #,
xxx1x  ONLY information is added. volumes that are MANY will be drawn as three sguare
nodes, one overlapping the others but slightly shifted;
Note: if CHNAME itself isMANY it will not be recognised as such, because this infor-
mation is stored in its mother which is unknown;
xx1xx  DETinformation isadded; if avolumesisadetector it isdrawn asasguare node with
another one dightly larger around it;
x1xxx  SEEN information is added; if a volume is not seen (either because of its SEEN at-
tribute or because of its ancestors SEEN attributes affecting the whole tree path) its
square node is drawn by using dashed lines;
ixxxx  alittle picture of the volume is added above each node.

GDTREE draws the tree of the volume data structure starting from the volume CHNAME, for LEVMAX depth
levels; a continuation link line is drawn for those elements at the last level on the picture but having descen-
dants. An example of use of GDTREE can be found in Fig. 14. For every node, as many red arrows as the
number of existing levels below it are plotted on the link; vice versa, as many green arrows as the number
of existing levels before it are also plotted. When running GEANT interactively, if the ISEL argument is not
specified, control is given to the mouse after issuing the DTREE command. This allowsthe display of various
volume parameters and the navigation of the geometrical tree by clicking the mouse buttons. The size of the
picture and the dimensions of each element and arrows are computed automatically.

I nteractive use
In an interactive session, control can be given to the mouse:

e clicking on the left button when the cursor is inside a volume pave will generate a DSPEC command
for that volume;
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CALL GDTREE(C’FD °’,5,11111)

Figure 14. Example of geometrical tree structure

e clicking the same button when the cursor is on a red arrow will perform a DTREE for the volume
preceding the arrow, displaying a number of levels which depends on the which arrow has been
selected;

e selecting in the same way the it green arrow preceding a given volume will perform a DTREE for its
mother-volume staying i levels before;

e clicking the right button of the mouse will return the control to the command mode.

When running with the X-windows software, the drawing of the specification (DSPEC) appears in adifferent
window to speed up the scanning of the tree. Iterating this procedure it is possible to analyse very easily
and quickly any kind of geometry. This drawing tree capability can be very useful when tuning the detector
geometry. See the interactive section [XINT] for examples.
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Drawing volume specifications

The geometrical parameters of the volumes can be displayed via the GDSPEC routine (corresponding to the
DSPEC interactive command). This facility provides a detailed picture of a particular piece of the detector.
The set of geometrical specifications of all the descendants of a given node on the tree, can be obtained each
on a separate picture with the routine GDFSPC (DFSPC interactive command).

CALL GDSPEC (CHNAME)

CHNAME (CHARACTER*4) volume name;

Draws a picture showing all specifications for a given volume. An example of use of GDSPEC can be found
in Fig. 15.
The following information on the volume are presented in asingle frame:

e the volume daughters (one level down in the geometrical tree);
e aspace view of the volume (with =45 and ¢=135);

e afront view cut;

e aside view cut;

e the axes of the local coordinate system;

e ahuman figure;

e thescde;

e the shape type;

e all the numerical parameters that define the volume.

In drawing the volumes GDSPEC turns on the sets visibility (* SEEN ) attribute for the volume CHNAME itself
and its direct descendents. The setting of drawing options (HIDE, CVOL, FILL...) will berespected, alowing
to customise the drawing. An example is shown in Fig. 16.

CALL GDFSPC (CHNAME, ISORT,INTER)
Draws on separate pictures the full set of GDSPEC for the geometrical tree starting from CHNAME, i.e. calls
GDSPEC for the volume CHNAME and for all its descendants.
CHNAME (CHARACTER#4) volume name;
ISORT (INTEGER) alphabetic sorting flag;

=1 dl thevolumes will be drawn in ascending alphabetic order according to their name;
# 1  thevolumes will be drawn in the order in which they have been created;

INTER (INTEGER) interactive/batch version flag;

=1 theroutine will prompt the user at each plot before doing a clear screen;
%0 theroutine will clear automatically the screen before starting a new frame.

Note: INTER should be set to 1 when using the interactive version of GEANT and to any other
value when using a batch version.
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OPAL

BRL— specifications 13/12/93

Pcon

PHI1 =deg 0
DPHI = deg 360
NZ =

Z =cm
RMIN =cm 0O
RMAX = cm 248.6
Z =cm —405
RMIN =cm 0O
RMAX = cm  248.,6
Z =cm —405
RMIN =cm 0O
RMAX = cm 327
Z =cm 405
RMIN=cm 0O

100 em

Figure 15: Example of use of GDSPEC
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OPAL

BRL— specifications

13/12/93

Pcon
PHI1 =deg 0
DPHI = deq 360
NZ =
Z =em -4208

RMIN =cm O

RMAX = cm

=cm
RMIN =cm 0O

RMAX = cm

Z =cm
RMIN =cm 0O

RMAX = cm

=cm
RMIN = cm
RMAX = cm

Z =cm
RMIN = cm
RMAX = cm
Z =cm
RMIN = cm

Figure 16: Example of use of GDSPEC
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Handling View banks

1 Theview banks

The basic detector drawing routines (GDRAW, GDRAWC, GDRAWX) scan the data structure JVOLUM repeatedly to
extract position and dimension information on the volumes. This can be arather lengthy process even on fast
computer. Hidden line removal drawing requires an auxiliary data structure and the relative visibility of al
the volumes has to be analysed. With complicated detectors the time spent in this process can be substantial,
depending on the drawing options chosen and on the speed of the machine on which the program isrun. In
order to aleviate this problem the graphic banks and the associated routines have been devel oped.

The interpretation of the structure (for instance scanning of the volumes data structure to convert the 3D
geometry structure into a set of 2D lines, visibility analysis, surface creation or light processing) is thus
separate from the drawing itself. In this way, the interpretation is performed only once and all the 2D
information is stored in view banks (data structure JDRAW [DRAW399]). These views can then be displayed
quickly, having only to draw the 2D vectors or the fill areas previously stored.

For a detector with more than 100 different volumes, for example, this costs only a few thousand words of
memory for each drawing stored.

If the drawing routines are called while aview bank, identified by a positive integer, is open (GDOPEN) only
interpretation will be made, no output will be generated until the bank is closed (GDCLOS). When a view
bank has been closed it cannot be modified, but it can be displayed as many times as wanted (GDSHOW) or
deleted (GDELET).

Once a drawing (detectors, tracks or hits) isin aview bank, it is possible to scan it in detail viathe LENS or
Z0OM interactive commands (only available with X11). For more information see the [XINT] section.

CALL GDOPEN (IVIEW)

IVIEW (INTEGER) view bank number (IVIEW>O0).

Opens a view bank, used to store 2D graphics information coming from the interpretation of 3D structures
(but also 2D annotation). All subsequent callsto the drawing routines will fill the view bank IVIEW, without
generating any output.

CALL GDCLOS

Closes the current opened view bank. Once a view bank has been closed no more drawing can be added to
it. A call to GDCLOS also restores the screen.

CALL GDSHOW (IVIEW)

IVIEW (INTEGER) view bank number (IVIEW>O0).

Displays view bank IVIEW. GDSHOW can be called either before or after a view bank has been closed. If a
view bank is currently open, the content of bank IVIEW will be added to it.
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CALL GDOPEN(3)

CALL GDRAWC(’ALEF’,2,5.,10.,10.,0.013,0.013)
CALL GDCLOS

CALL GDSHOW(3)

CALL GDXYZ(0)

Figure 17: Example of use of view banks

CALL GDELET (IVIEW)

IVIEW (INTEGER) view bank number (IVIEW>O0).

Deletes a view bank from memory. If called before a bank has been closed, GDELET will also restore the
screen mode.

Note: the JDRAW data structure has a top level bank which contains one word for each view bank in
Q(JDRAW+IVIEW). This word is a key which determines the status of the bank. If this key is 3, the bank
itself is protected against deletion, and it cannot be deleted by GDELET. An example of use of view banksis
shown in Fig. 17.
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The data structure JDRAW

This data structure contains the so-called view banks. The layout of the data structure can be found in
Fig. 18. The meaning of the variables is the following:

NKVIEW number of views stored in the structure;

IVIEW current view selected;

IGU current graphic unit pointer;

MAXGU number of unitsin graphic unit bank;

MORGU number of words to push the graphic unit bank;
1GS current graphic segment pointer;

MAXGS number of segments in graphic segment bank;
MORGS number of words to push the graphic segment bank;
ITU current text unit pointer;

MAXTU number of units in text unit bank;

MORTU number of words to push the text unit bank;

ITS current text segment pointer;

MAXTS number of segmentsin text segment bank;

MORTS number of words to push in text segment bank
LENGU array of lengths for each graphic unit and of line attributes (LINATT);
ADDGU array of addresses for each graphic unit;

ADDTU array of addresses for each text unit;

X array of u coordinates of graphic segments;

Y array v coordinates of graphic segments;

ICUT cut axis (1, 2, 3or 0if no cut) of the view;

LINWID text line width and text attributes (ITXATT);

GTHETA, GPHI, GPSI, GUO, GVO, GSCU, GSCV, aretheviewing parameters stored in /GCDRAW/.

U0, VO, SIZE, ANGLE, IOPT, ITEXT have the same meaning of those given as arguments to GDRAWT
(or HPLSOF [7]).

A control word is stored in Q (JDRAW+IVIEW), with the following meaning:

1 empty bank (created by internal routines to avoid gaps) or for deleted banks;
2 bank created by the user;
3 protected bank reserved for internal use: it cannot be deleted by the user.
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NKVIEW IVIEW JDRAW NKVIEW

Control words

JV = IB(JDRAW-IVIEW) 22
igu,maxgu,morgu,igs,maxgs,morgs,itu,maxtu,mortu,its,maxts,morts,
gtheta,gphi,gpsi,gu0,gv0,gscu,gscv,-,-icut
J( JVI=1B(JV-1) MAXGU
lengu(l) .... lengu(igu) .... lengu(mgu)
JV2 =IB(JV-2) MAXGU
\ addgu(l) ..... addgu(igu) ..... addgu(mgu)
JV3 = IB(JV-3) MAXTU
addtu(l) ..... addtu(itu) ..... addtu(mtu)
JV4 = IB(JV-4) MAXGS
x(1) ..... x(igs) ..... x(mgs)
JV5 = IB(JV-5) MAXGS
y(@) ..... y(igs) .....y(mgs)
JV6 = IB(JV-6) MAXTS
u0(1) vO(1) size(1) angle(1) linwid(1) iopt(1) itext(1)..

Figure 18: The JDRAW data structure
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Utility routines of the drawing package

CALL GDOPT (CHOPT,CHVAL)

CHOPT
CHVAL

(CHARACTER*4) option to be set;
(CHARACTER*4) value to be assigned to the option.

Drawing options can be set via the routine GDOPT (corresponding to the DOPT interactive command). The
possible value of CHOPT and of CHVAL are the following:

PROJ

THRZ

TRAK

HIDE

96

selects the type of projection, it can have the following values:

PARA orthographic paralel projection (the default);

PERS perspective projection.

acronym for Tracks and Hits in aRadius versus Z projection, where R is the vertical axis of the
drawing and Z the horizontal one. If a cut view has been drawn with the following parameters:

X-Z cut CUTTHE=90 and CUTPHI=90 in GDRAWX Or icut=2 in GDRAWC;
Y-Z cut CUTTHE=90 and CUTPHI=180 in GDRAWX Or icut=1in GDRAWC.

the different values of the option THRZ have the following effect on the drawing of hits and
tracks:

360 hits and tracks will be rotated around Z onto the Z-R, R>0 half plane;

180 (equivalent to ON) hits and tracks will be rotated around Z onto the Z-R plane by the
smaller ¢ angle, so to conserve the sign of their R-ordinate (where R is either X or Y;

OFF (the default) tracks and hits will be projected from their position in space onto the
plane R-Z.

Note: when the THRZ option is set to ON or 180, particles originating in one half space and
crossing the horizontal axis will be reflected back into the original half space. If the option 360
can be chosen, all tracks and hits are on the top (positive) half space.

selects the way tracks are drawn. Possible values:

LINE (the default) the lines joining track points are drawn by GDXYZ;
POIN only the track points are drawn.

selects the hidden line removal technique for the drawings. Possible values are:

OFF (the default) hidden lines are not removed from the drawing: the drawing is usually
rather fast, but the result can be quite messy if alarge number of volumesisvisibleg;
ON hidden lines are not drawn: if this value is selected, the detector can be exploded

(interactive command BOMB), cut with different shapes (interactive command menu
CVOL), and some parts can be shifted from their original position (interactive com-
mand SHIFT). Drawing with hidden line removal can be demanding in terms of CPU
time and memory. At the end of each drawing the program displays the memory used
and the statistics on the volume visibility. When the drawing requires more memory
than available, the program will evaluate and display the number of missing words,
so that the user can increase accordingly the size of the ZEBRA store in the common
/GCBANK/.
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SHAD when HIDE is ON, selects the shading and filling option for the detector’s surfaces that are
drawn:
OFF (the default) no shading of the surfaces will be performed;
ON the volume surfaces will be filled according to the value of their FILL and LWID
attribute, set via GSATT:
FILL=1 the surfaces are filled with the current colour assigned to the volume via
GSATT, 166 different colours are available;
FILL>1 the surfaces are filled with a shade of the basic colour assigned to the
volume according to their angle with respect to the line of illumination,
the resolution increases with the value of FILL (1< FILL < 7);
LWID>0 justasthe number of scan-lines used to fill a surface depends on the value
of FILL, their width depends on the value of LWID: increasing the value
of LWID will result in thicker lines.

EDGE control drawing of the volume edges in HIDE=0ON, FILL=0N mode:

ON the edges of the faces are not drawn, so that they will be visible only asintersections
of filled faces with different luminosity;

OFF the edges of the faces are drawn. For the volumes which are not filled, the normal
edges will be drawn irrespective of the value of this option.

CALL GDZOOM (ZFU,ZFV,UZ0,VZ0,U0,VO0)

ZFU (REAL) zoom factor for U coordinate;

ZFV (REAL) zoom factor for V coordinate;

UZ0 (REAL) U coordinate of centre of zoom,

VZ0 (REAL) V coordinate of centre of zoom;

Uo (REAL) U coordinate of centre of zoom in the resulting picture;
VO (REAL) V coordinate of centre of zoom in the resulting picture.

This routine sets the zoom parameters (part of the viewing parameters in common /GCDRAW/) that define
how objects will be displayed by the subsequent drawing operations. The zoom is computed around UZ0,
VZ0 (user coordinates). This point will be moved to U0, VO in the resulting picture. ZFU, ZFV are the zoom
factors (positive). If ZFU or ZFV are zero, the zoom parameters are reset, and the original viewing isrestored.

CALL GDAXIS (X0,Y0,Z0,AXSIZ)

X0 (REAL) X coordinate of origin;
YO (REAL) Y coordinate of origin;
Z0 (REAL) Z coordinate of origin;
AXSIZ (REAL) axis size in centimeters.

Draws the axes of the MAster Reference System, corresponding to the current viewing parameters. All the
arguments refer to the MARS.

CALL GDSCAL (U0,VO0)

Uo (REAL) U coordinate of the centre of the scale;
VO (REAL) V coordinate of the centre of the scale.

Draws a scale corresponding to the current viewing parameters. Seven kinds of units are available, from 1
micron to 100 cm. The best unit is automatically selected.
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CALL GDMAN (U0,V0)
CALL GWOMA1 (U0,V0)
CALL GDWMN2 (U0,VO0)

CALL GDWMN3 (U0,V0)

uo (REAL) U coordinate of the centre of the figure;
VO (REAL) V coordinate of the centre of the figure.

Draws the profile of a man, or three different female figures in 2D user coordinates, with the current scale
factors. Thefigure is approximately 160 cm high.

CALL GDRAWT (U,V,CHTEXT,SIZE,ANGLE,LWIDTH,IOPT)

U (REAL) U position of text string;
v (REAL) V position of text string;
CHTEXT (CHARACTERx* (%)) text string;
SIZE (REAL) character size (cm);
ANGLE (REAL) rotation angle (degrees);
LWIRTH (INTEGER) line width (1,2,3,4,5);
I0PT (INTEGER) centering option for the text:
-1 left adjusted;
0 centered;

1 right adjusted.

Draws text with software characters. It has the same arguments of the HPLOT [7] routine HPLSOF (acal to
HPLSOF is actually performed).

CALL GDRAWV (U,V,NP)

U (REAL) array of U coordinates,
DT (REAL) array of V coordinates;
NP (INTEGER) number of points.

Draws 2D polylines in user coordinates. The routine GDFR3D can be called to transform 3D points in 2D
user coordinates.

CALL GDHEAD (ISEL,CHNAME,CHRSIZ)

ISEL (INTEGER) option to be selected for the title name (decimal integer):
0  only the header lines,
xxxxx1  add thetext CHNAME centered on top of header;
xxxx1x  add global detector name (first volume) on left;
xxx1xx  add date onright;
xx1xxx  select thick characters for text in top of head (i.e. with larger line width);
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x1xxxx  addthetext EVENT NR x on top of header;
1xxxxx  addthetext RUN NR x on top of header.

Note: ISEL=x1xxx1 or ISEL=1xxxx1 areillegal choices, i.e. they generate overwritten text.
CHNAME (CHARACTER*4) title string;
CHRSIZ (REAL) character size (cm) of text CHNAME.

This routine draws a frame header.

CALL GDCOL (IcCOoL)

This routine has been kept for backward compatibility. The appropriate HIGZ routines should be
called instead.

ICOL (INTEGER) colour code (1,2....,8), it can be positive, negative, or zero:

>0 to set the colour permanently;
<0 to set the colour temporarily;
=0  torestore the permanent colour value.

This routine sets the colour code. For example we can set ICOL=-1 to start with colour 1, then change to
ICOL=3to set colour 3, and at the end restore the original colour by setting ICOL=0 that takes colour 1 again.

CALL GDLW (LW)

This routine has been kept for backward compatibility. The appropriate HIGZ routines should be
called instead.

LW (INTEGER) line width code (1,2,...,5), it can be positive, negative, or zero:

>0  toset theline width permanently;
<0 to set the line width temporarily;
=0 to restore the permanent line width value.

This routine sets the line width. For example we can set Lw=-1 to start with line width 1, then change to
Lw=3 to set line width 3, and at the end restore the original line width by setting Lw=0 that takes line width
1again.

CALL GDCURS (UO*,VO*,ICHAR*)

Uo (REAL) U coordinate of the graphics cursor;
VO (REAL) V coordinate of the graphics cursor;
ICHAR (INTEGER) ASCII value of the key pressed.

A graphics input is provided by this routine to fetch the 2D user coordinates of the graphics cursor on the
screen. Interactive commands to zoom, measure, or pick tracks or hits make use of this routine. When the
routine is called in the interactive version of GEANT, the present position of the graphics cursor on the screen
becomes visible and it can be moved with the mouse. The user then positions the cursor and presses the |eft
button. The routine returns then in U0, VO the user coordinates of the graphics cursor. On terminals which
do not have the mouse, the graphic cursor is moved with the arrows, and the point is acquired when any
key, except carriage return, is pressed. In this case the routine returns in ICHAR the ASCII value of the key
pressed. If the user types the carriage return, the previous value is retained.
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CALL GDFR3D (X,NPOINT,Ux*,Vx)

X (REAL) array X (3,NPOINT) of space points,
NPOINT (INTEGER) number of points:

>0 X isin the current DRS;
<0 X iSin MARS;

(REAL) array of NPOINT U coordinates,
(REAL) array of NPOINT V coordinates.

Converts from 3D space coordinates (either in MAster or Daughter Reference System) to the corresponding
2D user coordinates.

This routine maps a space point (X, Y, Z in aright-handed reference system) onto a plane perpendicular
to the observer’s line of sight, defined by the spherical angles 8, ¢:

0 the angle between the line of sight and the Z axis (0 < 6 < 180);
o) the angle between the X axis and the projection onto the X-Y plane of theline of sight (0 < ¢ < 360).

The plane onto which the point is mapped is actually the X-Y plane of the Projection Reference System, and
the observer’'s line of sight isthe Z axis of PRS. The vertical axis on this plane (Y axis on PRS) is obtained by
intersecting this plane with the one of MARS or DRS containing the line of sight and the Y axis.

CALL GD3D3D (XIN,NPOINT,XOUT*)

XIN (REAL) array XIN(3,NPOINT) of input pointsin MARS;
NPOINT (INTEGER) number of points;
X0OUT (REAL) array XOUT (3,NPOINT) of output pointsin PRS.

Converts from 3D space coordinates in MARS to 3D coordinates in Projection Reference System (whose Z
axisis aong the line of sight given by 6 and ¢ angles).

100 DRAW400 -5



DRAW Bibliography
[1] R.Bock et a. HIGZ Users Guide, Program Library Q120. CERN, 1991.

[2] 1SO. The graphical kernel system (gks). Technical Report 1SO 7942, SO Geneva, 1985.

[3] ISO. The graphical kernel system for three dimensions (gks-3d). Technical Report 1SO 8805, |SO
Geneva, 1987.

[4] D.R.Myers. GKSYGKS-3D Primer, DD/US/110. CERN, 1987.
[5] J.Gettys, R.W.Scheiffer, and R.Newman. 1989.

[6] 1SO. Programmer’s hierarchichal interactive graphics system (phigs), — part 1: Functional description.
Technical Report 1SO 9592-1, SO Geneva, 1989.

[7] R.Brunand H.Renshall. HPLOT users guide, Program Library Y251. CERN, 1990.

DRAW400 -6 101



Geant 3.21 GEANT User’s Guide GEOMOQ001

Origin : Submitted: 01.10.84
Revision : Revised: 10.03.94
Documentation : F.Bruyant

The geometry package
The geometry package has two main functions:
1. define, during the initialisation of the program, the geometry in which the particles will be tracked;

2. communicate, during the event processing phase, to the tracking routines the information for the
transport of the particles in the geometry which has been defined.

The present section reviews the concepts of the geometry package and explains how the geometrical in-
formation should be provided by the user. It is important to point out that, once the geometry has been
defined, the tracking of particles through the different volumes proceeds without any intervention from the
user [TRAK].

The connection between the geometry and tracking packages is established by the subroutines GMEDIA/GTMEDI,
GTNEXT/GNEXT and GINVOL which answer respectively the questions:

e Inwhich volume isagiven point ?

e What is the distance to the nearest volume aong the trajectory of the particle ?
e What isthe distance to the nearest volume ?

e Isagiven point till in the current volume ?

The routines GTMEDI, GTNEXT are used in a dynamic context, at tracking time, when the knowledge of the
track direction can be used to save time.

1 Thevolumedefinition

Experimental setups, as complex as the LEP' detectors, can be described rather accurately through the
definition of aset of volumes. Each volume is given aname and is characterised by:

e ashape identifier, specifying one of the basic geometrical shapes available [GEOM050];
e the shape parameters, giving the dimensions of the volume;
e alocal reference system, with origin and axes defined for the each shape;

¢ the physical properties, given by a set of constants describing the homogeneous material which fills
the volume ([CONS]);

e additional properties, known as tracking medium parameters, which depend on the characteristics of
the volume itself (the material identifier is one of the constants) and on its geometrical and physical
environment (properties of the neighbouring volumes, magnetic field, etc.) [CONS, TRAK];

e aset of attributes, in connection with the drawing package and the detector response package [DRAW,
HITS].

Until it is positioned in a given reference frame, a volume is an entity which has no spatial relation with the
other volumes. By convention, aunique initial volume has to be defined first which will contain all the other
volumes. The reference frame intrinsic to this volume is considered to be the master reference frame.

There are sixteen basic shapes in GEANT, which are described in [GEOMO050] .

1The Large Electron Positron collider in operation at CERN.
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2 Volumeswith contents

A volume can be declared to have contents and as such it becomes a mother volume. The contents are
either predefined volumes which are explicitly positioned inside the mother, or new volumes which are
implicitly defined by a division mechanism applied to the mother. Positioning a volume with given shape
and dimensions inside a mother volume is obtained by specifying its trandation and rotation with respect to
the mother reference frame. The user should make sure that no volume extends beyond the boundaries of
its mother.

When a volume is positioned, the user gives it a number. Multiple copies of the same volume can be
positioned inside the same or different mothers as long as their copy numbers differ. The contents of the
positioned volume are reproduced in all copies.

Mother volumes can be divided by planes along the three axes (z, y, z), radialy along R,,, or dong the
spherical coordinates of a polar system: R, 6 and ¢. The axis along which it is possible to perform a
division depend on the shape to be divided. The general rule isthat the result of the division be still aGEANT
shape.

A volume can be partialy or totally divided. The division process generates a number of cells, which are
considered as new volumes. The cell dimensions are computed according to the number of divisions or
the step size. A cell, as any other volume, can again be divided, or have other volumes positioned into it.
Any operation of positioning or division performed on one cell is repeated to al the cells resulting from the
division. A volume can be either divided or have contents, but not the two things together.

These operations define a physical tree with several levels. The material and properties of the contents
replace the ones of the mother within the space region they occupy. A volume is therefore defined not
only by itsintrinsic characteristics but also by those of its descendants, namely its contents (by division or
positioning), the contents of its contents, etc.

3 Overlapping volumes, see also [GEOM020]

The user may define volumes which have no relation with the real objects. It is sometimes convenient to
make use of such volumes, to artificially delimit regions with simple shapes. Doing this, it may happen that
volumes partialy overlap each other. (A volume positioned inside a mother is obviously not regarded as
overlapping the mother).

Itis possiblein GEANT to handle partially overlapping volumes, but there are some implications that the user
should be aware of. A flag >’ONLY’ /’>MANY is assigned to each copy of a given volume at the moment this
ispositioned. The *MANY’ option indicates that a point found in this volume could aso be in other volumes
which are not its direct descendants. If one of the overlapping volumes where the point is found is declared
as ’0NLY’, the geometry subroutines will give priority to this volume, and the search stops. If a point is
inside several *MANY’ volumes and outside all *ONLY’ ones, priority will be given to the volume found at
the deepest level, or to the first found, if there are many valid *MANY’ candidates at the same level. In order
to avoid ambiguities, two overlapping *MANY’ volumes should in general have the same tracking medium.

4 Thephysical tree

An example of a4 level physical tree with embedded volumes and the corresponding geometrical configu-
ration are shown in fig 19.

where A and B are BOXes, C a TRAPezoid, and D and E TUBES (see [GEOM050] for more detail). Notice
that the same physical configuration could be described as well though a 3 level tree if D were defined as a
hollow TUBE, with inner radius non-zero and E directly positioned into B. The package accepts a maximum
of 15 levels, which should be enough to represent the fine details of a complex structure.
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Figure 19: Example of geometrical tree structure

5 Thedata structures JVOLUM and JGPAR and the common /GCVOLU/

In practice, the physical treeis not represented as such in the data part of the program. Instead, alogical tree
structure is defined, the JVOLUM data structure, which describes the arrangement of volumesin acompact and
recurrent way. Each generic volume appears once, and once only, and carries the information relevant to the
volumeitself and to its contents, if any, by reference to the generic volumes corresponding to those contents.
In the situation where division or multiple copies occur, there is no longer a one-to-one correspondence
between a volume in the logical tree and aregion in space. Information has to be added at tracking time
to identify which division cell or which copy was considered at each depth level along the path through
the physical tree. Thisinformation is stored by the subroutine GMEDIA/GTMEDI, for the current point of the
current track, in the common /GCVOLU/. It includes the current level number NLEVEL and, for each level,
starting from the first mother volume, the identification of the corresponding volume, e.g.: NAME, NUMBER,
’ONLY’/’MANY’ flag, translation and rotation with respect to the master reference frame and so on. The
number of shape parameters and pointers to the vector describing the actual values of those parameters, for
each level, are stored in the data part and in the link part, of the data structure JGPAR, respectively.

6 Theuser tools

The geometry through which the particles are transported is defined by the user via a set of calls to subrou-
tines of the GEANT package.

The user can define avolume through acall to the subroutine:

GSVOLU define (instantiate) avolume by giving aNAME and the actual parametersto ashape; the position

of the volume inside the bank JVOLUM is returned. If any of the parameters which express a
length is negative, GEANT will assign to this parameter at tracking time the maximum value
allowed, without protruding out of the mother which contains the particle transported.
A shape can be instantiated into a volume also without actual parameters. These will then
be supplied when positioning each copy of the volume via the GSPOSP routine (see below).
This alows to have many similar volumes with the same name and shape, but different actual
parameters in each copy.
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The user can position avolume through a call to either one of the following subroutines:

GSPOS

GSPOSP

position a copy of a volume inside its mother with respect to the mother’s reference system.
A apoint in space, arotation matrix index, a copy humber and the >ONLY’ /> MANY’ flag are
supplied;

position a copy of a volume which has been instantiated without actual parameters inside its
mother with respect to the mother reference system. The parameters of the copy being posi-
tioned are supplied as well. The volumes will be identified by name and copy number as for
multiple copies of the same volume.

The user can divide avolume through a call to either one of the following subroutines:

GSDVN

GSDVT

GSDVX

divide a volume in a given number of cells completely filling the mother. In this case the cell
tracking medium is assumed to be the same as for the mother. See also GSDVN2.

divide a volume with slices of a given step. The cell tracking medium can be different from the
one of the mother. See also GSDVT2.

divide avolume starting from a given offset. In addition to STEP and NDIV (with at least one of
them positive to be effectively useful), the origin of the first cell, the cell tracking medium and
eventually the computed (maximum) number of divisions must be specified.

7 Geometrical information retrieval

The parameters of avolume may depend on the physical tree which leads to this volume. The dimensions of
one of the dlices of a cone divided along Z depends on which slice we consider. So avolume is completely
defined only if we specify the path in the tree. This is composed by the name and copy number of the
volumes containing the one we are interested in, from the first mother.

Given thisinformation, the routine GLVOLU is capable to fill the common /GCVOLU/, and the structure JGPAR
with the actual parameters of the instance chosen.
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Tracking inside volumes and optimisation

The tracking of particles through the geometrical data structure is the key functionality of GEANT. At every
particle's step, the program must find the volume where the particle is (GTMEDI) and the next boundary it
will cross (GTNEXT). This can take about 60% of the total simulation time (even for detectors described in
an optimized way); therefore, a new logic has been introduced to minimize the time spent for the search in
the geometrical tree.

1 Virtual divisions

Instead of a linear or binary search (time spent proportional or logarithmic with the number of volumes,
respectively), a ‘direct access technique has been developed to make the time basically independent from
the number of volumes. Every volume containing other volumes is ‘virtualy’ divided in equal dices at
initialization time via the call to GGCLOS (the best axis is computed automatically). For each dice, a data
structure is filled with a list of the volumes identifiers intersecting such slice. Slices with identical lists
are pointing to the same contents and are collected. At tracking time it is immediate to find in which slice
the particle is and only its contents have to be checked. The same is true to find the next boundary to be
crossed: only if the intersection point with a content lies outside the current collection of dlices, the next
one will be checked. The agorithm givesin average about afactor 2 in speed for the overall simulation in
the large detectors. It also minimizes the dependency of the performance on the skill and experience of the
programmer and allows afast tracking even in geometrical structures received from CAD systems.

2 Other optimisation tools

Thefollowing facilities are kept for backward compatibility reasons. If called by the user, these optimisation
tools are called at initialisation time, but not used at tracking time. Instead, the new optimisation using
'virtual divisions is performed. If the user wants to use the older optimisation tools, he can recompile
GEANT 3.21 using the PATCHY flag +0LD.

1. GSORD/GGORD

From the position of the contents inside a given volume, the subroutine GSORD computes fictitious
boundaries along the specified coordinate, simulating a division with irregular step size. A binary
search technique is used to identify within which pseudo-cell the current point is. The slow process
of computing whether the point isinside or outside the contents is therefore limited to the few (if any)
volumes overlapping with that pseudo-cell, as sketched in fig 20.

The coordinate selected for the pseudo division canbeany of X, Y, Z, R, R, ¢ or 0;.Fora
given volume, the call to GSORD has to come after al itsfirst level contents have been positioned.

2. GSNEXT/GSNEAR

when a particle exits from a daugther of a mother volume, the contents are scanned initially in the
order in which they have been positioned, and the user should take care over the best sequence of
GSPOS calls. However, when the particle comes back inside the mother from any one of the contents,
it is usually possible to limit the search to the neighbour contents. The subroutines GSNEXT/GSNEAR
permit the user to inject, at initialisation time, for each content in turn, the list of neighbours to search
for. GSNEAR is recommended, GSNEXT is kept for backward, compatibility and has a different default
option. A proper use of thisfacility can reduce the search time significantly.
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Figure 20: Example of pseudo-cells created by GSORD

3. GSUNEA/GUNEAR

The volumes to be checked when exiting from one daughter can depend on the direction and position
of the exiting particles. To optimise tracking taking into account these dynamic features, the user can
code the GUNEAR routine, and inform GEANT that it hasto use it at tracking time by calling the GSUNEA
routine.
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“MANY” Volumes and boolean operations on volumes

The topology of GEANT is given by 16 general shapes which are used to represent solids in the design of
detectors. These shapes are bounded by 2-nd order surfaces for reasons of speed at tracking time. New
tools have been introduced to extend the power of the GEANT geometry: boolean operations (union, inter-
section and subtraction) between such shapes are now allowed, so that an infinity of new shapes can be
built; divisions along arbitrary axis are now possible, allowing to exploit any ssmmetry in the design. The
tracking is now able to handle overlapping volumesin the most general sense: the concept of MANY volumes
has been extended to automatic clipping for protuding objects. Thanks to this MANY technique, any 3D or
2D geometrical pattern can be reduced to a single dimensional structure, basically cancelling the need for
GUNEAR at tracking time. Finally, more than one order of magnitude in speed has been gained compared to
the old step search algorithm used to track in MANY volumes.

e Topological extensions via boolean operations.
e Divisions along arbitrary axis.
¢ Reduction of 2D structure to 1D structure.

e Logic and agorithm.
1 Topological extensions via boolean operations

Boolean operations between a given set of shapes allow the creation of an infinite number of shapes. Adding
asingle new primitive (for ex. atoroid) to the basic set of shapes, al the possible combinations with al the
old shapes become moreover possible.

e UNION: the union of two volumes B and C is obtained positioning two overlapping ‘MANY' daughters
B and C inside the same mother A. To identify the result of the union as asingle volume is enough to
create a SET associated to the volumes B and C.

e SUBTRACTION: the subtraction of avolume B from avolume C is obtained positioning B as‘ONLY’
and C as a ‘MANY' overlapping B. The result of the subtraction is automatically what the tracking
sees as the C volume, so GSPOS is the only user interface needed. The volume B can have the same
material as the mother A or not. The normal positioning technique used for ‘ONLYS' is a particular
case of boolean subtraction (avolume is contained inside the other).

e INTERSECTION: theintersection of two volumes B and C is obtained positioning a protuding ‘MANY’
object Cina‘MANY’ object B which isnormally placed in a‘0ONLY’" mother A. A and B must have the
same material, while C has the material asked for the intersection. The intersection is given by the
part of C which is not protuding from B, therefore by what the new tracking sees as the volume C:
again the only needed user interface is GSPOS. If not interacting with other daughters of A, B could
also be ‘ONLY’. Without any ambiguity, even further ‘MANY’ daughters of A can overlap the protuding
part of C outside B, because it isredly invisible to the new tracking.
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2 Divisionsalong arbitrary axis

As protuding MANY daughters are automatically clipped by their mother, it is possible to divide objects along
arbitrary directions. Suppose for example that we want to divide a PCON into planar slices parallel to the
plane X +Y = 0; it is enough to position aMANY BOX embedding completely the PCON ‘inside’ the PCON
itself; the BOX must be rotated of 45 degrees in X and Y and then divided along one of its natural axis.
Ancther example can be the following: suppose we want to divide 24 times in PHI a PGON with only 6
natural segmentations in PHI; then we have to position a MANY TUBE, completely embedding the PGON,
‘inside’ the PGON itself; again, we can now divide the tube in 24 dlices in PHI and the tracking will see
only the PGON divided 24 timesin PHI.

Reduction of 2D structure to 1D structure.

Sometimes there are complicated multidimensional geometrical structures (like honeycombs, spaghetti, etc.)
which can be reduced to the overlap of several one-dimensional patterns (for which divisions can be used
or virtual divisions are particularly efficient). The MANY option allows to superimpose such 1D structures to
reproduce the multi-dimensional onesin avery effective way, instead of positioning the volumes one by one
in the 2D or 3D pattern. The following picture will explain better this concept.

3 Logic and algorithm

In GTMEDI, al the '"MANY' volumes for which the point is found inside (and not in any of its daughters) is
put in a stack saving also its branch of the tree. The point is considered to be in the deepest level 'MANY'.
Each time the point is also found in an intermediate 'ONLY’ volume the stack is cleared (to insure boolean
subtraction). In GTNEXT, if stepping inside a’MANY' volume, not ONLY its daughters and its own boundaries
are checked, but also the daughters and the boundaries of all the others 'MANY’ in the list have to be checked.
This is not yet enough: the logic requires that the boundaries of al the possible overlapping volumes are
checked, so it is aso necessary for each ‘MANY’ volume of the list to go up to the first "ONLY’ mother in
the tree repeating the same procedure. This allows also boolean intersection. Obviously, volumes aready
checked are not checked again.
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The GEANT shapes

The GEANT geometry package offers sixteen basic shapes with which to describe the setups where particles
are trangported. 1n this section we will describe these shapes. For each shape figs (21), (22), (23), (24) show
asimple drawing illustrating the meaning of the parameters and the position and orientation of the reference
frame proper of that shape. A description of the shapes and of their parameters follows. Angles are always
in degrees. With every shape is given the code which is used internally by GEANT to identify it.

1 BOX

2 TRD1

3 TRD2

4 TRAP
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box with faces perpendicular to the axes. It has 3 parameters:
1.DX half-length of the box along the x-axis;
2.DY half-length of the box along the y-axis,
3.0Z half-length of the box along the z-axis;

trapezoid with the x dimension varying along z. It has 4 parameters:
1.DX1 half-length along x at the z surface positioned at -DZ;
2.DX2 haf-length along x at the z surface positioned at +DZ;
3.DY half-length along the y-axis;
4.0z haf-length aong the z-axis;

trapezoid with both x and y dimensions varying along z. It has 5 parameters.
1.DX1 half-length along x at the z surface positioned at -DZ;
2.DX2 half-length along x at the z surface positioned at +DZ;
3.0Y1 haf-length along y at the z surface positioned at -DZ;
4.0Y2 half-length along y at the z surface positioned at +DZ;
5.0Z half-length along the z-axis;

general trapezoid: the faces perpendicular to z are trapezia and their centres are not necessarily
on aline paralel to the z axis. This shape has 11 parameters, but only considering that the
faces should be planar, only 9 arereally independent. A check is performed on the user param-
eters and a message is printed in case of non-planar faces. Ignoring this warning may cause

unpredictable effect at tracking time.
1.DZ half-length aong the z axis,

2.THET polar angle of the line joining the centre of the face at -DZ to the centre of the one

at +DZ;

3.PHI azimuthal angle of the line joining the centre of the face at -DZ to the centre of the

one at +DZ;
4.H1 half-length along y of the face at -DZ;
5.BL1 half-length along x of the side at -H1 iny of theface at -DZ in z;
6.TL1 half-length along x of the side at +H1 iny of theface at -DZ in z;

7.ALP1 angle with respect to the y axis from the centre of the side at -H1 iny to the centre

of theside at +H1 iny of thefaceat -DZ in z;
8.H2 half-length along y of the face at +DZ;
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9.BL2 half-length along x of the side at -H2 iny of theface at +DZ in z;
10.TL2 half-length along x of the side at +H2 iny of the face at +DZ in z;

11.ALP2 angle with respect to the y axis from the centre of the side at -H2 in y to the centre
of theside at +H2 iny of theface at +DZ in z;

5 TUBE tube. It has 3 parameters:
1.RMIN inside radius;
2.RMAX outside radius;
3.DZ hdlf length in z;
6 TUBS ¢ segment of atube. It has 5 parameters:
1.RMIN inside radius;
2.RMAX outside radius;
3.DZ hdlf length in z;
4.PHI1 starting angle of the segment;
5.PHI2 ending angle of the segment;
PHI1 should be smaller than PHI2. If thisisnot the case, the system adds 360 degrees to PHI2.
7 CONE conical tube. It has 5 parameters.
1.DZ half-length in z;
2.RMN1 insideradius at -DZ in z;
3.RMX1 outside radius &t -DZ in z;
4 RMN2 inside radius at +DZ in z;
5.RMX2 outside radius &t +DZ in z;
8 CONS ¢ segment of aconical tube. It has 7 parameters:
1.DZ half-length in z;
2.RMN1 insideradius at -DZ in z;
3.RMX1 outside radius &t -DZ in z;
4 RMN2 inside radius at +DZ in z;
5.RMX2 outside radius &t +DZ in z;
6.PHI1 starting angle of the segment;
7.PHI2 ending angle of the segment;
PHI1 should be smaller than PHI2. If thisis not the case, the system adds 360 degreesto PHI2.
9 SPHE segment of spherical shell. It has 6 parameters:
1.RMIN inside radius of the shell;
2.RMAX outside radius of the shell;
3.THE1 starting polar angle of the shell;
4.THE2 ending polar angle of the shell;
5.PHI1 starting azimuthal angle of the shell;
6.PHI2 ending azimuthal angle of the shell;
10 PARA  pardléepiped. It has 6 parameters:
1.DX half-length in x;
2.DY half-lengthiiny;
3.DZ haf-length in z;
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11 PGON

12 PCON

13 ELTU

14 HYPE

28 GTRA
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4.ALPH angle formed by the y axis and by the plane joining the centre of the faces parall€el
to the z-x plane at -DY and +DY;

5.THET polar angle of the line joining the centres of the faces at -DZ and +DZ in z;
6.PHI azimuthal angle of the line joining the centres of the faces at -DZ and +DZ in z;
polygon. It has at least 10 parameters:
1.PHI1 the azimuthal angle ¢ at which the volume begins (angles are counted counterclock-
wise);
2.DPHI opening angle of the volume, which extends from PHI1 to PHI1+DPHI;
3.NPDV number of sides of the cross section between the given ¢ limits;

4.NZ number of planes perpendicular to the z axis where the dimension of the section is
given — this number should be at least 2 and NP triplets of numbers must follow;

5.Z z coordinate of the section;
6.RMIN radius of the circle tangent to the sides of the inner polygon in the cross-section;
7.RMAX radius of the circle tangent to the sides of the outer polygon in the cross-section;
polycone. It has at least 9 parameters:
1.PHI1 the azimuthal angle ¢ at which the volume begins (angles are counted counterclock-
wise);
2.DPHI opening angle of the volume, which extends from PHI1 to PHI1+DPHI;

3.NZ number of planes perpendicular to the z axis where the dimension of the section is
given — this number should be at least 2 and NP triplets of numbers must follow;

4.7 z coordinate of the section;
5.RMIN radius of the inner circle in the cross-section;
6.RMAX radius of the outer circle in the cross-section;
elliptical cross-section tube. It has three parameters:
1.P1 semi-axis of the ellipse along X;
2.P2 semi-axis of the ellipse along y;
3.DZ haf-length in z;
The equation of the surface is2?P172 + 3?pP272 = 1.

hyperbalic tube, i.e. the inner and outer surfaces are hyperboloids, as would be formed by a
system of cylindrical wires which were then rotated tangentially about their centres. It has 4
parameters:

1.RMIN inner radius at z=0, where tube is narrowest;

2.RMAX outer radius at z=0, where tube is narrowest;

3.DZ half-length in z;

4.THET stereo angle of rotation of the two faces;
The hyperbolic surfaces are given by: 7 = (2 tan 0)? + r2_,
general twisted trapezoid: the faces perpendicular to z are trapezia and their centres are not
necessarily on aline parallel to the z axis as the TRAP; additionally, the faces may be twisted
so that none of their edges are parallel. It isa TRAP shape, except that it is twisted in the x-y
plane as afunction of z. The parallel sides perpendicular to the z axis are rotated with respect
to the x axis by an angle TWIST, which is one of the parameters. The shape is defined by the
eight corners and is assumed to be constructed of straight lines joining points on the boundary

of the trapezoidal face at z=-DZ to the corresponding points on the face at z=DZ. Divisions are
not allowed. It has 12 parameters:
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29 CTUB

1.0Z half-length along the z axis,

2.THET polar angle of the line joining the centre of the face at -DZ to the centre of the one
at +DZ;

3.PHI azimuthal angle of the line joining the centre of the face at -DZ to the centre of the
one at +DZ;

4. TWIST twist angle of the faces parallel to the x-y plane at z = £DZ around an axis parallel
to z passing through their centre;

5.H1 haf-length along y of the face at -DZ;
6.BL1 half-length along x of the side at -H1 iny of theface at -DZ in z;
7.TL1 half-length along x of the side at +H1 iny of theface at -DZ in z;

8.ALP1 angle with respect to the y axis from the centre of the side at -H1 iny to the centre
of theside at +H1 iny of thefaceat -DZ in z;

9.H2 half-length along y of the face at +DZ;
10.BL2 half-length along x of the side at -H2 iny of theface at +DZ in z;
11.TL2 half-length along x of the side at +H2 iny of the face at +DZ in z;

12.ALP2 angle with respect to the y axis from the centre of the side at -H2 in y to the centre
of theside at +H2 iny of theface at +DZ in z;

Note: this shape suffers from the same limitations than the TRAP: the tracking routines assume
that the faces are planar, but this constraint is not easily expressed in terms of the 12 parameters.
Additionally, no check on the faces is performed in this case. Users should avoid to use this
shape as much as possible, and if they have to do so, they should make sure that the faces are
really planes. If thisis not the case, the result of the transport is unpredictable.
To accelerate the computations necessary for transport, 18 additional parameters are calculated
for this shape:
1.DX0DZ dzx/dz of the line joining the centres of the faces at z=4-DZ;
2.DYODZ dy/dz of the line joining the centres of the faces at z=+DZ;
3.X01 x at z=0 for line joining the + on parallel side, perpendicular corners at z=+DZ;
4.Y01 y at z=0 for line joining the + on parallel side, + on perpendicular corners at z=+DZ;
5.DXDZ1 dx/dz for linejoining the + on parallel side, + on perpendicular corners at z=+DZ;
6.DYDZ1 dy/dz for line joining the + on parallel side, + on perpendicular corners at z=+DZ;
7.X02 x at z=0 for line joining the - on parallel side, + on perpendicular corners at z=+DZ;
8.Y02y at z=0 for line joining the - on parallel side, + on perpendicular corners at z=+DZ;
9.DXDZ2 dzx/dz for line joining the - on parallel side, + on perpendicular corners at z=+DZ;
10.DYDZ2 dy/d= for line joining the - on parallel side, + on perpendicular corners at z=+DZ;
11.X03 x at z=0 for line joining the - on parallel side, - on perpendicular corners at z=+DZ;
12.Y03 y at z=0 for line joining the - on parallel side, - on perpendicular corners at z=+DZ;
13.DXDZ3 dx/dz for line joining the - on parallel side, - on perpendicular corners at z=+DZ;
14.DYDZ3 dy/d= for line joining the - on parallel side, - on perpendicular corners at z=+DZ;
15.X04 x at z=0 for line joining the + on parallel side, - on perpendicular corners at z=4+DZ;
16.Y04 y at z=0 for line joining the + on parallel side, - on perpendicular corners at z=+DZ;
17.DXDZ4 dx/dz for linejoining the + on parallel side, - on perpendicular corners at z=+DZ;
18.DYDZ4 dy/d= for line joining the + on parallel side, - on perpendicular corners at z=+DZ;

cut tube, atube cut at the extremities with planes not necessarily perpendicular to the z axis. It
has 11 parameters:
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1.RMIN inside radius;

2.RMAX outside radius;

3.DZ half length in z;

4.PHI1 starting angle of the segment;

5.PHI2 ending angle of the segment;

6.LX x component of aunit vector perpendicular to the face at -DZ;

7.LY y component of aunit vector perpendicular to the face at -DZ;

8.LZ z component of a unit vector perpendicular to the face at -DZ;

9.HX x component of a unit vector perpendicular to the face at +DZ;
10.HY y component of a unit vector perpendicular to the face at +DZ;
11.HZ z component of a unit vector perpendicular to the face at +DZ;

PHI1 should be smaller than PHI2. If thisis not the case, the system adds 360 degreesto PHI2.
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ECAL BOX specifications 18/11/93 ECAL TRD1 specifications 18/11/93

Box ah Trdl AH

DX =cm 100 DX1 =cm 100
DY =cm 200 DX2 =cm 150
DZ =cm 400 DY =cm 200
DZ =cm 400
100em 100cm
— —
ECAL TRD2 specifications 18/11/93 ECAL TRAP specifications 18/11/93
Trd2 AH Trap ah
100 390
150
200 deg g
250 60
400 40
90
15
120
80
TL2 =cm 180
ALP2=deg 15
100em 100em
— —

Figure 21: shapesBOX, TRD1, TRD2, TRAP
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ECAL TUBE specifications

TUBS specifications

18/11/93 ECAL 18/11/93
Tube ah Tubs ah
RMIN =cm 100 RMIN =cm 100
RMAX =cm 200 RMAX =cm 200
DZ =cm 400 DZ =cm 400
PHI1 = deg 200
PHI2 = deg 340
100em 100em
—
y
ECAL CONE specifications 18/11/93 ECAL CONS specifications 18/11/93
Cone ah Cons ah
DZ =cm 400 DZ =cm 400
RMN1=cm 50 RMN1=cm 50
RMX1=cm 100 RMX1=cm 100 v
RMN2=cm 150 RMN2=cm 150
RMX2=cm 200 RMX2=cm 200 .
PHI1 = deg 200
PHI2 = deg 340
100em 1000m
— —

'L ,

116

Figure 22: shapes TUBE, TUBS, CONE,
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ECAL SPHE specifications 18/11/93 ECAL PARA specifications 18/11/93

Sphe ah Para ah
RMIN =cm 0 DX =cm 100
RMAX =cm 400 DY =cm 200
THE1=cm 0 DZ =cm 400
THE2=deg 0 ALPH = deg 15
PHI1 = deg 0 THET = deg 30
PHI2 = deg 0 PHI =deg 30

100em 100em
— —
ECAL PGON specifications 18/11/93 ECAL PCON specifications 18/11/93

Pcon ah

PHIL=deg 180

DPHI=deg 270

NZ = 4

-400

50

250

-300

50

100

300

Figure 23: shapes PARA, SPHE, PGON, PCON
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ECAL GTRA specifications

18/11/93

GTRA AH
DZ =cm 390

TWIS = deg 20

THET=deg 0

PHI =deg” 0 y

n N

TL1 =cm 90 \4

1 =cm 60
BL1 =cm 40
ALP1 = deg 15
H2 =cm 120
BL2 =cm 80
TL2 =cm 180
ALP2 =deg 15

100em
—

=2 — ]
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Figure 24. shapes GTRA
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Creation of a volume
CALL GSVOLU (CHNAME,CHSHAP,NMED,PAR,NPAR, IVOLU*)
Defines a volume with a given name, shape, tracking medium number and shape parameters.

CHNAME (CHARACTER#4) volume name — it must be unique;
CHSHAP (CHARACTER#4) name of one of the GEANT shapes,

NMED (INTEGER) tracking medium number for the volume — if other volumes are positioned within
this one, their tracking medium replaces the one of the mother;

PAR (REAL) array containing the shape parameters;

NPAR (INTEGER) number of parameters —if zero, then the volume must be positioned viathe routine

GSPOSP indicating the parameters for each copy (see [GEOM120]);
IVOLU (INTEGER) internal volume number —if < 0 an error condition has happened.

If one of the parameters expressing a length is negative, GEANT will try to maximise its value in each copy,
without extending beyond the limits of the mother. Thisfacility can be used in conjunction with the division
of volumes using GSDVN, GSDVT, and GSDVX. Restriction apply to this facility:

¢ the daughter should be positioned without a rotation matrix;

e all shapes can be positioned within asimilar shape with negative parameters, but only in the centre of
the mother;

boxes with negative parameters can be positioned in: box, TRD1, TRD2 and TRAP with § = ¢ = 0;

HYPE, ELTU and CTUB cannot have negative parameters,

PCON and PGON can only have 2 z planes.

Examples

DIMENSION PECAL(3)
DATA PECAL/1.71,4.,0.2/

CALL GSVOLU(’ECAL’,’BOX ’,1,PECAL,3,IVOLU)

CALL GPVOLU (IVOLU)

Prints the volume parameters:

IVOLU (INTEGER) GEANT number of the volume to print —if IVOLU < 0, all volumes will be printed;
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Positioning a volume inside its mother

CALL GSPOS (CHNAME,NR,CHMOTH,X,Y,Z,IROT,CHONLY)
Places a copy of avolume previously defined by acall to GSVOLU inside its mother volume CHMOTH.

CHNAME (CHARACTER#4) name of the volume being positioned;

NR (INTEGER) copy number of the volume CHNAME being positioned;

CHMOTH (CHARACTER#*4) name of the volume in which copy NR of CHNAME is positioned;

X (REAL) x position of the volume in the mother reference system;

Y (REAL) y position of the volume in the mother reference system;

Z (REAL) z position of the volume in the mother reference system;

IROT (INTEGER) rotation matrix number describing the orientation of the volume relative to the
coordinate system of the mother;

CHONLY (CHARACTER#4) flag to indicate whether a point found to be in this volume may also bein

other volumes which are not direct descendants of it — possible values are ONLY and MANY.

The following points are important for a correct use of GSPOS:

¢ the position and rotation with which avolumeis positioned are rel ative to the mother reference system,
that is to the reference system of the volume which contains the copy being positioned. To see how
the reference system is defined for the GEANT shapes, see [GEOMO050];

e GSPOS can be called several times with the same name, to place multiple copies of the same volume
either in the same mother volume or in different ones. The copy number parameter NR is user defined,
and it allows the different copies of the same volume to be distinguished. The user is free to assign
any valid integer to this parameter. If two volumes are positioned with the same copy number, it will
be impossible to decide in which one a particle is during tracking. If the same volume is positioned
twice inside the same mother with the same copy number, the parameters of the second call to GSPOS
will override the first ones for that copy;

e all the copies of avolume areidentical: in particular they contain all the same daughters recursively —
conversely, positioning a volume inside a mother will insert it in all the copies of that mother;

¢ the volumes mentioned in the call must be already defined by acall to GSVOLU;
¢ no volume can be positioned in a divided mother;

e in case of positioning without rotation, IROT should be set to O — note that this is faster than defining
aunit matrix;

e thefirst volume, containing all the apparatus, cannot be positioned;

e if the CHONLY flag is equal to ONLY, the volume being positioned should not overlap with any other
volume except his mother and his daughters and should not extend beyond the limits of its mother.
In this case the search routines assume that, when a point is found in this volume, the only further
searching required isinits contents. Other volumes at the same or higher levels or in separate branches
will not be looked at. The first volume must be ONLY;
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e if the CHONLY flag is set to MANY, a point found in this volume can also be in another volume at the
same or higher level or in a different branch of the tree. To decide where a point is the following
algorithm is applied:

1. thetree is scanned upward until an ONLY mother with positioned contents (i.e. non-divided) is
found;

2. dl the branches of the tree descending from this volume are scanned to find other volumes where
the point may be;
3. awinner is selected among the candidates according to the following rules:
— if one of the candidates is ONLY, the point is declared in this volume. If more than one
candidate isONLY there is an error in the geometry definition;
— amongst several MANY candidates, the one at the deepest level is chosen;
— amongst several MANY candidates at the same level, the first one found is chosen;

Although a considerable effort has been put in making sure that the MANY option works properly and
caters for al the possible cases, still it introduces a considerable complication in the tracking and
performance can be rather poor.

Users should resort to this only when it is not possible to describe the experimental setup with ONLY
volumes.

The data structure is so designed that, in any case, the parameters of a volume and the information about
the number and position of its daughters are stored only once. This allows the creation of very complex
geometries without correspondingly large storage requirements.
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Positioning a volume inside its mother with parameters

CALL GSPOSP (CHNAME,NR,CHMOTH,X,Y,Z,IR0T,CHONLY,PAR,NPAR)

Position a copy of volume CHNAME inside its mother CHMOTH assigning its parameters.

CHNAME (CHARACTER#4) name of the volume being positioned;

NR (INTEGER) copy number of the volume CHNAME being positioned;

CHMOTH (CHARACTER#*4) name of the volume in which copy NR of CHNAME is positioned;

X (REAL) x position of the volume in the mother reference system;

Y (REAL) y position of the volume in the mother reference system;

Z (REAL) z position of the volume in the mother reference system;

IROT (INTEGER) rotation matrix number describing the orientation of the volume relative to the
coordinate system of the mother;

CHONLY (CHARACTER*4) flag to indicate whether a point found to be in this volume may also bein
other volumes which are not direct descendants of it — possible values are ONLY and MANY;

PAR (REAL) array of parameters for the volume being positioned;

NPAR (INTEGER) number of parameters.

It is often the case in a detector to have afamily of similar objects, differing only by their dimensions. A
typical example are the crystals of an electromagnetic calorimeter. Inthis caseit is convenient and logically
consistent to give them all the same name, but assign to each copy a different set of parameters.

This can be done defining the volume with 0 parameters through the routine GSVOLU and then assigning the
parameters to each copy viathe routine GSPOSP.

GSPOSP issimilar in al other aspects to GSPOS and the user is referred to the description of this routine for
more information. An obvious limitation is that a volume defined with O parameters can only be positioned
via GSPOSP, because otherwise its dimensions will be undefined.
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Division of a volumeinto a given number of cells

CALL GSDVN (CHNAME,CHMOTH,NDIV,IAXIS)

Divide avolume in agiven number of parts along a direction.

CHNAME (CHARACTER#4) a unique name for the volume to be generated by subdivision of the mother

volume;
CHMOTH (CHARACTERx*4) volume that has to be subdivided;
NDIV (INTEGER) number of divisions into which the mother volume is to be divided;
IAXIS (INTEGER) axis of the division.

The volumes resulting from a division are true volumes in the GEANT sense, with the only limitation that
they cannot be positioned. They can have daughters and they can still be divided in turn. Different divisions
are distinguished by adifferent division number, much the same as different copy of the same volume by the
copy number. Every operation performed on adivision cell (positioning or further division), isautomatically
propagated to all divisions cells of the same mother.

Thekind of the division isindicated by the TAXIS argument. The allowed values of TAXIS and the resulting
divisions are shown in figs. 25, 26, 27, 28, where the pictures in the first column correspond to an TAXIS
value equal to 1, the second column to TAXIS = 2, and the third column to TAXIS = 3 respectivly. The basic
constraint imposed by the GEANT geometry isthat the result of adivision isavolume which can be described
in terms of the basic shapes.

The local coordinate system of the divisions is parallel to the system of the mother in case of divisions
obtained by parallel planes or concentric divisions. In the case of paralel axes the coordinate system is
shifted so that it is in the centre of the division. In case of ¢ divisions produced by planes passing through
the axis of avolume with axial symmetry (TUBE, TUBS, CONE, CONS, PGON, PCON, SPHE), theloca
coordinate systems will be rotated so that the x axis passes through the centre of the division.

This routine allows the user to generate a large number of identical volumes filling a defined volume. The
material of the slices isinherited from the mother.

It may happen that the different divisions of a volume have different dimensions. In this case, if a volume
has to be positioned in each division, its dimensions must be different according to the division number.
This can be obtained in some special cases giving to the dimension of the volume which hasto vary in order
to fit into the different mothers, the value of -1 in the call to GSVOLU which defines it. As explained in
[GEOMO50], GEANT will take care to assign to this dimension the maximum value in order to fill the current
mother.

What can be done with division can be done also, in most cases, explicitly positioning all the copies. Users
must be aware, however, that divisions offer the best performance in tracking of al GEANT geometrical
constructs, and they should be used instead of positioning whenever possible in the definition of objects.
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cave BOXX specifications 2nt0me cave BOXY specifications 20104 cave BOXZ specifications 2010
Box Box Box
X zom 100 X =em 100 ox som 100
oV Zom 20 DY Zem 200 oY cam 20
o7 Zem a0 o7 Zem a0 07 Zom a0
1 i 1
. L
cave TR1Y specifications e cave TR1Z specifications e

Trdl1 O Trdl1 O

oxizem 100 oxizem 100

DCzom 150 DXz om 150

oV sem 200 oY sem 200

O Zim 400 oz Zom a0

CAVE TR2Z specifications 20108

Trd2 6

X1 =om 100

B2 Zem 150

VIom 200

OVZ —cm 250

oz om 400

Figure 25: shapes BOX, TRD1, TRD2
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PHI =deg 0

1 =cm 60
BL1 =cm 40
TL1 =cm %
ALPL=deg 15
H2 =cm 120
BL2 =cm

ALP2=deg 15

7 T

oave TUBL specifications cave TUB2 specifications cnve TUB3 specifications e

Tube o
RMIN=cm 100
RMAX=cm 200

Tube &
RMIN=cm 100
RMAX=cm 200

= 100

Tube ©
RMIN=cm 100
RMAX=cm 200
Dz zem 400

cave TUS1 specifications 200 cAvE TUS2 specifications 20n0s cAVE TUS3 specifications 200
Tubs & Tubs &
RMIN=cm 100 RMIN=cm 100
RMAX —cm 200 RMAX —cm 200
7 Som 400 , 07 = a

= 00
PHIL=deg 200
PHI2=deg 340

=cm
PHiL=deg 200

PHI2=deg 340 PH2=deg 340

Figure 26: shapes TRAP, TUBE, TUBS
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Figure 27: shapes CONE, CONS
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Figure 28: shapes PARA, PGON, PCON
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Division of a Volumeinto cells of a given size

This routine creates new volumes from a mother by divisions of a given step.

CALL GSDVT (CHNAME,CHMOTH,STEP,IAXIS,NUMED,NDVMX)

CHNAME (CHARACTER#4) a unique name for the volume to be generated by subdivision of the mother
volume;

CHMOTH (CHARACTER*4) volume that has to be subdivided;

STEP (REAL) size of the divisions — this value can be in centimeters or degrees according to the value
of IAXIS;

IAXIS (INTEGER) axis of the division.

NUMED (INTEGER) medium number of the divisions — this can be different from the one of the mother,

as the division cells may leave a portion of the mother undivided (see below) — if NUMED < 0
the medium of the mother;

NDVMX (INTEGER) expected (maximum) number of divisions —if < 0 or > 255, 255 is assumed.

The full range of the mother will be divided in sections of the user supplied step. If the step is such that
the mother cannot be divided exactly, the largest possible number of divisions will be generated, the excess
space will be equally divided between each end of the range of the mother. These extra spaces will be
assumed to belong to the mother.

For more information on the division in general, see [GEOM130].
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Division of a volume - general case

CALL GSDVX (CHNAME,CHMOTH,NDIV,IAXIS,STEP,CO,NUMED,NDVMAX)

Divide avolume in agiven number of parts along a direction, with a given step starting from an offset.

CHNAME (CHARACTER*4) a unigue name for the volume to be generated by subdivision of the mother
volume;

CHMOTH (CHARACTER#4) volume that has to be subdivided;

NDIV (INTEGER) number of divisions into which the mother volume is to be divided;

IAXIS (INTEGER) axis of the division.

STEP (REAL) size of the divisions — this value can be in centimeters or degrees according to the value
of IAXIS;

Co (REAL) offset where division should start —this value can bein centimeters or degrees according

to the value of TAXIS;

NUMED (INTEGER) medium number of the divisions — this can be different from the one of the mother,
as the division cells may leave a portion of the mother undivided (see below) — if NUMED < 0
the medium of the mother;

NDVMX (INTEGER) expected (maximum) number of divisions —if < 0 or > 255, 255 is assumed.

For more information on the division mechanism, see [GEOM130] and [GEOM140]. For the moment either
NDIV or STEP must be set negative or 0, so that they will be computed from the CHMOTH's size. The case
with both NDIV and STEP positive is not coded yet. It would permit leaving different gaps at both ends of
the CHMOTH.

Provisionally the code consists of acall to either GSDVN2 or GSDVT2.

CALL GSDVN2 (CHNAME,CHMOTH,NDIV,IAXIS,CO,NUMED)

Divide avolume in a given number of parts along a direction, starting from an offset.

CHNAME (CHARACTER*4) a unigue name for the volume to be generated by subdivision of the mother
volume;

CHMOTH (CHARACTERx*4) volume that has to be subdivided;

NDIV (INTEGER) number of divisions into which the mother volume is to be divided;
IAXIS (INTEGER) axis of the division.
Co (REAL) offset where division should start —this value can be in centimeters or degrees according

to the value of TAXIS;

NUMED (INTEGER) medium number of the divisions — this can be different from the one of the mother,
as the division cells may leave a portion of the mother undivided (see below) — if NUMED < 0
the medium of the mother;
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The divisions start at the user specified coordinate value and extend to the end of the volume. The range
from this offset to the upper coordinate limit of the mother volume will be divided into the supplied number
of cells. In the case of ¢ division of a complete tube or cone, the whole 360 degrees will be divided into
the user-supplied number of slices no matter what the origin is. Specifying an origin for the division, in this
case, just moves the division boundaries. This can be useful to avoid arotation. In all other cases the search
routines will assume that a point isin the mother if the coordinate value isless than the value of the supplied
offset.

CALL GSDVT2 (CHNAME,CHMOTH,STEP,TAXIS,CO,NUMED,NDVMX)

Divide avolume aong a direction with a given step starting from an offset.

CHNAME (CHARACTER*4) a unigue name for the volume to be generated by subdivision of the mother

volume;

CHMOTH (CHARACTER#4) volume that has to be subdivided;

STEP (REAL) size of the divisions — this value can be in centimeters or degrees according to the value
of TAXIS;

IAXIS (INTEGER) axis of the division;

Co (REAL) offset where division should start —this value can bein centimeters or degrees according

to the value of TAXIS;

NUMED (INTEGER) medium number of the divisions — this can be different from the one of the mother,
as the division cells may leave a portion of the mother undivided (see below) — if NUMED < 0
the medium of the mother;

NDVMX (INTEGER) expected (maximum) number of divisions —if < 0 or > 255, 255 is assumed.

The division start at the user-specified coordinate value and extend to the end of the volume. The range from
origin to upper coordinate limit of the mother volume is divided in sections of the user supplied step. If the
step is such that the range of the mother cannot be filled with cells, the largest possible number of cellsis
created. The excess space up to the end of the mother volume will be assumed to belong to the mother.

In the case of ¢ division of acomplete tube or cone, the whole 360 degrees will befilled with slices, no matter
what the origin is. Specifying an origin for the division, in this case, just moves the division boundaries.
This can be useful to avoid arotation.

In al other cases the search routines will assume a point is just in the mother if the coordinate value is less
than the value of the user supplied origin.
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The volume data structure—JVOLUM

1 Thedatastructure JVOLUM and JGPAR

The meaning of the variables in the data structure JVOLUM shown in fig. 29 is the following:

ISEARC

ISHAPE
NIN
NMED
NPAR
NATT
PAR
IAT
TAXIS
VO
NDIV
Cco
STEP
NR
IROT

X,Y,Z
KONLY

131

search flag [GEOM400], [GEOM410]:

=0  volume positioning order or ordering by GSNEXT/GSNEAR;
<0 binary search as defined by GSORD;
>0 user ordering GSUNEA/GUNEAR;

system shape number (see [GEOM050];

number of volumes contained in the mother volume — if negative the volume is divided,;
medium number for the volume;

number of shape parameters;

number of attributes;

array of shape parameters;

array of attributes;

direction of the division (see [GEOM130]);

system volume number;

number of divisions (-NDVMX, if computed dynamically, see [GEOM140]);
coordinate value at which the division starts;

coordinate step for the division;

user copy number;

rotation matrix number defining the orientation of the volume with respect to the mother refer-
ence system;

position of the volume with respect to the mother reference system;
ONLY/MANY flag, see [GEOM110] for more information;
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JVOLUM

nvolum ivo ivo nvolum
Volume names
JVO = LQ (JVOLUM-IVO) {NIN<0}
isearc | ishape | nin| numed | npar | natt | pars. | atts...
N
JDIV=LQ(JVO-1)
iaxis ivo ndiv c0 step
nin in JVO =LQ(JIVOLUM-IVO) {NIN>0}
isearc| ishape |nin| numed | npar | natt | pars. | atts...
JIN = LQ(JVO-IN)
ivo | nr irot | x| y| z| konly | npar | pars...

JNUP = LQ(JIN-1) option GSNEXT only

§

nus in(1) ... in(nus)

n(1) ... n(nus)

JNDW = LQ(JVO-NIN-1)

in(1)

in(1) ... in(nin)

n(1) ... n(nin)

" JSB = LQ(LQEVO-NIN-1))

N
§J

iaxis

nsh cl...

nsb-1

idiv

JSCO = LQEVO-NI

option GSORD only

option GSORD only

N-2) nsb-1

ncontl...

JSCV = LQ(ISCO-IDIV)

ncont

inl...

Figure 29: Example of geometrical tree structure
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Rotation matrices

The relative position of a volume inside its mother is expressed in GEANT by a tranglation vector and a
rotation matrix which are arguments of the routines GSPOS and GSPOSP. The rotation matrix expresses the
transformation from the Mother Reference System to the Daughter Reference System.

A rotation matrix is described to GEANT by giving the polar and azimuthal angles of the axes of the DRS
(«', 4/, 2’) inthe MRS viathe routine GSROTM.

CALL GSROTM (IROT,THETA1,PHI1,THETA2,PHI2,THETA3,PHI3)

IROT (INTEGER) number of the rotation matrix;
THETA1 (REAL) polar angle for axis «/;

PHI1 (REAL) azimuthal angle for axis 2/;
THETA2 (REAL) polar angle for axis ¢/;

THI2 (REAL) azimuthal angle for axis y/;
THETA3 (REAL) polar angle for axis /;

PHI3 (REAL) azimuthal angle for axis 7.

Stores rotation matrix IROT in the data structure JROTM. If the matrix is not orthonormal, it will be corrected
by setting o/ L 2’ and then 2’ = 2’ x y'. A warning message is printed in this case.
Note: the angles THETA and PHI must be given in degrees.

Examples of use

The unit matrix is defined in the following way:

z! H X (91 = 90° ; ¢1 = 0°
vl y (=4 02 = 90° ; P2 = 90°
2z 03 = 0° ; ¢z = 0°

Thisisjust an example. Thereisin fact no need to define a unit rotation matrix. Giving the value 0 to the
rotation matrix number in the call to GSPOS and GSPOSP is equivalent to a positioning without rotation and
it improves tracking performance.

Theresult of a90° counterclockwise rotation around z, followed by a9(° counterclockwise rotation around
the new x isacyclic shift of theaxes: x — 7, y — 2/, z — ¢/. Thisisexpressed by the following rotation
matrix:

' H Yy (91 = 90° ; ¢1 = 90°
v Il 2z p=q 6 = 00, ¢ = 0°
2| 03 = 90° ; ¢z = 0°

Sometimes the rotation matrix is known or it can be constructed. In this case the arguments to the routine
GSROTM can be calculated with the help of the routine GFANG in the following way:
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10

DIMENSION ROTMAT(3,3), ROWMAT(3), PHI(3), THETA(3)
LOGICAL ROTATE

DO 10 I=1,3

ROWMAT (1) = ROTMAT(I,1)
ROWMAT(2) = ROTMAT(I,2)
ROWMAT (3) = ROTMAT(I,3)

CALL GFANG(ROWMAT,COSTH,SINTH,COSPH,SINPH,ROTATE)
THETA(I) = ATAN2(SINTH,COSTH)
PHI(I) = ATAN2(SINPH,COSPH)

CONTINUE

. {\sl Transform to degrees}

CALL GSROTM(IROT,THETA(1),PHI(1),THETA(2),PHI(2),THETA(3),PHI(3))

CALL GPROTM (IROT)

Prints the rotation matrix elements and angles.

IROT

(INTEGER) rotation matrix number: if IROT=O0 all rotation matrixes will be printed, if IROT<O0,
matrix number | IROT | will be printed without header information.
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Therotation matrix data structure JROTM

NROTM IROTM JROTM
1 Sin6,Cosq,
2 Sing, Sing,
3 Cosf,
é (“s.éme for 6, and 8;)
10 Rotation flag
11 8, (degrees)
12 (0}
13 0,
14 o,
15 0,
16 0N

Figure 30: Layout of the JROTM data structure

JR = LQ(JROTM-IROTM) isthe pointer to the bank of the rotation matrix IROTM;
The rotation flag is computed by GSROTM to recognise simple rotation configurations. In particular it is set
to O for the unit matrix.
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Finding in which volume a point is

CALL GMEDIA (X ,NUMED*)

X (REAL) array of dimension 3 with the coordinates in the MRS;
NUMED (INTEGER) medium number, if thisis zero the point is outside the detector.

Searches the geometrical tree structure to find in which volume the point X is. The tracking medium is
returned in NUMED, and the common /GCVOLU/ is updated.

GMEDIA uses the geometry data structure to conduct its search starting its search from the last volume where
apoint was found. If no previous search has been conducted, the first volume is used as a starting point.

If the point is not inside the current volume, GMEDIA looks in its mother and so on, until it finds a volume
which contains the point. It then looks at the contents of this object and so on until the point isin avolume
but in none of its contents (if any).

If this downward search terminatesin a >MANY > object, GMEDIA looks for another candidate. See [GEOM110]
for adescription of the ‘MANY’ volumes tratment.

The physical geometrical tree from thefirst volume to the current oneis stored in the common block GCVOLU
(see [BASE030]) and in the structure JGPAR (see [GEOM199]).

CALL GTMEDI (X,NUMED*)

X (REAL) array of dimension 3 with the coordinates in the MRS;
NUMED (INTEGER) medium number, if this is zero the point is outside the detector.

This routine performs the same function than GMEDIA, but it uses the dynamical information of the particle
history to speed-up the search:
e when INWVOL=2 (common /GCTRAK/) the particle just came out of a volume. In this case, if INFROM

(common /GCVOLU/) is positive, it isinterpreted by GTMEDI as the number IN of the content just |eft,
inside the mother volume where the point X is assumed to be. This content will not be searched again.

¢ the daughter of the current volume which limits the geometrical step of the particle (i.e. where the par-
ticle would be heading moving along a straight line) is searched first. INGOTO (common /GCVOLU/)
is set by GTNEXT, to transmit the information on this one volume which has limited the geometrical
step SNEXT as follows:

>0  IN'* content;

=0 current volume;

<0 -NLONLY, with NLONLY defined as the lowest *ONLY’ level up in the tree which is an ancestor
of the ’MANY’ volume where the point X is.

CALL GINVOL (X,ISAMEx*)

X (REAL) array of dimension 3 with the coordinates in the MRS;
ISAME (INTEGER) return flag.

Checks if particle at point X has left current volume. If so, returns ISAME = 0 and prepares information
useful to identify the new volume entered, otherwise, returns ISAME = 1.
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Finding distanceto next boundary

CALL GNEXT (X,SNEXT*,SAFETYx*)

CALL GTNEXT (X,SNEXT*,SAFETY*)

Finds distance to the next boundary. It takes explicit account of shape content and uniqueness.

X (REAL) array of 6 of coordinates and direction cosines;
SNEXT (REAL) distance to the nearest volume boundary along the particle direction;
SAFETY (REAL) safety distance, that is smaller distance to any boundary;

This routine evaluates the two distances which are needed by the GEANT tracking routines. GTNEXT and
GNEXT perform the same function, but GNEXT is a static routine which can be called by the user, while
GTNEXT isthe routines used internally by GEANT during tracking, and it should not be called by the user.

If INFROM (common /GCVOLU/) isdifferent from O, GTNEXT interpretsit asthe daughter out of which the par-
ticle just came, and uses the list of daughters stored with that volume, possibly modified by GSNEXT/GSNEAR
to calculate the distance to the next boundary.

Thefirst action of GTNEXT isto calculate the SAFETY distance. If thisislarger than the current step candidate,
no other calculation is performed and the IGNEXT flag (common /GCTRAK/) is set to O, indicating that no
change of volume is occurring at the end of the current step. If the step is smaller than safety, then SNEXT is
computed. If the step is smaller than SNEXT, again there will not be any change of volume during the step
and IGNEXT is set to 0. If on the contrary the candidate step is larger than SNEXT, a change of volume will
occur at the end of the step, and IGNEXT is set to 1 and INGOTO (common /GCTRAK/) is set to the number
of the daughter where the particle is entering, if any.

Charged particles in magnetic field are transported with asimilar logic. However, even if the candidate step
is smaller than SNEXT, the particle can still cross into another volume due to its bent path. When tracking
in magnetic field, after every step greater than SAFETY it is checked whether the particle is still in the same
volume. If thisis not the case, the step is divided by two and transport is tried again. Conversely a charged
particle in magnetic field may till be in the current volume even after having travelled the distance to the
nearest boundary along a straight line. So boundary crossing is declared only when IGNEXT is different
from 0 and the difference between the real trgjectory and the bent one is smaller than EPSIL (common
/GCTMED/).
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Reference system transfor mations

CALL GMTOD (XM, XD*, IFLAG)

M (REAL) array of 3 containing the input position (IFLAG=1) or direction cosines (IFLAG=2) in
the Master Reference System;

XD (REAL) array of 3 containing the output position (IFLAG=1) or direction cosines (IFLAG=2) in
the (current) Daughter Reference System;

IFLAG (INTEGER) transformation flag:

1 input isaposition, it must be translated and rotated;
2 input isadirection, it must be rotated.

This routine transform coordinates or directions from the MRS to the reference system of the current volume.
The /GCVOLU/ must be properly filled, either by the tracking routines, by GMEDIA or by GLVOLU.

CALL GDTOM (XD, XMx*,IFLAG)

Performs the inverse operation to GMTOD.
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Pseudo-division of a volume

CALL GSORD (CHNAME,ICORD)

CHNAME (CHARACTER#4) name of the volume;
ICORD (INTEGER) direction of the pseudo-divisions:
Z,

Ys

z,

cylindrical R (v/22 + 2);

spherical p (v22 + y2 + 22);

¢, azimuthal angle;

#, polar angle with respect to the z axis.

~N O O W N

This routine sets the search flag (Q(JV0+1)) of volume CHNAME to -ICORD. When the definition of the
geometry is complete and GGCLOS is caled, this flag is interpreted as a request to order the content of
CHNAME along axis ICORD. This operation is performed by the routine GGORD. GGORD computes the limits
of each of the contents along the given coordinate axis (see [GEOM001]), and prepares the lists of contents
in each of the sections defined by the neighbouring coordinate. The JVOLUM structure is extended, for the
mother volume, with banks which contains the list of boundaries and the lists of contents, so as to permit
a binary search to access the contents of interest. The coordinates are in the local system of the mother
volume. The routine GGORD will not be called if the number of contents exceeds 500.

The actual effect of this routine depends on the setting of the IOPTIM variable in the common /GCOPTI/.
I0PTIMiscontrolled by the datarecord OPTI or theinteractive command with the same name. The meaning
of the different values of IOPTIM isthe following:

<0 no call to GGORD will be made, irrespective of the value of ISEARCH;
0 GGORD will be called for those volumes for which GSORD has been called;

1 for al volumes with contents for which neither GUSEAR nor GSORD has been called, the routine
GGORDQ will be called;

2 GGORDQ is called for all volumes with contents for which GUSEAR has not been called.

GGORDQ orders the contents along all the possible axes and choses the ordering which provides the lowest
number of volumes per division.
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Ordering the contents of a volume

In the case of amother volume containing alarge number of daughters, tracking can be rather slow. Thisis
due to the fact that each time GEANT requires to know in which daughter it is or will be tracking, it search
through the whole list of daughter volumes. Thisis done by GEANT creating for every daughter volume alist
which contain pointers to all the daughters of the same mother.

Clearly this may be avoided, because at any step of tracking, the coordinates and direction cosines of the
current step are known. From this and the knowledge of the geometry, arestricted list of daughter volumes
to be searched can be built. This can be accomplished in GEANT in two ways, which are described in this
chapter.

Note: the user must be aware that the following routines ater the default search list of daughters of a
given mother. A user mistake can cause wrong transport because GEANT does not make any check on the
correctness of the list of neighbours provided by the user.

Static ordering

CALL GSNEXT (CHMOTH,IN,NLIST,LIST)

CHMOTH (CHARACTER#4) name of the mother volume to be ordered;

IN (INTEGER) number of the content for which alist is established;
NLIST (INTEGER) number of neighbours to be considered during tracking;
LIST (INTEGER) list of neighbours to volume IN.

This routine stores a given ordered LIST of NLIST daughter volumes to search when leaving the IN"
daughter of the mother volume CHMOTH.

If IN=0, for each content, GSNEXT builds alist limited to the contents IN+1 (if it exists), IN-1 (if it exists)
and IN itself.

CALL GSNEAR (CHMOTH,IN,NLIST,LIST)

CHMOTH (CHARACTER#4) name of the mother volume to be ordered;

IN (INTEGER) number of the content for which alist is established;
NLIST (INTEGER) number of neighbours to be considered during tracking;
LIST (INTEGER) list of neighbours to volume IN.

This routine stores a given ordered LIST of NLIST daughter volumes to search when leaving the IN"
daughter of the mother volume CHMOTH.

If LIST (1) =0the particle is back into the mother when leaving the IN" daughter. This means that the IN
is not contiguous to any other daughter or to the boundary of the mother.

If IN=-1, the mother does not have contents contiguous to its boundaries (status bit 4 set in mother volume
bank for action in GGCLOS).

If IN=0 for each content GSNEAR setsLIST (1)=0.
GSNEAR must be called after all contents have been position ( except when IN=-1)
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Dynamic ordering

The list of neighbours to search when exiting from the IN" content may depend also on the direction
and position of the particle. In case where it is necessary, for performance reasons, to exploit aso this
information, GEANT offers the possibility to the user to build a dynamic search list.

CALL GSUNEA (CHNAME,ISEARC)

CHNAME (CHARACTER#4) name of the volume where the user search has to be activated;

ISEARCH  (INTEGER) specifies the kind of search list to be used: a positive value must be specified with
this routine to activate user search lists.

This routine should be called once for every volume where user volume search is activated.

CALL GUNEAR (ISEARC,ICALL,XC,JNEAR)

ISEARCH (INTEGER) number associated to the volume in which the user search is used, it is the same
number set by the user with GSUNEA;

ICALL (INTEGER) type of question that the list of volumes must answer:
1 GMEDIA-like cdl, wheream |?
2 GTNEXT-like call, where can | go?

XC (REAL) array of 6 containing the position and the direction cosines of the particle (z, y, z, p./p,
Py/D, P /D);

JNEAR (INTEGER) pointer to the volume list bank which has to befilled by the user;

Thelist of volumes where GEANT has to search to answer the question specified by ICALL isreturned by the
user starting at Q (JNEAR+1. GEANT will only look at the volumes specified by the user and in the order in
which they appear in the list. Daughters are numbered from 1 to N according to the order with which they
have been positioned in the mother. The list should be filled in the following way:

IQ(JNEAR+1) = N, number of volumesin thelist
IQ(JNEAR+1+1) = number of the first daughter to search
IQ(JNEAR+1+2) = number of the second daughter to search
IQ(JINEAR+1+N) = number of the Nt* daughter to search

The user should be aware that this routine is called very often, almost at every tracking step, so it should be
coded with the maximum efficiency in mind. An example of GUNEAR could be the following:

SUBROUTINE GUNEAR(ISEARC,ICALL,XC,JNEAR)
*——— Make sure to add GEANT main store
+SEQ, GCBANK.

DIMENSION XC(6), MYLIST(100)

*——m Executable code
IF (ISEARC.EQ.1) THEN
*——— Build a list using XC and ISEARC for a GMEDIA type call
*——— Put all the daughters where the particle may be in
MYLIST(1) = ....
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MYLIST(N) = ....

ELSE
*——— Build a list using XC and ISEARC for a GTNEXT type call
*——— Put all the daughters where the particle may be going
MYLIST(1) = ....
MYLIST(N) = ....
ENDIF
*——— Return the information to GEANT
DO 10 I=1,N

IQ(JNEAR+1+I) = MYLIST(I)
10 CONTINUE
IQ(JNEAR+1) = N
*——= End of GUNEAR
END
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Volume attributes

CALL GSATT (CHNAME,CHIATT,IVAL)

CHNAME (CHARACTER*4) volume name;
CHIATT (CHARACTER#4) attribute to be set;
IVAL (INTEGER) value to which the attribute is to be set.

Changes the attribute CHIATT of the volume called CHNAME to the value IVAL. The names and meaning of
the attributes and their allowed values are:

Number Name Description
1 WORK 0 |na.ct|ve volume
1 activevolume
-2 only the volume is visible, but
none of its descendants
5 SEEN -1 the vol ume is not visible to-
gether with al its descendants
0 thevolumeisnot visible
1 thevolumeisvisible
3 LSTY line style parameter (see [XINT002])
4 LWID linewidth parameter (see [DRAW400])
5 coLo areafilling colour (see [XINT002])
6 FILL areafilling resolution (see [DRAW400])
7 SET  set number associated to the volume
8 DET  detector number associated to the volume
9 DTYP detector type associated to the volume (1,2)
10 NODE dummy

CALL GFATT (CHNAME,CHIATT,IVALx*)

Returns in IVAL the attribute CHIATT of the volume CHNAME. The arguments have the same meaning than
for the routine GSATT.

CALL GFPARA (CHNAME,NR,INTEXT,NPAR* ,NATT*,PAR*,ATTx*)

CHNAME (CHARACTER*4) volume name;
NR (INTEGER) copy humber;
INTEXT (INTEGER) type of volume parameters requested:
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0 user parameters;

1 internal parameters,
NPAR (INTEGER) number of parameters returned;
NATT (INTEGER) number of attributes returned;
PAR (REAL) array of parameters;
ATT (REAL) array of attributes.

Returns parameters PAR(1...NPAR) and attributes ATT(1...NATT) for the volume CHNAME with copy
number NR.
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User initialisation of the common block /GCVOLU/

CALL GLVOLU (NLEV,LNAM,LNUM, IER*)

NLEV (INTEGER) number of levelsto fill;

LNAM (INTEGER) array of NLEV volume names stored via the UCTOH routine;

LNUM (INTEGER) array of NLEV volume copy (or division) numbers;

IER (INTEGER) returns code different from 0 in case of error, adiagnostic is aso printed;

This routine fills the volume parameters in common /GCVOLU/ for a physical tree, specified by the lists
LNAM and LNUM of volumes names and numbers, and for al its ascendants up to level 1.

Theroutine is optimised and does not re-compute the part of history already available in GCVOLU. Thismeans
that if it is used in user programs outside the usual framework of the tracking, the user has to initialise to
zero NLEVEL in common GCVOLU.

An example of use of GLVOLU in this context could be to find the position and direction of a particle in the
local coordinate system of avolume:

+SEQ,GCVOLU
DIMENSION LNAM(15), LNUM(15), P0S(3), DIR(3), POSL(3), DIRL(3)

CALL UCTOH(’MOTH’,LNAM(1),4,4)

LNUM(1) = 1

CALL UCTOH(’CAL1’,LNAM(2),4,4)
LNUM(2) = 2

CALL UCTOH(’MOD1’,LNAM(3),4,4)
LNUM(3) = 5

CALL UCTOH(’CHAM’ ,LNAM(4),4,4)
LNUM(4) = 18

N
NLEVEL = 0

CALL GLVOLU(4,LNAM,LNUM, IER)
K———

CALL GMTOD(POS,POSL,1)
CALL GMTOD(DIR,DIRL,2)
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Medium search statistics

In order to understand the behaviour and the performance of the geometry defined by the user, it is sometimes
very useful to accumulate the statistic of the various geometrical routines called. Thisis done automatically
by GEANT if the statistical package is activated viathe datarecord STAT 1. Inthiscasetheroutine GBSTAT is
called by GGCLOS, GFSTAT iscalled by the tracking routines GINVOL, GTMEDI, GTNEXT, GTRACK and GMEDIA
to accumulate the statistics and GPSTAT is called by GLAST.

CALL GBSTAT

Creates the data structure JGSTAT in order to accumulate statistics for the number of cals to routines
GINVOL, GTMEDI, GTNEXT, GTRACK and GMEDIA and the total number of steps per volume.

CALL GPSTAT

Prints the volume statistics accumulated during the run. The table which is printed is useful for optimizing
the tracking medium parameters associated to each volume.

CALL GFSTAT

Fills banks for volume statistics.
An example of output isthe following:

*************************

* VOLUME STATISTICS *
* *
* VOLUME * GINVOL * GMEDIA * GTNEXT * GTMEDI * NSTEPS *
* NAME * TOTAL * NLEVEL * TOTAL * NLEVEL * TOTAL * NLEVEL * TOTAL * NLEVEL * NLEVEL *
* CALO * 0 * 0 * 43590 * 4 * 294743 * 250 * 246447 * 971 * 250 *
* CAL1 * 0 * 0 * 43056 * 0 * 284132 * 0 * 236482 * 0 * 0 *
* CAL2 * 0 * 0 * 524 * 0 * 9617 * 0 * 8283 * 0 * 0 *
* CAL3 * 0 * 0 * 0 * 0 * 9 * 0 * 8 * 0 * 0 *
* MOD1 * 0 * 0 * 43056 * 21 * 284132 * 42829 * 236482 * 42807 * 42848 *
* MOD2 * 0 * 0 * 524 * 0 * 9617 * 1570 * 8283 * 1570 * 1570 *
* MOD3 * 0 * 0 * 0 * 0 * 9 * 2 * 8 * 2 * 2 *
* SHIL * 0 * 0 * 4935 * 4935 * 54736 * 54736 * 44480 * 44480 * 58247 *
* URPL * 0 * 0 * 35932 * 356932 * 52803 * 52803 * 22571 * 22571 * 89953 *
* CHA1 * 0 * 0 * 1703 * 0 * 90507 * 0 * 86717 * 0 * 0 *
* TUB1 * 0 * 0 * 1703 * 1670 * 90507 * 62174 * 86717 * 58423 * 62700 *
* GAS1 * 0 * 0 * 33 * 33 * 28333 * 28333 * 28294 * 28294 * 28350 *
* EPO1 * 0 * 0 * 920 * 920 * 47007 * 47007 * 43032 * 43032 * 47742 *
* COPL * 0 * 0 * 0 * 0 * 2 * 2 * 2 * 2 * 2 *
* CHA2 * 0 * 0 * 75 * 0 * 5037 * 0 * 4295 * 0 * 0 *
* TUB2 * 0 * 0 * 75 * 74 * 5037 * 4079 * 4295 * 3338 * 4159 *
* GAS2 * 0 * 0 * 1 % 1 % 958 * 958 * 957 * 957 * 958 *
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End of geometry definition

CALL GGCLOS

This routine should be called after al volumes, positions, hits and digits have been defined. Its action is
confined to clean up the volume banks and to take any action required by the ordering techniques.

GGCLOS performs all the requested geometry optimisation, included the creation of pseudo-divisions in
volumes flagged by GSORD. It performs the local development of tha last |eaves of the geometrical tree,
where applicable.

It also calls the routine GGDETV which prepares the prototype lists of volume names and maximum mul-
tiplicities which permit to identify uniquely any sensitive detector whose generic name has been declared
through the routine GSDETV (and not GSDET) [HITS001].

GGCLOS must be called also after reading a geometry data structure from disk.
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The CADINT Interface

1 Introduction

The engineering work in HEP for design, analysis and manufacturing of detectors requires Computer Aided
Engineering (CAE) tools. To ensure coherent design the same detector descriptions should be used by
physicists, engineers and, eventually, manufacturers. Efficient exchange of data between CAE tools and
GEANT becomes crucial.

The CADINT interface allows to export detector models from GEANT to Computer Aided Design (CAD)
systems. CADINT outputs detector models in the SET (Standard d’ Echange et de Transfert) [1] neutral file
format. A detector model is written as an assembly of solid volumes, with respect to a global coordinate
system. The geometric representation used is Constructed Solid Geometry (CSG) [2].

A GEANT detector geometry exported through CADINT into a CAD system can be used to check the coher-
ence of the model used in simulation. The CADDFAS service at CERN can be used to convert SET files
into IGES (Initial Graphics Exchange Specification, an American standard for exchange of CAD data) [3]
format, which is readable by most CAD systems. For more information about the CADDFAS service, send
an e-mail to caddfas@cadd.cern.ch with subject: info

2 SET File Format

SET is a French standard to exchange and archive CAD data. It was developed as a neutral file format
for exchanging data between different CAD systems at Aerospatiale in 1983. The aim was to develop a
more reliable alternative to IGES. It became an official French standard, Afnor Z268-300, SET, in 1985.
SET was revised and extended in 1989. The version (89-06) used in CADINT, supports wireframe, surface
and solid entities. Entities for drafting and connectivity applications, as well as scientific data and FEM
(Finite Element Method) modelling are also included. The philosophy behind the standard is that it should
be able to handle the complete information that may occur. It is aso considered to be important to have
an unambiguously defined format, that is compact in size, and is flexible enough to handle future demands
from the CAD/CAM industry.

The structure of SET is based upon a three level hierarchical structure, which consists of data assemblies,
data blocks, and data sub-blocks. Information that is common to severa blocks or assemblies, isstored in a
so-called dictionary.

e Assembly: A SET data assembly is a collection of data defining a certain piece of information, such
asamechanical part. A SET file can contain one or more data assemblies,

e Block: In the nomenclature of the SET files, the blocks are identified by an @, followed by the
number of the block identifying its type. This number is followed by the block’s reference number
in the file. (i.e. in afile with n blocks, the block sequence numbers will be from 0 to n.) After this,
sub-blocks and dictionary entries used in the block follows. A SET data block isan elementary entity,
which consists of definition or control data that are used in different applications. Such entities could
be geometric objects as points or lines, or other entities like matrices, drawings and views or SET file
identifiers;

e Sub-block: A sub-block consists of anidentifier, and alist of datathat contributes to the description of
the entity defined by the data block. The different parameters inside a sub-block, such as coordinates,
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are represented by their values. A sub-block has the identifier “#”, followed by its type number,
possible references to the dictionary, and parameters applicable in the sub-block;

e Dictionary: The dictionary is a set of predefined parameters in the specifications of the standard.
They are accessible as dictionary entries which are assigned an identifier (acolon “:” and the dictio-
nary humber), and a precise meaning given by authorised and/or default values.

References among entities in a SET file are made by using pointers, either directly from the blocks, or
via sub-blocks or dictionary entries. Pointers to other blocks are identified by an “!”, followed by the
segquence numbers of the blocks. SET has no unique mapping of sub-block types and dictionary entriesinto
blocks. Several combinations are allowed for each different block. Definitions of possible combinations and
guidelines for implementation are given in the SET standard [1].

3 Implementation

In the CADINT interface, a user can indicate a subtree of a detector by giving the name of avolume. All the
contents of this volume will be written into a SET file. A user can also choose the contents by setting the
daughter volumes visible or invisible using the visibility attribute. Only the visible volumes will be written
into the SET file. In order to avoid repeated volumes, a number of divisions can be chosen. The rest of the
divisions can be reproduced in a CAD system, if needed. The colors of volumes defined by the GEANT color
attribute are also transmitted into SET files.

The CADINT interface writes the geometry of a GEANT detector model in the SET file format in two basic
phases:

1. write the volume information;
2. write the position information.

The interface writes volumes into the SET format as CSG solids i.e. the volumes are created using extru-
sions, revolutions, ruled solids, rectangular parallelepipeds, etc. Divisions are written as hormal volumes.
Every division of a divided volume is a distinct volume in a SET file. An index is attached to the end of
the name of each of the divisions in order to distinguish each division instance. The indexing of instances
isreset in each division. An index is attached to the end of the volume name of multiple copies of normal
volumes as well.

In SET format, a volume must be first written, after that it can be positioned. All volumes are positioned
with respect to the global coordinate system. Thus, the tree structure in the SET fileis flat. There will be
overlaps between volumes, since no Boolean operations are used to define the tree structure. However, the
tree structure is written into a separate file. The material information is written into this same text file.
Theinterface decodes the JVOLUM data structure and computes the necessary parameters if needed (negative
parameters, dimensions of divisions, etc.). These computations are based on the GEANT drawing routines.
The interface decodes a detector model starting from the global mother volume. After that it decodes the
first daughter volume in the left side of the tree. The daughter volume can be anormal volume or adivision.
It continues decoding daughter volumes until it is at the bottom of the tree. After that the interface returns
one level and decodes the next daughter of the current volume if any exists. In a case of a divided volume,
the divisions are treated in the same way as the daughter volumes. The creation of the SET fileis performed
simultaneously.

3.1 Volume Infor mation

The tree decoding routine transfers the volume information during decoding to the relevant shape routine
which writes the volumes into the SET file. Every different shape has its own routine. For example, the
simplest shape, BOX, iswritten in the SET format as follows:

@50,N1,:5,2#60,X,Y,Z

©@302,N2#317,-DX,-DY,-DZ

@100,N3,:5,2,:9,’Name’#101, IN1, IN2
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Where

@50 is the block number which defines a primitive solid;

N1,N2,N3 are the sequence numbers of each block;

:5,2 isthedictionary entry number which gives atotal subordination to one block;
#60 is the sub-block number which defines the geometric parameters of a solid rectangular paral-
lel epiped,;

X,Y,Z arethe dimensions of the rectangular parallelepiped,;

@302 isthe block number for geometric transformation;

#317 is the sub-block number for trang ation;

DX,DY,DZ are the coefficients of the trandation;

@100 isthe block number which defines a constructed solid;

:9 isthe dictionary entry number for a name associated with the block;

Name is the name of the volume;

#101 isthe sub-block number for transformation operation.

The rectangular parallelepiped isfirst defined with the given parameters. Then the translation of coordinates
is defined. The trandation is necessary since GEANT and SET use origins in different places. Finally,
the transformation operation is defined for a constructed solid which in this case is the trandation of the
coordinates of aprimitive solid. The GEANT shapes are converted to SET as follows:

SHAPE | DEFINITION IN SET
BOX rectangular parallelepiped
TRD1 ruled solid between 2 faces
TRD2 ruled solid between 2 faces
TRAP ruled solid between 2 faces
TUBE solid of revolution of aface
TUBS solid of revolution of aface
CONE | solid of revolution of aface
CONS | solid of revolution of aface
SPHE sphere

PARA ruled solid between 2 faces

PGON | first segment ruled solid, other segments copied and ro-
tated, finally boolean union for al the segments

PCON solid of revolution of aface
ELTU solid of linear extrusion of aface
HYPE not implemented

GTRA ruled solid between 2 faces

CTUB | solid of revolution and boolean subtraction by 2 half-
spaces

3.2 Position I nfor mation

The position information of a volume is handled by a routine, which writes the coordinates and the rotation
matriXx. The tree decoding routine transforms the coordinates and the rotation matrix of a volume to the
global coordinate system, and then transfers the data to the routine which writes the translation and rotation
of avolume into the SET format asfollows:

@302,
@100,

150

N1#301,M1,M2,M3,M4,M5,M6,M7,M8,M9,XC,YC,ZC
N2,:9,’Name’#101, !N1(of the shape), !N1
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Where
e @302 isthe block number for geometric transformation;
e N1,N2 are the sequence numbers of each block;
e #301 isthe sub-block number which defines the coefficients of the rotation-translation matrix;
e M1...M9 arethe coefficients of the rotation matrix;
e XC,YC,ZC are the components of the trandlation vector;
e @100 isthe block number which defines a constructed solid;
e :9isthedictionary entry number for a name associated with the block;
e Name is the name of the volume;
e #101 isthe sub-block number for transformation operation;
e N1 isthereference to sequence number of the mother volume.

The geometric transformation is first defined with the given parameters and then the transformation opera-
tion is defined for a constructed solid. The principle of writing divisions into the SET format is equivalent
to the case of normal volumes.

3.3 Material and Tree Information

The materid file is written into a separate file simultaneously with the SET file. It contains information on
tracking medium, material and density for each defined volume. The GEANT tree is written into this same
file. After the volume name there follows the number of daughters and daughter names. In a case of divided
volume, the negative number of divisionsis given after the name of the divided volume, and followed by the
offset, step and the name of the division instance. An output of a material file of a GEANT example program:

GEANT-SET MATERIAL LISTING FILE

Materials in the geometry described in
the .SET file: gexamé.set

Volume name Tracking media Material Density

CALO 1 AIR 1 AIR 0.12000001E-02
CAL1 1 AIR 1 AIR 0.12000001E-02
MOD1 1 AIR 1 AIR 0.12000001E-02
CAL2 1 AIR 1 AIR 0.12000001E-02
MOD2 1 AIR 1 AIR 0.12000001E-02
CAL3 1 AIR 1 AIR 0.12000001E-02
MOD3 1 AIR 1 AIR 0.12000001E-02
EPO1 4 CARBON 4 CARBON 0.22650001E+01
CHA1 6 BRASS 6 BRASS 0.85600004E+01
TUB1 6 BRASS 6 BRASS 0.85600004E+01
GAS1 5 GAS 5 ARG/ISOBU 0.21360000E-02

GEANT TREE

The GEANT tree starting from the given volume

CALO 6 CAL1 CAL2 CAL3 EPO1 CHA1 EPO1
CAL1 -64 -0.48000000E+02 0.15000000E+01 MOD1
CAL2 -35 -0.43750000E+02 0.25000000E+01 MOD2
CAL3 -13 -0.24050001E+02 0.37000003E+01 MOD3
CHA1 -40 -0.25000000E+02 0.12500000E+01 TUB1
MOD1 6 SHIL URPL SHIL EPO1 CHA1 EPO1
MOD2 4 SHIL URPL SHIL CHA2

MOD3 2 COPL CHA2

TUB1 1 GAS1

CHA2 -72 -0.23500000E+02 0.65277779E+00 TUB2
TUB2 1 GAS2
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4 Usage

In order to carry out a successful transfer of a detector model, a user needs to be aware of certain limitations
of the interface. The user is recommended to communicate with the engineers using CAD systems to
establish a proper transfer methodology. If a CAD system is not capable of receiving the whole detector
geometry in asingle SET file, auser can transfer a detector model in smaller parts. These parts can then be
joined together in the CAD system. Normally it is a good ideato just export one instance of each division
in order to limit the number of exported volumes. The divisions can be reproduced in CAD systems. It is
impossible to give an exact size-limit for a detector model which can be transferred in one file, because the
limitation depends on the structure of the detector model.

The GEANT graphics package provides excellent capabilities for viewing parts of a detector model which is
to be exported. Using the visibility attribute and the number of division instances, a user will be able to
see what isto be exported. A user can use different colors in order to help to distinguish different volumes
(eg division instances, etc.) in a CAD system. Dummy volumes, such as mothers made of air or vacuum
should be suppressed using the visihility attribute, since the interface is currently not able to discard such
information. A user must remember to specify the drawing parameters again if he wantsto draw the detector
model after using the interface. Thisis because the interface uses modified drawing routines.

A plot of the GEANT tree can be useful for engineers to understand the structure of the GEANT detector model.
GEANT volume names are useful references regarding the material and treeinformation. Thetree information
is also provided in the material file, but agraphical presentation is often useful.
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The detector response package
1 Introduction

In the context of GEANT:

¢ hit is the user-defined information recorded at tracking time to keep track of the interaction between
one particle and a given detector, and necessary to compute the digitisations later.

e digitisation (digit) isthe user-defined information simulating the response of a given detector ele-
ment, usually estimated after tracking a complete event.

The detector response package consists of toolsto store, retrieve or print the information relevant to hits and
digitisation which isin the data structures JSET, JHITS and JDIGI. A few subroutines which may help the
user to solve some of the usual digitisation problems in simple detectors have been added to the package,
e.g. the intersection of atrack with a plane or a cylinder and the digitisation of conventional drift and MWP
chambers.

For complex setups with different types of detectors the user has normally to define severa types of hits and
digitisations. In addition to the hits generated by all particles of the current event, computing the digitisations
requires usually some information about the intrinsic characteristics and performance of the detectors. The
information to be recorded for the hits and digitisations is highly experiment dependent, therefore only a
framework can be proposed to store it.

Two remarks can be made:

e during thelife of an experiment, the stability of the format and content of the information to be stored
is usually reached much earlier for the hits than for the digitisations. Therefore the user may save
computing time by designing an intermediate event output at the hits level.

¢ the scheme proposed for storing the digitisations should in any case be considered as an intermediate
stage, afurther processing of the data being necessary if the user wants to simulate more closely the
specific format of the real data-acquisition system.

2 SETsand DETectors

The reader is assumed to be familiar with the way the geometrical setup is described ([GEOM]), in particular
with the concepts of logical and physical volume tree structure.

The user isrequired to classify into sets all sensitive detectors (defined as those volume defined as detector
via GSDET/GSDETV) for which he wants to store hits in the data structure JHITS. The 4-character names
which identify the sets are user defined, and the list of sets which the user wants to activate for a given run
can be entered through the data record SETS. The user can group together in one or in several sets detectors
of the same or different types. For convenience, it is recommended to have at least one set for each main
component of the setup, e.g. hadronic calorimeters, electromagnetic calorimeters, vertex chamber, etc.

A volume can be declared as a sensitive detector through the tracking medium parameter ISVOL, and allo-
cated to a set through the subroutine GSDET or GSDETV. Each (logical) sensitive detector is identified by the
4-character name of the corresponding volume. Asagiven volume may describe several similar detectorsin
the physical setup, some additional information is needed for associating correctly the hits with the physical
detectors.
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When using GSDET the user has to enter the (shortest) list of volume names (the vector CHNMSV), which
permits unambiguous identification of the path through the physical tree, even in the presence of multiple
copies. Thisidentification is obtained by specifying alist of volume numbers (the vector NUMBV), in a one
to one correspondence with the list of volume names. This list, after packing, will constitute the identifier
of the physical detector.

If GSDETV is used instead of GSDET then the routine GGDETV (called by GGCLOS) constructs the lists CHNMSV
automatically and stores them in the structure JSET.

3 Theuser tools

The data structure JSET is built through calls to the routine GSDET or GSDETV which assign detectors to sets
and define their parameters. After this, the following routines can be called, for each detector, to complete
the structure:

GSDETH provides the parameters required for the storage of the hit elementsin the data structure JHITS,
such as the packing and scaling conventions;

GSDETD provides the parameters required for the storage of the digitisations in the structure JDIGI,
such as the packing conventions;

GSDETU adds the user parameters, which may consist, for instance, of the intrinsic detector characteris-
tics needed for computing the digitisations.

To permit storage of more than one type of hit for a given sensitive detector, or to provide additional detector
entries, detector aliases can be defined through calls to the routine GSDETA. They are entered in the JSET
structure as new detectors, with the same geometrical characteristics as the original one. The user has the
possihility to call appropriate routines GSDETH, GSDETD and GSDETU for this new detector.

During the tracking, for each step inside the sensitive detectors, under control of the subroutine GUSTEP, the
hits can be stored in the data structure JHITS through the subroutine GSAHIT (or GSCHIT, more appropriate
for calorimetry). For each hit the information consists of:

o thereference to the track in the structure JKINE;
¢ the packed identifier of the physical detector;
e the packed data for the different elements of the hit.

When the tracking has been completed for the whole event the digitisations can be computed in the user
subroutine GUDIGI which may extract the hits with the subroutine GFHITS and store the digitisations in
the data structure JDIGI, with the subroutine GSDIGI. For each digitisation the information should at |east
consist of:

¢ the reference to the track(s);
e the packed identifier of the physical detector;
e the packed data for the digitisation itself.

4 Retrieval of geometrical infor mation

The packed identifier of aphysical detector, stored as part of the hit (or digitisation) information, is returned
unpacked by the routine GFHITS (or GFDIGI) which extracts the information from the JHITS or JDIGI
structures, and may be used to retrieve the geometrical characteristics of the given detector.

If the detectors have been defined by the routine GSDETV, the geometrical information can be retrieved by the
routines GFPATH and GLVOLU. GFPATH prepares the lists CHNAM and LNUM required by GLVOLU ([GEOM001]),
from the information preprocessed at initialisation time by the routine GGDETV and stored in the structure
JSET
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Sensitive DETector definition

CALL GSDET (CHSET,CHDET,NV,CHNMSV,NBITSV,IDTYP,NWHI,NWDI,ISET*,IDET*)

CHSET (CHARACTER*4) set identifier, user defined;

CHDET (CHARACTER#4) detector identifier, has to be the name of an existing volume;

NV (INTEGER) number of volume descriptors;

CHNMSV (CHARACTER*4) array of NV volume descriptors,

NBITSV (INTEGER) array of NV, NBITSV(I) (I=1,...,NV)isthe number of bitsin which to pack the
copy number of volume CHNMSV (I);

IDTYP (INTEGER) detector type, user defined;

NWHI (INTEGER) initial size of HITS banks;

NWDI (INTEGER) initial size of DIGI banks;

ISET (INTEGER) position of set in bank JSET;

IDET (INTEGER) position of detector in bank JS=LQ (JSET-ISET).

Assigns detector CHDET to the set CHSET and defines its basic parameters.

Note: The vector CHNMSV (length NV) contains the list of volume names which permit unambiguous iden-
tification of all copies of volume CHDET [see example in [HITS110]. Each element of the vector NBITSV
(length NV) is the number of bits used for packing the number of the corresponding volume, when building
the packed identifier of agiven physical detector.

For more details see the example given in [HITS110]. The detector type IDTYP is not used internaly by
GEANT and can be used to distinguish quickly between various kinds of detectors, in the routine GUSTEP for
example.

CALL GSDETV (CHSET,CHDET,IDTYP,NWHI,NWDI,ISET*,IDET*)

The arguments of this routine are the same than the previous one, but NAMES, NBITSV will be computed by
GGDETV called by GGCLOS) (see [HITS001]).

CALL GFDET (CHSET,CHDET,NV*,CHNMSV*,NBITSV*,IDTYP* ,NWHI*,NWDI*,ISET*,IDET*)

Returns the parameters for detector CHDET of set CHSET, the arguments have the same meaning than for
routine GSDET.

CALL GPSETS (CHSET,CHDET)

Prints SET and DETector parameters.

CHSET (CHARACTER#4) set to be printed, if * prints all detectors of al sets;
CHDET (CHARACTER*4) detector to be printed, if * prints al detectors of set CHSET.
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Detector aliases

Detector aliases can be specified for any sensitive detector for which the user either needs to store more
than one type of hit or wants to define additional detector entries.

CALL GSDETA (CHSET,CHDET,CHALT ,NWHI,NWDI,TALI*)

CHSET (CHARACTER*4) Set name;

CHDET (CHARACTER*4) name of the detector for which an alias is being defined;
CHALI (CHARACTER*4) alias name;

NWHI (INTEGER) initial number of words of HITS banks;

NWDI (INTEGER) initial number of words of DIGI banks;

IALI (INTEGER) position of diasin bank JS=LQ (JSET-ISET).

Defines an alias CHALI for detector CHDET of set CHSET and enters it in the JSET structure as an additional
detector in the corresponding set, at the position IALI. The new detector will be acopy at position IALTI of
the original detector CHDET, with empty links to the GSDETH, GSDETD and GSDETU parameter banks. The
user can therefore call these three routines again with the arguments appropriate to the detector CHALI.
Several aliases can be defined for the same detector through calls to GSDETA.
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DETector hit parameters

CALL GSDETH (CHSET,CHDET,NH,CHNAMH,NBITSH,ORIG,FACT)

CHSET (CHARACTER*4) set name;
CHDET (CHARACTER*4) detector name;
NH (INTEGER) number of the components of a hit;

CHNAMH (CHARACTER#4) array of NH names for the hit components;

NBITSH (INTEGER) array of NH, NBITSH(I) (I=1,...NH) isthe number of bits in which to pack the
1" component of the hit;

ORIG (REAL) array of NH offset applied before packing the hits values;
FACT (REAL) array of NH scale factors applied before packing the hits values,

Defines hit parameters for detector CHDET of set CHSET. The routine must be called at initialisation time
once the geometrical volumes have been defined to describe the hit elements and the way to pack them in
the data structure JHITS. The value of the hit before packing is transformed in the following way:

VAL(I) = (HIT(I)+ORIG(I)) x FACT(I)

Example

Assume an electromagnetic calorimeter ECAL divided into 40 PHI sections called EPHI. Each EPHI division
isinturn divided along the z axisin 60 sections called EZRI. Each EZRI isfinally divided into 4 lead glass
blocks called BLOC. The geometrical information to describe one hit will then be:

e the EPHI section number (between 1 and 40);
e the EZRI division number (between 1 and 60);

e the BLOC number (1to 4).
The quantities which should be stored for each hit are:

X 2 position of the hit in the lead glass block (—1000 < x < 1000);
Y y position of the hit in the lead glass block (—1000 < y < 1000);
Z z position of the hit in the lead glass block (—1000 < z < 1000);
E energy of the particle;
ELOS theenergy deposited;

In this scheme a hit could look like:
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Element Vaue

EPHI 12

EZRI 41

BLOC 3

X 7.89 cm

Y -345.6 cm
Z 1234.8 cm
E 12 Gev
ELOS 11.85 Gev

The code to define the SET/DET/HIT information could be:

CHARACTER*4 CHNMSV(3) ,CHNAMH(5)
DIMENSION  NBITSV(3),NBITSH(5)
DIMENSION  ORIG(5),FACT(5)

-
DATA CHNMSV/’EPHI’,’EZRI’,’BLOC’/

DATA NBITSV/ 6, 6, 3/

,—
DATA CHNAMH /°X 7,0y A ’’E >, ’ELOS’/
DATA NBITSH / 16, 16, 16, 16, 16/
DATA ORIG / 1000., 1000., 1000., 0., 0./
DATA FACT / 10., 10., 10., 100., 100./

k———

CALL GSDET (’ECAL’,’BLOC’,3,CHNMSV,NBITSV,2,100,100,ISET,IDET)
CALL GSDETH(’ECAL’,’BLOC’,5,CHNAMH,NBITSH,ORIG,FACT)

CALL GFDETH (CHSET,CHDET,NH#*,CHNAMH* ,NBITSH*,0RIG*,FACT*)

Returns the hit parameters for detector CHDET of set CHSET. All arguments are as explained above.
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DETector Digitisation parameters

CALL GSDETD (CHSET,CHDET,ND,CHNMSD,NBITSD)

CHSET
CHDET
ND
CHNMSD
NBITSD

(CHARACTER*4) set name;

(CHARACTER*4) detector name;

(INTEGER) number of elements per digitisation;
(CHARACTER*4) array of ND names for the digitisation elements;

(INTEGER) array of ND, NBITSD(I) (I=1,...,ND)isthe number of bitsinto which to pack the
1" element of the digit.

Defines digitisation parameters for detector CHDET of set CHSET. The routine must be called at initialisation,
after the geometrical volumes have been defined, to describe the digitisation elements and the way to pack
them in the data structure JDIGI.

Example

Following on from the examplein [HITS110], we want to add the digitisation information to detector EPHI

of set ECAL.

The information which should be stored for each digitisation is the ADC pulse height in the

lead glass block, so that a digitisation in this scheme could look like:

Element Value
EPHI 12
EZRI 41
BLOC 3
ADC 789

The code to define the digitisation information could be:

CHARA

CTER*4 CHNMSD

DATA CHNMSD/’ADC °/
DATA NBITSD/16/

CALL GSDETD(’ECAL’,’BLOC’,1,CHNMSD,NBITSD)

CALL GFDETD (CHSET,CHDET,ND*,CHNMSD*,NBITSD*)

Returns the digitisation parameters for detector CHDET of set CHSET. All arguments as explained in GSDETD.
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User detector parameters

CALL GSDETU (CHSET,CHDET,NUPAR,UPAR)

CHSET (CHARACTER#4) set name;

CHDET (CHARACTER#4) detector name;
NUPAR (INTEGER) number of parameters;
UPAR (REAL) array of NUPAR parameters.

Stores user parameters for detector CHDET of set CHSET. The routine must be called at initialisation after the
geometry has been defined.

CALL GFDETU (CHSET,CHDET,NUPAR,NW*,UPARx*)

The parameters have the same meaning than in the previous routine, apart from:

NUPAR (INTEGER) Size of the UPAR array;
NW (INTEGER) number of parameters returned in UPAR, NW < NUPAR,

Returns the user parameters for detector CHDET of set CHSET.
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The SET data structure JSET

NSET ISET l JSET NSET
Set names
NDET IDET JS NDET

Detector names

3 -2 -1 JD
Basic parameters (GSDET,GSDETV)
JDH
Hit parameters (GSDETH)
JDD
Digitisation parameters (GSDETD)
JDU
User parameters (GSDETU)

Figure 31: Example of geometrical tree structure

JS = LQ(JSET-ISET) pointer to detector set number ISET The JSET data structure is filled by GSDET,
GSDETV, GSDETH, GSDETD, GSDETU and possibly by GSDETA.
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Routinesto storeand retrieve HITS

CALL GSAHIT (ISET,IDET,ITRA,NUMBV,HITS,IHIT*)

ISET (INTEGER) set number (see below);

IDET (INTEGER) detector number;

ITRA (INTEGER) number of the track producing this hit

NUMBV (INTEGER) array of volume numbers corresponding to list NAMESV of GSDET;
HITS (REAL) array of values for current hit elements;

IHIT (INTEGER) current hit number, if O the hit has not been stored.

Stores element values for current hit into the data structure JHITS. The values ISET, IDET and NUMBV can
be found in the corresponding variables of common /GCSETS/. These values are set by the routine GFINDS
every time that a particle isin a defined detector.

CALL GSCHIT (ISET,IDET,ITRA,NUMBV,HITS,NHSUM,IHIT*)

Same action as GSAHIT, but in case the detector identified by ISET, IDET and NUMBV contains aready a hit
for the same track, the routine will make a cummulative sum for the latest NHSUM elements of JHITS. The
other previous elements of JHITS are replaced. That facility is particularly interesting in the case of hits
generated into a calorimeter. No packing (i.e. 32 bits per hit element) should be requested for the last NHSUM
hitsin GSDETH and for these hits ORIG should be set to O.

CALL GPHITS (CHSET,CHDET)

CHSET (CHARACTER*4) set name, if >+’ prints all JHITS banks of all sets;
CHDET (CHARACTER*4) detector name, if >* prints hitsin all detectors of set CHSET.

Prints JHITS banks for detector CHDET of set CHSET.

CALL GFHITS (CHSET,CHDET,NVDIM,NHDIM,NHMAX,ITRS,NUMVS,
ITRA* ,NUMBV* ,HITS* ,NHITS*)

CHSET (CHARACTER#*4) Set name;

CHDET (CHARACTER*4) detector name;

NVDIM (INTEGER) 1%* dimension of arrays NUMBV and NUMVS: 1<NVDIM<NV argument of GSDET;

NHDIM (INTEGER) 1%! dimension of array HITS: 1<NHDIM<NH argument of GSDETH;

NHMAX (INTEGER) maximum number of hits to be returned, this should be not larger than the second
dimension of array NUMBV and HITS;

ITRS (INTEGER) number of the selected track, if ITRS=0, al tracks are taken;

NUMVS (INTEGER) isa 1-dimension array of NVDIM elements that contains the list of volume numbers

which identify the selected detector, O isinterpreted as’all valid numbers’;
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ITRA (INTEGER) isal-dim array of dimension NHMAX that contains on output for each hit the number
of the track which has produced it;

NUMBV (INTEGER) 2-dim array (NVDIM, NHMAX) that containis on output for each hit the list of volume
numbers which identify the detector, all values set to 0 means that no more volumes are stored;

HITS (REAL) 2-dim array (NHDIM, NHMAX) that containis NHITS hits;

NHITS (INTEGER) number of hits returned, in case the total number of hits is greater than NHMAX,

NHITS is set to NHMAX+1 and NHMAX hits are returned.

This rotine returns the hits produced by track ITRS (or by any track) in the detector CHDET identified by the
list NUMVS belonging to set CHSET.

HITS(1,1) is element 1 of hit number I;
NUMBV(1,I) is volume number 1 of hit number I;
ITRA(I) is the track number corresponding to hit number I;

The arrays NUMVS, NUMBV, HITS and ITRA must be dimensioned to:

NUMVS (NVDIM)

NUMBV (NVDIM, NHMAX)
HITS (NHDIM,NHMAX)
ITRA (NHMAX)

CALL GFPATH (ISET,IDET,NUMBV,NLEV*, LNAM* K LNUMx*)

ISET (INTEGER) set number;

IDET (INTEGER) detector number;

NUMBV (INTEGER) array of numbers which identify uniquely detector number IDET;
NLEV (INTEGER) number of elementsfilled of arrays LNAM and LNUV;

LNAM (INTEGER) array of NLEV volume names stored in ASCII code in integers;
LNUM (INTEGER) array of NLEV copy numbers.

This routine returns the list of volume names and numbers which identify the complete ancestry in the
JVOLUM data structure of the volume corresponding to the detector number IDET in set humber ISET and
which isidentified by the volume numbers NUMBV (see GFHITS).

GFPATH assumes that the detectors have been declared via GSDETV and not GSDET. The main use of GFPATH
is to prepare the lists LNAM and LNUM required by the routine GLVOLU to fill the common /GCVOLU/. Once
/GCVOLU/ isproperly filled, it is possible to use the GEANT routines to transform from the local to the master
reference system and so on.
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TheJHITSdata structure

NSET ISET JHITS
\
DN

NDET IDET JH NDET

D

JHD
N\

1st hit 2nd hit, etc.

Figure 32: Layout of the JHITS data structure

JH=LQ(JHITS-ISET) pointer to hits structure for set number ISET

IQ(JH+IDET) number of words used for storing the hits of detector number IDET
JHD=LQ (JH-IDET) pointer to hits bank for detector number IDET of set number ISET
IQ(JHD+1) 15t word of 1°¢ hit

IQ(JHD+NWH+1) 1t word of 2" hit

JS=LQ(JSET-ISET)  pointer to the structure containing the description of set number ISET

JD=LQ(JS-IDET) pointer to the bank containing the description of detector number IDET of set
number ISET

NWH=IQ(JD+3) number of words in which a hit of detector number IDET of set number ISET
is stored

The JHITS structure is filled with the routines GSAHIT and GSCHIT. The routine GFHITS can be used to get
the hits for a detector IDET in set ISET.
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Routinesto store and retrieve DI Gltisations

CALL GSDIGI (ISET,IDET,LTRA,NTRA,NUMBV,KDIGI,IDIG*)

ISET
IDET
LTRA
NUMBV
KDIGI
IDIG

(INTEGER) set number;

(INTEGER) detector number;

(INTEGER) array of NTRA track numbers producing this digitisation;
(INTEGER) volume numbers corresponding to list NAMESV of GSDET;
(INTEGER) array of current digisation elements;

(INTEGER) stored digitisation number, if O, digitisation has not been stored.

Stores element values for current digitisation into the data structure JDIGI.

CALL GPDIGI (CHSET,CHDET)

CHSET
CHDET

Prints JDIGI

(CHARACTER*4) set name, if >*’ prints all JDIGI banks of all sets;
(CHARACTER*4) detector name, if > *’ prints digitisations in all detectors of set; CHSET

banks for detector CHDET of set CHSET.

CALL GFDIGI (CHSET,CHDET,NTDIM,NVDIM,NDDIM,NDMAX,NUMVS,

CHSET
CHDET
NTDIM

NVDIM
NDDIM
NDMAX

NUMVS

LTRA

NTRA

NUMBV

167

LTRA* ,NTRA* , NUMBV* ,KDIGI*,NDIGI*)

(INTEGER) Set name;
(INTEGER) detector name;

(INTEGER) 1°¢ dimension of LTRA, maxmum number of tracks contributing to each hit to be
returned;

(INTEGER) 1% dimension of arrays NUMVS, NUMBV, same as argument NV of GSDET;
(INTEGER) 1%! dimension of KDIGI, same as argument ND of GSDETD;

(INTEGER) maximum number of digitisationsto bereturned, second dimension of arraysNTDIM,
NUMBV and KDIGI;

(INTEGER) is a 1-dim array of length NVDIM that contains the copy numbers identifying the
detector to be selected, al Oisinterpreted as al copies of detector CHDET;

(INTEGER) is a 2-dim array NTDIM, NDMAX that contains for each digitisation the numbers of
the tracks which have produced it;

(INTEGER) isa 1-dim array of length NDMAX that contains, for each digitisation, the number of
tracks contributing, in case this number is greater than NTDIM, only thefirst NTDIM correspond-
ing tracks are returned on LTRA,;

(INTEGER) isa2-dim array NVDIM, NDMAX that contains, for each digitisation, thelist of volume
numbers which identify each detector;
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KDIGI (INTEGER) isa2-Dim array NDDIM, NDMAX that contains the NDIGI digitisations returned;

NDIGI (INTEGER) is the total number of digitisations in this detector, in case the total number of
digitisations is greater than NDMAX, NDIGI is set to NDMAX+1 and only NDMAX digitisations are
returned.

Returns the digitisations for the detector CHDET identified by the list of copy numbers NUMVS belonging to
set CHSET. The maning of the variables is the following:

KDIGI(1,I) digitisation element 1 for digitisation number I

NUMBV(1,I) first volume number for digitisation number I

LTRA (1,I) number of thefirst track contributing to digitisation number I
In the calling routine, the arrays LTRA, NTRA, NUMVS, NUMBV, KDIGI must be dimensioned to:

LTRA (NTDIM,NDMAX)
NTRA (NDMAX)
NUMVS (NVDIM)
NUMBV (NVDIM, NDMAX)
KDIGI (NDDIM,NDMAX)
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The JDIGI data structure
NSET ISET JDIGI
NDET IDET JDIG NDET

JDIG=LQ(JDIGI-ISET)
JDD=LQ (JDIG-IDET)

IQ(JDIG+IDET)
IQ(JDD+1)
IQ(JDD+N+1)
JS=LQ(JSET-ISET)

JD=LQ(JS-IDET)
NWD=IQ(JD+5)

NTRA
N=NWD+NTRA/2+1

JDD

1st digitisation 2nd digitisation,etc.

Figure 33: Layout of the JDIGI data structure

pointer to digitisations structure for set number ISET

pointer to digitisations of detector number IDET of set number
ISET

pointer to last word of last digitisation for detector number IDET
15" word of 1%¢ digitisation

15t word of 2™¢ digitisation

pointer to the structure containing the description of digitisations
of set number ISET

pointer to the structure containing the description of digitisations
of detector number IDET

number of elements of digitisation of set/detector ISET/IDET
number of tracks contributing to digitisation
N varies from digitisation to digitisation

The JDIGI structureisfilled with the routine GSDIGI. Theroutine GFDIGI can be used to get the digitisations
for adetector IDET in set ISET.
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I nter section of a track with a cylinder or a plane

CALL GICYL (R,X1,X2,S1,S2,IC,XINT*,SINT*,PZINT*,IFLAG*)

R (REAL) radius of cylinder in cm;
X1 (REAL) array of 6, (x, v, 2, dz/ds, dy/ds, dz/ds) of 1°¢ point;
X2 (REAL) array of 6, (z, y, 2, dx/ds, dy/ds, dz/ds) of 2" point;
S1 (REAL) track length s at 1% point;
S2 (REAL) track length s at 2"¢ point;
Ic (INTEGER) type of interpolation:
1 straight line defined as (Xi (1) ,Xi(2),Xi(3)) + s (Xi(4),Xi(5),Xi(6)), where i

is1 or 2 according to which of the two pointsisinside the cylinder;
straight line going from (X1 (1) ,X1(2),X1(3))to (X2(1),X2(2),X2(3));
third degree curve with:

P(s)=ds’+bs’+Cs+d x¢:<ﬁ(s¢),‘fi—f ) i=1,2
5=3i

XINT (REAL) array of 6 x, y, z, dx/ds, dy/ds, dz/ds at intersection point;
SINT (REAL) S at intersection point;
PZINT (REAL) ¢, z, d¢/dr, dz/dr in cylindrical coordinates at intersection point;
IFLAG (INTEGER) return flag:

0 track does not intersect cylinder;

1 track intersects cylinder.

Calculates intersection of track with acylinder of radius R. The track is approximated by a cubic in the track
length. To improve stability, the coordinate system is shifted.

CALL GIPLAN (YC,X1,X2,S1,82,IC,XINT*,SINT*,PZINT*,IFLAG*)
The arguments have the same meaning than in the previous routine, apart from:

YC (REAL) y coordinate of plane;

Calculates intersection of track with a plane parallel to x — z. The track is approximated by a cubic in the
track length. To improve stability, the coordinate system is shifted.

Note: the default accuracy is 10 microns. The value of EPST (internal variable) must be changed for a better
precision.
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Digitisation for drift- or MWP- Chambers
CALL GPDRIF (DETREP,HITREP,IOUT*)

DETREP (REAL) array of 6 with detector description:

1 number of wires;
2 wire spacing in cm;
3 sin(«);
4 cos(a);
5 distance of wire 1 from the origin in cm;
6 drift velocity (cm/nsec)
HITREP (REAL) array of 2 with track description:
1 2 coordinate of intersection;
2 y coordinate of intersection;
I0UT (INTEGER) result of digitisation:
1 wire number;

2 drift time (signed to avoid left/right ambiguity).

Digitisation routine for a plane drift chamber. The drift chamber is supposed to bein the z — y plane. The
normal to the wiresin the xz — y plane and the z axis form an angle a.

CALL GCMWPC (DETREP,HITREP,I0QUT*)

DETREP (REAL) array of 6 with detector description:

1 number of wires;
2 wire spacing (radians);
3 df /dz along the wires;
4 f of apoint on wire 1;
5 z of apoint on wire 1 corresponding to §=DETREP (4);
6 gap width;
HITREP (REAL) array of 4 with track description:
1 @ coordinate of intersection;
2 z coordinate;
3 de/dr;
4 dz/dr;
I0UT (INTEGER) array of 4 with result of digitisation:
1 wire number (-1 if missing);
2 cluster size;
3 wire number of second cluster if any;
4 cluster size;

Routine to compute one or two digitisations produced by a hit on a cylindrical MWPC. The chamber is a
cylinder of thickness DETREP (6) which should be small compared with the radius.
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CALL GPMWPC

(DETREP,HITREP, I0UT*)

DETREP (REAL) array of 6 with detector description:

N O W N

number of wires;

wire spacing (radians);

sin(a);

cos(a);

distance of wire 1 from the origin in cm;
gap width;

HITREP (REAL) array of 4 with track description:

1 z coordinate of intersection;
2 y coordinate of intersection;
3 dx/dz;
4 dy/dz;
I0UT (INTEGER) array of 2 with result of digitisation:
1 wire number (-1 if missing);
2 cluster size;

Digitisation routine for a plane MWPC.
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Digitisation for drift chambers

CALL GCDRIF (RADD,ZMIN,ZMAX,DETREP,HITREP,I0UT*)

RADD (REAL) radius of cylindrical chamber in cm;
ZMIN (REAL) z of lower end of cylindrical chamber;
ZMAX (REAL) z of upper end of cylindrical chamber;

DETREP (REAL) array of 8 with detector description:

1 number of wires;
2 wire spacing in ¢ (radians);
3 cosine of wire angle with respect to the z axis;
4 sine of wire angle with respect to the z axis (signed like d¢/dz);
5 d¢/dz dong wire;
6 ¢ of point with z = 0 on wire 1;
7 drift velocity (cm nsec™!);
8 if > 0 user routine GUDTIM will be called to calculate drift time;
HITREP (REAL) array of 4 describing the track:
1 ¢ coordinate of intersection;
2 z coordinate of intersection;
3 de/dr;
4 dz/dr;
I0UT (INTEGER) array of 4 with digitisation information:
1 wire number (1...NWI with increasing phi), -1 if DETREP parameters are inconsistent;
2 drift timein nsec, > 0 if ¢(hit) > ¢(wire);
3 digitised current division information (relative position of charge along wire, per mille);
4 amount of charge deposited onto wire.

Digitisation routine for a cylindrical drift chamber.
Knowing the position Z of the deposit of charge we can calculate

727
Zu— 7,

ICD=1L

where L = 1000 in the program. Thisis the information stored into IOUT(3).

CALL GCDERR (ICD*,ERP,ERS)

ICD (INTEGER) digitised current division information (< ICD < 1000), overwritten on output with
the modified value taking into account the errors;

ERP (REAL) variance of Gaussian pedestal errors on the measured pulse heights relative to the sum
of the pulse heights;
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................................................... > Z (cm)
Z Z YA
1 u
............................................... > ICD (0<ICD<1000)
0 ICD 1000
ICD (1000-ICD)

Figure 34: Coordinate system along the wire

ERS (REAL) variance of Gaussian slope errors on the measured pulse heights relative to the each
pulse heights.

Routine to calculate the error on the current division information as obtained by GCDRIF. Here we assume
that ICD has been determined by measuring the pulse heights L, I, at the two ends of the wire with the
formula:

I .
IcD=L -2 with L.=0+1
Iy

Its error is determined by:

ICD L —1ICD
0ICD= ——01 + ——06I, and 61 =01 +e1 1 | 6o =09+ € o
I, I,
61 and - are of dimension [I] and represent the pedestal errors. ¢ and e, are the slope errors. Errors are
independent (no correlations), with a Gaussian distribution with average 0 and ERP as relative variance for
pedestals ¢; /1 and ERS as variance for slopes ¢;. This gives the final result

b 5 ICD(L — ICD
§ICD = — -1 1CD + —> (L — ICD) + (e — 61)(—)
I, I, L

pedestals slope

GCDERR sets the ICD obtained from GCDRIF to ICD = ICD + §ICD with 0 < ICD < L.

VALUE = GUDTIM (DETREP,HITREP,IW1,DIS)

The arguments have the same meaning than for GCDRIF apart from:

Iwl (INTEGER) wire number which will generate asignal;
DIS (REAL) distance from the track to the wire;

This function has to be written by the user to return the drift time in nanoseconds.

HITS510 -2 174



HITS Bibliography

175 HITS510 -3



Geant 3.16 GEANT User's Guide |OPAOO1

Origin : Submitted: 15.08.84

Revision : Revised: 16.12.93
Documentation : R.Brun

Thel/O routines

The /O routines allow oneto read, write or print the GEANT data structures. All GEANT 1/O ishandled though
the ZEBRA system, which provides the following facilities:

¢ native and machine independent 1/0 to and from disk and tape devices;

e sequential and direct access 1/0 (from disk);

This alows, for example, to generate events on one machine, dump the data structures to a mass storage
device, and then read them back for further processing on a different machine.

This section describes the various routines for 1/O in GEANT. For a complete reference on the ZEBRA /O
system the user isreferred to the ZEBRA documentation [1, §].
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ZEBRA sequential files handling

CALL GOPEN (LUN,CHOPT,LEN, IER*)

LUN (INTEGER) logical unit number, 1<LUN<100;
CHOPT (CHARACTER* (*)) any valid combination of FZFILE options (see [1, 8]), the most common
being:
I input file;
0 output file;
X exchange modefile;

LEN (INTEGER) maximum record length, for more details see routine FZFILE in the ZEBRA manual;
IER (INTEGER) error flag:

0 legal open request;

1 attempt to open more than 5 ZEBRA sequentia files;

Opens a ZEBRA FZ file for sequential 1/0 of GEANT data structures. No more than 5 files can be open at any
one time.

CALL GCLOSE (LUN,IERx*)

LUN (INTEGER) logical unit to be closed, if O all ZEBRA FZ streams will be closed;
IER (INTEGER) error flag:

0 legal close request;

1 no unit was found open;

Thisroutine closes one or all ZEBRA FZ file(s). Thisisamandatory routines for all open ZEBRA files before
the end of the program. Failure to call this routine may cause files to be incompletely written to the storage
media.
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CALL GFlI

LUN
CHOBJ

NKEYS
IDVERS

CHOPT

IER
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Data structure |/O with sequential files

N (LUN,CHOBJ,NKEYS, IDVERS*,CHOPT, IER*)

(INTEGER) logical unit;
(CHARACTER#4) array with the data structures to be read:

MATE
TMED
VOLU
ROTM
SETS
PART
SCAN
DRAW
INIT
KINE
DIGI
HEAD
HITS
RUNG
STAK
STAT
VERT
JXYZ
TRIG

material;

tracking medium;

volumes;

rotation matrix;

detector set;

particle;

scan geometry;

drawing;

all of the above;

this keyword will trigger the read of KINE and VERT unlesstheflag S is set;
digitisation;

event header;

hits;

run;

particle temporary stack;

volume statistic;

vertex;

track points;

this keyword will trigger the read of DIGI, HEAD, HITS, KINE, VERT and JXYZ unless
the s flag is set;

(INTEGER) number of keysin array CHOBJ;

(INTEGER) version of the data structure to be read in, if O it will read any version, on output it
contains the version of the data structure read in;

(CHARACTER* (*)) option:

I
K
T

S
Q

among the data structures specified in CHOBJ read only the initialisation ones;

among the data structures specified in CHOBJ read only KINE and TRIG, if present;
among the data structures specified in CHOBJ read only DIGI, HEAD, HITS, KINE, VERT
and JXYZ, if present;

interpret KINE to mean only the KINE data structure and ignore TRIG and INIT;

quiet option, no message is printed;

(INTEGER) error flag:

<0
0

ZEBRA error flag asreturned in IQUEST(1);
read completed successfully;
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>0 if only IER] structures read in out of the NKEYS requested;

Routine to read GEANT object(s) from a ZEBRA/FZ file. The data structures from disk are read in memory.
The FZ data base must have been been created via GOPEN/GFOUT. Example:

CALL GOPEN(1,°I’,1024,IER)

IDVOLU = 0

IDMATE = 0

IDTMED = 0

IDROTM = 0

IDPART = 0

IDSCAN = 0

IDSETS = 0

CALL GFIN (1,’VOLU’,1,IDVOLU,’ ’,IER)
CALL GFIN (1,’MATE’,1,IDMATE,’ ’,IER)
CALL GFIN (1,’TMED’,1,IDTMED,’ ’,IER)
CALL GFIN (1,’ROTM’,1,IDROTM,’ ’,IER)
CALL GFIN (1,’PART’,1,IDPART,’ ’,IER)
CALL GFIN (1,’SCAN’,1,IDSCAN,’ ’,IER)
CALL GFIN (1,’SETS’,1,IDSETS,’ ’,IER)

CALL GFOUT (LUN,CHOBJ,NKEYS,IDVERS,CHOPT, IER*)

The arguments have the same meaning than for GFIN with the following differences:
IDVERS (INTEGER) version identifier of the data structures to be written out;

Routine to write GEANT object(s) into a ZEBRA/FZ file. The data structures from memory are written on the
file. The FZ data base must have been been created via GOPEN/GFOUT. Example:

CALL GOPEN(1,°0’,1024,IER)

CALL GFOUT (1,’VOLU’,1,IDVOLU,’ ’,IER)
CALL GFOUT (1,’MATE’,1,IDMATE,’ ’,IER)
CALL GFOUT (1,’TMED’,1,IDTMED,’ ’,IER)
CALL GFOUT (1,’ROTM’,1,IDROTM,’ ’,IER)
CALL GFOUT (1,’PART’,1,IDPART,’ ’,IER)
CALL GFOUT (1,’SCAN’,1,IDSCAN,’ ’,IER)
CALL GFOUT (1,’SETS’,1,IDSETS,’ ’,IER)

Note: the routines GGET and GSAVE are obsolete and should not be used.
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ZEBRA direct accessfiles handling

I/0O with direct access files is the most efficient way to use direct access devices. All the routines described
inthissection andin ([I0PA500]) are based on the ZEBRA-RZ package and the user isreferred to the related
documentation [8] for an understanding of the basic principles.

CALL GRFILE (LUN,CHFILE,CHOPT)

LUN (INTEGER) logical unit number;

CHFILE (CHARACTER* (%)) file name;

CHOPT (CHARACTER* (*)) any valid option for RZOPEN, RZMAKE and RZFILE and in particular:
N create anew file;

U open an existing file for update;

Q theinitial allocation (default 2000 records) isin IQUEST (10);

I read all initialisation data structures (see description of GRIN/GROUT) from file to mem-
ory;

0 write all initialisation data structures from memory to file;

This routine opens a file for direct access I/O of ZEBRA data structures. By default the file is opened in
exchange mode and the option W is added, which creates an RZ top level directory with the name //LUNnn
where nn isthelogical unit number.

The default allocation of an RZ directory is enough for 1000 records, which alows for a 4Mb file with the
standard record length of 1024 words. If alarger file is needed, the size of the directory should be changed
when creating the file. This can be done by assigning to the variable IQUEST (10) in the common /QUEST/
the requested number of records, and calling GRFILE with the option Q as shown in the following example:

COMMON / QUEST / IQUEST(100)

IQUEST(10) = 5000
CALL GRFILE(1,’mygeom.geom’,’Q’)

CALL GRMDIR (CHDIR,CHOPT)

CHDIR (CHARACTER* (*)) subdirectory name to create;
CHOPT option string:
> > create asubdirectory;
S create a subdirectory and set the current directory to it;

This routine creates an RZ subdirectory.

CALL GREND (LUN)

LUN (INTEGER) logical unit number (see RZEND in the ZEBRA manual [8]);

Routineto close anRZ file. Itisvery important to call thisroutine for al RZ files open in write mode. Failure
to do may result in the files being incompletely written or corrupted.
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Data structure 1/0O with direct access files

CALL GRIN (CHOBJ,IDVERS*,CHOPT)

CHOBJ (CHARACTER* (4)) name of the data structure to read in, see [I0PA300] for more information
onthis;

IDVERS (INTEGER) version of the data structure to beread in, if O it will read any version, on output it
contains the version of the data structure read in;

CHOPT (CHARACTERx* (%)) option
I perform read only if CHOBJ is an initialisation data structure;
K perform read only if CHOBJ iSKINE or TRIG;
T perform read only if CHOBJ iSDIGI, HEAD, HITS, KINE, VERT or JXYZ;
Q quiet option, no message is printed;

This routine reads GEANT data structures from the current working directory of an RZ file (see the ZEBRA
documentation for a clarification of this concept). Example:

CALL GRFILE(1,’Geometry.dat’,’ ’)
CALL GRIN (’VOLU’,1,’ ?)
CALL GRIN (°MATE’,1,’ ’)
CALL GRIN (’TMED’,1,’ ?)
CALL GRIN (’ROTM’,1,’ ?)
CALL GRIN (’PART’,1,’ ’)
CALL GRIN (’SCAN’,1,’ ?)
CALL GRIN (’SETS’,1,’ ?)

The same result can be achieved by:

CALL GRFILE(1,’Geometry.dat’,’I’)

CALL GROUT (CHOBJ,IDVERS,CHOPT)

The meaning of the arguments is the same than in the previous routine GRIN, but for writing instead than for
reading.

This routine writes GEANT data structures into the current working directory of an RZ file (see the ZEBRA
documentation for a clarification of this concept). Note that if the cross-sections and energy loss tables are
available in the data structure JMATE, then they are saved on the data base. The data structures saved by this
routine can be retrieved with the routine GRIN. Before calling this routine a

tt RZ data base must have been created using GRFILE. The data base must be closed with RZEND. Example:
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CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

GRFILE(1,’Geometry.dat’,’N’)

GROUT
GROUT
GROUT
GROUT
GROUT
GROUT
GROUT

(’VOLU’, 1,
(’MATE’ , 1,
(’TMED’, 1,
(’ROTM’, 1,
(’PART’,1,’
(’SCAN’, 1,
(’SETS’,1,’

The same result can be achieved by:

?)
?)
?)
?)
?)
?)
?)

CALL GRFILE(1,’Geometry.dat’,’N0’)

The interactive version of tt GEANT provides facilities to interactively update, create and display objects.

The routines GRGET and GRSAVE are obsolete and should not be used.
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Section KINE
This section describes the GEANT kinematics structures JVERTX and JKINE and the routines which permit

one to store and retrieve the information. It also contains a short description of the GEANT interface to the
JETSET generator and related routines.
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Storing and retrieving vertex and track parameters

CALL GSVERT (VERT,NTBEAM,NTTARG,UBUF,NUBUF,NVTX*)

VERT (REAL) array of 3 containing the position of the vertex in the MRS;
NTBEAM (INTEGER) beam track number origin of the vertex (0 if none exists);
NTTARG (INTEGER) target track number origin of the vertex (0 if none exists);

UBUF (REAL) user array of NUBUF user words to be stored in the data structure together with the
vertex;

NWBUF (INTEGER) number of user words,

NVTX (INTEGER) number of the vertex stored (0 in case of error).

Thisroutine stores the parameters of avertex to which tracks should be attached via callsto GSKINE. Vertices
are stored in the JVERTX data structure (see [KINE199]) and they are preserved for the whole duration of
the event.

GEANT tracks one vertex at atime: al the particles of one vertex, and al the secondaries generated thereof
must be transported before the particles of the next vertex are considered.

This routine should be called only from GUKINE when the initial kinematics of the event is defined. During
tracking it is possible to add vertices to the JVERTX data structure, but this should be done via the GSKING
routine and the appropriate variables in the /GCKING/ common block. Please see [TRAK300] for more
information.

CALL GSVERU (NVTX,NUBUF,UBUF, IADR*)

NVTX (INTEGER) vertex number;

NUBUF (INTEGER) number of user words,

UBUF (REAL) array of user words,

IADR (INTEGER) position where information is stored in the user bank of the vertex.

This routine stores the first NUBUF words of array BUF in the user bank attached to vertex NVTX, starting at
location TADR+1. On exit IADR is set to IADR+NUBUF, alowing subsequent filling. This allows effectively
to add information to an existing vertex, whether or not it has already an user buffer. Thisis the only way
to add user information to a vertex which has been created at tracking time by the routine GSKING via an
appropriate setting of parameters in the common /GCKING/.

CALL GFVERT (NVTX,VERT*,NTBEAM*,NTTARG*,TOFG* ,UBUF*, NUBUF*)

Retrieves vertex parameters. The parameters have the same meaning than the ones of GSVERT.

TOFG (REAL) time of flight when the vertex was created;
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CALL GPVERT (IVTX)

Prints vertex parameters.

IVTX (INTEGER) vertex number to be printed, all verticesif 1VTX=0;

CALL GSKINE (PLAB,IPART,NV,UBUF,NUBUF,NT*)

PLAB (REAL) array of 3 containing the components of the momentum of the particlein GeV ¢ !;
IPART (INTEGER) particle code (see [CONS300]);

NV (INTEGER) number of the vertex origin of track;

UBUF (REAL) array of NUBUF user words to be stored with the track;

NUBUF (INTEGER) number of user words,

NT (INTEGER) number of the stored track (0 in case of error).

Thisroutine stores the parameters of atrack inthe JKINE data structure (see [KINE199]). Thisdatastructure
survives for the whole event, and it is wiped out by GTRIGI at the beginning of each new event. There are
two reasons to store tracks in the JKINE data structure:

e at the beginning of an event, from within GUKINE, to define theinitial kinematics of the event, i.e. the
particles which GEANT will transport. This must be done through GSKINE after that the vertices from
which the particles originate have been defined through GSVERT;

e during tracking, to preserve the kinematic information of a particular track till the end of the current
event. In this case the user should not call GSKINE directly, but rather set the appropriate flags in the
/GCKING/ common block and call GSKING. Thisisexplained in detail in [TRAK300].

CALL GSKINU (NT,NUBUF,UBUF, IADR*)

NT (INTEGER) track number;

NUBUF (INTEGER) number of user words,

UBUF (REAL) array of user words;

IADR (INTEGER) position where information is stored in the user bank of the track.

This routine stores the first NUBUF words of array BUF in the user bank attached to track NT, starting at
location TADR+1. On exit IADR is set to IADR+NUBUF, alowing subsequent filling. Thisallows effectively to
add information to an existing track, whether or not it has already an user buffer. Thisisthe only way to add
user information to atrack which has been created at tracking time by the routine GSKING via an appropriate
setting of parameters in the common /GCKING/.

CALL GFKINE (ITRA,VERT*,PVERT*,IPART*,NVERT*,UBUF*,NUBUF*)

Retrieves long-life track parameters. The parameters have the same meaning than the ones of GSKINE.

CALL GPKINE (ITRA)

Printsinitial track parameters.

ITRA (INTEGER) track to be printed, all tracks if IVTX=0;
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Thedata structures IVERT X and JKINE

NVERTX IVERT JVERTX
NVERTX
JVv
1 |VX
2 |VY
3 |Vz

4 | Time of flight

5 | NTBEAM

6 | NTTARG

7 no. of tracks

8 List of tracks

Figure 35: Layout of the JVERTX data structure

Jv = LQ(IVERTX-IVERT) pointer to the bank of vertex IVERT.
JVU  =LQ(JV-1) pointer to the user part of the bank.

187 KINE199 -1



The JVERTX banks are filled by the routine GSVERT and GSVERU. Vertex parameters can be retrieved by the
routine GFVERT and printed by the routine GPVERT.
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NTRACK ITRA JKINE

NTRACK

JK

1 | PX

2 | PY

3 | PZ

4 | Energy
5 | IPART

6 | Vertex origin

7 no. of vertices

8 | List of vertices

Figure 36: Layout of the JKINE data structure

JK = LQ(JKINE-ITRA) pointer to the bank of track ITRA.
JKU  =LQ(JK-1) pointer to the user part of the bank.

The JKINE banks are filled by the routine GSKINE and GSKINU. Track parameters can be retrieved by the
routine GFKINE and printed by the routine GPKINE.
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I nterface to the Lund Monte Carlo

GEANT contains asimple interface to the JETSET Monte Carlo generator [1]. Thisinterface is composed by
an initialisation routine and an event generation routine.

CALL GLUNDI

Thisistheinitialisation routine which should be called before the call to GFFGO, as it defines the data record
LUND. Thisroutine performs the following actions:

1. setsECLUND= /s = 92.25 GeV;

2. sets IFLUND= 0;

3. activatesinitial state radiative effects MSTJ(107)= 1;
4

. declares some particles (K9, ¥*, 2%, A°, Q™) to be stable in JETSET so that GEANT can handle their
tracking and decays:

MDCY (LUCOMP (310) ,1)=0
MDCY (LUCOMP (3222) ,1)=0
MDCY (LUCOMP (3112),1)=0
MDCY (LUCOMP (3322) ,1)=0
MDCY (LUCOMP (3312) ,1)=0
MDCY (LUCOMP (3122) ,1)=0
MDCY (LUCOMP (3334) ,1)=0

Variables ECLUND, total energy in the CMS, and IFLUND, quark flavours produced, are used as arguments
for LUEEVT called by GLUND and they can be changed via the LUND data record (see [BASE0401]).

CALL GLUND

Generate ae~ e collision viathe JETSET MonteCarlo and stores the resulting final state particles for trans-
port by GEANT. All particles are attached to a vertex in (0.,0.,0.). The K and P arrays containing the full
JETSET event are copied in the user buffer of the generated vertex, with the K variables converted into REAL
numbers. The content of the user buffer is the following:

UBUF (1) 527.0
UBUF(2) N number of particles
UBUF (3) K(1,1)

UBUF (4) K(1,2)

UBUF (5) K(1,3)

UBUF (6) K(1,4)

UBUF (7) K(1,5) N times
UBUF (8) P(1,1)

UBUF (9) P(1,2)

UBUF (10) P(1,3)

UBUF (11) P(1,4)

UBUF (12) P(1,5)
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CALL GALL GTAU

R.Hemingway

GEANT User's Guide

7+ generation and decay

KINE210

Submitted: 01.11.83
Revised: 15.12.93

Thisroutineisnow dummy and it will only print an error message. The appropriate routines from agenerator
Monte Carlo (for instance the JETSET [1] package) should be used to handle 7 production and decay.
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Introduction to the section PHY S
1 Summary of the physics processes

The computer simulation of particles traversing an experimental setup has to take into account the interac-
tions of those particles with the material of the detector. GEANT is able to simulate the dominant processes
which can occur in the energy range from 10 keV to 10 TeV for electromagnetic interactions. As far as
hadronic interactions are concerned, the range of validity is the one of the hadronic packages used, which
usually does not extend below a few tens of MeV. For more information the user is invited to consult the
relevant documentation [1, 2, 3, 4, 5, 6].

Simulating a given process means.

— Evauating the probability of occurrence of the process, by sampling the total cross-section of the
process.

— Generating the final state after interaction, by sampling the differential cross-section of the process.

— In case of (quasi-)continuous processes, e.g. CSDA (Continuous Slowing Down Approximation),
energy losses or multiple scattering, computing the mean values of some characteristic quantities.

In Table 1 below we summarise all the processes currently implemented in GEANT, with areference to the
corresponding sections.

1.1 Simulated Processes
Hadronic I nteractions
To simulate the interactions of hadrons with the nuclei of the matter traversed, two aternatives are provided:

1. The generator of the FLUKA [2, 3] hadron shower MonteCarlo and the interface routines to GEANT.
See [PHYS520] for more information.

2. The generator of the GHEISHA [1] hadron shower MonteCarlo and the interface routines to GEANT.
See [PHYS510] for more information.

The code both of the GHEISHA and of the FLUKA generators is contained in the GEANT library. Users should
be aware that the routines of these packages do not follow the GEANT naming conventions and therefore they
can clash with the names of user procedures.

Electromagnetic Processes

By means of systematic fits to the existing data, the cross-sections of the electromagnetic processes are
well reproduced (within a few percent) from 10 keV up to 100 GeV, both for light (low Z) and for heavy
materials.

This feature, together with the use of the interface with one of the hadronic shower generators available,
makes GEANT useful also for shower simulation in gases.

Muonic interactions
Muonic interactions are simulated up to 10 TeV, making GEANT useful for cosmic rays studies.
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lonisation by charged particles
The following alternatives are provided to simulate this process.
e Sampling from the appropriate distribution around the mean value of the energy loss ([PHYS332]).

e Explicit generation of J-rays (see [PHYS330/331/430]) and restricted fluctuations below the energy
threshold for the production of 6-rays.

e Sampling the contribution of single collisions from statistical distributions. This can be used as an
alternative to the first one when simulating energy losses in very thin layers (small value of g cnt2)
(see [PHYS334]).

Full Landau fluctuations and generation of ¢-rays cannot be used together in order to avoid double counting
of the fluctuations. Anautomatic protection hasbeen introduced in GEANT to this effect. See [PHYS333/332]
and [BASE040] for further information.

Multiple Scattering
Two methods are provided:

1. Molieredistribution or plural scattering ([PHYS325], [PHYS328]).

2. Gaussian approximation ([PHYS3201).

The IMATE data structure

In order to save time during the transport of the particles, relevant energy-dependent quantities are tabulated
a the beginning of the run, for all materials, as functions of the kinetic energy of the particle. In particular,
theinverse of the total cross-sections of all processes involving photons, electrons and muonsand the dE /dx
and range tables for electrons, muons and protons are calculated. The actua value of, say, the interaction
length for a given process (i.e. the inverse of the macroscopic cross section) is then obtained via a linear
interpolation in the tables. The data structure which contains al thisinformation in memory is supported by
the link JMATE in the /GCLINK/ common block. See [PHYS100] and [CONS199] for a more information
on these tables.

Probability of Interaction

The total cross-section of each process is used at tracking time to evaluate the probability of occurrence of
the process. See [PHYS010] for an explanation of the method used.

Note: The section PHYS is closely related to the section CONS. Users wishing to have a complete overview
of the physics processes included in GEANT should read both sections.

1.2 Control of the physical processes

For most of the individual processes the default option (indicated below) can be changed via data records
[BASE040]. The processes are controlled via a control variable which is in the common /GCKING/. If not
otherwise noted, the meaning of the control variable is the following:

= 0 Theprocessiscompletely ignored.

= 1 The process is considered and possible secondary particles generating from the interaction are put
into the /GCKING/ common. If the interacting particle disappears in the interaction, then it is stopped
with ISTOP=1 (common /GCTRAK/)

= 2 The process is considered. If secondary particles result from the interaction, they are not generated
and their energy is simply added in the variable DESTEP (common /GCTRAK/. If the interacting
particle disappears in the interaction, the variable ISTOP is set to 2.
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Below are listed the data record keywords, the flag names and values, and the resulting action:

Keyword
DCAY

MULS

PFIS

MUNU

LOSS

PHOT

COMP

PAIR

195

Related process
Decay in flight. The decaying particles stops. The variable IDCAY controls this process.

IDCAY =0 Nodecay inflight.
=1 (D) Decay in flight with generation of secondaries.
=2 Decay in flight without generation of secondaries.

Multiple scattering. The variable IMULS controls this process.

IMULS =0 No multiple scattering.
=1 (D) Multiple scattering according to Moliére theory.
=2 Sameas 1. Kept for backward compatibility.
=3 Pure Gaussian scattering according to the Rossi formula
Nuclear fission induced by a photon. The photon stops. The variable IPFIS controls this
process.
IPFIS =0 (D) No photo-fission.
=1 Photo-fission with generation of secondaries.
=2 Photo-fission without generation of secondaries.

Muon-nucleus interactions. The muon isnot stopped. The variable IMUNU controls this process.

IMUNU =0 No muon-nucleus interactions.
=1 (D) Muon-nucleus interactions with generation of secondaries.
=2 Muon-nucleus interactions without generation of secondaries.

Continuous energy loss. The variable IL0OSS controls this process.

IL0SS =0 No continuous energy loss,IDRAY isforced to 0.

=1 Continuous energy losswith generation of ¢-rays above DCUTE (common /GCUTS/)
and restricted Landau fluctuations below DCUTE.

=2 (D) Continuous energy losswithout generation of é-raysand full Landau-Vavilov-
Gauss fluctuations. In this case the variable IDRAY isforced to 0 to avoid double
counting of fluctuations.

=3 Sameas1, kept for backward compatibility.

=4 Energy loss without fluctuation. The value obtained from the tables is used di-
rectly.

Photoelectric effect. The interacting photon is stopped. The variable IPHOT controls this pro-
cess.

IPHOT =0 No photo-€electric effect.

=1 (D) Photo-€lectric effect with generation of the electron.

=2 Photo-€lectric effect without generation of the electron.
Compton scattering. The variable ICOMP controls this process.
ICOMP =0 No Compton scattering.

=1 (D) Compton scattering with generation of ¢ .

=2 Compton scattering without generation of e~ .
Pair production. Theinteracting - is stopped. The variable IPAIR controls this process.
IPAIR =0 No pair production.

=1 (D) Pair production with generation of ¢~ /e™.

=2 Pair production without generation of e~ /e*.
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BREM

RAYL

DRAY

ANNI

HADR

LABS

STRA

SYNC

bremsstrahlung. The interacting particle (-, e™, ™, u™) is not stopped. The variable IBREM
controls this process.
IBREM =0 No bremsstrahlung.
=1 (D) bremsstrahlung with generation of .
=2 bremsstrahlung without generation of ~.
Rayleigh effect. The interacting -y is not stopped. The variable IRAYL controls this process.
IRAYL =0 (D) No Rayleigh effect.
=1 Rayleigh effect.
d-ray production. The variable IDRAY controls this process.
IDRAY =0 No d-rays production.
=1 (D) é-rays production with generation of .
=2 ¢-rays production without generation of ¢~
Positron annihilation. The e™is stopped. The variable TANNI controls this process.
IANNI =0 No positron annihilation.
=1 (D) Positron annihilation with generation of photons.
=2 Positron annihilation without generation of photons.
Hadronic interactions. The particle is stopped in case of inelastic interaction, while it is not
stopped in case of elastic interaction. The variable THADR controls this process.
IHADR =0 No hadronic interactions.
=1 (D) Hadronic interactions with generation of secondaries.
=2 Hadronic interactions without generation of secondaries.
>2 Can be used in the user code GUPHAD and GUHADR to chose a hadronic package.
These values have no effect on the hadronic packages themselves.

Light ABSorption. This process is the absorption of light photons (particle type 7) in dielectric
materials. It isturned on by default when the generation of Cerenkov light is requested (data
record CKOV). For more information see [PHYS260].
ILABS =0 No absorption of photons.

=1 Absorption of photons with possible detection.
This flag turns on the collision sampling method to simulate energy loss in thin materials,
particularly gases. For more information see [PHYS334].
ISTRA =0 (D) Callision sampling switched off.

=1 Coallision sampling activated.
Synchrotron radiation in magnetic field.
ISYNC =0 (D) The synchrotron radiation is not simulated.

=1 Synchrotron photons are generated, at the end of the tracking step.

=2 Photons are not generated, the energy is deposit locally.

=3 Synchrotron photons are generated, distributed along the curved path of the par-
ticle.
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Computation of total cross-
section or energy losses

Generation of the final state par-
ticles

Processes involving the photon
(e™,e™ ) pair conversion
Compton collision

Photoel ectric effect

Photo fission of heavy elements
Rayleigh effect

Processes involving e~ /e ™
Multiple scattering

lonisation and §-rays production
Bremsstrahlung

Annihilation of positron
Generation of Cerenkov light
Synchrotron radiation

Processes involvingu ™ /u™
Decay in flight

Multiple scattering

lonisation and §-rays production
lonisation by heavy ions
Bremsstrahlung

Direct (e™, e™) pair production
Nuclear interaction

Generation of Cerenkov light

Processes involving hadrons
Decay in flight

Multiple scattering

lonisation and 6-rays production
Hadronic interactions
Generation of Cerenkov light

PHY S 210
PHY S 220
PHY S 230
PHY S 240
PHY S 250

PHY S 330
PHY S 340
PHY S 350
PHY S 260
PHY S 360

CONS 310

PHY S 430
PHYS431
PHY S 440
PHY S 450
PHY S 460
PHY S 260

CONS 310

PHY S 430

PHY S500 or 510
PHY S 260

PHYS 211
PHYS 221
PHY S 231
PHY S 240
PHYS 251

PHY S 320 or 325 or 328
PHY S 331 or 332

PHYS 341

PHY S 351

PHY S 260

PHY S 400
PHY S 320 or 325
PHY S 331 or 332

PHY S 441
PHY S 451
PHY S 460
PHY S 260

PHY S 400
PHY S 320 or 325
PHY S 331 or 332
PHY S 500 or 510
PHY S 260

Table 1.1:
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Compute the occurrence of a process

1 Principle

Thes

mulation of the processes which accompany the propagation of a particle through the material of the

detector (e.g. bremsstrahlung, §-rays production, Compton scattering and so on) is performed by GEANT in

the fol

1

198

lowing steps.

Fetch a new particle to be tracked (often called track or history) from the stack supported by the
link JSTAK (see [TRAK399]). Thisis done once at the beginning of each new track. The number
of interaction lengths that the particle is going to travel, before undergoing each one of the possible
discrete processes, is sampled at this point. These operations are done in the routine GLTRAC.

Evaluate the distance to the interaction point. Thisisdone by theindividual tracking routines (GTGAMA,
GTNEUT, GTHADR, GTNINO, GTMUON, GTHION and GTCKOV) which control the tracking of particular

particles. The number of interaction lengths remaining to travel before each of the possible processes
(often called tracking mechanisms or simply mechanisms) is multiplied by the inverse of the macro-
scopic cross-section for that process in the current material (i.e. the interaction length). This givesthe
distances that the particle hasto travel before each of the processes occurs in the current medium. The
minimum among these numbers is the step over which the particle will be transported. In addition
to the physics mechanisms, four pseudo-interactions are taken into account in the calculation of the

step:

() boundary crossing. The crossing of a volume boundary is treated like a discrete process. A
particle never crosses a boundary during a step but rather stops there (NEXT mechanism);

(b) maximum step limit. For each tracking medium a value for the maximum step can be specified
by the user. Process SMAX;

(¢) maximum fraction of continuum energy loss, maximum angular deviation in magnetic field or
maximum step for which the Moliere formula, to simulate multiple scattering isvalid. These are
continuous processes, which introduce a limitation on the tracking step expressed by a single
variable (see section [PHYS325] on GMULOF).

(d) energy and time cut. Charged particles in matter are stopped when their energy falls below their
energy threshold or when their time of flight exceeds the time cut;

More information is given in the individual sections explaining the implementation of the physical
processes.

Transport the particle either along a straight line (if no magnetic field or for aneutral particle) or along
ahelicoidal path (for charged particles in magnetic field).

Update the energy of the particle if continuous energy loss was in effect (charged particles in matter).
If aphysical discrete process has been selected, generate the final state of the interaction.

If the incident particle survives the interaction (Compton, J-rays production, bremsstrahlung, direct
pair production by p and p-nucleus interaction, hadronic elastic scattering), sample again the number
of interaction lengths to travel before the next event of the same kind. This is generally done by
specialised routines. GMUNU, GCOMP, GBREM, €tc.
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7. Update the number of interaction lengths for al the processes and go back to (2) till the particle
either leaves the detector or falls below its energy threshold or beyond its time cut or disappearsin an
interaction.

2 Distance evaluation

2.1 Theinteraction length

Let o(E, Z, A) be the total microscopic cross section for a given interaction. The mean free path, A, for a
particle to interact is given by:

A= D

where X is the macroscopic cross-section in e~ !. This quantity is given for an element by:

NAUpr7 Z, A) (2)

and for acompound or a mixture by:

Y =

NAUPZ'n’i (E Z’MA
5= i — N, o(E, Z;, A; 3
S i pz ) ®)

N4, Avogadro’'s number (6.02486 x 10%3)
Z atomic number
A atomic weight

p density

o total cross-section for the reaction

n; proportion by number of the ##* element in the material

Di =n;A;/ 3-;njAj, proportion by weight of the " element in the material

For electromagnetic processes which depend linearly on the atomic number Z we can write;

E(E) - NAUPZ_UEZ NAUPZ&ZfE
= Nawpf(E ) A L Zi = Naopf (B)Zeyy
p
Zegg = 24 %

the value above of Z ;¢ is calculated by GPROBI. This mean free path is tabulated at initialisation time as a
function of the kinetic energy of the particle, or, for hadronic interactions, it is calculated at tracking time.
Cross sections are tabulated in the energy range defined as: ELOW(1) < E < ELOW(NEK1) in NEK1
bins. These values can be redefined by the data record RANGE. Default values are ELOW(1) = 10keV,
ELOW(NEK1) = 107TeV and NEKBIN = NEK1 — 1 = 90. NEKBIN cannot be bigger than 199. The array ELOW
isin the common /GCMULO/.

Numerically, if we measure the microscopic cross section in b where 16 = 10-24¢m =2, we can express the
Macroscopic Cross section as.

6.02486 x 10%3plg em 3]0 (E, Z, A)[b] x 10724

Y[em™ = " (4

o(E,Z, A)[b] ©®)

plg em™?]

A
which is the formula mostly used in GEANT.

= 0.602486
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2.2 Determination of theinteraction point

The mean free path of a particle for a given process, A, depends on the medium and cannot be used directly
to sample the probability of an interaction in a heterogeneous detector. The number of mean free paths
which aparticle travelsis:

dx
Ny= | —
S APYEY
and it isindependent of the material traversed. If Ny isarandom variable denoting the number of mean free
paths from a given point until the point of interaction, it can be shown that N; has the distribution function

P(Np < Ny)=1—e™

The total number of mean free paths the particle travels before the interaction point, N, is sampled at the
beginning of the trgjectory as.

Ny = —log (n)

where 7 is a random number uniformly distributed in the range (0,1). N, is updated after each step Az
according the formula:

Ax
M=M= 3w

until the step originating from s(z) = N)A(z) isthe shortest and this triggers the specific process.
3 Common /GCPHYS/
The variables described above are stored in the common /GCPHYS/, one process per line:

COMMON/GCPHYS/IPAIR,SPAIR,SLPAIR,ZINTPA,STEPPA
,ICOMP, SCOMP, SLCOMP, ZINTCO, STEPCO
, IPHOT, SPHOT, SLPHOT, ZINTPH, STEPPH
,IPFIS,SPFIS,SLPFIS, ZINTPF, STEPPF
,IDRAY,SDRAY,SLDRAY, ZINTDR, STEPDR
,IANNI,SANNI,SLANNI,ZINTAN,STEPAN
,IBREM, SBREM, SLBREM, ZINTBR, STEPBR
, THADR, SHADR, SLHADR, ZINTHA , STEPHA
, IMUNU, SMUNU, SLMUNU , ZINTMU , STEPMU
,IDCAY,SDCAY,SLIFE ,SUMLIF,DPHYS1
,IL0SS,SLOSS, SOLOSS, STLOSS , DPHYS2
,IMULS, SMULS, SOMULS, STMULS , DPHYS3
,IRAYL,SRAYL,SLRAYL,ZINTRA,STEPRA

COMMON/GCPHLT/ILABS, SLABS, SLLABS,ZINTLA, STEPLA
,ISYNC

+ ,ISTRA

+ + + + + + + + + + + o+

+

Thefirst 9 processes (from PAIR production up to MUon NUclear interaction) and the RAYLeigh scattering and
Light ABSorbtion have the same scheme. Let’s take as an example the first one (for a complete description
of the common see [BASE030]):

IPAIR flag for secondaries:
0=  theprocessisturned off;
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1= generation of secondaries enabled;
2= no generation of secondaries.

SPAIR N)A(x) = remaining track-length before interaction, evaluated at the last point where the mech-
anism was active, i.e. IPAIR+# 0.

SLPAIR track length at the time when the interaction last happened for the current particle. Only SLPAIR
(direct pair production by 1), SLDRAY (4-ray production), SLBREM (bremsstrahlung for 1), SLHADR
(hadronic interactions), SLMUNU (muon-nucleus interactions) and SLRAYL (Rayleigh effect) are
used. The variables SOL0SS, STLOSS, SOMULS, STMULS are obsolete. They have been kept for
backward compatibility, but their value is undefined and should not be used.

ZINTPA N, = remaining number of interaction lengths (mean free paths) evaluated at the last point where
the mechanism was active, i.e. IPAIR+ 0.

STEPPA A(z) = vaue of the interaction length at the last point where the mechanism was active, i.e.
IPAIR# 0;

The evaluation and update of the quantities like STEPPA, SPAIR and ZINTPA are turned off in the media
where the mechanism is not active (IPAIR # 0). Turning off amechanism in one tracking medium may give
incorrect physics results because not only will the mechanism not be active, but the interaction probabilities
will not be updated, as if that medium had not been traversed at al. This feature of the tracking routines is
used mainly in the vacuum, (defined as a medium with atomic number Z < 1), where all the mechanisms
but DECAy (and SYNChrotron radiation, if activated) are inactive.

The DECAYy in flight is simpler since the mean life time of the particle, 7, is not material dependent and can
be sampled directly.

SLIFE not used.
SUMLIF proper time left before the decay. At the beginning of the track SUMLIF = —c7log (7).

SDCAY distance left to decay point evaluated at the last point where the mechanism wasactive, i.e. IDECA #
0.

4 Cross-section, energy lossand range tables

Cross-sections, energy loss dE/dz and range R(Ej;,,) are tabulated for all materials which enter in the
definition of a tracking medium by the routine GPHYSI. The values of the energy for which the tabulated
quantities are calculated are stored in the common /GCMULO/ (see [BASE030]). To evaluate one of the
tabulated quantities for a particle of kinetic energy Ey, alinear interpolation is used. Let ¢ be such that:

E; < Ey < By

Theinteger variable IEKBIN in common /GCTRACK/ isequal to i during tracking and its value is recomputed
by the routine GEKBIN when the energy of the particle changes. If the quantity Y has been tabulated so that
Y; = Y(E;) thenthevalue Y, = Y (Ey) iscaculated as:

Ey— E;

Ey - E; Ey — E;

Yo=Y+ ———Yin1 - Y) =Y |l - ——— Yii1——m— 6
o= Eiy1 — B Fipr — i) =V, ( Ei1 — Ez) Tl Eip1 — B ©
Inside the code the following quantities are used:
GEKRAT — 0 — L GEKRT1 = (1 Bo — &i >
Ei+1 - E; Ei+1 —F;

where GEKRAT isin common /GCTRAK/ and GEKRT1 isalocal variable recomputed when needed.
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5 Theenergy losstables

Energy loss and multiple scattering are continuous processes that are applied at every step for charged
particles in matter (Z > 1).

Asexplainedin [PHYS330] and [PHYS430], energy losstables are calculated at initialisation time (GPHYSI)
for al the materials which enter in the definition of a tracking medium (see [CONS200]). These tables
contain NEK1 values of dE /dx calculated for the corresponding values of energy in ELOW.

In case of mixtures/compounds, the rule [7] isto combine the energy losstablesin GeV g! cm? according
to the proportion by weight of the elements, that is:

w2 (@),

6 Limitationson the step size

The routine GMULOF called by GPHYSI creates and fills a table of NEK1 values corresponding to the ELOW
values containing the smaller of the upper limits for the step imposed by the three continuous processes:
energy loss, multiple scattering and bending of the track induced by the magnetic field.

Continuous energy loss can introduce an upper limit on the step via the variable DEEMAX, an argument to
the GSTMED routine. During tracking the value of DEEMAX for the current medium is stored in the common
/GCMATE/. DEEMAX is the maximum fraction of kinetic energy which a particle can lose in a step due to
continuous ionisation (0 < DEEMAX < 1). The limitation on the step size coming from DEEMAX is:

DEEMAX

dE/dx

Multiple scattering as well can limit the step size, see [PHYS325]. The limitation is given as.

step <

step < min (TBethea 10 X())

where X is the radiation length and 1., is the maximum step for which the Moliére approximation is
valid (see [PHYS325]).

Another upper limit on the step size comes from the magnetic field. The bending of the particle trajectory
in the magnetic field may be limited by the TMAXFD argument to the GSTMED routine. During tracking the
value of TMAXFD for the current medium is stored in the common /GCMATE/.

A lower limitation on the tracking step is not generally imposed. Thereis, however, a protection against the
step being reduced to a very small value by continuous processes. In particular multiple scattering at low
energies (< 1 MeV) can impose avery small tracking step with serious consequences on the tracking time.
To avoid this, alower limit on the step imposed by continuous processes isintroduced: STMIN. The meaning
of STMIN isthe following: below 1 MeV the stopping range is usualy small. If the stopping range becomes
smaller than STMIN, the constraint imposed by the multiple scattering isignored and the minimum is taken
between the reduced stopping range (the distance the particle has to travel to reach its threshold energy) and
STMIN itself. In this sense STMIN isno more than atracking accelerator for stopping particles.

Anather limitation on the step size which isimposed by the tracking routines during transport is the STEMAX
parameter of GSTMED which sets an absolute upper limit to the size of a step for each tracking medium.

7 Automatic calculation of parameters

The definition of a tracking medium requires the specification by the user of a set of parameters (see
[coNs200]) which can critically affect the tracking and hence the physics results of the GEANT Monte-
Carlo. To help the user to find the optimal set of parameters, by default GEANT overrides the values of
STMIN, DEEMAX, STEMAX and TMAXFD. This behaviour is controlled by the AUTO data record and interac-
tive command. By default AUTO=1 and automatic evaluation of the parameters is enforced (see below for
the partly anomalous behaviour of TMAXFD). When AUTO= 0 then only those parameters which are < 0 are
recalculated by GEANT, while for the others the user input is accepted with minimal checking.

When the automatic calculation of parameters is active, the following applies:
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DEEMAX Theformula used by GEANT is the following:

0.25 if ISVOL=0 and X< 2cm
0.2 .
0.25 — — if ISVOL=0 and Xy >2cm
DEEMAX = 09 VX0
— if ISVOL#0
v Xo

ISVOL > 0 defines a sensitive detector, while ISVOL < 0 isanon-sensitive detector (see [HITS]).
STMIN  The default value corresponds to a stopping range of 200 keV above CUTELE.

TMAXFD The default value corresponds to 2(° if the input value to GSTMED is < 0 or > 20°, otherwise the
input value is taken.

STEMAX The default valueis 10'° (BIG variable in common /GCONST/).

These values have been tuned empirically on avariety of setups and users are invited to start with automatic
computation. The values of the parameters can be checked with acall to GPRINT (’ TMED’ ,0) after GPHYSI
has been called. Use of AUTO mode is strongly recommended because it makes GEANT a predictive tool. In
thisway all parameters are automatically computed by the system as opposed to tuning data and MonteCarlo
via the tracking parameters.

8 Energy loss

8.1 Energy losstables

In previous versions of GEANT (up to version 3.13) the energy lost by a charged particle travelling through
matter was calculated by the formula:

dE
AFE = — X step
dx

The quantity dE /dx was calculated and tabulated for ¢, u* and protons and the value for a particle of a
given energy Ey was calculated interpolating linearly the tables:

dE _ dE Ey— E; dE dE ™
dz |p=g, dr|p—p, FEix1—Ei \ dvl|p=g,,, dz|pg=p
dE dE
— GEKRT1 x = + GEKRAT x —— (E; < By < Ei41)
T |E=E; L |E=FE; 41

These formula work of course on the assumption that the error is negligible. But the error on the linear
approximation is O (02 E/dx OE) which isfar from negligible at low energy. In this way the energy loss at
low energies was constantly underestimated and the particles could travel too far before stopping.

8.2 Stopping rangetables

To correct for this problem, adifferent approach wasintroduced in GEANT version 3.14. The stopping range
of aparticle is defined as the distance that the particle will travel before stopping. By definition the stopping
range for a particle of energy Ej is given by:

0 dx Eo  dg
R=[ Zap= [ -Zuk
B, dE /0 dFE

Note that in the tables the positive quantity —dE/dz is stored. The method used was to build a table of
stopping ranges based on ELOW by integrating the inverse of the dE'/dz tables in GRANGI. At tracking time
the algorithm was the following:
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1. Evauate the stopping range for the threshold energy (STOPC). This was done only once at the begin-
ning of each new track.

2. From the energy of the particle derive the stopping range by alinear interpolation of the range table:
Ry = GEKRT1 X R; + GEKRAT X R;11

where B, < Ey < Ei-‘,—l-

3. Evaluate the stopping range for the particle after the step: K, = Ry — step. If thisisless than the
stopping range of a particle with threshold energy, the particle is terminated as a stopping particle
below the energy cut. Otherwise the following quantities are eval uated:

R)—R;

0 GEK1 = 1 — GEK
Rjy1 - R,

Rj < RIO < Rj+1 GEK =

and the final energy is computed as:
E{ = GEK1 x ELOW(j) + GEK x ELOW(j+1)
4. the energy loss is computed as.
AFE = Ey — E},
Thisvalue isthen corrected to take into account the energy loss fluctuations (see [PHYS332]).
This method has two main disadvantages. Thefirst is due to the finite precision of computers. Asthe energy
lossin astep is calculated as the difference of two numbers, it is subject to large relative errors. The effect
can be particularly serious in the case of light materials, particles near the minimum ionisation point or with

very short steps, where AFE = DESTEP can even result in a negative quantity. Asthe relative precision of a
32-bit computer is around 10~%, the error on the energy loss of a 100 GeV track can be aslarge as 100 keV.

The second problem connected with this method can be easily shown if we compute dE /dzx: as.

dE d d
d 0 — R; d AFE;
- “|By-E, ——9% "9 (g...—E)| = —— =21 (R — R.
dr < 0 J Rj+1 — Rj ( 7+1 j)) dr ARJ' (RO RJ)

_AEJ' dRIO o AE] step o AE]
AR]' dx N ARJ dx N ARJ

Aswe can see, the reconstructed dE /dx curve due to continuous energy loss is a step function and constant
in each energy bin. Thus, although the results obtained with GEANT 3.14 were very satisfactory, this was
felt to be an undesirable feature.

8.3 Energy lossin GEANT

The two problems mentioned above have been solved in GEANT 3.15. Asfar asthe precision is concerned,
the solution was to revert to the algorithm of GEANT 3. 13 every time the relative energy loss in the step
(DESTEP/GEKIN) is smaller than five times the machine precision. This has given good results without
loosing the substantial improvements obtained in GEANT 3. 14 with the introduction of the stopping range
algorithm. As a matter of fact, the above condition happens only the in the case of very small steps or
when the dE'/dx curve is very flat, and in both cases the algorithm based on the dE/dz tables is a good
approximation.
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The second problem has been solved by changing the interpolation algorithm, going from a linear to a
quadratic interpolation. Instead of assuming a linear relation between energy and stopping range in every
energy bin, we assume a quadratic relation of the sort:

E = f(R) = aR* +bR+c¢

The only problem now is the determination of the coefficients a, b and c. To do thiswerecall that the general
formula of the parabola which passes through the points (21, y1), (22, y2), (z3, y3) isthe following:

y = (x — x9)(x — x3) X (x —x1)(x — x3) (x —x1)(x — z9)
(x1 — @2) (21 — 23) (w2 — 21) (22 — 23) (x5 — 21) (23 — 22)
2 ( Y1 Y2 Y3 ) _

(w1 —m2)(w1 —w3) (22— a1)(w2 —w3) (w3 — 21)(w3 — 22)

( y1(z2 + x3) y2(z1 + 23) y3(z1 + x2) )
(w1 —m2)(w1 —w3) (w2 —a1)(w2 —w3) (w3 — 21)(w3 — 22)

( Y1223 Y2T173 Y3122 )
(w1 —m2)(w1 —w3) (w2 —a1)(w2 —w3) (w3 — 21)(w3 — 22)

This allows us to calculate and tabulate the coefficients a, b and ¢ just by replacing y by ELOW(I) and z;
by the corresponding stopping range ELOW (z) . In the routine GRANGI atable of length 3 x (NEKBIN — 1) is
created:

Q(JINTRP+3%(I-1)+1) a(Rr,Rr41,Rr42, B, E1r1, Erpe) = Ap

b(R1,R141,Ri42,E1,E141,Er4o
a(RI
(

)

+2) = 0.5 ) = BI

yRi41,Rry2,E1,E141,E142)

¢(Rg,Rys1,Rrro, B, Erie, E

+3) - I I+1 142 I I+1 I+2) - CI
a(R1,R141,R142,E1,E1q1,Ery2)

where £ = ELOW(I) and Ry = R(ELOW(I)). The calculation of the energy loss is now done in the
following steps:

1. Evaluate the stopping range for the threshold energy (STOPC), only once at the beginning of each new
particle tracking.

2. From the energy of the particle derive the stopping range by a quadratic interpolation of the range
table:

AI 2 EO
Ry 1+ A \/ I (CI AI)

Thevalue of | ischosen according to the following. Let ¢ be such that ELOW (i) < Fy < ELOWG + 1):

. Eo — ELOW(]
max(i — 1,1) if 0 ZELOVE 7
ELOWG + 1) — ELOW()
I= Eo — ELOW()

min (i, NEKBIN — 1) if

ELOW(i + 1) — ELOW(@) ~—
The value of 0.7 is an empirical number which minimises the discontinuities of the reconstructed
dE /dz curve.

3. Evaluate the stopping range for the particle after the step: R, = Ry — step. If thisisless than the
stopping range of a particle of threshold energy, the particle is terminated as a stopping particle below
the energy cut. Otherwise, the final energy is computed as:

Ey = A1 (Cr + R (2B1 + Rp))
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4. the energy lossis computed as.
AFE = Ey — E|,
Thisvalue is then corrected to take into account the energy loss fluctuations (see [PHYS332]).

This method resultsin adFE /dx curve which is a set of connected straight lines and not a step function.

206 PHYS010-9



Geant 3.16 GEANT User’s Guide PHY S100

Origin : R.Brun Submitted: 30.05.86
Revision ;. ECaminati Revised: 15.12.93
Documentation :

Steering routine for physicsinitialisation

CALL GPHYS

Theroutine GPHYST iscalled at initialisation time by the user usually from the UGINIT routine (see example
in [BASE100]). The purpose of GPHYST is twofold:

e print the parameters of the current run
e compute the cross-section and energy loss tables and fill the JMATE data structure [CONS199].

1 Print therun definitions

GPHYSI prints the GEANT version number and the ZEBRA [8] version number stored in the JRUNG data
structure [BASE299]

GPHYSI also prints the tracking and physics parameters for the current run, which are stored in the JTMED
data structure. See the description of the JTMED data structure in [CONS210] and [CONS299].

A summary table like below will be output by GPHYST

sk sk o o ok ok ok sk sk ok o o ok ok sk sk ok o ok ok ok sk sk sk sk ok o ok ok ok ok sk sk sk ok s ok ok sk ok sk sk sk sk o o ok ok sk ok sk ok ok k
GEANT Version 3.1600 DATE/TIME 930727/1135

RUN 1

L I
O I

>k 5k >k 5k >k 3k >k 3k 3k 3k 3k 3k 3k >k 3k >k 5k %k 5k >k 5k >k 3k >k 5k 5k 5k 3k >k 5k 5k >k 5k >k 3k 5k >k 5k >k >k >k 3k >k >k 5k >k 3k >k 3k 5k >k >k >k >k 5k %k 5k %k >k k

* *
* Data structure Date Time GVERSN ZVERSN *
* e -—— —_——— e *
* *
* INIT 930727 1135 3.1600 3.71 *
* *
* KINE 930727 1135 3.1600 3.71 *
* *
* HITS 930727 1135 3.1600 3.71 *
* *
* DIGI 930727 1135 3.1600 3.71 *
* *
* Random number seeds: 9876 54321 *
¥ e *
* *
Moo *
* *
* Standard TPAR for this run are *
* e *
* *
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X X X K K K X X X X K K K K X X K K K X X X X * ¥

CUTGAM=100.
CUTHAD=100.
=100.
=100.

BCUTE
DCUTE
IPAIR =
IPFIS =
IBREM =
IDCAY =
IRAYL =
ISTRA =

Special

CUTGAM=100.
CUTHAD=100.
=100.
10.

BCUTE
DCUTE =
IPAIR =
IPFIS =
IBREM =
IDCAY =
IRAYL =
ISTRA =

00 keV
00 keV
00 keV
00 keV

O O - -

CUTELE=100.
CUTMUO= 1.
=100.
=100.

BCUTM
DCUTM
ICOMP =
IDRAY =
THADR =
ILOSS =
ILABS =

TPAR for TMED 5

CUTELE=100.
CUTMUO= 1.
=100.
=100.

BCUTM
DCUTM
ICOMP =
IDRAY =
THADR =
ILOSS =
ILABS =

00 keV
00 MeV
00 keV
00 keV

O Kk =

GAS

00 keV
00 MeV
00 keV
00 keV

O = = =

CUTNEU=100.00 keV *

PPCUTM=
IPHOT
TANNI
IMUNU
IMULS
ISYNC

10.00 MeV
1.

1
1.
1.
0

CUTNEU=100.00 keV

PPCUTM=
IPHOT =
TANNI
IMUNU
IMULS
ISYNC

10.00 MeV
1.

1
1.
1.
0

X X X X K K X X X X K K K X X X X K X X X X X *

>k 3k 3k 3k >k >k 3k 5k >k >k 3k 5k 3k >k 5k 3k 5k >k >k %k >k >k >k >k 3k 3k >k >k >k 5k 5k >k >k >k 3k >k >k >k >k >k %k 5k 5k >k >k >k %k 5k 5k >k %k %k >k >k >k %k %k %k >k %k

The meaning of the printed values is described in the documentation of the commons /GCCUTS/ and
/GCPHYS/ in [BASE030]. Different values of the parameters can be assighed by the user to each track-
ing medium (see [BASE100]). The parameter definition in GEANT proceeds as follows:

1

2.

adefault set of global values of the parameters is defined for al tracking media by the routine GINIT;

the default values can be changed by the user via the data records read by the routine GFFGO. A

summary of al valid data recordsis given in [BASE040];

medium viathe routine GSTPAR [CONS210];

routine GPHYSTI.

2 Compute cross-section and energy losstables

GPHYSI is the steering routine to compute the cross-section and energy loss tables for all materials used as
tracking media. GPHYSTI builds and fills the JMATE data structure described in [CONS199]. Here, we give
the flow chart of this process. The description of the specialised routines can be found in the rest of the

section PHYS.

Note: if several tracking mediaare using the same material (for instance a calorimeter and achamber support
can be both in steel) the energy cuts must be the same. If thisis not possible, the user must define materials

with different numbers.

PHYS100 -2

. after having defined tracking media and materials, the user can redefine the parameters for each

. if the data structures are read from an external file (see I0PA section), al the parameters are taken
from this file. In this case the user can still modify them, but this should be done before calling the



GPHYSI

GRNDMQ

GEVKEV

GPHINI

Initialisation of physics processes. This routine should be called
by the user before the tracking starts, but after al the materia,
mechanism flags and energy cuts have been defined. GPHYSI
should also be called whenever anew initialisation data structure
isread from disk.

Initialises the value of the seeds of the random number generator.
See [BASE420] for more information

Routine to format energy values for printout. See [BASE410] for
more details.

Initialisation of the constants for photoelectric effect (see
[PHYS230]).

Loop on tracking media

GPHXSI

GPROBI
GMOLI

Initialisation of the cross section coefficients for the photoelectric
effect in atracking medium, see [PHYS230].
Initialisation of constants for various physical effects.

Initialises constants for Moliére scattering, see [PHYS325].
Loop on energy bins

GDRELA

GDRELP

GDRELM

GDRELE
GBRELA

GPRELA

GPHOTI

GRAYLI

GANNII

GCOMPI

GBRSGA

GPRSGA

GDRSGA

GMUNUI

GPFISI

Initialises the ionisation energy loss tables dE /dz for protons, p
and e, e, see [PHYS430].
Calculates ionisation energy loss for protons, see [PHYS430].

Calculates ionisation energy loss for 1, see [PHYS430].
Calculates ionisation energy lossfor e /e, see [PHYS330].

Adds the contribution of bremsstrahlung to continuous energy
loss tables for protons, 1 and e /e™, see [PHYS440].

Adds the contribution of direct pair production and y:-nucleus in-
teractions to the . continuous energy losstables, see [PHYS450].
Cdculates the cross section for photoelectric effect, see
[PHYS230].

Initialises the tables of cross sections for the Rayleigh effect, see
[PHYS250].

Initialises the cross section for positron annihilation, see
[PHYS350].

Initialises the cross section tables for Compton effect, see
[PHYS220].

Initialises the cross section tables for discrete bremsstrahlung of
e~ letand u, see [PHYS340], [PHYS440].

Initialises cross section tables for pair production by photons and
direct pair production by muons, see [PHYS210], [PHYS450].
Initialises the cross section tables for delta rays production by u
and electrons, see [PHYS330], [PHYS430].

Initialises the cross section tables for u-nucleus interactions, see
[PHYS460].

Initialises the cross section tables for photo-fission and photo-
absorption, see [PHYS240].
End of loop on energy bins

209

GRANGI

GCOEFF

Calculates the stopping range integrating the dE/dx tables, see
[PHYS010].

Calculation of the coefficients of the interpolating parabolas for
the range tables, see [PHYS010].
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GSTINI Initialisation of the energy loss tables for the thin layers, see

[PHYS334].

GFCNRM Calculation of mean ionisation potentials and normalisation fac-
tors for oscillator functions.

GSREEO Calculation of thereal part of the refractive index.

GSDNDX Calculation of number of collisions for agiven value of (3.

GMULOF Calculation of the STMIN tables, see [PHYS325].

GMOLIO Cdlculation of the constants of Moliére scattering to estimate
the step limitation due to multiple scattering simulation, see
[PHYS325].

End of loop on tracking media

Notes:

1. The u-nucleus interactions are treated either as a continuous energy |oss by the muon (IMUNU= 0) or
as adiscrete process (IMUNU>>1), in an exclusive way i.e.:

e If IMUNU= 0, the dF/dx due to the interactions is added to that coming from direct (e"/e™)
pair production in the routine GPRELA.

e |f IMUNU> 1, the total cross section is computed in GMUNUT.
2. Thetotal cross sections for hadronic interactions cannot be tabulated at initialisation time, asthey are
dependent on the nature of the incident particle. They are computed at tracking time by the function

FLDIST in case of FLUKA [PHYS520], GHESIG in case of GHEISHA [PHYS510] or FMDIST in case of
MICAP [PHYS530].
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Total cross-section for ete- pair production by photons

1 Subroutines

CALL GPRSGA

GPRSGA calculates the total cross-section for the pair production of photons and the direct pair production
of muonsin all materials. It tabulates the mean free path, A = 1/ (in cm), as afunction of the medium and
the energy. For the pair production by photons, it calls the function GPRSGG. The energy bins are the one of
the array ELOW in common /CGMULO/ initialised in the routine GPHYSI. The following pointers are used:

JMA = LQ(JMATE-I) pointer to the I** material
JPAIR = LQ(JMA-10)  pointer to pair production cross-sections

GPRSGA is called at initialisation time by GPHYST.

VALUE = GPRSGG (Z,E)

GPRSGG calculates the total cross-section for the pair production of a photon with energy E in material with
atomic number Z. It is called by GPRSGA.

2 Method

We have parameterised the total cross-section of ete~-pair production by photon as:

0(Z,Ey)=Z(Z+1) (F1(X)+ F5(X)Z + F3(X)/Z) (barn/atom) D

where

X = In(E,/m),

m = ¢electron mass,

E, = photon energy
and

5
F(X) = ) X"
n=0

The parameters ¢,, were taken from aleast-square fit to the data [9] and can be found in the DATA statement
in the function GPRSGG (Z,E) which computes the formula (1) (in barn/atom).

This parameterisation gives a good description of the datain the range:

<Z< A .
1< 2 <100 29 < 5%  withamean valueof ~ 2.2% 2
1.5 MeV < E, <100 GeV o

Thismean free path is tabulated at initialisation as afunction of the medium and of the energy by the routine
GPRSGA.
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Simulation of e-e+ pair production by photons

1 Subroutines

CALL GPAIRG

GPAIRG generates e~ e™-pair production by photons. It uses a modified version of the random number tech-
niques of Butcher and Messel [10] to sample the secondary electron/positron energies from the Coulomb
corrected Bethe-Heitler differential cross-section. For the angular distribution of the pair, it callsthe function
GBTETH.

Input: via COMMON /GCTRAK/
Output: via COMMON /GCKING/
GPAIRG is called from GTGAMA, when the photon reaches its pair production point.

VALUE = GBTETH (ENER,PARTM,EFRAC)

GBTETH calculates the angular distribution of the e e™-pair for pair production and of the photon for bre-
msstrahlung. In case of e"e™-pair production by photons, it gives the scaled angle for an electron (mass
PARTM) of energy ENER which iSEFRAC times the initial energy of the photon. GBTETH is called by GPAIRG.

2 Method

2.1 MonteCarlo technique

We give a very short summary of the random number technique used here [10, 11]. The method is a
combination of the composition and rejection Monte Carlo methods. Suppose we wish to sample x from
the distribution f(x) and the (normalised) probability density function can be written as

fl) =" ifi(z)gi(x) (1)
=1
where f;(x) are normalised density functions, o; > 0 and 0 < g;(x) < 1.

According to this method, « can sampled in the following way:

1. select arandom integer ¢ such that (1 < i < n) with probability proportional to o
2. select avalue 2/ from the distribution f;(x)

3. calculate g;(2") and accept = = 2 with probability g;(z');

4. if 2/ isrgjected restart from step 1.

It can be shown that this scheme is correct and the mean number of tries to accept avalueis)_; «;.
In practice we have agood method of sampling from the distribution f(x), if

e all the subdistributions f;(x) can be sampled easily;

e thergection functions g;(x) can be evaluated easily/quickly;
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e the mean number of triesis not too large.

Thus the different possible decompositions of the distribution f(x) are not equivalent from the practica
point of view (e.g. they can be very different in computational speed) and it can be very useful to optimise the
decomposition. A remark of practical importance is that if our distribution is not normalised ([ f(x)dx =

C > 0; C = 1), the method can be used in the same manner, the only difference is that the mean number of
triesinthiscaseisgivenby ", o; /C .

2.2 Differential cross-section for pair production

The Bethe-Heitler differential cross-section with the Coulomb correction for a photon of energy E to pro-
duce ae~ et -pair with one of the particles having energy ¢F (e is the fraction of the photon energy carried
by one particle of the pair) isgiven asin [12]:

do(Z,E.e) _rgaZlZ+&(2)] [, 2 F(Z), 2 F(Z)
oo el IR Ie (- 0n0) - T 4 el - Ofa(6) - 521}
where ®; () are the screening functions depending on the screening variable §
136m 1
5: mm m:electl‘on mass
®4(0) = 20.867 — 3.2425 + 0.62562 5<1
Do () = 20.209 — 1.9306 — 0.0866> -
B1(6) = Py(6) =21.12 — 4.1841In(6 +0.952) &> 1
F(Z) = 8/3InZ E <0.05GeV
8/3InZ + 8f.(2) E >0.05 GeV
In (1440/23%/3
€(2) = U0
In (183/217%) — 1.(2)
fe(2) the Coulomb correction function
f(Z) = a(1/(1 4 a)+ 0.20206 — 0.0369a + 0.0083 * a® — 0.002a>)
a = (axZ)?
a = 1/137
The kinematical range for the variable e is
T<e<lo 3

The cross-section is symmetric with respect to the interchange of e with 1 — ¢, so we can restrict e to liein
therangeep = m/E <e<1/2

After some algebraic manipulations we can decompose the cross-section as (note: the normalisation is not
important):

do 2
= = > aifi(e)gile)
€ i=1
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where

o = fﬂo Qg = §F20

_ 3 _ 9 _ 1
e = grogpe 05" Lo = g5
g1(e) = Fi/Fio g2(€) = Fp/Fy

and
n = Fi(0) = %@1(5) — (112(6) —F(Z) Fio = Fi(0min)
S = 4 1316m
/33K

dmin 1Sthe minimal value of the screening variable 4. It can be seen that the functions f(e) are normalised
and that the functions g; (¢) are “valid” rejection functions.

Therefore, if r; are uniformly distributed random numbers (0 < r; < 1), we can sample the € (z in the
program) in the following way:

1. select i to be 1 or 2 according to the following ratio:

a1
a1+ Qg

BPAR =

If ro < BPAR theni = 1, otherwise if ry > BPAR 7 = 2;

2. sample e from f;(¢). This can be performed by the following expressions:

0.5 — (0.5 — eg)r13 wheni =1
= 1
¢ 60+<§—60)T1 wheni = 2

3. calculate the rejection function g;(e). If ro < g;(€), accept ¢, otherwise return to step 1.

It should be mentioned that we need a step just after sampling ¢ in the step 2, because the cross-section
formula becomes negative at large § and this imposes an upper limit for §;

42.24 — F(2)
8.368

If we get ad value using the sampled e such that 6 > .4, , We haveto start again from the step 1. After the
successful sampling of ¢, GPAIRG generates the polar angles of the electron with respect to an axis defined
along the direction of the parent photon. The electron and the positron are assumed to have a symmetric
angular distribution. The energy-angle distribution isgiven by Tsai [13, 14] asfollowing:

Omaz = €Xp [ ] —0.952

do . 20[262 2$(1 — x) 12[&?(1 — x)
dpdQ — wkm! {[ A+02 (140 ] (Z*+ Z)
2702 — 272+ 1 Ax(1 — x
[ e )] x - 2Z2f<<az>2>}}

where k is the photon energy, p and E are the momentum and the energy of the electron of the e"e~-pair,
r = E/kandl = E*0%/m?. Thisdistribution is quite complicated to sample and, furthermore, considered
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as function of the variable u = E6/m, it shows a very weak dependence on Z, E, k, z = E/k. Thus, the
distribution can be approximated by afunction

flu)y=0C (ue_‘w + due_?’a“) 4
where
9a?
C —
9+d
a = 0.625
d = 270

The sampling of the function f(u) can be done in the following way (r; are uniformly distributed random
numbersin [0,1]):

1. choose between ue~™ and due=3%, with relative probability given by 9/(9 + d) and d/(9 + d)
respectively; if r; < 9/(9 + d) thenb = a, else b = 3aq;

2. sample ue %, u = —(Inry + Inrs) /b.

The azimuthal angle, ¢, is generated isotropicaly.

This information together with the momentum conservation is used to calculate the momentum vectors of
both decay products and to transform them to the GEANT coordinate system. The choice of which particlein
the pair is the electron/positron is made randomly.

2.3 Restrictions

1. Effects due to the breakdown of Born approximation at low energies are ignored (but the Coulomb
correction is now included):

2. as suggested by Ford and Nelson [15], for very low energy photons (£ < 2.1MeV) the electron
energy is approximated by sampling from auniform distribution over theinterval m — 1/(2E). The
reason for this suggestion is that the sampling method used in EGS and in the earlier GEANT versions
becomes progressively more inefficient as the pair threshold is approached. This is not true for the
sampling method outlined above (the efficiency of the method practically does not depend on the
photon energy), but we have chosen to keep this approximation;

3. target materials composed of compounds or mixtures are treated identically to chemical elements (this
is not the case when computing the mean free path!) using the effective atomic number computed in
the routine GSMIXT. It can be shown that the error of this type of treatment is small and can be
neglected;

4. the differential cross-section implicitly accounts for pair production in both nuclear and atomic elec-
tron fields. However, triplet production is not generated, and the recoil momentum of the target
nucleus/electron is assumed to be zero.
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Total cross-section for Compton scattering

1 Subroutines

CALL GCOMPI

GCOMPI calculates the total cross-section for Compton scattering. It tabulates the mean free path, A =& (in
cm), as afunction of the medium and of the energy (see JMATE data structure). The energy binning is set
within the array ELOW (common /GCMULO/) in the routine GPHYSI. GCOMPI iscalled at initialisation time by
GPHYSI.

2 Method

The mean free path, A, for a photon to interact via Compton scattering is given by

1 A 1
Y Nawpo(Z,E)

where;

N4,  Avogadro’'s number

Z,A atomic and mass number of the medium
p  density of the medium
o total cross-section per atom for Compton scattering
E  energy of the photon.

For the total cross-section an empirical cross-section formula is used which reproduces the cross-section
data rather well down to 10 keV:

log(1 + 2X) N Py(Z)+ P3(Z)X + Py(Z2)X?

0(Z,E) =7 |P1(2) < T aX 1 5X7 7 oX3 barn atom™*
where
m = €lectron mass
y - £
m

P(Z) = Di+E,Z+FZ*

The values of the parameters are put in the DATA statement within the routine GCOMPI. The fit was made
over 511 data points chosen between:

1< 7 <100 ; 10 keV < E < 100 GeV

The accuracy of thefit is estimated to be:

Ao { ~ 10% for E ~ 10 keV — 20 keV

<5—-6% for E > 20 keV
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Simulation of Compton scattering

1 Subroutines

CALL GCOMP

GCOMP generates the Compton scattering of a photon on an atomic electron. It uses the random number
techniques of Butcher and Messell [10] to sample the scattered photon energy according to the Klein-
Nishinaformula [16].

The interaction produces one electron, which is put in the /GCKING/ common block for further tracking.
Tracking of the scattered photon will continue, with direction and energy changed by the interaction. All
input/output information is through GEANT common blocks.

Input:  viaCOMMON /GCTRACK/
Output: viaCOMMONS /GCTRAK/ and /GCKING/

Compton scattering is selected in GEANT by the input data record COMP. When Compton scattering is se-
lected, GCOMP is called automatically from the GEANT photon tracking routine GTGAMA.

2 Method

For acomplete account of the Monte Carlo methods used the interested user isreferred to the publications of
Butcher and Messel [10], Messel and Crawford [17] and Ford and Nelson [12]. Only the basic formalism
is outlined here.

The quantum mechanical Klein-Nishina differential cross-section is.

Xonmrdme [1 esin® 6
N 0"
EE)=—p — [;“] [“m]

where, E = energy of the incident photon
E’ = energy of the scattered photon
e =FE/E
me = €electron mass
n = electron density
ro = classical electron radius
Xo = radiation length
Assuming an elastic collision, the scattering angle 6 is defined by the Compton formula:

Mme

E =E
me + E(1 — cos )

Using the combined “composition and rejection” Monte Carlo methods described in chapter PHYS211, we
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2
fle) = E+e] =S wfi(E) for 0>e>1
=1

() = |1- ﬂ rejection function
g\e - 1+€2 ej
1 1 )
(65} = M a9 = 5(1 — 60)
1 2¢
file) = cIn(1/eg) fe) = o

The value of € corresponding to the minimum photon energy (backward scattering) is given by:

1
14 2E/me

€0

Given aset of random numbers r; uniformly distributed in [0,1], the sampling procedure for ¢ is the follow-

ing:

1

3.
4.

decide which element of the f(e) distribution to sample from. Let ap = (a1 + ag)ro. If ap > ar
select f(e), otherwise select fo(e);

sample e from the distributions corresponding to f; or fo. For f7 thisissimply achieved by:
€ = €oefry
For f,, we change variables and use:

g max(re,r3) for E/m > (E/m+ 1)ry
rs for al other cases

Then, e = ep + (1 — €p)€’;
caculate sin? § = max(0,¢(2 — t)) wheret = me(1 — ¢)/E’

test the rejection function, if 5 < g(€) accept e, otherwise return to step 1.

After the successful sampling of ¢, GCOMP generates the polar angles of the scattered photon with respect
to the direction of the parent photon. The azimuthal angle, ¢, is generated isotropically and 6 is as defined
above. The momentum vector of the scattered photon is then calculated according to kinematic considera-
tions. Both vectors are then transformed into the GEANT coordinate system.

3 Restriction

The differential cross-section is only valid for those collisions in which the energy of the recoil electron is
large compared with its binding energy (which isignored). However, as pointed out by Rossi [18], this has
anegligible effect because of the small number of recoil electrons produced at very low energies.
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Total cross-section for photoelectric effect

1 Subroutines

CALL GPHINI

GPHINI steers initialisation of the constants. It calls GHPRIN for initialisation of the atom decay rates,
GHSLIN to initialise atomic shell potentials and ionisation energies and GPHXIN for the initialisation of the
cross-section constants. It is called by GPHOTI.

CALL GPHRIN
Initialisation of the atom decay rates. Theroutine is called by GPHINT.

CALL GSHLIN

Initialisation of the atomic shell potentials and ionisation energies. GSHLIN is called by GPHINI.
CALL GPHXIN

Initialisation of the cross-section constants for elements with Z < 100. It iscalled by GPHINTI.
CALL GPHXSI

GPHXSI is called by GPHYSI for every tracking medium. It calculates the cross-section coefficients. The
results of the calculations are stored in the photoelectric effect constants bank created by this routine.

CALL GFSHDC

GFSHDC calls GFRDT, GNRDT and GFSDPR for the probabilities of atomic state transitions and the transition
energies and stores them in the ZEBRA bank. It is called by GPHXSI.

CALL GFSHLS

GFSHLS returns the shell potentialsin eV for an atom. It is called by GFSHDC.
CALL GFRDT

GFRDT returns probability distribution and energies of the atomic radiative transitions. Itiscalled by GFSHDC.
CALL GNFRDT

GNFRDT returns probability distribution and energies of the non-radiative atomic transitions. It is called by
GFSHDC.

CALL GFSDPR
GFSDPR returns probability of the shell radiative decay. It is called by GFSHDC.

CALL GPHOTI

GPHOTI calculates the total cross-section for the photoelectric effect. It tabulates the mean free path, A =
1/% (in cm), as a function of the medium and the energy. If Z < 100 then it calls the function GPHSG1
for the total cross-section. Otherwise GPHSIG function is used. GPHOTI is called at initialisation time by
GPHYSI.
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VALUE = GPHSG1 (EGAM)
GPHSG1 calculates the total cross-section for photoelectric effect. It is called by GPHOTI for Z < 100.
VALUE = GPHSIG (Z,EGAM)

GPHSIG calculates the total cross-section for the photoelectric effect of a photon with energy EGAM in mate-
rial with atomic number Z > 100. It is called by GPHOTI.

2 Method

21 Materialswith Z < 100

For media with Z < 100 we use SANDIA parametrisation [19]. The cross-section for elements was
fitted with a linear combination of reciprocal powers of the photon energy E, (£, in keV). The fits were
performed in different intervals j of the photon energy. In such an interval the cross-section reads as:

Cl 1 C2 1 C3’Lj C4Z] 2 —1
E, "B B B (em™g ™) @

Wij =
with j changing from 1 to m;, where m; isthe number of fitting intervals used for element i.

For the composites or mixtures of N elements the cross-section for /" interval is calculated as:
N
=Y frbtik 2
k=1

where f;; is the fraction by mass of k' element in the material. Substituting (1) into (2) one finds that the
cross-section coefficients can be calculated as:

z total — Z fkc Jk (3)

for i from 1 to 4. The macroscopic cross-section is calculated as follows:

Y=pp (em™) (4)

where p isthe medium density.

Asfollows from (3) each compound is decomposed to its components which should coincide with chemical
elements. If thisis not the case i.e. a component has a hon-integer atomic number Z, and is created by a
call to GSMATE then the cross-section constants are calculated using two elements with 4 = integer(Z;)
and Z; = Z1 + 1 applying theweights w; = Z> — Z, and wy = Z, — Z; respectively.

2.2 Materialswith Z > 100

Originally the parametrisation described below was developed for the elements with the atomic number Z
between 5 and 100. Lacking more accurate data and assuming that there are no dramatic changes of the
cross-section behaviour this method (i.e. GPHSIG function) isused for Z > 100.

The macroscopic cross-section for an element is given by

Npo(Z, E,)
A

and for acompound or a mixture

Y= (em™1) )

NpY0(Zi,E,)
Zi niAz

5 — szz (Zi,E,) (em™) (6)
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N Avogadro’s number

Z(Z;) atomic number (of i component) of the medium

A(A;) atomic mass (of i component) of the medium

p density

o cross-section

n; proportion by number of the i element in the materia (n;, = Wp;/A;

where p; isthe corresponding proportion by weight and W' is the molecular

weight).

The binding energy of the inner shells has been parameterised as.

Ei(Z) = Z*(A; + B;Z + C;Z? + D; Z3) MeV (7
where, i = K, L;, L;; and the constants A4;, B;, C; and D; are tabulated below.
A B C D
K 0.66644-10° | 0.22077-10~6 | -0.32552:10~® | 0.18199-10~1°
L; |-0.29179-10-% | 0.87983-10~7 | -0.12589-10~% | 0.69602-10~!!
L7 | -0.68606-10-% | 0.10078-10-6 | -0.14496-10~% | 0.78809-10~ !
The photoelectric effect total cross-section has been parameterised as:
»/Z + paX +p3+paZ+ps/X +psZ?
+ prZ/X +ps/X? + peZ? if B> Ep(2)
2 2 3
o(2,E) = 70X T PZYX 4 pnZfX + /X0 ®
p13/Z + p1aX + p1s if Er, <E<E(2)
p16/Z + p17X + pis if Er, <E<EL
P19 if 10 keV S E S ELU

where X istheratio of the electron mass to the incident photon energy and o is expressed in barns/atom.
The fit was made over 301 data points chosen between 5 < Z < 100 and 10 keV < E < 50 MeV.
The values of the parameters are put in a DATA statement within the function GPHSIG which computes the
formula (8). The accuracy of thefit is estimated to be
A < 25% near to the peaks
o | 10% elsewhere.

3 Photodectric effect Bank

The banks connected to the photoelectric effect are created during initialisation for each tracking medium.
PHXS bank (data area) The total cross-section values are stored in PHOT bank in energy bins set within the
array ELOW (common CGMULO). Thisbank is pointed by JPHOT link. Thefirst structural link of PHOT supports
the PHXS bank. For each energy interval of the cross-section we store the upper limit of the interval and four
constants of eguation (3). For each chemical element used to build the medium a PHFN bank is created. This
bank, pointed by a structural link of the PHXS bank, contains the data needed for the photoelectric effect
final state simulation. All data word are of the Fortran REAL type. The descriptions of the PHXS and PHFN
banks are given below.
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PHXS bank (data area)

Word #

Description

1 NZ-number of chemical eements of the medium

2 — NZ+1

NZ+2 — 2xNZ+1
2%NZ+2 — 3*xNZ+1

3*xNZ+2
3*NZ+3 — 1+3%NZ+1+5%NIT

Word #

1

2 — NIEx5+1

NIE*5+2

NIE*5+3 — NIEx5+6
NIE*5+7 — NIE*5+10

NIEx5+11

NIE*5+12

NIE*5+13

NIEx5+14

NIE*5+15

NIE*5+16

NIE*5+17

NIE*5+18

KRD

KRD+1 — KRD+1+NRDK
KRD+1+NRDK — KRD+1+2*NRDK
L1RD

L1RD+1 — L1RD+1+NRDL1
L1RD+1+NRDL1 — L1RD+1+2*NRDL1
L2RD

L2RD+1 — L2RD+1+NRDL2
L2RD+1+NRDL2 — L2RD+1+2*NRDL2
L3RD

L3RD+1 — L3RD+1+NRDK
L3RD+1+NRDL3 — L3RD+1+2*NRDL3
KNRD

KNRD+1 — KNRD+1+RDK
KNRD+1+RDK — KNRD+1+2*RDK
L1NRD

L1NRD+1 — L1RD+1+RDL1
L1NRD+1+RDL1 — L1RD+1+2*RDL1
L2NRD

L2NRD+1 — L2RD+1+NRDK

atomic numbers of the elements

not used at present

weights of the cross-section constants
NIT-number of the cross-section intervals
the total cross-section constants

PHFN bank (data area)
Description

NIE-number of intervals for an element

the element cross-section constants

number of shells used. At present always 4
binding energies of K, Ly, L;; and Ly shells
probability of the radiative shell decay

pointer to the radiative decays of K shell KRD
pointer to the radiative decays of L; shell L1RD
pointer to the radiative decays of I;; shell L2RD
pointer to the radiative decays of L;;; L3RD

pointer to the non-radiative decays of K shell KNRD
pointer to the non-radiative decays of L; shell LINRD
pointer to the non-radiative decays of I;; shell L2NRD
pointer to the non-radiative decays of L;;; shell L3NRD

number of K shell radiative decay modes NRDK
K shell decay mode probability

K shell transition energies

number of L; shell radiative decay modes NRDL 1
L shell decay mode probability

L shdll transition energies

number of L; shell radiative decay modes NRDL2
Ly shell decay mode probability

Lj; shell transition energies

number of L; shell radiative decay modes NRDL3
Ly shell decay mode probability

Ly shell transition energies

number of K shell radiative decay modesRDK = 1

K shell decay mode probability

K shell transition energies

number of L; shell radiative decay modes RDL1
L shell decay mode probability

L shell transition energies

number of L; shell radiative decay modes RDL2
Ly shell decay mode probability
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PHFN bank (data area, continued)
Word # Description

L2NRD+1+RDL2 — L2RD+1+2%RDL2  L;j; shell transition energies

L3NRD number of L; shell radiative decay modesRDL3 = 1
L3NRD+1 — L3RD+1+RDL3 Ly shell decay mode probability

L3NRD+1+RDL3 — L3RD+1+2+NRDL3 L;;; shell transition energies

223 PHYS230-5



GEANT 3.16 GEANT User’s Guide PHY S231

Origin : L.Urbéan Submitted: 26.10.84
Revision :J. Chwastowski Revised: 16.12.93
Documentation :

Simulation of photoelectric Effect

1 Subroutines

CALL GPHOT GPHOT
simulates the photoel ectric effect. It uses the following input and output:

Input via common GCTRAK
Output  viacommon GCKING

It calls the functions GPHSG1, GPHSGP, GAVRL2 and GAVRL3 for the cross-section and the functions GHPHAK,
GHPHAL1, GHPHAL2, GPHAL3 for the cosine distribution of the photoelectron. GPHOT is called by the tracking
routine GTGAMA, if, and when, the photon reaches its interaction point.

VALUE = GAVRL2 (GAMAL2,BETAL2,X)

GAVRL2 calculates approximation of the cross-section for the photoelectric effect from L;; shell. GAMAL2,
BETAL?2 are the Lorentz gamma and beta factors of the emitted photoelectron and X = m./E., where m, is
the electron mass and E, is the incident radiation energy. GAVRL2 is called by GHPOT.

VALUE = GAVRL3 (GAMAL3,BETAL3,X)

GAVRL3 calculates approximation of the cross-section for the photoelectric effect from I;;; shell. GAMALS3,
BETAL3 are the Lorentz gamma and beta factors of the emitted photoelectron and X = m./E, where m, is
the electron mass and E, is the incident radiation energy. GAVRL3 is called by GPHOT.

VALUE GPHAK  (BETAK)

VALUE

GPHAL1 (BETAL1)

GPHAK and its entry point GPHAL1 poll the cosine distribution (w.r.t. the incident photon direction) of the
photoel ectron emitted from K or L; shell, respectively. They are called by GPHOT.

VALUE = GPHAL2 (BETAL2)

GPHAL2 polls the cosine distribution (w.r.t. the incident photon direction) of the photoelectron emitted from
Ly shell.

VALUE = GPHAL3 (BETAL3)

GPHALS3 polls the cosine distribution (w.r.t. the incident photon direction) of the photoelectron emitted from
Ly shel. Itiscdled by GPHOT.

VALUE = GPHSGP (EGAM)

GPHSGP calculates the photoelectric effect total cross-section for a particular atom of a mixture taking into
account weights. It is called by GPHOT for Z < 100.

224 PHYS231-1



2 Method

If the energy of the radiation incident on an atom is E,, then the quanta can be absorbed if E, > Egpqp.
The photoelectron is emitted with total energy:

Ephotoelectron = E’y - Eshell + Me. (1)

In the above equation it is assumed that the atom has infinite mass. One should note that there exists a
correction term (see [20] and references therein) which becomes more and more important with increasing
E, [21] [22] [23].

2.1 Probability of Interaction with an Atom

Probability of the interaction with an atom is calculated taking into account partial cross-sections of atoms
of amixture or acompound.

2.2 Probability of Interaction with a Shell

To calculate the probability of the interaction with a particular shell we use the jump ratios defined as:

0(Esher + 0F)

Jshell = m (2)
where 6 F — 0. In addition we assume that the jump ratio is also valid away from the edges.
From (2) it follows that the probability p.;; to interact with ashell is;
—1-— @
Dshell = Jshell
We use the following parametrisation of the jump ratios for K and L; shells [24]:
125
Ji = —= +35 (4)
Jr, =1.2 (5)
For the L;; and L shells we adopt approximation of the formulae calculated by Gavrila [25]:
Me lo 1+
oLy = WE {73 =57 424y — 16 — (7" + 37 - S)M} C)
E, B
and
Me lo 1+
oL = VB {473—6’Y2+57+3—(’Y2—3’Y+4)M} (7)
E’y VB
where
v, are the emitted photoelectron Lorentz gamma and beta factors;
E, isthe incident radiation energy;
Me is the electron mass.

Below an example of the shell interaction probability calculations for E, > Ef isgiven.
If

X = O+ 0L
OLr
ry, = ——
" XIrIIr
rL OLrr
m X1
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then from (3) one can find that

Pk = T
1
pr, = (I=pr)- (1= =)
Ly
PL;; = (1 —PK — pL[) “TLrr
PrLi;; = (1-px _pLI) “TLrrr

After simple calculations one obtains the probability distribution function which is used to select the shell.

2.3 Angular distributions of photoelectrons

The angular distributions of photoelectrons should be calculated using the partial wave analysis for the out-
going electron. Sincethis method isvery time consuming we use approximations of the angular distributions
calculated by F. von Sauter [26] [27] (K shell) and Gavrila [28] [25] (K and L shells). We use the cross-
section which is correct only to zero order in a.Z. This approximation foresees zero scattering amplitude in
the direction of incident photon while experimentally the cross-section at 0 angle is non-vanishing [29]. If

X = 1—cos®

then for K and L; shellswe use:

dUK,LI sin2 C) {

d(cos®) X4 L+ %7(7 ~ - 2)} €S)

and for L;; and L shellswe have:

dop, (2 =DF [13y+1) (932 +30y—7)
d(cos ©) Y (y —1)° 2X4 8X3
+ 672 + 11y — 2 Yy—1)(y+7
el Gl ZXQ =2 2 8))((7 ) ©
sin2 © ((7 +1) (v +1) Y23y +1)(y2 - 1))}
X5 X4 X3
oy (P-1)3 {_7(37— 1) | (32 -1
d(cos ©) Y (y —1)° 2X4 X3
(v - 3’;;3+ 27+1) Ay —22))((7 —1) (10)
Lsin2O ((7;51) _ (’Y-I—l))((f'y— 1) 72(7;3_ 1))}

The azimuthal angle distribution is uniform.

2.4 Final State

After the photoel ectron emission the atom is left in excited state. The excitation energy equal to the binding
energy F; of the shell in which the interaction took place. Subsequently the atom emits a fluorescent
photon or Auger or Coster-Kronig electron. The selection of radiative or non-radiative transition is based
on compilation by Krause [30].
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The Auger or Coster-Kronig transitions are represented by the most probable line for agiven vacancy [31].
The emitted electron energy E. is

E.=FE;— (E; + Ey) (11)
where E;, E;, E), are the subshell binding energies and E; > E,.
In case of fluorescence we use transition rates of Scofield [32]. We use only those transitions for which the
occurrence probability is not less than 1%. The fluorescent photon is emitted with energy E,

E, = E; — E (12)

for transition between the subshells i and ;.

In addition to the above, to fulfill the energy conservation law, emission of an additional photon issimulated.
For non-radiative transitions its energy is E;. (see formula 11). In case of fluorescent transition this photon
has energy E; (see equation 12). The angular distribution of the emitted particle isisotropic.
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Photon-induced fission on heavy materials

1 Subroutines

CALL GPFISI

GPFISI computes and storesin the appropriate bank (see JMATE data structure) the value of the photo-fission
cross sections as a function of the energy for al the material for which this process is activated and with
230 < A < 240. Itiscaled during initialisation by GPHYST.

CALL GPFIS

GPFIS iscaled by the tracking routine GTGAMA to generate the final state of a photon-induced fission.
2 Method

This set of routines generates the photon-induced fission in the nuclei of heavy materials. The code is a
straight trand ation into the GEANT style of the corresponding code from the GHEISHA Monte Carlo program.

The information contained in this chapter is mainly taken from the GHEISHA manual to which the user is
referred [1]. In fissionable elements the inelastic reaction of photons may be accompanied by the fission
of the nucleus. This channel is taken into account only when the nuclear mass is between 230 and 240.
The fission cross-section for uranium is tabulated, and for other elements the parameterisation of the A-
dependence at 3 MeV neutron energy is used:

o(3MeV) = —67.0 +38.7 Z*3 A

which implies that the fission may occur only for Z > 90. The fission products are generated in an ap-
proximate way. The giant resonance effect is included here as nuclear photoabsorbtion. The photo-fission
is activated by the data record PFIS. Secondaries coming from the interaction of the virtual photon with
the nucleus will be in the GEANT temporary stack. If IPFIS=2 the secondary particles will not be generated
and the energy of the photon will be summed to DESTEP. A table with the photo-fission cross-sections as a
function of the energy isput in abank at initiaization time for al the materials with A bigger than 230. See
material bank structure for details.
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Total cross-section for Rayleigh scattering

1 Subroutines

CALL GRAYLI

GRAYLI computes the mean free path, \, for Rayleigh scattering as a function of the medium and of the en-
ergy. It evaluates also an integral of atomic form factors whichis used in the routine GRAYL (see [PHYS251])
to sample the scattering angles. GRAYLI is called during initialization by GPHYST.

2 Method
2.1 Total cross-section
An empirical cross-section is used to produce the total cross-section data [12, 33]:
0.(Z,E) = aE® + bE® + cE +d barn/atom (1)

The values of the coefficients are stored in the DATA statement within the routine GRAYLI. For each e ement
the fit was obtained over 27 experimental values of the total coherent cross-section. The accuracy of the fit
is estimated to be about Ao /o ~ 10%, but it is better for most of the elements.

2.2 Theatomic form factors

Different empirical formulae are used to produce the atomic form factor F(Z,E) data [34]. For Z = 1 —
3,91 — 99 the empirical expression is:

F(Z,E)=a1E" + 0 ES + | B> + diE* + e1 F3 + fiE> + 1B + 2
for Z=100 the formula used is:

F(Z,E) = a3FE® + byE* 4+ o2 4+ do E? 4 e3FE + fo 3
for the other elements F' is calculated as.

asE3 +b3E? +c3E+dy ifE<E,

3 2 - 4
asB° + b B +cyE+dy ifE > E,

F(Z,E):{

The value of the energy E. depends on Z and it is set in the array ELIM. The values of the coefficients
are stored in the DATA statement in the routine GRAYLI. For each element the fits were performed over 97
tabulated values of the form factors. The accuracy of the fit is estimated to about Ao /o = 10% for £ < 1
MeV for most of the elements. Theintegral over the atomic form factors A (E) is defined as follows:

A@B) =2 [ 1P (B)PBE = [Py (B)dE® (5)

where Frr (E) isthe total atomic form factor which is function of the energy E.
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Simulation of Rayleigh scattering

CALL GRAYL

GRAYL generates Rayleigh scattering of a photon using the random-number composition and rejection tech-
nique to sample the momentum of the scattered photon and the scattering angle, according to the form-factor
distribution. In this reaction no new particles are generated and the kinematical quantities of the scattered
photon replace the original onesin the /GCTRAK/ common block.

Activation of the Rayleigh scattering is done viathe FFREAD data record RAYL. If this process is activated,
GRAYL iscalled by GTGAMA when a Rayleigh scattering occurs.

1 Method

The Rayleigh differential cross section as afunction of ¢ is given by [35]:

dogr (qg) 777“8 14 p? 9
i VAR VR (R i Y 1
0= | Ty | @ M
where;
70 electron radius
k incident wave vector

q= 2k‘sing momentum of scattered photon (@ is the scattering angle)
2

= cost =1- 2(]?
Fr(q) molecular form factor

Under the assumption that the atoms of a molecule are completely independent, |7 (¢)|? is given by:

2 a Wz‘ 2
[Fr (q)] :ZI!E‘(%ZM oc, (Zi, E) 2

i=1 """

where the index < runs on the N atoms in the molecule and:

W; proportion by weight

Z;, A; aomic number and weight

F; form factor

Oc; total atomic cross section for coherent scattering

Using the combined composition and rejection sampling method described in GPAIRG ([PHYS211]) we may
Set:

N N ’ i
Fla) =X o) oita) = LA (aF) ’ZT<(q(f%)>‘ (1 + ) §

i=1
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where;

n number of energy bins
q; momentum of the photon with energy E; of the i bin
Gn upper limit for the momentum of the scattered photon
o Afd)

|Fr (q))
RO )
gi(q) = L+ rejection function.

Therefore, for given values of the random numbers and 9, GRAYL samples the momentum of the scattered
photon and the scattering angle 6 viathe following steps:

1
2.

3.

sample A (¢*) = 1A (¢2)
find the (¢;—1, ¢;] interval which gives A (¢? ;) < A (¢*) < A (¢?)

calculate the linear extrapolation:

= (4) 08 S

calculate pu = cosh = 1 — ¢%/(2k?)
caculate g; (¢) = (1 + u?)/2

if g; (¢) > ro the event is accepted, otherwise go back to 1.
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Cerenkov photons
Cerenkov photons are produced when a charged particle traverses a dielectric material.

1 Physicsprocessesfor optical photons

A photon is called optical when its wavelength is much greater than the typical atomic spacing, for instance
when A > 10nm which corresponds to an energy E < 100eV. Production of an optical photon in a HEP
detector is primarily due to:

1. Cerenkov effect;
2. Scintillation;

3. Huorescence.

Fluorescence istaken into account in GEANT in the context of the photoel ectric effect ([PHYS230], [PHYS231]),
but only above the energy cut CUTGAM. Scintillation is not yet simulated by GEANT.

Optical photons undergo three kinds of interactions:
1. Elastic (Rayleigh) scattering;
2. Absorption;

3. Medium boundary interactions.

1.1 Elastic scattering

For optical photons elastic scattering is usually unimportant. For A = .200um we have ogqyicign ~ -2b for
N5 or Oy which gives amean free path of ~ 1.7 kminair and ~ 1 min quartz. An important exception to
thisisfound in aerogel, which is used as aCerenkov radiator for some special applications. Because of the
spectral properties of this material, Rayleigh scattering is extremely strong and this limits its usefulness as
aRICH radiator. At present, elastic scattering of optical photons is not simulated in GEANT.

1.2 Absorption

Absorption isimportant for optical photons because it determines the lower A limit in the window of trans-
parency of the radiator. Absorption competes with photo-ionisation in producing the signal in the detector,
so it must be treated properly in the tracking of optical photons.

1.3 Medium boundary effects

When a photon arrives at the boundary of a dielectric medium, its behaviour depends on the nature of the
two materials which join at that boundary:

e Casedielectric — dielectric.
The photon can be transmitted (refracted ray) or reflected (reflected ray). In case where the photon
can only be reflected, total internal reflection takes place.
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e Casedielectric — metal.
The photon can be absorbed by the metal or reflected back into the dielectric. If the photon is absorbed
it can be detected according to the photoel ectron efficiency of the metal.

e Casedielectric — black material.
A black material isatracking medium for which the user has not defined any optical property. In this
case the photon isimmediately absorbed undetected.

2 Photon polarisation

The photon polarisation is defined as atwo component vector normal to the direction of the photon:

ayel®t bo aye'e
. =€ .
age’?? age e
where ¢. = (¢1 — ¢2)/2 iscalled circularity and ¢, = (¢1 + ¢2)/2 is caled overal phase. Circularity
gives the left- or right-polarisation characteristic of the photon. RICH materials usually do not distinguish

between the two polarisations and photons produced by theCerenkov effect are linearly polarised, that is
¢. = 0. The circularity of the photon isignored by GEANT.

The overall phase is important in determining interference effects between coherent waves. These are im-
portant only in layers of thickness comparable with the wavelength, such as interference filters on mirrors.
The effects of such coatings can be accounted for by the empirical reflectivity factor for the surface, and do
not require a microscopic simulation. GEANT does not keep track of the overal phase.

Vector polarisation is described by the polarisation angle tanv) = & /a;. Reflection/transmission proba-
bilities are sensitive to the state of linear polarisation, so this has to be taken into account. One parameter
is sufficient to describe vector polarisation, but to avoid too many trigonometrical transformations, a unit
vector perpendicular to the direction of the photon is used in GEANT.

The polarisation vectors are stored in a special track structure which is lifted at the link LQ (JSTACK-1)
when the first Cerenkov photon is stored in the stack.

3 Method

3.1 Generation of the photons

For the formulas contained in this chapter, please see [36]. Let n be the refractive index of the dielectric
material acting asaradiator (n = ¢/¢ where ¢ isthe group velocity of light in the material: it follows that
1 < n). In adispersive material n is an increasing function of the photon momentum p,, dn/dp > 0. A

particle travelling with speed 5 = v/c will emit photons at an angle 6 with respect to its direction, where ¢
is given by the relation:

cosf =

fn
from which follows the limitation for the momentum of the emitted photons:

min 1
Additionally, the photons must be within the window of transparency of the radiator. All the photons will

be contained in a cone of opening cos Opa. = 1/(8n(p**)).

The average number of photons produced is given by the relations (Gaussian units):

dr =

2m22e? |, dv 2m22e? 9 2\ dv 2m22e? 1 dv
dN = TSID HTdac = - (1 — COS 9) ?dac = he ( — n2/82) 7
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22e? 1 o photons 1
= =] (1 — nQ—ﬁz) dp~ dx ~ 370z p—— <1 — n252> dp~ dx

and

dN e 1 w1 1
— = 370,22/ dp <1 — —> = 37022 | pma® — pmin _ —/ dpy——
& i P\ 2 VTP T S P

The number of photons produced is calculated from a Poissonian distribution with average value n =
STEP dN/dx. The momentum distribution of the photon is then sampled from the density function:

1
f(py) = (1— W)

3.2 Tracking of the photons

Cerenkov photons are tracked in the routine GTCKOV. These particles are subject to in flight absorption (pro-
cess LABS, number 101) and boundary action (process LREF, number 102, see above). As explained above,
the status of the photon is defined by 2 vectors, the photon momentum (p’ = hE) and photon polarisation

(€). By convention the direction of the polarisation vector is that of the electric field. Let aso i« be the
normal to the material boundary at the point of intersection, pointing out of the material which the photon is
leaving and toward the one which the photon is entering. The behaviour of a photon at the surface boundary
is determined by three quantities:

1. refraction or reflection angle, this represents the kinematics of the effect;
2. amplitude of the reflected and refracted waves, this is the dynamics of the effect;

3. probability of the photon to be refracted or reflected, thisis the quantum mechanical effect which we
have to take into account if we want to describe the photon as a particle and not as awave,

As said above, we distinguish three kinds of boundary action, dielectric — black material, dielectric —
metal, dielectric — dielectric. Thefirst caseistrivia, in the sense that the photon is immediately absorbed
and it goes undetected.

To determine the behaviour of the photon at the boundary, we will at first treat it as an homogeneous
monochromatic plane wave:

F = E’v’oeil;q?—iwt

S]]
I
3
>

Case dielectric — dielectric

In the classical description the incoming wave splits into a reflected wave (quantities with a double prime)
and a refracted wave (quantities with a single prime). Our problem is solved if we find the following
quantities:

E/ — E_)/Oeilg-ffiwt
B = Ery ek Tt

For the wave numbers the following relations hold:
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Flo= R =k =2 e

w /Iulel

Fl o= K==

C
Where the speed of the wave in the medium isv = ¢/,/ne and the quantity n = ¢/v = /ue€ is called
refractive index of the medium. The condition that the three waves, refracted, reflected and incident have
the same phase at the surface of the medium, gives us the well known Fresnel law:

_"fsm‘f = K 'fsurf: K 'fsm‘f
(k- Z) (k- 7) (" - 7)
ksini = k'sinr = k"sinr’

where i, 7,1’ are, respectively, the angle of the incident, refracted and reflected ray with the normal to the
surface. From this formulathe well known condition emerges:

. /
T =T

sini we
sinr e T n
The dynamic properties of the wave at the boundary are derived from Maxwell’s equations which impose
the continuity of the normal components of D and B and of the tangential components of £ and H at the

surface boundary. The resulting ratios between the amplitudes of the the generated waves with respect to
the incoming one are expressed in the two following cases:

1. a plane wave with the electric field (polarisation vector) perpendicular to the plane defined by the
photon direction and the normal to the boundary:

E} 2n cos 2n cos

Ey ncosi—i—ﬁn’cosr ncosi+n'cosr
T .

E{ MCOST — 17N COST  pcosi—n' cosr

Ey ncosi—i—ﬁn’cosr ncost + n' cosr

where we suppose, asit is legitimate for visible or near-visible light, that 1/ ~ 1;

2. aplane wave with the electric field parallel to the above surface:

Ey, 2n cos B 2n cos 1

E, J:—,n’cosz'—l—ncosr ~ n/cosi+mncosr
Ey  4m/cosi—mncost  p'cosi—mncosr
E_o N ﬁn’cosi—i—ncosr ~ n/cosi+ncosr

whith the same approximation as above.
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We note that in case of photon perpendicular to the surface, the following relations hold:

E| 2n Ej n' —n

Ey  n'+n Fo o'+ n
where the sign convention for the parallel field has been adopted. This meansthat if 1{ > n thereis aphase
inversion for the reflected wave.
Any incoming wave can be separated into one piece polarised parallel to the plane and one polarised per-
pendicular, and the two components treated accordingly.
To mantain the particle description of the photon, the probability to have arefracted (mechanism 107) or
reflected (mechanism 106) photon must be calculated. The constraint is that the number of photons be
conserved, and this can be imposed via the conservation of the energy flux at the boundary, as the number
of photons is proportional to the energy. The energy current is given by the expression:

—

1¢c 5 o c [€ o2
= - —ueEx H* = — |-Ek
9 4z VH© % 877\/; 0

and the energy balance on a unit area of the boundary requires that:

S-a = S-u-5-4a

Scosi = S cosr+5"cosi
c 1 c 1 c 1
— ZnFE2cosi = ——n'E?cosr+ ——nE"*cosi
rpu Y 8o 0 + Sy °

If we set again 1/ =~ 1, then the transmission probability for the photon will be:

T E\\? 0/ cosr
Ey 7L,COS 1

and the corresponding probability to be reflected willbe R =1 —T.
In case of reflection the relation between the incoming photon @, €), the refracted one (E’, €’) and the
reflected one (k”, &) is given by the following relations:

qg = kxu
€-u
e = lq]
e€-q
“ T
, 2n cost
el = e -
l ”n’cosz+ncosr
, 2n cost
e, = el -
L ncosi+ n' cosr
/
n
noo_ v
e = nel\ €l
el = € —es

After transmission or reflection of the photon, the polarisation vector isrenormalised to 1. In the case where
sinr = n sini/n’ > 1 then there cannot be a refracted wave, and in this case we have a total internal
reflection according to the following formulas:

' o= k—2(k-d)a

—//
€
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Casedidelectric — metal

In this case the photon cannot be transmitted. So the probability for the photon to be absorbed by the metal
is estimated according to the table provided by the user. If the photon is not absorbed, it is reflected.

3.3 Surface effects

In the case where the surface between two bodies is perfectly polished, then the normal provided by the
program is the normal to the surface defined by the body boundary. This is indicated by the the value
POLISH= 1 asreturned by the GUPLSH function. When the value returned is < 1, then a random point is
generated in a sphere of radius 1-POLISH, and the corresponding vector is added to the normal. This new
normal is accepted if the reflected wave is still inside the original volume.

4 Subroutines

CALL GSCKOV (ITMED, NPCKOV, PPCKOV, ABSCO, EFFIC, RINDEX)

ITMED (INTEGER) tracking medium for which the optical properties are to be defined;

NPCKOV (INTEGER) number of binsin the tables;

PPCKQOV (REAL) array containing NPCKOV values of the photon momentum in GeV;

ABSCO (REAL) array containing NPCKQOV values of the absorption length in centimeters in case of
dielectric and of the boundary layer absorption probabilities in case of a metal;

EFFIC (REAL) array containing NPCKOV values of the detection efficiency;

RINDEX (REAL) array containing NPCKOV values of the refractive index for adielectric, if RINDEX (1)

= 0 the material isametal;

This routine declares a tracking medium either as a radiator or as a metal and stores the tables provided by
the user. In the case of ametal the RINDEX array does not need to be of length NPCKOV, aslong asiit is set
to 0. The user should call this routine if he wants to useCerenkov photons. Please note that for the moment
only BOXes, TUBES, CONES, SPHEres, PCONS, PGONS, TRD2s and TRAPS can be assigned optical properties due
to the current limitations of the GGPERP routine described below.

CALL GLISUR (X0, X1, MEDIO, MEDI1, U, PDOTU, IERR)

X0 (REAL) current position (X0 (1) =z, X0 (2) =y, X0 (3) =z) and direction (X0 (4) =p,, X0 (5)=p,,
X0(6)=p,) of the photon at the boundary of a volume;

X1 (REAL) position (X1 (1)=x, X1(2)=y, X1(3)=z) beyond the boundary of the current vol-
ume, just inside the new volume along the direction of the photon;

MEDIO (INTEGER) index of the current tracking medium;

MEDI1 (INTEGER) index of the tracking medium into which the photon is entering;

U (REAL) array of three elements containing the normal to the surface to which the photon is
approaching;

PDOTU (REAL) — cos 6 where 6 is the angle between the direction of the photon and the normal to
the surface;

IERR (INTEGER) error flag, GGPERP could not determine the normal to the surface if IERR # O;

This routine simulates the surface profile between two media as seen by an approaching particle with coor-
dinate and direction given by X0. The surface is identified by the arguments MEDIO and MEDI1 which are
the tracking medium indices of the region in which the track is presently and the one which it approaches,
respectively. The input vector X1 contains the coordinates of a point on the other side of the boundary from
X0 and lying in within medium MEDI1. The result isaunit vector U normal to the surface of reflection at X0
and pointing into the medium from which the track is approaching.

The quality of the surface finish is given by the parameter returned by the user function GUPLSH (see below).
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VALUE = GUPLSH (MEDIO, MEDI1)

This function must be supplied by the user. It returns a value between 0 and 1 which decsribes the quality
of the surface finish between MEDIO and MEDI1. The value O means maximum roughness with effective
plane of reflection distributed as cos o where « is the angle between the unit normal to the effective plane of
reflection and the normal to the nominal medium boundary at X0. The value 1 means perfect smoothness.
In between the surface is modelled as a bell-shaped distribution in « with limits given by:

sina = £(1 — GUPLSH)

At the interface between two media the routine is called to evaluate the surface. The default version in
GEANT returns 1, i.e. a perfectly polished surface is assumed. When GUPLSH = 0 the distribution of the
normal to the surfaceis ~ cos 6.

MEDIO (INTEGER) index of the current tracking medium;
MEDI1 (INTEGER) index of the tracking medium into which the photon is entering;

CALL GGCKOV

This routine handles the generation of Cerenkov photons and is called from GTHADR, GTMUON and GTELEC
in radiative materials for which the optical characteristics have been defined via the routine GSCK0V.

CALL GSKPHO (IPHO)

IPHO (INTEGER) number of the Cerenkov photon to store on the stack to be tracked. If IPHO = 0
all the generated photons will be put on the stack to be tracked.

This routines takes the Cerenkov photon IPHO generated during the current step and stores it in the stack
for subsequent tracking. This routine performs for Cerenkov photons the same function that the GSKING
routine performs for al the other particles. The generated photons are stored in the common /GCKIN2/
([BASE030]).

CALL GTCKOV

Thisroutineis called to track Cerenkov photons. The user routine GUSTEP iscalled at every step of tracking.
When ISTOP = 2 the photon has been absorbed. If DESTEP # 0 then the photon has been detected.

CALL GGPERP (X, U, IERR)

(REAL) array of dimension 3 containing the current position of the track in the MARS;

U (REAL) array of dimension 3 containing on exit the normal to the surface of the current
volume at the point X;
IERR (INTEGER) error flag: if IERR # 0 GGPERP failed to find the normal to the surface of the

current volume.,

This routine solves the general problem of calculating the unit vector normal to the surface of the current
volume at the point X. The result isreturned in the array U. X is assumed to be outside the current volume
and near a boundary (within EPSIL). The current volume isindicated by the common /GCVOLU/. U points
from inside to outside in that neighbourhood. If X is within EPSIL of more than one boundary (i.e. in a
corner) an arbitrary choice is made. If X isinside the current volume or if the current volume is not handled
by the routine, the routine returns with IERR=1, otherwise IERR=0. At the moment the routine only handles
BOXes, TUBES, SPHEres and CONES.
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5 Processesinvolving Cerenkov photons

The process of generating a Cerenkov photon is called CKOV and corresponds to the process value 105
(variable LMEC in common /GCTRAK/). This process is activated only in a radiator defined via the routine
GSCKOV.

The process of photon absorption (name LABS, code 101) is controlled by the LABS FFREAD data record. By
default the process is activated for all the materials for which optical properties have been defined.

The action taken at the boundary isidentified by the process name LREF, code 102.
At aboundary a photon can be either reflected (name REFL, code 106) or refracted (name REFR, code 107).
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Gaussian multiple scattering

1 Subroutines

CALL GMGAUS (BETA2,DIN*)

BETA2 (REAL) 3

DIN (REAL) array of 3 containing the direction of the scattered particle with respect to the
incoming direction.

This routine is called by GTELEC, GTHADR, GTMUON and GTHION via GMULTS when the variable IMULS,
controlled by the data record MULS is equal to 3.

2 Method

2.1 Approximationsin use

A charged particle traversing a medium is deflected by many scatters, mostly at small angle. These scatters
are due to the interaction with the Coulomb field of the nuclei, and to a lesser degree, to the electron field,
hence the name of Coulomb scattering. For hadronic projectiles, however, the strong interaction contributes
to multiple scattering. Multiple scattering is well described by Moliére theory [37]. Moliére multiple
scattering theory is used by default in GEANT (see [PHYS325]). We define & = 070" = 0570,/ V2 as
the r.m.s. of the angle between the directions projected on a plane of a particle before and after traversing
athickness t of absorber. In this case a simple form for the multiple Coulomb scattering of singly charged

particles which iswidely used is:

15MeV t
90 ~ T A\ v
EB Xo

where X is the radiation length of the absorber. This form was proposed by [38], [39]. It can introduce
large errors because it ignores significant dependences from pathlength and Z. To compensate for this, a
similar formula was proposed [40], [41]:

14.1MeV | ¢t t

A form taking into account the g and = dependence of the particle has been proposed by [42]:

- S2 t tZi2nc
GO_E—ﬂ?Hfoll—'—dng <X0ﬁ2>] ()]

The problem with the formulae (1) and (2) is that if the distance ¢ in the absorber is travelled in two steps

t =ty + to, therm.s. angle Oy (t) = Oo(t1 + t2) # /03 (t1) + 03(t2), limiting their use in a MonteCarlo
like GEANT.

240 PHYS320-1



Much of the difficulty in approximating multiple Coulomb scattering in terms of the radiation length is that
the number of radiation lengths is a poor measure of the scattering. A better expression, which is used in
GEANT has been proposed by [42]:

2 _ X 1+v

05 = & log(14+v)—1 (©))
where
Vv = 790
21 —F)
F = fraction of the tracks in the sample
2
Qy = Xe is the mean number of scatters
1.167x2

X2 and X2 are parameters of the Moliére theory, for which the reader is invited to see [PHYS325], and
1.167 ~ exp(2y — 1) where v is the Euler's constant = 0.57721.... This form, which is the result of
empirical fits, is derived from the screened Rutherford cross section, which has the form 252 /(x2 + 63).
For F" anywhere from 0.9 to 0.995 this expression represents Moliere scattering to better than 2% for 10 <
Qo < 10%, which covers singly charged relativistic particles (3 =~ 1) intherange 1073 < t/ X, < 100.

In GEANT we have adopted the values of F' = 0.98 and €% = 40,000 scatters, obtaining the following
formula:

Vit

90 = 2.557XCCE—52

where .. is another parameter of the Moliére theory for which the reader is referred to [PHYS325]. This
algorithm isimplemented by the routine GMGAUS.
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Moliere scattering
1 Subroutines

1.1 Initialisation

CALL GMULOF

GMULOF calculates the table of maximum steps corresponding to the energies in the array ELOW for electrons
and muons. It iscalled during initialisation by GPHYSI. For hadrons and ions the computation is performed
during tracking in the routines GTHADR and GTHION.

CALL GMOLI (AC,ZC,WMAT,NLM,DENS, OMC* , CHC*)

AC REAL array of dimenstion NLM containing the mass numbers;

ZC REAL array of dimenstion NLM containing the atomic numbers;

WMAT REAL array containing the proportions by weight of the component of a mixture/compound. 1
in case of asingle component;

NLM INTEGER nhumber of the elements in the mixture/compound,;

DENS REAL density in g cm™3;

oMC REAL b, constant of Moliére theory;

CHC REAL .. constant of Moliere theory.

GMOLI calculates the two material-dependent constants (OMC and CHC). These are needed during initialisation
by GMULOF and during tracking to sample the scattering angle, as explained below. It iscalled at initialisation
time by the routine GPROBI which initialises some material constants and computes the probabilities for
various processes.

1.2 Sampling of the multiple scattering angle

CALL GMULTS

GMULTS isthe steering routine for the sampling of the multiple scattering angle when the variable IMULTS in
common /GCPHYS/ is 1 or 2. This variable can be controlled by the MULT data record. The routine decides
if the material-dependent constant OMC computed by GMOLI during initialisation has to be corrected due to
its dependence on 3 and Z;,,., and selects Moliéere theory (GMOLIE) or single Coulomb scattering (GMCOUL).
It updates the direction of the particle in the array VECT (COMMON GCTRAK). It is called by the tracking
routines GTELEC, GTHADR, GTHION and GTMUON.

CALL GMOLIO (AC,ZC,WMAT,NLM,DENS,BETA2,CHARG2,0MC*)

BETA2 REAL (32 of the particle;
CHARG2 REAL charge squared of the particle in electron charge unit (72, in the following).

All the other arguments are routine GMOLI. GMOLIO re-evaluates the material-dependent constant OMC. It is
called by GMULTS, if needed.
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CALL GMOLIE (OMEGA,BETA2,DIN*)

OMEGA REAL Qg of the Maliere theory;
BETA2 REAL (32 of the particle;
DIN REAL array of dimension 3 containing the new direction cosines with respect to the original

direction of the particle.

GMOLIE samples the multiple scattering angle according to Moliére theory, as explained in the next section.
Itiscalled by the multiple scattering steering routine GMULTS,

CALL GMOL4 (Y*,X,VAL,ARG,EPS,IER*)

Y REAL value of the interpolated function;

X REAL value at which the function should be interpol ated;

VAL REAL array of four values of the function to interpolate;

ARG REAL array of four values of the argument of the function to which the values contained in VAL
correspond;

EPS REAL required precision for the interpolation;

IER INTEGER error flag;

GMOL4 inverts the integral of Moliére distribution function using four-points continued-fraction interpola-
tion. Itiscalled by GMOLIE.

2 Method

2.1 Introduction

When traversing ordinary matter, elementary particles undergo deflection from their originary trajectory due
to the interaction with the atoms. This effect is rather large for charged particles, which are deflected by the
electric field of nuclei and electrons via alarge number of small elastic collisions. To simulate precisely the
transport of particles in matter, it is important to provide a precise description of this effect. Considerable
effort has gone over the years into the formulation of atheory of Coulomb multiple scattering. In GEANT we
follow the theory originally formulated by Moliere [43] [44] and then elaborated by Bethe [37]. A review
of thistheory can be found in [45].

It should be noted that this is not the only theory which describes multiple Coulomb scattering, and a
thorough analysis of the problem has been performed by Goudsmit and Saunderson [46] [47].

A complete account of the Maliere theory is outside the scope of this manual. For more information the
interested reader could refer to the works cited above and to the EGS4 manua [15], from which the notation
used in the present chapter has been derived.

The principal limitations of Moliére theory are the following:

1. theangular deflection is small. Effectively this constraint provides the upper limit for the step-size;

2. the theory is a multiple scattering theory; that is, many atomic collisions participate in causing the
incident particle to be deflected. In some implementations, this constraints provides alower limit on
the step size. In GEANT, when the number of scatters is below the limit of applicability of Maliere
single Coulomb scatterings are simulated, so that there is no effective minimum step size below which
multiple scattering is switched off;

3. the theory applies only in semi-infinite homogeneous media. This constraint calls for a very careful
handling of particles near to a medium’s boundary;
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4. thereisno energy loss built into the theory. This again introduces the necessity to take small steps;

In Moliére theory corrected for finite angle scattering (sin 6 # ) as described by Bethe [37, 45], the angular
distribution is given by:

sin 6

f(0)0do = Tfr(n) ndn, @

where for f,.(n) we use the first three terms of Bethe's expansion:

frtn) = fOm) + OB + [P () B )
0
T VB

n is called the reduced angle.

2.2 Calculation of thereduced angle
In formula (2) above Y. the critical scattering angle defined as:

2:47Te4ZspNAin2nct_ o, 9 t

= 2 3
Xe W02p2ﬁ2 Xeeine E2ﬂ4 ( )

with

Zine incident particle charge

Zs  defined below

N4, Avogadro’'s number

P density

W YN n;A;  molecular weight

E particle energy in MeV

ro  €?/(mc?) classical electron radius

t total path length in the scatterer (and not its thickness).

The variable y. is factorised into two parts. The first part, x.., iS a constant of the medium for a given
incident particle. The second part depends on the incident particle energy and on the path length in the
medium.

9 47Te4ZspNAv 47Tc4r8mz ZspN 44

— — ~ —3\2, P 2 -1
X =~ = e ~ (039612 107%)Z, o | GeV? em ™| (4)

The variable CHC or CHCMOL stored in Q (JPROB+25) corresponds to x... B is defined by the equation
B—-InB=1InQy, 5)

where €2 can be interpreted as the number of collisions in the step:

2
Xe
2

t
_ b2
eQ’y—lxa - ch

inc @

Here v is Euler's constant (v = 0.57721...) and y, the atomic electron screening angle. For a single
element thisis given by:

A 2 ZZznc 2
X2 = ( 0 ) 1.13 + 3.76 (0‘7)
27T7“TF ﬂ
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Qo =




where

A
2—0 = h/p Compton wavelength of the electron
Y
rrp = 0.885a¢Z2 ~3  Thomas-Fermi radius of the atom
2
ap = —— Bohrsradius
me
a = 1/137.035... thefine-structure constant
so that we have
2.4 2
9 m~“e*1.13 2 (aZZmC)
=—————73|1+3.34 .
Xo = 212 (0.885)2 3

For a compound/mixture the following rule holds:

N N
SoniZiZi+ DIn(Z) Y B Zi(Z+ 1) In(x2)
In(v2) = =L =171
D(Xa) - N - N )
N niZi(Zi+1) > Hzi(zi+ 1)
i=1 i=1
N 2,4 2
i m-e*1.13 2 (aZZch)
27 Zi+ 1 73 3.34
;Al ( ) { 21%(0.885)% " l &
2 7(Zi +1
=1 Al Z( Z+ )
N 3
S Pz Zi+ )z ?
| < m2e*1.13 — A
_= n —_
p2h2(0.885)2 N o
2 7(Zi + 1
; A lZi+ 1)
N 2
Di aZiZinc>
2 1+ 3.34 [ —=2one
;A [ +3.3 < 5 ]

To understand the transformations in the above formulag, the following should be noted. Let n be the
number of atoms of type i in a compound/mixture, that is the number of moles of element i in a mole of
material, and p; the proportion by weight of that element. We have the following relation:

n; A; . ol Di i
pi = 721\, e that is n; = (Jz::l njAj) XZ = WXZ

=1 T4

so that we can simplify expressions in the following way:

N N
Limi i 1 i Z (pi/As) .
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If now we set

N
Z, :Z niZi(Zi+1) Z Dz Zi+ 1) W2z,

Zp= an Zi+1)Inz; /3 _WZ (Z;+ )InzZ, =W 7],

ZiZinc 2
Zy :Z niZi(Z; + 1) In [1 + 3.34 (O‘T) ]

ZiZinc 2
_W (Zi+1)In [1+3.34 (2 —WZ
/B X

we can write:

2¢41.13 Zy—Zg
m(x2) = 1 ° d
D(Xoc) n <p2h2(0885)2 ZS

2 o= LIS gy S gy
@ p2h?(0.885)2 p2h?(0.885)2
and finally:
2
_ Xe
o = e~ 1x2
_ 1 4me'ZpNauZit p2h2(0.885)26,(zé, 7)/7!
1.167 W c2p2 32 1.13m2e?
t
2 2
bc _ 47I'NAvh (0 885) Z, (Z 7! )/ {6702 33pZ/ (Z Z/)/Z/

m2cz2 113 x 1. 167

The quantity b, is calculated during initialisation by the routine GMOLI setting 8 = 1 and Z,,. = 1. This
variable is called OMC or OMCMOL and it is stored in Q (JPROB+21). It has, via the atomic electron screening
angle x2, asmall dependence on 3 and Z;,. in the term Z,. The quantity b.pZ’ is re-evaluated during
tracking by the routine GMOLIO, called by GMULTS, only when necessary.

The dependence of Z,. on 8 and Z;,,. isviaaterm of theform: 1+3.34 (aZchﬁfl)Q, soitisnot necessary
torecaculateitaslongas1 + 3.34 (aZZincﬁ*1)2 ~1+3.34 (aZ)2 that is:

3.34(Za)? l(Z—”)Q ~1 Zine — 0"

< 1 = Z2 inc

5 < 3.34a7? & 5500

g
Z:(Zg. — B%) < 5087

For mixtures/compounds this condition should be checked for every component and this would be unaccept-
able from the point of view of computer time. So we simply make the condition more restrictive multiplying
the first term by the number of elements in the mixture/compound.
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2.3 Sampling of the distribution function

The component distribution functions (2) are given by

M = 27" = 2Dy(1,1,—1?)
f’rgl)(n) == 2D1(2717_77 )
12 m) = Dy(3,1,—1?),

where D,,(a, b, z) = d"[I'(a)M(a, b, z)]/da™, with M (a, b, z) the Kummers hypergeometric function.

Integrals of the functions fT(l) and fT(Q) needed for the Monte Carlo can be written down directly in terms of
the D functions

/ nfMndy = Di@,1,—1?) — Dy(L1,—5%) — Do(L, 1, 1)
n

o0 1
/ nf? ndy = 5D2(3,1, =) = Da(2,1, =) = Di(2,1, =)
n

We note that the first term isjust the Gaussian part and it dominates for large B, that is, for large number of
scatters, as it has to be expected. Recalling the definition of » in (2) we can say that the half-width of the
Gaussian part of the Moliére distribution is o> = x2B/2. Routine GMOLIE performs the sampling of the
Moliére distribution via the following steps:

1. thevalue of B iscaculated recursively. If weset f(B) = B with f(B) = In{) + In B the relation
usedis B, = B,—1+ AB = B,,_1 + (f(Bn-1) — Bn—1)/(1 — 1/B,,_1). Convergence is assumed
when [AB| <1074,

2. arandom number r; is sampled and atable of four values F,.(n;) isbuilt withi = j —2,j—1,4,5+1
and F,.(n;) > r. F isthe distribution function derived from (2):

Mmzfﬂdt/f )+ FOBB + fO 1) B2 dt

_ /fr )dt + B~ /f<1 )dt + B~ /fr

= FO) + BTFV () + BEO ()

40 vaues of the functions F}(”) are tabulated.

3. using afour-points continued-fraction interpolation method (GMOL4) atable of 77 isinterpolated using
thevalues of r; and F' tabulated in the previous step. Thisissimilar to the inversion of the distribution
function, but instead of obtaining directly the random variable, we interpolate a table of its squares.
This provides a better fit to the inverse function;

4. thevalue of # = x.\/Bn? iscdculated;

5. arandom number r; is extracted, and the rejection function ¢g(6) = /sin /6 is computed. If r, >
g(0) resampling begins from step 2, otherwise the value is accepted.

The Maliére distribution gives the space scattering angle. A similar expression may be written for the
lateral displacement of the scattered particles. However, the problem of joint angle lateral displacement in
the Moliére approximation has not been solved, and, for small step size, latera displacement is of second
order and may be neglected. This introduces a praoblem when large step sizes are taken. The step size can
be artificially limited via the use of the variable STEMAX, which is an argument to the routine GSTMED. For
more information on this point the user isinvited to consult chapter [CONS200].
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3 Path and step length

3.1 Restrictionson the step length
Restrictions on the length of the step arise from:

1. the number of scatters )y > 20 to stay within the multiple scattering regime. When )y < 20, an
appropriate number of single scatterings is used. See routine GMCOUL [PHYS328].

2. X?B < 1i.e thewidth of the Gaussian part of the distribution should be less than one radian. This
condition induces a maximum step length for the multiple scattering called tg.;p.. In order to find this
value we write the limiting condition as X2 ( ethe ) B(tBethe) = 1, that is B(tgethe) = 1/X2(tBethe)-
Now using equation (5) wetake the exponential of both members B (tzeihe )0 (tBethe) = exp(1/X%(t Bethe))-
Dividing the two last equalities we obtain:

b. 72

QO(tBethe) = ﬂ;nc tBethe - XZ (tBethe) eXp(l/Xg (tBethe))
_ XECZZZTLCtBCthe €Xp [(E2ﬁ4)/(xzczi2nct36the)]
- E2ﬂ4
beE?32
exp [(E2ﬂ4)/(xzczzgnct3€the)] = . 2
Xee
E2ﬂ4

tBeth
o X2 Z3,. n (b B?(2 /2]

For electrons and muons this constraint on the step-length is tabulated at initiaisation time in the
routine GMULOF [PHYS201] . For hadrons this formula can be approximated as:

2

1 E?p3
tGauss ~ | ——— = | X
Gauss <14.1 1073 Zn> 0

where E isin GeV and X is the radiation length in centimeters and the formula has been taken
from the Gaussian approximation to multiple scattering (see [PHYS320]). This condition is more
restrictive, because it is equivalent to require that the width of the Gaussian part of the distribution be
less than 0.5, but it has been found that the two conditions are numerically equivalent;

3. limitation due to the path length correction algorithm used (see below).
3.2 Path Length Correction

A path length correction may be applied in an approximate manner. We have from the Fermi-Eyges theory
[15]

1t -
t:S—i——/HQ(t)dt @
2 Jo
where

62(t) the mean square angle of scattering;
S step size dlong a straight line;
t actual path length.

We have further:

027\ __ Zinc 2i
02(t) = (0.0212 o6 ) X 8
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Xy isthe radiation length. From (7) and (8) we get

72
=t — Kt ith K =112 x107* 2n¢ 9
S wi x 10 252X, 9
Equation (9) may be used to make the path length correction. Solving equation (9) with respect to ¢ implies
that, in order to obtain real solutions:

1 . Xop®3?
i.e. S < 2232 2P0

inc

S < ——
— 4K

(10)

This condition provides an additional constraint to the maximum step length for multiple scattering (variable
TMXCOR in routine GMULOF). The corrected step can be approximated as:

t~S(1+ KS) = S(1 4 CORR)

where CORR < 0.25 due to condition (10).
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Plural scattering

1 Subroutines
CALL GMCOUL (OMEGA,DIN*)

OMEGA (REAL) Qg of the Moliére theory;

DIN (REAL) array of dimension 3 containing the direction of the scattered particle with respect to
the incoming direction;

Generates single scatters in small angle approximation returning the new direction with respect to the old
one. It iscaled by GMULTS when €y < 20.

2 Method

In the Moliére theory the average number of Coulomb scatters for a charged particle in a step is expressed
by the parameter )y (see [PHYS325]). When < 20, the Moliére theory is not applicable any more, even
if it has been noted [48] that it still gives reasonable results down to its mathematical limit = e. The
range 1 < 0y < 20 iscalled the plural scattering regime. An interesting study of this regime can be found
in [49].

In GEANT, when ©y < 20, a direct simulation method is used for the scattering angle. The number of
scatters is distributed according to a Poissonian law with average Q = k) = €27 1Qy ~ 1.167Q with
v = 0.57721... Euler's constant. Using the customary notations for the probability distribution function
for small angle (sin 8 = 6) single scattering, we can write:

do 1
f(6)0do = @gede (D)

where o isthe cross section for single elastic scattering. We use as cross section the one reported by Moaliere
[43] [44]:

do 5 27 Zince? 2 1
gdo ~ " pv (6% + x2)?

Thisisthe classical Rutherford cross section corrected by the screening angle .. This angle is described
by Moliére as a correction to the Born approximation used to derive the quantum mechanical form of the
Rutherford cross section. We have then:

[T g g (e’ [T (2 1
T 0a0”” T\ o @2 "\ w )2
and so eguation (1) becomes:

260d6 20dO
0)0db = > =
f(0) Xa 02122 (1+02)2
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where we have set © = 0/x,. To sample from this distribution we calculate the inverse of the distribution
function:

_/9 2dt 1 N o- | 1 )
= G¥er T 1tez 19

where 7 is a number uniformly distributed between 0 and 1. If we observe that also 1 — 7 is uniformly
distributed between 0 and 1 and we remember the definition of ©, we obtain:

o= e (}-1)

To calculate x? we observe that:

2
X
Qp = &
’ kx2
X2 — Xz _ chZiant/E2ﬂ4 _ ch
a

KQo  kboZ2, /3% kbep?c?

where we have used the notations of [PHYS325] and k = 1.167.
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lonisation processes induced by et+/e-

1 Subroutines

CALL GDRELA

GDRELA initialises theionisation energy loss tables for different materials for muons, electrons and positrons
and other particles. The energy binning is set within the array ELOW (common /GCMULO/) in the routine
GPHYSI. The tables are filled with the quantity dF /dx in GeV/cm (formula (4) below) whichisvalid for an
element as well as a mixture or a compound. In the tables the dE/dx due to ionisation is summed with the
energy loss coming from bremsstrahlung. For energy loss of electrons and positrons, it calls GDRELE using
the following pointers:

JMA = LQ(JMATE-I) pointer to the I** material

JEL1 = LQ(JMA-1)  pointer for dE/dx for electrons

JEL1+90 pointer for dE/dx for positron
GDRELA is called at initialisation time by GPHYST.

CALL GDRELE (EEL,CHARGE,JMA,DEDX)

GDRELE computes the ionisation energy loss (DEDX) for electrons (CHARGE = -1) and positrons (CHARGE
= +1) with kinetic energy EEL in the material indicated by I in JMA = LQ(JMATE-I). It is called by the
routine GDRELA.

CALL GDRSGA

CDRSGA calculates thetotal cross-section in all materials for deltaraysfor Moller (6 e~) and Bhabha (e~ e™)
scattering and for muons. It tabulates the mean free path, A = 1/X (in cm) as afunction of the medium and
the energy. The energy binning is set within the array ELOW (common /GCMULQ/) in the routine GPHYST.
The following pointers are used (see JMATE data structure):

JMA = LQ(JMATE-I) pointer to the I** material
JDRAY = LQ(JMA-11) pointer to §-ray cross-sections
JDRAY pointer for electrons
JDRAY+90 pointer for positrons
JDRAY+180 pointer for /.

Theroutine is called during initialisation by GPHYST.

2 Method
Let:
do(E,T)
dT

be the differential cross-section for the gjection of an electron with kinetic energy 7' by an incident & of
total energy E moving in amedium of density p.
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The variable DCUTE in common /GCCUTS/ is the kinetic energy cut-off for the generated J-rays. Below this
threshold the soft electrons ejected are simulated as continuous energy loss by the incident &, and above it
they are explicitly generated.

The mean value of the energy lost by the incident ¢t to the soft d-raysis:

DCUTE o (E. T
Eqos+(E,DCUTE) = /0 %T AT 1)

whereas the total cross-section for the gjection of an electron of energy 7' > DCUTE is:

TMax E T
o(E,DCUTE) = / do(B,T)

dT 2
DCUTE dT @

where T4, iSthe maximum energy transferable to the free electron:

_ +
Thten = E—-—m for e_ 3)
(E—m)/2 for e,

where m isthe electron mass. The method of calculation of the continuous energy loss and the total cross-
section are explained below. [PHYS331] deals with the explicit simulation of the §-rays.

2.1 Continuousenergy loss

The integration of (1) leads to the Berger-Seltzer formulae [50, 51, 52, 12, 53, 54]:

dE  2mrdmn [ 2(1 +2) i
— = F A)—§ 4
where
E
T m
1
2
B 1- )
T v—1
DCUTE
Tc
m

DCUTE energy cut for e*
Tmae  Maximum possible energy transfer in e mass: 7 for e*, 7/2 for e~

A min(7¢, Tmaz)

n electron density of the medium
1 average mean ionisation energy
) density effect correction.

The functions F* are given by

2 2 3 2 3 4
FHrA) = In(rd) - 2 T+2A_3A2?/_(A_A—>y2—(A—_Tﬁ_ﬂ_)yﬂ )
T

F~(r,A) = —-1-3*+In[(r—A)A]+ +

wherey = 1/(y + 1).
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The density effect correction is calculated asin [53]:

0 if:C<.%'0
0=4q 2In10+z+ C +a(z; — )™ o <z <21 (7)
2In104+xz+ C T <z,

where x = In(y? — 1)/(2In 10) The quantities n, | and the parameters of the density effect correction
(zo,x1,C, a,m) are computed in the routine GPROBI, and we give the corresponding formulae here. The
electron density of the medium, n, can be written as

VA
N Avpz for elements
= 2iniZi : ®
Nayp=t for compounds/mixtures,
Zi n;A;
where
N Avogadro’s number;
Z; atomic number;
A; atomic weight;
p density of the materia;
n; proportion by number of the i element in the material (for amixture n; = Wp;/A; where p; the

proportion by weight and W' is the molecular weight).
The average mean ionisation energy can be calculated as [50] [51] [52] [12]:

16-107° Z99 for achemical element

I(GeV) = ©)

exp |y niZiInI1(Z;)/> n;iZ;| foracompound or mixture
[ )

The density effect correction parameters can be computed (for condensed medium [53]) as

I
m = 3
C
Yo = Sm10
¢ — 2mipWFa— )"
X1 — 950)

I C i) T
<1077 | < 3.681 0.2 2
<1077 | >3681| —0.326C —1 | 2
>10"7| 5.215 0.2 3
>10"7 | >5.215 | —0.326C —1.5| 3

254 PHYS330-3



2.2 Total cross-sections

The integration of formula (2) gives the total cross-section [15], [17] for Moller scattering (6 e™):

2rrdmZ [(y—1) (1 1 1 2y -1, 1—2
Z, E,DCUTE) = 0 ——1)+-- — 1 10
o(2.E, ) 62(E—m)[ ok (x )+w -z 3 } (10)

and for Bhabha scattering (e¢te™):

2mr2mZ [ 1 (1 Bsg By
Z.E,DCUTE) = — 9"~ | —_ (= -1)+B Bo(l —2) — —2(1 — 22 —1—3}11
(2. 5.000TE) = S | (L - 1)+ Bua o+ Bl =) = (1 o)+ 51 o) @)
where

E 1
V== 52:1——2

m v

DCUTE 1
xr= = —

E-m T T
By =2 —y? By = (1-2y)(3+9°)
By =(1-2y)*+(1-2y)? By=(1-2y)?®

The formulae [10] and [11] give the total cross-section of the scattering above the threshold energies
T, = 2DCUTE and Tt . = DCUTE (12)

The interaction length for the production of §-raysis calculated during initialisation by routine GDRSGA.
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Simulation of the delta-ray production

1 Subroutines

CALL GDRAY

GDRAY generates explicitly the deltarrays (see [PHYS330] for treatment of the ionization as continuous
energy loss and for the calculation of the total cross-section).

common /GCTRAK/
common /GCKING/

input:

output:

The routine is called from the tracking routines GTELEC, GTMUON, GTHION and GTHADR when a charged
particle reaches its interaction point.

2 Method

2.1 Differential cross-section

The differential cross-section of the §-ray production can be written asin equations (1, 2) [54], [12], [55].
For the electron/electron (Moller) scattering we have:

d 2mZré¢m -1)2 1/1 29y-1 1 1 2y-1
do _ 27T 0 (72)+_(__ ')/2 )+ ( ')/2 ) 0
de  [?(E —m) ~y € \ € ~y l—e\l—€ 7~
and for the positron-electron (Bhabha) scattering:
do  2nZr3dm [ 1 By 9
— = - 4y By— B3+ B 2
de (E—m) {ﬁQeQ e TP 3¢+ Dac ] @
where
Z = aomic number of the medium E = energy of theincident particle
M = rest massof theincident particle Y=
1 1
2
= 1 _—— = _—
B 2 Y y+1
B = 2—y? By = (1-2y)(3+%
By = By = (1-2)°

(1—2y)* + (1 —2y)°
T

E—m

with T the kinematic energy of the scattered electron (of the lower energy in the case of ¢ e scattering).
The kinematical limits for the variable € are:

TCUT TCUT

- <e<1 forete™
E—-m~— —

€0
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For the other charged particles the differential cross-section can be written:

do 9 1 o T : .

T = QWZTOm@ﬁ [l—ﬁ THAX ] for spin O particle
do 11 T T?

— = 2Zrim—— |1—-3*—— 4+ —| for spin 1/2 particl
o T romﬁQ T2 [ B THAX + 2E2] or spin 1/2 particle

where TMAX is the maximum energy transferable to the free electron:

2m(y* — 1)

= T30y /M) + (/)P

and TCUT isthe energy threshold for the é-ray emission: TCUT < T < TMAX
2.2 Sampling
Apart from the normalisation, the cross-section can be written as

& = F(gle),

where, for e~e™ scattering,

1 €0
9 = @1 0q
4 € v?
= — (v -12 - (22 +2y-1
g(€) 97 10775 (v=D% = (27" +2y )1_6+(1_6)2

and for eTe™ scattering

1 €0

6_2 1-— €0
By — Bie + 3262 — 3363 + B4€4
By — Bieg + Bgeg — Bgeg + B466l

Here By = 72 /(% —1) and al the other quantities have been defined above. For the other charged particles:

@ = (L)L

TCUT TMAX/ T

o1) = 1-p e T

VAR + 552 (last term for spi n-% particle only)

GDRAY samples the variable e by:

1. sample e from f (e)

2. calculate the rejection function g(e) and accept the sampled e with a probability of g(e).

After the successful sampling of ¢, GDRAY generates the polar angles of the scattered electron with respect
to the direction of the incident particle. The azimutha angle ¢ is generated isotropically; the polar angle ¢
is calculated from the energy momentum conservation. Thisinformation is used to calcul ate the energy and
momentum of both scattered particles and to transform them into the GEANT coordinate system.
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Simulation of energy loss straggling

1 Subroutines
CALL GFLUCT (DEMEAN,DEx)

DEMEAN (REAL) average energy loss according to the energy loss tables;
DE (REAL) actual energy loss.

GFLUCT selects the method to sample the fluctuations around the mean energy loss DEMEAN and returns the
energy 10ss DE in the current step.

If §-rays are not produced (DRAY=0), it calls GLANDG when the current particle and material parameters are
in the validity range of Landau theory, GVAVIV when in the range of Vavilov theory, or performs a Gaussian
sampling. For fluctuations in small steps GLANDZ is called.

If §-rays are produced (DRAY=1), it calls GLANDZ which, the cut for the §-ray production being set, does
sampling from restricted formula.

GFLUCT is called from the tracking routines GTELEC, GTHADR and GTMUON when the LOSS flag isset to 1, 2
or 3.

CALL GLANDG (YRAN*)

YRAN (REAL) random variable distributed according to the Landau distribution;

GLANDG samples from the Landau distribution. It is called from GFLUCT.

VALUE = GVAVIV (RKAPPA,BETA2,RAN)

RKAPPA (REAL) k parameter of the Vavilov distribution (see below);
BETA2 (REAL) 32 of the particle;
RAN (REAL) random number uniformly distributed in]0,1].

GVAVIV samples samples the variable A\ = \,/x — Ink, sometimes called the Landau \, where ), is
distributed according to the Vavilov distribution. For more details see below. It is called from GFLUCT.

CALL GLANDZ (Z,STEP,P,E,DEDX,DE*,POTI,POTIL)

Z (REAL) atomic number of the medium;

STEP (REAL) step sizeincm;

P (REAL) momentum of the particlein GeV ¢ ';

E (REAL) total energy of the particle in GeV;

DEDX (REAL) average energy loss in the step according to the energy loss tables;
DE (REAL) actual energy loss in the step;
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POTI (REAL) average ionisation potential for the medium;
POTIL (REAL) logarithm of the average ionisation potential.

GLANDZ gives the energy loss DE for the current particle with energy E and momentum P in a material of
atomic number Z where the average energy loss is DEDX and the current step length STEP. It is called from
GFLUCT for restricted Landau fluctuations when ¢§-rays are produced or to sample the fluctuations in thin
layers (with or without 5-ray production).

2 Method

Due to the statistical nature of ionisation energy loss, large fluctuations can occur in the amount of energy
deposited by a particle traversing an absorber element. As recently reviewed [56], continuous processes
such as multiple scattering and energy loss play arelevant role in the longitudina and lateral development of
electromagnetic and hadronic showers, and in the case of sampling cal orimeters the measured resolution can
be significantly affected by such fluctuations in their active layers. The description of ionisation fluctuations
is characterised by the significance parameter «, which is proportional to the ratio of mean energy loss to
the maximum allowed energy transfer in asingle collision with an atomic electron

§
E max

K =

Eq. 1S the maximum transferable energy in asingle collision with an atomic electron.

B 2meF2?
1+ 2yme/my + (me/mx)2’

Emaa:

where v = E/m,, E is energy and m, the mass of the incident particle, > = 1 — 1/+2? and m, is the
electron mass. £ comes from the Rutherford scattering cross section and is defined as:

2122t N 4o Zpdx 227
= = 153.4— —pd keV
meB3%c2A 32 i ’
where
z charge of the incident particle

Na, Avogadro’'s number
Z atomic number of the material
A atomic weight of the material
P density
ox thickness of the material
x measures the contribution of the collisions with energy transfer close to F,,,... For a given absorber, x

tends towards large values if dx is large and/or if 5 issmall. Likewise, « tends towards zero if §x is small
and/or if 3 approaches 1.

The value of « distinguishes two regimes which occur in the description of ionisation fluctuations :

1. A large number of collisions involving the loss of all or most of the incident particle energy during
the traversal of an absorber.

As the total energy transfer is composed of a multitude of small energy losses, we can apply the
central limit theorem and describe the fluctuations by a Gaussian distribution. This caseis applicable
to non-relativistic particles and is described by the inequality « > 10 (i.e. when the mean energy loss
in the absorber is greater than the maximum energy transfer in asingle collision).

2. Particlestraversing thin counters and incident electrons under any conditions.

The relevant inequalities and distributions are 0.01 < « < 10, Vavilov distribution, and « < 0.01,
Landau distribution.
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An additional regime is defined by the contribution of the collisions with low energy transfer which can
be estimated with the relation £/, where I, is the mean ionisation potential of the atom. Landau theory
assumes that the number of these collisions is high, and consequently, it has a restriction £/§ > 1. In
GEANT, the limit of Landau theory has been set at §/y = 50. Below this limit special models taking into
account the atomic structure of the material are used. Thisisimportant in thin layers and gaseous materials.
Figure 37 shows the behaviour of £/1 as afunction of the layer thickness for an electron of 100 keV and 1
GeV of kinetic energy in Argon, Silicon and Uranium.

&y s
10200 ke
- ; 1 GeV
o E/|O< IR
10 :—
tE
-1
10 E
i Argon
- e Silicon
................................. U ran I u m
2
10
| | |
0.01 0.1 1 10 100
Step, [cm]

Figure 37: The variable £/, can be used to measure the validity range of the Landau theory. It depends on
the type and energy of the particle, Z, A and the ionisation potential of the material and the layer thickness.

In the following sections, the different theories and models for the energy loss fluctuation are described.
First, the Landau theory and its limitations are discussed, and then, the Vavilov and Gaussian straggling
functions and the methods in the thin layers and gaseous materials are presented.

2.1 Landau theory

For a particle of mass m,, traversing athickness of material §x, the Landau probability distribution may be
written in terms of the universal Landau [57], [58] function ¢(\) as:

fle,62) = %M
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1 c+100
p(A) = — exp (ulnu + Au) du c>0
271 Je—ico
€—€ 13
A= —~ — % —In——
e e
v o= 0422784...=1—~
v = 0.577215... (Euler's constant)
€ = averageenergy loss
e = actua energy loss
Restrictions

The Landau formalism makes two restrictive assumptions :

1. The typical energy loss is small compared to the maximum energy loss in a single collision. This
restriction is removed in the Vavilov theory (see section 2.2).

2. Thetypica energy loss in the absorber should be large compared to the binding energy of the most
tightly bound electron. For gaseous detectors, typical energy losses areafew keV whichiscomparable
to the binding energies of the inner electrons. In such cases a more sophisticated approach which
accounts for atomic energy levels (see for instance Talman [59]) is necessary to accurately simulate
data distributions. In GEANT, a parameterised model by L. Urban is used (see section 2.4).

In addition, the average value of the Landau distribution is infinite. Summing the Landau fluctuation ob-
tained to the average energy from the dE'/dx tables, we obtain a value which is larger than the one coming
from the table. The probability to sample alarge value is small, so it takes a large number of steps (extrac-
tions) for the average fluctuation to be significantly larger than zero. This introduces a dependence of the
energy loss on the step size which can affect calculations.

A solution to this has been to introduce alimit on the value of the variable sampled by the Landau distribution
[60], in order to keep the average fluctuation to 0. The value obtained from the GLANDO routine is:

3

max

§dE/dx =e—e=EN—~ + 6%+ 1n )

In order for this to have average 0, we must impose that:

3

Xz—’y’—ﬂ2—lnE

Thisisrealised introducing a A,q. () such that if only values of A\ < \,,,, are accepted, the average value
of the distribution is\.

A parametric fit to the universal Landau distribution has been performed, with following result:
Amaz = 0.60715 + 1.1934\ + (0.67794 + 0.052382X) exp(0.94753 + 0.74442))

only values smaller than \,,,, are accepted, otherwise the distribution is resampled.
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2.2 Vavilov theory

Vavilov [61] derived a more accurate straggling distribution by introducing the kinematic limit on the
maximum transferable energy in a single callision, rather than using F,,.. = oo. Using the notations of
[62] we can write:

fleds) = zou (A ?)

where
1) ()\ ﬂQ) L C+ioo¢( ) oy >0
v | Ay Ry = 9 i s)e S c>
6(s) = exp[s(1+ 5] expl ()],
V¥(s) = slnk+ (s+ k) [In(s/k) + Er(s/r)] — ke s/",
and
Ei(2) = /OO t~letdt (the exponential integral)

€— € ’ 9
Ao K [ ¢ v =8
The Vavilov parameters are simply related to the Landau parameter by &, = \,/x — Ink. It can be
shown that as « — 0, the distribution of the variable )\;, approaches that of Landau. For x < 0.01 the
two distributions are already practically identical. Contrary to what many textbooks report, the Vavilov
distribution does not approximate the Landau distribution for small «, but rather the distribution of J,
defined above tends to the distribution of the true A from the Landau density function. Thus the routine
GVAVIV samples the variable A\, rather than )\,. For x > 10 the Vavilov distribution tends to a Gaussian
distribution (see next section).

2.3 Gaussian Theory

Various conflicting forms have been proposed for Gaussian straggling functions, but most of these appear to
have little theoretical or experimental basis. However, as noted by Schorr [62] it has been demonstrated by
Seltzer and Berger [63] that for x > 10 the Vavilov distribution can be replaced by a Gaussian of the form :

B 1 N (e — E)2 K
f(e, 58) ~ é‘ 2% (1 ~ 52/2) exp l 2 52(1 _ ﬁ2/2)
thus implying
mean = €
2
7 = (1 522) = EBpaal - B/2)

K
2.4 Urban modd

The method for computing restricted energy losses with §-ray production above given threshold energy in
GEANT isaMonte Carlo method that can be used for thin layers. Itisfast and it can be used for any thickness
of a medium. Approaching the limit of the validity of Landau’s theory, the loss distribution approaches
smoothly the Landau form as shown in figure 38.
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Figure 38: Energy loss distribution for a3 GeV electron in Argon as given by standard GEANT. The width of
the layersis given in centimeters.

It is assumed that the atoms have only two energy levels with binding energy F and E5. The particle—
atom interaction will then be an excitation with energy loss F; or E», or an ionisation with an energy loss
distributed according to afunction g(E) ~ 1/E?:

(Bimas + DI 1

FE) = 1
9(E) E B )

The macroscopic cross-section for excitations (1 = 1,2) is

fi m(2mB3°y*/E;) — 3°
Y, = CL 1- 2
CEZ- In(2mB2+42 /1) — 32 (1=7) @
and the macroscopic cross-section for ionisation is
Emax

Y3=C (©)

.
I(Emaz + T) In(E=eetl)

Eq. iSthe GEANT cut for d-production, or the maximum energy transfer minus mean ionisation energy, if
it issmaller than this cut-off value. The following notation is used:
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r,C parameters of the model
E;  aomic energy levels

1 mean ionisation energy
fi oscillator strengths

The model has the parameters f;, E;, C and r (0 < r < 1). The oscillator strengths f; and the atomic level
energies E; should satisfy the constraints

fitfe =1 (4)
fllnEl—l-fglnEg = Inl (5)

The parameter C' can be defined with the help of the mean energy loss dE /dz in the following way: The
numbers of collisions (n;, i = 1,2 for the excitation and 3 for the ionisation) follow the Poissonian distribution
with a mean number (n;). In astep Az the mean number of collisions is

(n;) = XAz (6)
The mean energy loss dE/dx in astep is the sum of the excitation and ionisation contributions

dE E"La.X)JFI
I

dz

From this, using the equations (2), (3), (4) and (5), one can define the parameter C
dFE
T dx
The following values have been chosen in GEANT for the other parameters:

0 if Z<2
f2 {Q/Z if Z>2 fr f2

©)

1

_ 2 _ (.1 \n
E2 =102 eV = E1 = (E'_gQ)

r=204
With these values the atomic level E; corresponds approximately the K-shell energy of the atomsand 7 4
the number of K-shell electrons. r isthe only variable which can be tuned freely. It determines the relative
contribution of ionisation and excitation to the energy |oss.
The energy loss is computed with the assumption that the step length (or the relative energy loss) is small,
and — in consequence — the cross-section can be considered constant along the path length. The energy
loss due to the excitation is

AFE., =n1E1 + noFs (9)

where ny and ny are sampled from Poissonian distribution as discussed above. Theloss due to the ionisation
can be generated from the distribution g( ) by the inverse transformation method:

u=F(F) = /IEg(:c)d:c

I
E=F'u) = ——p— (10)
L—ug, T

(11)

where u isauniform random number between F'(I) = 0 and F'(E,,q: + I) = 1. The contribution from the
ionisations will be

AE; = Z EW (12)
j Ernam +I

where ns is the number of ionisation (sampled from Poissonian distribution). The energy lossin a step will
thenbe AE = AE, + AE;.
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Fast simulation for n3 > 16

If the number of ionisation ng isbigger than 16, afaster sampling method can be used. The possible energy
loss interval is divided in two parts: one in which the number of collisions is large and the sampling can be
done from a Gaussian distribution and the other in which the energy loss is sampled for each coallision. Let
us call the former interval [I, o] the interval A, and the latter (o], E,,..| the interval B. « lies between 1
and E,,q. /1. A collision with alossin theinterval A happens with the probability

(Emaz +1)(a—1)

al
P = E = 1
(@)= [ g s (13
The mean energy loss and the standard deviation for this type of collision are
1 ol Ialno
AFE = — E dE = 14
(AB(@) = oy | Fo®dE == (14)
and
9 1 /OJ 9 9 aln?a
= — E E=1 1——— 1
g (Oé) P(Oé) I g(E)d « (CY _ 1)2 ( 5)

If the collision number is high , we assume that the number of the type A collisions can be calculated from
a Gaussian distribution with the following mean value and standard deviation:

(na) = nzP(a) (26)
04 = n3P(a)(1 — P(a)) (17)

It is further assumed that the energy loss in these collisions has a Gaussian distribution with

(AEs) = na(AE(x)) (18)
0123714 = nuo?(a) (19)

The energy loss of these collision can then be sampled from the Gaussian distribution.
The collisions where the energy lossisin the interval B are sampled directly from

A al
AEB = Z 1 — U Emaz‘i’[*&] (20)
=1 v Emaz+I
Thetotal energy lossisthe sum of these two types of collisions:
AE = AE, + AEp (21)
The approximation of equations ((16), (17), (18) and (19) can be used under the following conditions:
(na) —coa > 0 (22)
(na)+coa < ng (23)
<AEA> —copa > 0 (24)

where ¢ > 4. From the equations (13), (16) and (18) and from the conditions (22) and (23) the following
limits can be derived:

(n3 + 02)(Emaa: + I)
CQ(Emax + I) + nBI

2
_ et ) ) o

25
n3(Emax+I)+CQI B ( )

This conditions gives alower limit to number of the ionisations nz for which the fast sampling can be done:
ns > ¢ (26)
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Asinthe conditions (22), (23) and (24) the value of ¢ isas minimum 4, one getsnz > 16. In order to speed

the simulation, the maximum value is used for «.

The number of collisions with energy loss in the interval B (the number of interactions which has to be
simulated directly) increases slowly with the total number of collisions r3. The maximum number of these

collisions can be estimated as

NBmax = N3 — NAmin =~ TL3(<TLA> - UA) (27)
From the previous expressions for (n4) and o4 one can derive the condition
2nzc?

n3 + c2
The following values are obtained with ¢ = 4:

ng < NBmax = (28)

n3 NB,max n3 "B max
16 16 200 29.63
20 17.78 500 31.01
50 2424 1000 31.50
100 27.59 00 32.00

Special sampling for lower part of the spectrum

If the step length is very small (< 5 mm in gases, < 2-3 um in solids) the model gives O energy loss for
some events. To avoid this, the probability of 0 energy loss is computed

P(AE =0) = e~ ((n1)+(n2)+(n3)) (29)
If the probability is bigger than 0.01 a special sampling is done, taking into account the fact that in these

cases the projectile interacts only with the outer electrons of the atom. An energy level Fy = 10 eV is
chosen to correspond to the outer electrons. The mean number of collisions can be calculated from

(ny = ——Ax (30)

The number of collisions n is sampled from Poissonian distribution. In the case of the thin layers, al the
collisions are considered as ionisations and the energy loss is computed as

A=Y @
i=1 1 B Emaz+E0 ul

3 Implementation

The method to be used for energy loss straggling is chosen in GFLUCT. If é-rays are produced (DRAY = 1)
above the cut value DCUTE and the detailed PAIl simulation for straggling in thin layers (see PHY S334) is
not chosen (STRA = 0, default), GLANDZ is called always as it samples from the restricted distribution (the
energy loss of the §-rays which are explicitly produced should not be taken into the energy loss distribution).
If o-rays are not produced, the values of « and £ /I are computed, and Urban, Landau, Vavilov or Gaussian
model is chosen accordingly. If Urban model is used, GLANDZ will be called with infinite (BIG) value for the
é-ray production.

When Landau model is chosen, it is possible to use a routine from the CERN Program Library to sample
random numbers from the Landau distribution : GENLAN written by James and Hancock [64] and copied
into GEANT source file as GLANDG. This routine has been modified in order to reproduce the tail for large
values of X. The original routine did not give values of X larger than 200.

CALL GENLAN(X)

It should be noted that over the years considerable confusion has arisen over the precise form and features
of the Landau distribution. As an example, asimpler form of ¢(\) had been proposed by Moyal [65] and
used on occasions which has little in common with the function defined in section 2.1 [66].

For the Vavilov distribution we have used the function GVAVIV by Rotondi and Montagna [67].
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I nformation about energy lossfluctuations

1 Subroutines

CALL GDRPRT (IPART,IMATE,STEP,NPOINT)

IPART (INTEGER) GEANT particle number;

IMATE (INTEGER) GEANT material number;

STEP (REAL) step incm;

NPOINT (INTEGER) number of logarithmically spaced energy points between EKMIN (default 10 keV)

and EKMAX (default 10 TeV). See [BASE040] for more information on these value and how
to change them with the ERAN input record;

Thisroutine calculates and prints the relevant parameters relative to the simul ation of energy loss fluctuations
due to ionisation and ¢-ray production in STEP cm;

N d-rays average number of §-rays produced;

dE/I average energy loss divided by the average ionisation potential;
xi/1 variable £ /1 of the Landau/Vavilov theory;

xi/Emax  variable £/ Ejy,, of the Landau/Vavilov theory;

regime valid model to simulate energy loss fluctuations. Possible values are:

Gauss Gauss distribution;
Vavilov  Vavilov distribution;
Landau Landau distribution;

Urban GLANDZ routine of Urban (see [PHYS332]);
ASHO atomic harmonic oscillator approximation (see [PHYS3341]);
PAI Photo-Absorption lonisation model (see [PHYS3341]);

This routine has no action on the GEANT system. It is intended as a help to users understanding the model
which GEANT may be asked to use, for instance via the routine GSTPAR [CONS210].

2 Method

When a charged particle traverses a portion of matter, it interacts with the electrons and the nuclei of the
atoms. Most of these interactions are electromagnetic (quasi-) elastic collisions in which the incoming
particle loses energy in the laboratory reference frame. The amount of energy lossin athickness of material
t is subject to two sources of fluctuations. The number of collisions can fluctuate, and at the same time
the energy lost in each collision varies statistically. Both distributions are characterised by a Poissonian-
like behaviour. We can distinguish between collisions where the energy transferred to the atomic electrons
is enough to extract them from the atoms (ionisation with production of §-rays) and collisions where the
atomic structure is excited, without a complete ionisation (excitation). It has to be noted that the energy
transferred to the nuclei is usually negligible. Momentum conservation considerations show that the ratio
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of the energy transferred to electrons to the energy transferred to nucleus in Coulomb interactions is of the
order of m,ZA™ m, 1.

Several theories have been proposed to describe this important mechanism in the transport of charged parti-
cles. The main difference of these theories isin the greater or lesser detail with which the scattering centres
are described. The detail of these theories as they are implemented in GEANT can be found in [PHYS332],

[PHYS334] for energy loss fluctuations and in [PHYS430], [PHYS431] for energy loss.

In general, the greater the thickness of the layer traversed in terms of the number of atoms encountered, the
larger isthe number of collisions. In this case adetailed description of the atomic structure may beirrelevant
to account for the form of the fluctuation. Landau and Vavilov have proposed theories in this region and
these are implemented in GEANT.

When the thickness of the material is such that the number of collisions becomes smaller, the detailed nature
of the atomic structure becomes important in determining the fluctuations of the energy loss. In this case the
coupling of the various atomic energy levels to the to the Coulomb field must be taken into account.

When simulating the energy loss by ionisation, the average path-length between collisions is a function
of the cross section o(E). This cross section becomes very large when E — 0, so that it is necessary to
establish athreshold energy below which the processis described in acondensed way. Above this threshold,
ionisations are described in a detailed way, with the production of é-rays. Thus, when a charged particle is
moving in amedium, there are in general two ways to simulate the energy loss by ionisation:

1. calculate the average value the energy loss via the full Bethe-Bloch equation. This takes into account
é-rays generation. The fluctuations are then explicitly introduced via an appropriate distribution. In
GEANT this method is selected by the value IL0OSS = 2 which is controlled by the LOSS data record.

2. explicitly generate the §-rays above a given threshold (DCUTE for electrons, DCUTM for others particle).
In this case the average energy loss is computed from a restricted formula and both the value of the
energy loss and the number of ¢-rays produced are function of the threshold cut (hereafter DRCUT). In
GEANT this method is selected by the value ILOSS = 1 which is controlled by the LOSS data record.

2.1 Validity rangesfor the different models

The limits of the validity for the various models are somewhat arbitrary within a certain range of material
densities and particle energies. To help determine these limits, some characteristic parameters are used:

IS typical energy loss of aparticlein agiven layer of material. Itsvaueis:
Zine\2 Zpt Zine\? Zpt
€ = 2mrimoc® Ny, < ﬁ") Tp =0.1535 < ﬁ") 7’) (MeV)
Errae maximum transferable energy in asingle collision:
m 2.2
Eype = By

L+ 25 + (57)°

where M is the mass of the incoming particle. Note that for incoming electrons this
value has to be divided by 2 due to the impossibility distinguishing the two electrons in
the final state.

1 typical electron binding energy. Thisis avalue which characterises the average energy
levels of the atomic electrons. In GEANT it is parametrised as:

I=162% (eV)
dE

T t average energy loss by the particle in a layer of thickness ¢ according to the GEANT
XL
energy loss tables.
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¢/ EMax (hereafter ) relative importance of high energy transfer collisions in the ionisation pro-
cess

min (% t, 5) /I (hereafter A) estimation of the number of collisions with energy close to the ionisation
energy.

In GEANT two variables control the model used to describe the energy loss fluctuations:

ILOSS fluctuation model:
0 no energy 10ss,
1 0-rays are produced above the threshold, reduced fluctuations from §-rays below
the threshold are added to the energy loss;
2 no ¢-rays are produced, complete fluctuations are cal culated;
3 same as 1;
4 no fluctuations;
ISTRA energy loss model for thin layer (see below):
0 Urban model;
1 PAI model;
2 ASHO model for 1 < A < 30,(not yet available) PAl model otherwise;

The validity limits of the different models are estimated as follows:

1. large number of low-energy collisions: A > 50
if §-rays generation isrequested (ILOSS = 1 or 3and IDRAY = 1)the Urban model isused. If §-rays
are not produced (IL0OSS = 2 and IDRAY = 0) we distinguish three regions.

(a) very few energy transfers close to the maximum: x < 1072
the Landau distribution is used;

(b) few energy transfersclose to themaximum: 1072 < x < 10
the Vavilov distribution is used;

(c) many energy transferscloseto the maximum: x > 10
the Gauss distribution is used;

2. small number of low-energy collisions. A < 50

in this region the same model is used for 1 < IL0SS < 3 irrespective of the value of IDRAY. The
model used depends on the value of ISTRA.

@ 30<A<50
Urban model if ISTRA = 0, PAl model otherwise.
(b) 1<A<30
Urban model if ISTRA = 0, PAl model if ISTRA = 1 and ASHO mode! if ISTRA = 2.
(© 0.01 <A1
Urban model if ISTRA = 0, PAl model otherwise.
(d A <0.01
Urban model if ISTRA = 0, PAl model otherwise.

269 PHYS333-3



2.2 Recommendations

The full energy loss fluctuations or the restricted fluctuations complemented by the production of §-rays
give equivalent results if the number of 6-rays generated is sufficient, e.g. afew tensaong the full trgectory
of the particle in the medium.

For arelativistic particle, the number of delta-rays produced per cm can be estimated integrating the cross
section provided in [55]:

dN _DpZ Z}

ar =3 A DRCUT )
where
D 0.307 MeV cm? g~ *;
p density of the medium;
Z,A atomic number and atomic weight of the medium;
Zine charge of the particle;

DRCUT energy threshold for emitted delta-rays.

This formula holds for electrons/positrons as well as for other particles. The number of §-rays must be
sufficient to reproduce the statistical fluctuations in the energy loss, but not too large, asin this case alarge
amount of time could be spent in tracking them without a corresponding improvement of the energy loss
distribution.

On the other hand, the distribution of the energy lost by a particle does not necessarily correspond to the
distribution of the energy deposited by the same particle in the medium traversed. Thisis particularly true
for light or thin materials where §-rays can escape into the next material.

It is the responsibility of the user to estimate the number of §-rays per cm that are needed, according to
the considerations above. Then the correct value for DRCUT should be set with the help of GDRPRT. It is
recommended to use the same value for DCUTE and DCUTM. As the GEANT tables for cross-sections are not
generated below EKMIN, DRCUT cannot be smaller than EKMIN. The value of EKMIN can be changed via the
ERAN datarecord, and its default valueis 10 keV.

In alight materia like gas, the number of emitted §-rays for DRCUT = 10 keV may not be sufficient to
ensure a correct energy loss distribution. If the user is mainly interested in the energy lost by the particle,
no discrete §-ray should be produced setting ILOSS = 2 (see [PHYS332]).

In case the user is more interested in a precise simulation of the energy deposited, then the explicit é-ray
generation should be tried.

Asfar asthin materials are concerned (A < 50), thedefault in GEANT isto use the Urban model. Comparison
with experimental data have shown that this model gives very good results, and it is considerably faster than
both the ASHO and the PAI models. Users should understand well their setup and their results before they
try with different models, which, in principle, should give very similar results.

2.3 Default valuesin GEANT

In order to avoid double counting, there is an automatic protection in the code; if IL0SS=2, IDRAY is set to
0 and the generation of é-raysis disabled.
The following table summarises the different cases:

LOSS=2 | L0SS=1
(default)
IDRAY 0 1

DCUTE | 10* GeV | CUTELE
DCUTM | 10* GeV | CUTELE

Where LOSS= 1 means that the restricted fluctuation is activated and LOSS= 2 means that the complete
Landau/Vavilov/Gauss fluctuations are used in theregion A > 50.
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Modelsfor energy lossfluctuationsin thin layers

1 Subroutines

CALL GSTINI

GSTINTI initializes the tables that are used for sampling of the energy loss, if the user has set the flag STRA
= 1. It calls the subroutine GSTXIN to integrate an expression for the number of collisions and GSTTAB for
preparing the tables for different Lorentz factors. It is called from GPHYSTI at initialization time.

CALL GSTXIN

GSTXIN computes the values needed for the sampling tables. It uses the functions GOSCIN to integrate over
the photoel ectric cross-sections and the function GKOKRI to compute the real part of the complex dielectric
constant. GSTXIN is called from GSTINI.

VALUE = GOSCIN (EIN1EV,EIN2EV)

GOSCIN integrates the parameterization of the photoelectric cross-sections from energy EIN1EV to energy
EIN2EV. Itiscalled from GSTXIN.

VALUE = GKOKRI (E,EMINEV,EMAXEV)

GKOKRI computesthereal part of the complex dieletric constant which is needed in the preparation of energy
loss sampling tables. E in the energy for which the values are being tabulated, EMINEV and EMAXEV are the
integration limits. GKOKRI is called from GSTXIN.

CALL GSTTAB (GAM,NT,EN,FN)

GSTTAB prepares the energy loss sampling tables for different Lorentz factors. The input GAM is the Lorentz
factor, the output values are: NT the lenght of the table, EN the energy array and FN the cumulative probabilty
array. It callsGXGINT to integrate over the probability function GSTDN to get the value of FN. GSTTABiscalled
from GSTINI.

VALUE = GXGINT (EXT,A,B,EPS)

GXGINT performs the Gaussian integration from A to B over the function EXT with accuracy EPS. It is called
from GSTTAB to integrate over the probability function GSTDN.

VALUE = GSTDN (LGE)

GSTDN is the function which gives the probability for a collision with energy transfer LGE. It is integrated to
get the cumulative probabilty function to be used in the sampling of the energy loss.

CALL GSTREN (GAMMA,ECUT,STEP)

GSTREN computes the energy loss for a particle of Lorentz factor GAMMA in a step of length STEP if the user
has set the flag STRA = 1. ECUT isthe cut for the §-ray production. GSTREN is called from GFLUCT.
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2 Themethod

In thin layers, the Landau model of energy loss fluctuations is not valid, because the number of collisionsis
too small. In this case, the atomic structure of the atom has to be taken into account. The photoabsorption
ionization (PAI) model uses the photoelectric cross-sections to describe the energy loss distribution. The
results (the width and the most probable value of the energy loss distribution function) given by this model
are equal to those given by standard GEANT procedure described in [PHYS332]. In addition, however, it
gives an estimate of the number of collision in each step (NICOLL in the common block GCSTRA). PAl model
is dower than the standard GEANT method.

PAI model is activated, if the user set the flag STRA = 1. The default valueisO.

2.1 The photoabsorption ionization model

An expression for the distribution of energy loss can be derived considering the energy |oss as the sum of the
energy transfers in the electromagnetic interactions between the particle and the atom. Asthe interaction is
small (i.e. the energy transfer is small compared to the energy of the passing particle), Born approximation
can be used in the perturbation theory. In the derivation, the atomic transition current is considered as asum
of the transition currents of its electrons.
e is the complex dielectric constant of a medium which describes the electromagnetic properties of the
medium and thus the effect of the field of an atom on the energy loss of the particle.
The complex dielectric constant can be written ¢ = ¢ + ieo Where £1 describes the polarization and &, the
absorptive properties of the medium. & can be expressed with the help of the oscillator strength function
f(k,w) which describes the coupling of the electrons to the field of the atom.
2 2
2T k) ®
mw
m is the mass of the electron and N is the electron density. In a ssimplified model, the photoabsorption
cross-section o, (w) can be used for description of f(k,w):
Flk,w) = 5 55—0,(w) @
Z being the atomic number of the medium. Thereal part of ¢ can be expressed asan integral of theimaginary
part according to the Kronig's and Kramers' dispersion relation [68]:

$€2
61—1 = P/ 5 9 2
e —w

B 7TZ / dw ©

where P indicates the Cauchy princi pal value. Using these assumptions for the interaction between the
projectile and the atom, the following form is obtained for the collision cross-section [69]:

E9 =

do e2 1 2mu?
T = T M| o -l Inm—rs
dE mhecZn, ﬂ E(1 - p%)
27TZe f(E ,
S / dE 4

where n,, isthe number of atoms per cm3, v velocity of the particle, and 5 = v/c. The number of collisions
per distance = and the energy E isthen
N2 do
dzdE ~ "“dE ©®)
For the simulation purposes, the number of primary collisions in a unit length with energy loss greater than
acertain E is computed and tabulated for several values of the Lorentz factor. This is done by integrating

dN Emaz  do
an _ g 6
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Logarithm of integrated and normalized photoelectric cross-sections
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Figure 39: Above, the integrated and normalized cross-section of the gas mixture 70% Xe - 10% CG - 20%
CF, for two different data sets. The low energy limit of the cross-sections from the Sandia data in chosen to
be 11 eV. In the figure below, the low energy limit is the ionization limit for each component of the mixture

2.2 Implementation

A photoabsorption ionization Monte Carlo code provided to us by users has been implemented in GEANT.
Tables are prepared at initialization time and sampling from these tables is done each step at running time.
An important thing to note is the dependence of the (dN/dx ). g on the photoelectric cross-sections which,
when taken from different sources, may differ considerably, especially at low energies.

To fill the tables, the integration of equation 4 has to be done. Before the integration over the energy, the
integral over the oscillator strength function f(k,w) ~ o, (w) (last term in equation 4) and the dielectric
constant (equations 3 and 1) ¢ have to be computed. These integaration can be done analytically when the
parameterized cross-sections are used.

The oscillator strength function should fulfill the Bethe sum rule [51]:

/OOO flkyw)dw =1 @)

To respect this condition, in the PAl model, one has to add some contribution from the excitation processes
to low-energy region of the photoelectric cross-sections [68]. In GEANT, the photoelectric cross-section
parameterization of the Sandia [19] report is used. In order not to change the tabulated parameterization,
the sum rule istaken into account by lowering the energy limit for the integration below the ionization limit.
This will not satisy the equation 7 in al cases. In the program, however, the Bethe sum rule is forced by
dividing the integrated cross-section from E to oo by the value given by the integration over the whole
range. In figure 39, the integrated cross-section (oscillator strength function) (™ 0./ | EE;"“““ o, isgiven

for two different sets of photoelectric cross-section data for a gas mixture 70% Xe - 10% CQ - 20% CF4.

In the figure below, the continuous lineis the result of the integration tabulated from [70] [71] [72] and the
dashed lineisfrom theintegration of GEANT cross-sections considering the lower limit of the cross-section
the ionization energy (12.3 eV for Xe, 11.26 eV for C, 13.6 for O, and 17.42 for F). In the figure above, the
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Figure 40: Above, the integrated and normalized cross-section of the gas mixture 70% Xe - 10% CG - 20%
CF, for two different data sets. The low energy limit of the cross-sections from the Sandia data in chosen to
be 11 eV. In the figure below, the low energy limit is the ionization limit for each component of the mixture

continuous line is as before, but for the dashed line, the lower limit of the cross-sections is considered to be
11 eV for al elements of the mixture to compensate for the sum rule.

The imaginary part of the complex dielectric constant can then be computed from the integrated cross-
section. To compute the real part of ¢, one needs to take the Cauchy principal value which is basically a
limiting process cancelling the two infinite contribution around the pole (a4 — d, z¢ + ¢). The derivation of
the real part with the Sandia parametrization is shown in detail in the appendix.

Knowing the values of complex dielectric constant and the integrated cross-section, the integration of equa-
tion 6 can be done. Thisisdone for several values of Lorentz factor during the initialization time in subrou-
tine GSTINI. The value of energy lossis sampled from these tables in subroutine GSTREN.

One should remember the dependence of this method on the photoelectric cross section data. Figure 40
shows the results for the two different data sets. The difference in the low-energy part is very significative
as the sampling is done from these tables and, according the inverse transverse method, the number of
collisions is sampled between the maximum and minimum of the curves in figure 40.
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Birks saturation law

1 Subroutines

CALL GBIRK (EDEP)

EDEP (REAL) and on output the energy equivalent to the calorimeter response in the current step.

Organic scintillators are usually calibrated with particles whose energy is near the minimum ionisation
(v6 =~ 4). However, the energy response of such scintillators for large local energy deposit is attenuated.
GBIRK returns the energy detected by the scintillator in the current step.

2 Method

The phenomenologica description of the response attenuation of organic scintillators [73] is known as
Birks law:

AE 1dE
R= §=-— MeVg'lcm? 1
14 C16 + Cy62 p dx g &)
The values quoted in [74] for the parameters C;, C, are:
C, = 0.013gMeV—! cm—2 and Cy=9.6x10"%g> Mev—2cm*

These values have been measured for various scintillators. If the charge of the particle is greater than one, a
better description can be obtained by correcting G

7.2
| =—-0C1~0.5714 2
Cy 12.601 0.5714C (2

The values of the parameters of Birks' formula (if defined) are in the ZEBRA bank next to the material bank:

JTM = LQ(JMATE-NTMED) pointer to the current tracking medium bank;

JTMN = LQ(JTM) pointer to the next bank to the current material one, where the specific tracking
medium parameters are stored;

MODEL = Q(JTMN+27) flag controlling the correction (2) for multiply charged particles:
#1 correction is not applied;
=1 correction is applied;

Q(JTMN+28) first parameter of the Birks' formula;

Q (JTMN+29) second parameter of the Birks' formula.

C1
C2

These parameters are set via the GSTPAR routine, with names BIRK1, BIRK2 and BIRK3, respectively. For
instance, to define the standard Birks parameters for tracking medium ITM with correction for multiply
charged particles, one would have to insert the following piece of code, after the definition of tracking
media but before the call to GPHYSI

CALL GSTPAR(ITM, ’BIRK1’,1.)
CALL GSTPAR(ITM, ’BIRK2’,0.013)
CALL GSTPAR(ITM, ’BIRK3’,9.6E-6)
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Total cross-section and energy lossfor bremsstrahlung by e-e+

1 Subroutines

CALL GBRELA

GBRELA fillsthe tables for the energy loss of electrons, positrons and muons due to bremsstrahlung at initial-
isation time for different materials. The energy binning is set within the array ELOW (common /CGMULO/) in
the routine GPHYSI. In the tables, the dE/dx due to bremsstrahlung is summed with that due to the ionisation.
For energy loss of electrons and positrons, GBRELA calls the function GBRELE. Following pointers are used:
JMA = LQ(JMATE-I) pointer to the I'* material;

JEL1 = LQ(JMA-1) pointer to dE /dx for e™;

JEL1+NEK1 pointer to dE /dx for e*.

GBRELA iscalled at initialisation time by GPHYSI.

VALUE = GBRELE (ZZz,T,BCUT)

GBRELE calculates the energy loss due to bremsstrahlung of an electron with kinetic energy T in material
with atomic number ZZ. It is called by GBRELA and for energies below the cut BCUT it adds the contribution
of bremsstrahlung to. Above this cut, the bremsstrahlung process is simulated explicitly (see [PHYS341])
and tabulation of these continuous losses is not needed. GBRELE is called by GBRELA.

VALUE = GBFLOS (T,C)

GBFLOS calculates a weight factor for the positron continuous bremsstrahlung energy loss. T is the kinetic
energy in GeV of the positron and C is the energy cut for bremsstrahlung (BCUTE). The value is the ratio
of the energy loss due to bremsstrahlung of the positron to that of the electron so that: <positron loss> =
GBFLOS x <electron loss>. GBFLOS is called by GBRELA.

CALL GBRSGA

GBRSGA calculates the total cross-section for bremsstrahlung in all materials. It tabulates the mean free
path, A = % (in cm) as afunction of medium and energy. The energy binning is set within the array ELOW
(common /CGMULO/) in the routine GPHYSI. The following pointers are used:

JMA = LQ(JMATE-I) pointer to the I** material

JBREM = LQ(JMA-9) pointer to bremsstrahlung cross-sections

JBREM pointer for e~
JBREM+NEK1 pointer for et
JBREM+2+NEK 1 pointer for ™/~

GBRSGA iscalled at initialisation time by GPHYSI.

VALUE = GBRSGE (ZZ,T,BCUT)

GBRSGE calculates the total cross-section of bremsstrahlung of an electron with kinetic energy T in material
with atomic number ZZ. It is called by GBRSGA. For kinetic energies which are below the cut BCUT or for
which bremsstrahlung process is not simulated explicitly (see [PHYS3411]) it returns O.
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VALUE = GBFSIG (T,C)

GBFSIG calculates a weight factor for the positron discrete (hard) bremsstrahlung cross section. T is the
kinetic energy in GeV of the positron and C isthe energy cut for bremsstrahlung (BCUTE). The value returned
is the ratio of the positron bremsstrahlung cross-section to that of the electron so that: jpositron cross-
section¢, = GBFSIG x jelectron cross-section¢, GBFSIG is called by GBRSGA.

2 Method

Let'scal do(Z,T, k)/dk the differential cross-section for production of aphoton of energy & by an electron
of kinetic energy T in the field of an atom of charge Z, and k. the energy cut-off below which the soft
photons are treated as continuous energy loss (BCUTE in the program). Then the mean value of the energy
lost by the electron due to soft photonsis

ke do(Z,T, k)
EbremZTk,c :/ k )
Loss( () ) 0 dk
whereas the total cross-section for the emission of a photon of energy larger than & is
T do(Z,T, k)
dk

dk D

Gorem(Z, T, ko) = / dk @)

Many theories of the bremsstrahlung process exist, each with its own limitations and regions of applicability.
Perhaps the best synthesis of these theories can be found in the paper of S.M. Seltzer and M.J. Berger [75].
The authors give atabulation of the bremsstrahlung cross-section do /dk differential in the photon energy £,
for electrons with kinetic energies T from 1 keV to 10 GeV. For electron energies above 10 GeV the screened
Bethe-Heitler differential cross-section can be used [12, 35] together with the Midgal corrections [54, 76].
The first of the two Migdal corrections is important for very high electron energies only (T" > 1 TeV) and
has the effect of reducing the cross-section. The second Migdal correction is effective even at “ordinary”
energies (100 MeV — 1 GeV) and it decreases the differential cross-section at photon energies below a
certain fraction of the incident electron energy (do/dk decreases significantly if /T < 107%.)

2.1 Parameterisation of energy lossand total cross-section

Using the tabulated cross-section values of Seltzer and Berger together with the Migdal corrected Bethe-
Heitler formula we have computed o (Z, T', k.) and we have used these computed values as “data points’ in
the fitting procedure. Calculating the “low energy” (T < 10 GeV) data we have applied the second Midgal
correction to the results of Seltzer and Berger. We have chosen the parameterisations:

Z(Z + &)(T +m)?

Z, T ko) =

In(T/k)]*F, (Z,X,Y) (bam) 3

and

EP(Z, T, ke) =

Loss

ﬂZ+m@+mFV£M

8
(T + 2m) T ] Fi(Z,X,Y) (GeV barn) (%)

where m isthe mass of the electron,

X =W(E/m), Y =In(vE/k.) for the total cross-section o
X =Wn(T/m), Y =In(k./vFE) for the energy loss E}' Y

Loss
with E =T + m. Theconstants &,, &, «, 3, v,, v; are parameters to be fitted.

1

nrokz(T +m)?
k2

Cvy =

1+

isthe Midgal correction factor, with
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r, Classica eectron radius;
X reduced electron Compton wavelength;

n  electron density in the medium.

Thefactors (T + m)?/T(T + 2m) and (T + m)? /(T + 2m) come from the scaled cross-section computed
by Seltzer and Berger:

_ﬂ_de_J T(T +2m) , do
Z2%dk (T +m)2Z2 dk

f(R/T) =
Thefunctions F;(Z, X, Y) (i = o,1) have the form

Fi(Z,X,Y) = Fo(X,Y) 4+ ZFa(X,Y) ®)
where F;;(X,Y") are polynomials of the variables X, Y

Fio(X,Y) = (C1+CoX +...+CeX®) 4+ (Cr + CsX + ... + C1oX°)Y
+(C13+COuX 4 ...+ CXO)Y2 + ... + (C31 + C3X + ...+ C36X°)Y° (6)
Y <0
= (C14+CoX + ...+ CsX) + (C7 4+ CsX + ...+ Cp1p X°)
+(Cs7+ C3gX 4 ... + CuXP)Y2 4+ ... 4 (Cs5 4+ C56X + ... + Co X°)Y®
Y>0
Fr(X,Y) = (Ce1+CeaX +...4 CesX?) + (Co6 + Cor X + ...+ Cro XY
+(Cr + CX 4 ...+ O XHY?2 + .+ (Cs1 + Ca X + ...+ Ces XHY? (7)
Y <0
= (Cs1+CeaX + ...+ Ce5X") + (Co6 + C7X + ...+ Cro XHY
+(Cs + Csr X 4 ...+ CooXY2 + ... 4 (Cos + Cor X + ... + Crgo X HY*?
Y>0
8

F;;(X,Y) denotesin fact afunction constructed from two polynomials

FI9(X,Y) for Y <0

Fj(X,Y) =
w(X.¥) {FZ?;.OS(X,Y) for V>0

where the polynomials F;; fulfil the conditions

OF Y oPF®
F 006 Y ya = B (XY Jyao < oY ) ) < oy )
Y=0 Y=0
We have computed 4000 “data points’ in the range
Z = 6;13;29;47;74; 92 10keV < T <10 TeV 10keV <k.<T

and we have performed aleast-squares fit to determine the parameters.

The values of the parameters (&,, «, vy, C; for o and &, 3, V;, C for E?"™) can be found in the DATA
statement within the functions GBRSGE and GBRELE which compute the formula (3) and (4) respectively.

The errors of the parameterisations (3) and (4) can be estimated as
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Ao 12 - 15% for T <1MeV
<5—-6% for 1MeV <T <10TeV

A pbrem 10 — 15% for T <1MeV
Eb—“m = { 5-6% for 1MeV <T < 100GeV
Loss 10% for 100GeV < T < 10TeV

We have performed afit to the “data” without the Midgal corrections, too. In this case we used the data of
Seltzer and Berger without any correction for 7 < 10 GeV and we used the Bethe-Heitler cross-section for
T > 10 GeV. The parameterised forms of the cross-section and energy loss are the same as they were in
the first fit (i.e. (3) and (4)), only the numerical values of the parameters have changed. These values are
in DATA statements in the functions GBRSGE and GBRELE and this second kind of parameterisation can be
activated using the PATCHY switch +USE, BETHE. (The two parameterisations give different results for high
electron energy.)

The energy loss due to soft photon bremsstrahlung is tabulated at initialisation time as a function of the
medium and of the energy by routine GBRELA (See JMATE data structure).

The mean free path for discrete bremsstrahlung is tabuled at initialisation time as a function of the medium
and of the energy by routine GBRSGA (see JMATE data structure).

2.2 Correctionsfor e~ /e* differences

The radiative energy loss for electrons or positronsis:

1 (dEN* N gpar? ot
I e - AvTe(p z2o* (Z,T
p<dx>md A THmZe,(ZT)
1 T do*
ot (Z,T) = / k——dk
rad( 4. T) ar?Z*(T+m) Jo = dk

Reference [77] says that:

“ The differences between the radiative loss of positrons and electrons are considerable and cannot be dis-
regarded.

[...] Theratio of the radiative energy loss for positrons to that for electrons obeys a simple scaling law, [ ...]
is a function only of the quantity 7'/ 72"

In other words:

1 = e = ()

rad

The authors have calculated this function in the range 1077 < % < 0.5 (here the kinetic energy T is

expressed in MeV). Their data can be fairly accurately reproduced using a parametrisation:

0 if r < -8
n = % + %arctan (alx + a3x3 + a5x5) if -8<z<9
1 if z>9
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where;

T .
x = log <Cﬁ> (T in GeV)
C = 7.5221 x 106

a = 0.415
as = 0.0021
as = 0.00054

Thise™ /e™ energy loss difference is not a pure low-energy phenomenon (at least for high Z), as it can be
seen from Tables 1.2, 1.3 and 1.4.

L(Gev) T no | (pdtes)
1072 ~TkeV | ~0.1 ~ 0%
1078 67keV | ~ 0.2 ~ 1%

2x 1077 1.35MeV | ~0.5 ~ 15%

2x107% 13.5MeV | ~0.8 ~ 60%

2x107° 135.MeV | ~0.95 > 90%

Table 1.2: ratio of thee™ /e radiative energy lossin lead (Z=82).

The scaling holds for the ratio of the total radiative energy losses, but it is significantly broken for the
photon spectrum in the screened case. In case of a point Coulomb charge the scaling would hold also for
the spectrum. The scaling can be expressed by:

ot T dot
o= " (ﬁ) dk_ _ does not scale

If we consider the photon spectrum from bremsstrahlung reported in [77] we see that:

% = S* (%) S*(k) <1 Sty =o0 S7(1) >0

We further assume that:

dot do™

O ®

In order to satisfy approximately the scaling law for the ratio of the total radiative energy loss, we require
for f(e):

1
/0 fede = 7 (10)

From the photon spectra we require:
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T(MeV) C Pb

AE) AE Ao, | AE) AE Aoy
0.02 286 -2.86 +52.00| -4.89 -469 +99.80
0.1 -0.33 -0.33 +21.10| -0.52 -047 +81.08
1 +0.07 +0.07 +6.49 | +0.11 +0.11 +48.99
10 000 000 +175| 000 +0.01 +23.89
102 0.00 0.00 000| 000 0.00 +9.00
10° 0.00 0.00 000| 000 000 +251
10* 0.00 0.00 000| 000 0.00 +0.00
AE, = 100EZE;EZ+% and A = 1007~ g,

l

0y

Table 1.3: Difference in the energy loss and bremsstrahlung cross-section for ¢ /et in Carbon and Lead

with acut for v and e* of 10keV. AE? isthe value without the correction for the difference ¢ /e

70) =1
7(1)=0

}

foral Z, T

We have chosen a simple function f:

f(€)

C(l—e)* C,a>0
T(MeV) C Pb
AE) AE, Ao | AE) AE Aoy
2 +4.19 +421 +7.29 | +447 +6.88 +61.78
10 +0.87 +0.87 +193| +0.87 +1.14 +26.29
102 +0.08 +0.08 0.00 | +0.06 +0.06 +9.10
103 0.00 0.00 0.00 0.00 0.00 +242
10% 0.00 0.00 0.00 0.00 0.00 +0.00
E — Ef . — o
AB =100- "% and Ao = 1007 — L o

0y

(11)

(12)

Table 1.4: Difference in the energy loss and bremsstrahlung cross-section for ¢ /et in Carbon and Lead

with acut for v and e* of IMeV. AE? isthe value without the correction for the difference ¢ /e ™.

from the conditions (10), (11) we get:

(v > 0 becausen < 1)
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E} —E;
loou(%)

1/03—!—0%

Depth C Pb
(Xo units) | No et diff e* diff | Noe™ diff e* diff
0.5 -11.7 -13.0 -0.8 -3.9
10 -5.3 -4.9 -1.0 -4.1
15 +7.3 +8.0 -14 -3.5
20 +7.1 +5.3 -0.7 -0.0
25 +4.9 +4.3 +1.7 +3.6
3.0 +4.8 +4.1 +1.1 +4.3
35 +3.3 +2.7 +2.7 +3.1
40 +3.6 +5.3 +2.9 +3.0
4.5 +1.7 +2.8 +0.5 +2.3
50 +3.4 +3.5 -19 +1.8

Table 1.5: Difference in the shower development for ¢~ /e™ in Carbon and Lead. No diff refers to the value
without the correction for the difference ¢ /e .

We have defined weight factors F; and F,, for the positron continuous energy loss and discrete bremsstrah-
lung cross section:

€0 1
A== [" e Fo= 12— [ Jtepie (13

€0 1—60 €0

where ¢g = ’% and k. isthe photon cut BCUTE. In this scheme the positron energy loss and discrete brems-
strahlung can be calculated as:

dENT dEN ™ -
<_%> =F <_%> O-l;ems = FUJbrems

As in this approximation the photon spectra are identical, the same SUBROUTINE is used for generating
e~ /e™ bremsstrahlung. The following relations hold:

1

Fy, = n(l—e) ' <n

eoFi+(1—€)F, = n from the def (13)
1
1—(1- n 1—(1-
SR e ) ) N el ) SN (P
€0 €0 F, <n

which is consistent with the spectra.

The effect of thise™ /e™ bremsstrahlung difference can be also seen in em. shower development, when the
primary energy is not too high. An example can be found in table 1.5.
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Simulation of discrete bremsstrahlung by electrons

1 Subroutines

CALL GBREME

GBREME generates a bremsstrahlung photon from an electron as a discrete process. The photon energy
is sampled from a parameterisation of the bremsstrahlung cross-section of Seltzer and Berger [75] for
electron energies below 10 GeV, and from the screened Bethe-Heitler cross-section above 10 GeV. Midgal
corrections are applied in both cases. The angular distribution of the photon is calculated by the function
GBTETH.

Input :  viacommon block /GCTRAK/

Output:  viacommon block /GCKING/.
GBREME is called from the tracking routine GTELEC when the parent el ectron reaches aradiation point during
tracking.

THETA = GBTETH (ENER,PARTM,EFRAC)

THETA (REAL) angle of the radiated photon or ¢* pair;

ENER (REAL) energy of the particle;

PARTM (REAL) mass of the particle;

EFRAC (REAL) ratio between the energy of the photon and the energy of the particle.

GBTETH calculates the angular distribution of the ¢ e~ -pair in photon pair production and of the emitted
photon in . and e bremsstrahlung. GBTETH is called by GBREME.

2 Method

The photon energy is sampled according to the Seltzer and Berger bremsstrahlung spectrum [75]. Seltzer
and Berger have calculated the spectra for materials with atomic numbers Z = 6,13,29,47,74,92 in the
electron (kinetic) energy range 1 keV - 10 GeV. Their tabulated results have been used as input in a
parametrising-fitting procedure. The functional form of the parameterisation for the quantity:

do
= Ck—
S(z)=C Tk

can be written as

1 — ape)F1 () + bre? Fy(8 T>1MeV

Sy = { 1= @IR0) + b () > "
14+ aqx + bz T <1MeV

where:
C normalisation constant k photon energy
T,E  Kkinetic and total energy of the primary electron r = %
_ k_.T
T BT 'E
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The F;(§) screening functions depend on the screening variable:

5 _ 136m. €

~ ZWBE1—c¢
Fi(6) = Fy(42.392 — 7.7965 + 1.9616% — F) §<1
Fy(6) = Fo(41.734 — 6.4845 + 1.2506% — F) §<1
E@):_&@fJMQM—&%&MHﬂ%%—F)5>1
F, -
0 42392 — F
F = 4InZ —0.55(In 2)?

ap, and by, ; are parameters to be fitted.

The*high energy’ (T > 1 MeV) formula comes from the Coulomb-corrected, sceened Bethe-Heitler formula
(seee.g. [78, 10, 12]). However, there are two things in eg. (1) which make a difference:

1. ap, by, depend on T and on the atomic number Z (in the case of the Bethe-Heitler spectrum g, = 1,
by, = 0.75);

2. thefunction F' is not the same than that in the Bethe-Heitler cross-section, this function gives a better
behaviour in the high frequency limit, i.e. when &k — T (z — 1).

The T and Z dependence of the parameters are described by the equations:

Gp1 Qp2 ah3
apn = l+—=+ 2+
u u (7

b bpe b
by = 0.75-4 -nL 4 2h2y Oh
u

w2 oud
a = ap+apu-+t a12u2
by = byp+bu+ blguz
with

(=)
u = In|{—
Me

the ay;, bni, ai;, by; parameters are polynomials of second order in the variable:
v=1[Z2(Z+1)]/?

It can be seen relatively easily that for the limiting case T' — oo, @, — 1,5, — 0.75, so eg. (1) gives the
Bethe-Heitler cross section.

There are altogether 36 linear parameter in the formulae , their values are given in GBREME. The parameter-
isation reproduces the Seltzer-Berger tables within a few % (2-3 % on average, the maximum error being
less than 10-12 %), the tables, on the other hand, agree well with the experimental data and theoretical (1ow-
and high-energy) results (less than 10 % below 50 MeV, less than 5 % above 50 MeV).

Apart from the normalisation the cross section differential in photon energy can be written as.

do_ 11, 1 15
dk _lnxixgx N IH%QTSmax

wherez. = k./T, k. isthe photon cut-off energy below which the bremsstrahlung istreated as a continuous
energy loss (this cut iISBCUTE in the program). Using this decomposition of the cross section and two random
numbers rq, o uniformly distributed in |0, 1], the sampling of « is done as follows:
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1. sample x from

— = setting x = eninTe

2. calculate the rejection function g(x) and:

e if o > g(x) rgject x and go back to 1;
o if ro < g(x) accept .

To apply the Migdal correction [76] all it has to be done isto multiply the rejection function by the Migdal
correction factor:

1+Co/62
C — 2" >0/%
where
nr, XQ k
CO = S_{_ 3 €c = Ec

n  €eectron density in the medium
ro classical eectron radius
X reduced Compton wavelength of the electron.

This correction decreases the cross-section for low photon energy.

After the successful sampling of ¢, GBREME generates the polar angles of the radiated photon with respect
to the parent electron’s momentum. It is difficult to find in the literature simple formulas for this angle. For
example the double differential cross section reported by Tsai [13, 14] is the following:

do 202 ¢ 2¢—2  12u*(1—¢)
dkdQ 7Tk:m4{ (1 + u2)? + (1+u2)* Z(Z+1)
2—2—e  duP(l—e) ) )
T ERL X - 22/ ((02))]
E0
u = —
m
m?2(1+u?)? ) t—tin
x = | [a3(t) + G ()] = min
tmin t
Gy (t) atomic form factors
o [Eaee)] Jenta )]
e 1 2B(E—k) || 2B(1—e)

This distribution is complicated to sample, and it is anyway only an approximation to within few percent,
if nothing else, due to the presence of the atomic form-factors. The angular dependence is contained in the
variable uw = Efm~!. For agiven value of u the dependence of the shape of the functionon Z, E, ¢ = k/E
isvery weak. Thus, the distribution can be approximated by a function

flu)y=0C (ue*a” + due*3““) 2
where
9a? 1.3 1
C=5d a=0.625 d=0.13 (0.8+7) (100+E) (1+¢)
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o0

P = f(u) du
E (MeV) | P(%)
0511 34

0.6 2.2

0.8 1.2

1.0 0.7

2.0 <01

Table 1.6: Angular sampling efficiency

where E isin GeV. While this approximation is good at high energies, it becomes less accurate around few
MeV. However in that region the ionisation losses dominate over the radiative |osses.

The sampling of the function f(u) can be donein thefollowing way (7;, i = 1, 2, 3 are uniformly distributed
random numbersin [0,1]):

1. Choose between ue~* and due3%%:

y_a if r<9/(0+d)
| 3a it 1 >9/(9+4d)

2. Sample ue=b*:

1
Y og(rars)
b
3. check that:
En
U < Upgz = ——
m

otherwise go back to 1.

The probability of failing in the last test is reported in table 1.6.

The function f(u) can be used also to describe the angular distribution of the photon in . bremsstrahlung
and to describe the angular distribution in photon pair production.

The azimuthal angle, ®, is generated isotropically. This information is used to calculate the momentum
vector of the radiated photon, to transform it to the GEANT coordinate system and to store the result into
common block /GCKING/. Also, the momentum of the parent electron is updated.

2.1 Restrictions
1. Target materials composed of compounds or mixtures are treated identically to elements using the

effective atomic number Z calculated in GSMIXT (this is not correct when computing the mean free
path!).
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Total cross-section for ete- annihilation

1 Subroutines

CALL GANNII

GANNII tabulates the mean free path at initialisation as a function of the medium and of the energy (see
JMATE data structure). The energy binning is set within the array ELOW (common block /GCMULO/) in the
routine GPHYSI. GANNITI is called from GPHYST.

2 Method

For the annihilation into two photons the cross-section formula of Heitler is used. The total cross-section is
given by [12, 79]

Zrrd [+ 4y +1 v+ 3
09,(Z,E) = %Lg - In (7+ 72_1) RN )
ro = classical electron radius

For compounds, the cross-section is cal culated using an effective atomic number asexplained in [PHYS010].

Positrons can annihilate in a single photon if the electron with which it interacts is bound to a nucleus. The
total cross-section for such aprocessis

Z5 2 4 y+2
o4(Z,E) = dmriat——— |42+ Sy 4 =
(2. E) O 4By + 1) LR L R

a = finestructure constant

In(y +~3) )

In the derivation of this formula, only the interactions with the K-shell electrons are taken into account. As
the cross-section depends on Z°, a special value of Z, s, is computed in GPROBI:

Di 5
Z = —7 3
oI = 22, ®)
The notation of [PHYS010] is used.

The total cross-section for the positron annihilation is o = o, + 01,. The value of o is at it largest for
heavy materias, for example, it is ~ 20 % of o for a positron of 440 keV of kinetic energy in lead. For
lower and higher energies the probability is lower.
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Simulation of e+e- annihilation

1 Subroutines

CALL GANNI

GANNI generates the annihilation of a positron into either one or two photons. It uses the following input
and output:

input:  viacommon /GCTRAK/

output: Viacommon /GCKING/

The routine is called automatically from the tracking routine GTELEC, when the positron reaches its interac-
tion point during the tracking.

CALL GANNIR

GANNIR generates the positron annihilation at rest. It is called from the tracking routine GTELEC, if the
positron energy is below the cut-off energy CUTELE in common block /GCCUTS/.

2 Method

The type of annihilation is sampled from the total cross-sections for the annihilation into two photons and
into one photon (see section [PHYS350]).

Annihilation into two photons
The differential cross-section of the two-photon positron-electron annihilation can be written as [79, 12]:

do(Z,€)
de

= ma[S(ae) + S(a(l —€))] Q)

where m is the electron mass 7 is the atomic number of the material. If we indicate with E' the initia
energy of the positron, with ry the classical electron radius and with & the energy of the less energetic
photon generated, we have:

E
k Cy 1
pu— P —1 —_—— —
¢ E—i—m2 S(@) Cl[ * x xQ]
zZrr ey
c, = —9%_ C = —
! a(E —m) 2 ot a

The kinematica limits for the variable € are;

€= —F——=<€=
a++vy? -1

Do |
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Figure 41. Comparison between the K-shell binding energies given by the expression in the text and the
tabulated values.

Due to the symmetry of the formula (1) in ¢, the range of € can be expanded from (¢, 1/2) to (e, 1 —¢y) and
the second function .S can be eliminated from the formula. Having done this, the differential cross-section
can be decomposed (apart from the normalisation) as:

do 1 1 (a®>+2a—2)—a%e—1 @
de ln%e a? —2
f(e) g(e)

Using the expression (2) with random numbers r; €]0, 1,7 = 1, 2, the secondary photon energy is sampled
by the following steps:

1. sample e from f (e):

€ = €g exp {ln (1 ;0€0> Tl} (3)

2. compute the rejection function g(¢) and

(@ if ry < g(e) accept e
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(b) if r1 > g(e) go back to 1.
After the successful sampling of ¢, the photon energy is computed as
k= (E+m)e 4

and then GANNTI generates the polar angles of the photon with respect to an axis defined by the momentum
of the positron. The azimuthal angle ® is generated isotropically and © is computed from the energy-
momentum conservation. With this information, the momentum vector of both photons can be calculated
and transformed into the GEANT coordinate system.

The routine GANNIR treates the special case when apositron falls below the cut-off energy (CUTELE in com-
mon block /GCCUTS/) before annihilating. In this case, it is assumed that the positron comes to rest before
annihilating. GANNIR generates two photons with energy £ = m. The angular distribution isisotropic.

Annihilation into one photon
The generated photon is assumed to be collinear with the positron. Its energy will be

k =E +me — Epind ®)
where Fy;,,4 isthe binding energy of the K-shell electron. It can be estimated as follows

Eiing = 0.5(Z a)? m, (6)

where « is the fine stucture constant. The comparison of this expression with the experimental data from
[80] is shown in figure 41.

3 Restrictions

1. Theannihilation processes producing three or more photons are ignored, because these processes are
negligible compared to the annihilation into two photons [12, 54];

2. In calculating the process it is assumed that the atomic electron initially isfree and at rest. Thisisthe
usual assumption used in shower programs [12];
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Synchrotron radiation

1 Subroutines

CALL GSYNC

GSYNC is called for electron and positrons when the flag ISYNC is set > 0. It computes the magnetic field
and calls GSYNGE for the generation of the synchrotron radiation photons. It reads them in the GEANT stack.
GSYNC iscalled from GTELEC.

CALL GSYNGE (GAMMA, AMASS,FLDT,STEP,NTR,ETR,STR)

GSYNGE generates the synchrotron radiation for an € or e™ with the Lorentz factor GAMMA in the magnetic
field FLDT and when the step length is STEP. The number of the secondary photons is NTR, their energy is
in the array ETR and their position along the step isin STR. GSYNGE is called by GSYNC.

2 Method

A charged particle in amagnetic field emits radiation. The number of photons emitted in asecond is

°N 153 P
dedt 8 e,

)

where ¢, isthe critical photon energy (the median of the energy spectrum) and P the total radiated power:

3

e = ghc% @)
2e2c

P = 3F5474 3

« isthe e~ /e™ Lorentz factor E;,;/m. and 3 = 1 — 1/~%. p isthe curvature caused by the magnetic field.
For more detailed derivation of these equations, see [81]. The velocity of the particle being (¢, the number
of photons per meter is

PN &IPN 1
dedx — dedt fBe
5v3e2 . 1
= __537_
6 he 'p
5 v Y
= ol ~ 0.01053 - 4)
23 p p

The fine structure constant o = ¢?/(hc) and it is assumed that 3° ~ 1.

The curvature in a magnetic field B which has a component B, transversal to the particle velocity can be
computed [55]

= )
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ISYNC = 1 ISYNC = 3

VECT VECT =

New direction of e New direction of e
Photons =

STEP
Current step

Current step

Figure 42: The point where the synchrotron radiation photon is generated. The figure on the left describes
the situation when ISYNC = 1, and the one on theright when ISYNC = 3. Thelittle arrows are the photons
and STEP isthe step taken by the e~ or et. VECT isthe new direction computed in GTELEC before entering
in GSYNC.

where p isthe momentum of the particle in GeV. B isinteslaand p isin meters.

Knowing the step length, the energy of the electron and the curvature of the particle track in the magnetic
field, the number of photons in a step dx can be sampled from a Poissonian distribution around the mean
value

5 = 0.01053 %&c (6)

Now, the energies of ngs, photons have to be determined. The energy distribution in a step follows the
distribution [81]

AN g

fle) = Ks/3(z) dx (7)

—
de c/ee

The energy can be sampled from this by inverse transform method:

N = F(s):/f(s)de 8
F~YN) )

Thedouble integral isnot analytically solved, and the sampling is done from tabulated values of numerically
computes F'(¢).

Two methods have been implemented. If the flag ISYNC is set to 1, the photons are emitted at the end of the
step along the current direction. If ISYNC is set to 3, the photons are emitted randomly along the tangent the
real trgjectory of the particle. In the case when ISYNC = 3, the magnetic field tracking routines are called
for each photon, and therefore this option is considrably slower than ISYNC = 1.

£ =
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Simulation of particle decaysin flight

1 Subroutines

CALL GDECAY

GDECAY is the control routine for the simulation of particle decays in flight. For a given parent particle it
selects from alist atwo- or three-body decay mode using the known branching ratios and calls the routines
needed to generate the vertex and secondary tracks. It used the following input and output:

input:  viacommon blocks /GCTRAK/ and /GCKINE/

output: Vviacommon block /GCKING/

GDECAY is called by the tracking routines. It calls the subroutines GDECA2 for two-body decay, GDECA3 for
three-body decay, GLOREN for Lorentz transformation and GDROT for rotation. For the documentation of
GLOREN and GDROT, see [PHYS410].

CALL GDECA2 (XMO,XM1,XM2,PCM)

XMO (REAL) mass of the parent particle
XM1 (REAL) mass of the first decay product
M2 (REAL) mass of the second decay product

PCM(3,4) (REAL) array containing the four-vectors of the decay products

GDECA2 simulates the two-body decay with isotropic angular distribution in the center-of-mass system. Itis
called from GDECAY.

CALL GDECA3 (XMO,XM1,XM2,XM3,PCM)

XMO (REAL) mass of the parent particle

M1 (REAL) mass of the first decay product
M2 (REAL) mass of the second decay product
XM3 (REAL) mass of the third decay product

PCM(3,4) (REAL) array containing the four-vectors of the decay products

GDECA3 simulates the three-body decay with isotropic angular distribution in the center-of-mass system. It
is called from GDECAY.
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M ethod

e Upon entry to GDECAY a hinary search is made in a list of parent particles. This list is stored in
the JPART structure and currently contains the particles defined in GPART [CONS300]. If the current
particle cannot be found in the list, control is returned without any decay generation. Up to six decay
modes and their corresponding branching ratios are then extracted from the JPART data banks (see
[CONS310]).

e A decay channdl is selected according to the branching ratios. If the sum of the branching ratios for a
particle is not equal 100%, it is possible that no decay is selected.

e Depending on whether the two- or three-body decay is selected, either GDECA2 or GDECA3 is called to
generate the four-momenta of the decay products with isotropic angular distribution in the center-of-
mass system.

e The momentum vectors of the decay products are transformed into the laboratory system and rotated
back into the GEANT coordinate frame. The kinematics of the products is stored in the common
/GCKING/.

¢ When a particle decays and no branching ratio is defined, then GDECAY calls the user routine GUDCAY.
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Rotations and L orentz transfor mation

1 Subroutines

CALL GLOREN (BETA,PA,PB%)

GLOREN transforms the momentum and the energy from one Lorentz frame (A) to another (B). It uses the
following input and output:

BETA(4)  (REAL)velocity componentsinlight unitsof frameB inframeA,BETA(1...3) =3, BETA(4)=

(=)=,
PA(4) (REAL) momentum components in the frame (A);
PB(4) (REAL) momentum components in the frame (B).

GLOREN is called from the routine GDECAY. The momentum p and energy E 4 in reference frame A are
transformed into the momentum pi and energy E in reference frame B which translates with velocity 6
with respect to A:

Ep = ~(Ea—(-Pa)

. . > ‘DA
PB = Da+B A —E\
v+1

CALL GDROT (P*,COSTH,SINTH,COSPH,SINPH)

GDROT rotates a vector from one reference system to another.

P(3) (REAL) vector to rotate, overwritten on output;
COSTH (REAL) cosine of the polar angle;

SINTH (REAL) sine of the polar angle;

COSPH (REAL) cosine of the azimuthal angle;

SINPH (REAL) sine of the azimuthal angle;

GDROT is called from severa routines to rotate a particle from in the center-of-mass system to the GEANT
(Iaboratory) system. The following rotation matrix is used:

cosfcos¢p —sing sinfcos cos¢ —sing 0 cos) 0 sind
cosfsing cos¢ sinfsing | = | sing cos¢p O 0 1 0
—sinf 0 cos 6 0 0 1 —sinf 0 cosf
ng RG

Ry isacounterclockwise rotation around axis y by an angle 6, and Ry is a counterclockwise rotation around
axis 2’ (rotated by an angle 6 from theinitial position) by an angle ¢.
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CALL GFANG (P,COSTH*,SINTH*,COSPH*,SINPH*,ROTATE*)

P(3) (REAL) input direction;

COSTH (REAL) cosine of the polar angle;
SINTH (REAL) sine of the polar angle;
COSPH (REAL) cosine of the azimuthal angle;
SINPH (REAL) sine of the azimuthal angle;

ROTATE (LOGICAL) rotation flag, the rotation matrix is the unit matrix if ROTATE=.FALSE., i.e. no
rotation is needed;

Find the sine and cosine of the polar and azimuthal angle of the direction defined by the vector P. If P is
aong the z axis, ROTATE=.FALSE..

CALL GVROT (DCOSIN,PART*)

PART(3)  (REAL) direction to be rotated, overwritten on output;
DCOSIN(3) (REAL) direction of the new z axis;

Given the direction PART in a system of reference O, it returns the same direction in the system of reference
where the z axis of O isaong DCOSIN. Thisroutine isvery useful when the 6 angle of a secondary particle
is sampled in a reference frame where the parent particle moves along the z axis. Then the direction of the
secondary product in the MRS is returned by GVROT if DCOSIN isthe direction of the parent particle.

A call to GVROT is equivalent to the following code:

DIMENSION PART(3), DCOSIN(3)
LOGICAL ROTATE

CALL GFANG(DCOSIN,COSTH,SINTH,COSPH,SINPH,ROTATE)
IF(ROTATE) CALL GDROT(PART,COSTH,SINTH,COSPH,SINPH)

with the advantage that inside GVROT all calculations are performed in double precision.
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I onisation processes for muons and protons

1 Subroutines

CALL GDRELA

GDRELA initialises the ionisation energy-loss tables for different materials and particles. The energy binning
isin the array ELOW (/GCMULO/) initialised in the routine GPHYSI. The tables are filled with the quantity
dE/dz in GeV cm~!, for elements, mixtures and compounds. A temporary table is also filled, containing
additional points for integration, to obtain the range-energy table (see [PHYS010]).

GDRELP computes the ionisation energy loss for protons, and the values are stored in the energy loss table.
Thisvalue isused for other charged hadrons with scaled energy bin.

GDRELM computes the ionisation energy loss for muons, and sums it in the muon table with the energy loss
due to the other processes (bremsstrahlung, pair production and nuclear interactions).

The following pointers are used:

JMA = LQ(JMATE-I) I*h materia bank;

JEL1 = LQ(JMA-1) dE /dz for et/e™ (see [PHYS330]);
JEL2 = LQ(JMA-2) dE/dx for u*/u~;
JEL3 = LQ(JMA-3) dE /dx for protons (used also for other charged particles).

GDRELA is called during initialisation by GPHYSI.

CALL GDRELP (A,Z,DENS,T,DEDX*)

GDRELP computes the ionisation energy loss for protons. It is called by the routine GDRELA. See GDRELX
below for the meaning of the parameters.

CALL GDRELM (A,Z,DENS,T,DEDX*)

GDRELM computes the energy loss due to ionisation for muons. It is called by the routine GDRELA. See
GDRELX below for the meaning of the parameters.

CALL GDRELX (A,Z,DENS,T,HMASS,DEDX*)

A (REAL) mass number of the material;

Z (REAL) atomic number of the material;

DENS (REAL) density of the material in g cm3; it is only used to calculate the density correction in
case of high values of T;

T (REAL) kinetic energy of the particlein GeV;

HMASS (REAL) mass of the particle;

DEDX (REAL) energy loss of the particlein GeV cn? g~ .

Thisroutine calculates the ionisation energy loss for amuon or aproton. It iscalled by GDRELM and GDRELP.
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CALL GDRSGA

CDRSGA calculates the total cross-section for the production of d-rays by electrons (Moller scattering),
positrons (Bhabha scattering) and muons. For hadrons, this value is calculated at tracking time. The mean
free path as afunction of the energy is stored for every medium. The following pointers are used:

JMA = LQ(JMATE-I) pointer to the I» material;
JDRAY = LQ(JMA-11) J-ray cross-section for electrons;
JDRAY+NEK1 0-ray cross-section for positrons;
JDRAY+2+NEK1 d-ray cross-section for muons.

Theroutine is called during initialisation by GPHYSI.
2 Method

In GEANT, é-rays are generated only above athreshold energy 7., which corresponds to the variable DCUTE
for electrons and positrons, DCUTM for all other charged particles. Thetotal cross-section for the production
of ad-ray electron of kinetic energy 7' > 71.,,, =DCUTE, DCUTM by aparticle of kinetic energy F is:

Tmaz do(E,T
(B, Tot) = /T (CT)
cut

where T,,... 1Sthe maximum energy transferable to the free electron:

dT (1)

_ 2m(* 1)
L+ 205+ (5)°

)

Tmax
The energy lost in ionising collisions producing o-rays below 1;,; are included in the continuous energy
loss. The mean value of the energy lost due to these soft collisionsiis:

(£, T)

E,..(E.T feut pdo dT 3
loss( ) cut) —/0 dT ()

where m isthe electron mass and M isthe mass of the incident particle.

In this chapter, the method of calculation of the continuous energy loss and the total cross-section are
explained. The generation of é-raysis explained in chapter [PHYS331].

2.1 Continuousenergy loss

The integration of (3) leads to the Bethe-Block stopping power or to the restricted energy lossformula [55]:

Z7? 2me 3T, 2C :
pZZine |y (210 Tnas ) 552 5 2Ce it Tout > Trna
1 <dE . I ’ (4)
P @) |z omeB2T,\ T. 2.] .
D Aﬁzgc In 72 -0 (1 + Tmax> -6 — 7 if Tewr < Tonaz
where,
D 27xNar?mc* = 0.000153537 GeV cm? g~! Z  atomic number of medium
A mass number p  density of medium
T. min(Teut, Tnaz) m,. €electron mass

and I isthe average ionisation potential of the atom in questi