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Preface

This documentation is a User’s Manual for the Serpent cantis-energy Monte Carlo re-
actor physics burnup calculation cdli€ode development started at the VTT Technical Re-
search Centre of Finland in 2004, under the working title Hatalistic Scattering Game”,
or PSG. This name is used in all publications dated beforgteeelease of Serpent 1.0.0
in October 2008. The name was changed to due to the variougaities related to the
acronym. The code is still under development and this macmars only the main func-
tionality available in June 18.

The official Serpent website is found at http://montecattdi. Support and minor updates
in the source code are currently handled via the Serpeningdist, in which all users are
encouraged to join by sending e-mail to: Jaakko.Leppaneni@ny feedback is appreci-
ated, including comments, bug reports, interesting resuitl ideas and suggestions for fu-
ture development. A discussion forum for Serpent usersusdat http://ttuki.vtt.fi/serpent

For a quick start, experienced Monte Carlo code users ameatst to view the lattice input
examples in Chaptéril1 starting on pagel133.

For referencing the code, use either the website: “httpmtecarlo.vtt.fi” or this report: “J. Leppéaneger-
pent — a Continuous-energy Monte Carlo Reactor Physics Bufalculation CodeVTT Technical Research
Centre of Finland. (June 18, 2015)”
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Chapter 1

Installing and Running Serpent

1.1 Compiling Serpent

The Serpent code is written in standard ANSI-C language. chae is mainly developed
in the Linux operating system, but it has also been compiretitasted in MAC OS X and
some UNIX machines.The Monte Carlo method is a computing-intensive calculateah-
nigue and raw computing power has a direct impact on the theadaulation time. It should
be taken into account that the unionized energy grid forrsatiun Serpent requires more
computer memory compared to other continuous-energy Moati codes. One gigabyte
of RAM should be sufficient for steady-state calculationg,gbminimum of 3 Gb is recom-
mended for burnup calculation.

The source code is compiled simply by running the GNU Makla'iyu The Makefile pro-
vides for detailed instructions and various options fofedént platforms. Serpent uses the
GD open source graphics Iibra& [1] for producing some giegdloutput. If this library is
not installed in the system, the source code must be comgpiligdthe “NO_G-X_MODE”
option. The compilation should not result in any errors ornirag messages and it should
produce an executable named “sss”. Any problems in insi@llashould be reported by
e-mail to: Jaakko.Leppanen@uvit.fi

Code updates are provided to registered users by distripthien updated source files by
e-mail. New files replace old ones and the code must be re-tedhfpr the changes to take
effect.

1The main platforms in PSG/Serpent development have beeh @iz dual-core AMD Opteron PC with
5 Gb RAM running Fedora Core 4 and an iBook G4 with 1.2 GHz P&eprocessor and 768 Mb RAM
running OS X v10.4.

2For a detailed description of Makefiles, see: http://www.gng/software/make.
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1.2 Running the Code

All interaction between the code and the user is handledigirmne or several input files
and various output files, as described in the following céept The code is run from the
command line interface. The general syntax is:

sss <inputfile> [<options>]

where <inputfile> isthe name of the main input file
<opti ons> are the options

The input file is a standard text file containing the input desion. The input can also be
divided into several files which are referred to in the ma fil

The available options are:

-version print version information and exit

-repl ay run the simulation using random number seed from
previous calculation

- pl ot terminate run after geometry plot

-testgeom <N\> test the geometry using\> randomly sampled

neutron tracks

- checkvol umes <N> calculate Monte Carlo estimates for material
volumes by samplinggN> random points

-npi <N> run simulation in parallel mode (see Secl1.3)

- di sperse generate random particle or pebble distribution
files for HTGR calculations

The replay option forces the code to use the same random me®be as in a previous run.
Without this option, the seed is taken from system time anittemrin a separate seed file
(namedki nput f i | e>. seed) for later use. The seed can also be set manually in the input
using the set seed” option

The geometry test option can be used for debugging the gepmetddition to the geometry
plotter. The code randomly samples neutron tracks acresggbmetry and checks that the
cells are correctly defined. Some input errors can spotted tisis option.

The volume checking option can be used to verify that themelsi used in the calculation
are correct. The code is able to calculate cell volumes fopk lattice geometries, but
some more complicated geometry types require the valuesdetiby the user. The volumes

3The results of a Monte Carlo calculation depend on the sesguehpseudo random numbers used during
the simulation. This sequence is fixed by the random numiget @ed the calculation can be repeated using the
same seed. The capability to reproduce the same simulatiompbrtant, for example, for debugging purposes.
Some codes, such as MCNP [2], use a fixed seed value, whidtsrgstihhe same results every time the code is
run. The Serpent code uses by default a different seed forreacand hence the results are different as well.
This behavior can be overridden by the replay command litiepr by setting the seed manually in the input
file.
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are used for normalizing reaction rates for detectors amaupucalculation. The number of
random points should be large (at least 1,000,000) for gtaitsscal accuracy.

The random patrticle / pebble distribution generator wogkptompting the user information
on the volume type and dimensions, particle data and padkaagions. The code then
generates a distribution inside the desired volume witlovetlapping any particles. The
data is written in a file using format that can be directly reeid the explicit HTGR geometry
model (See Se€._3.8.2 on pdge 40). The option is availahie daxle version 1.1.5 on.

IMPORTANT NOTES ON RUNNING THE CODE:

1. The seed file is overwritten by a new value each time the sode without the replay
option and the old seed is lost.

SEE ALSO:

1. Dividing the input into several files (SEC.2]2.3 on page 16

2. Setting the random number seed manually (Sec] 5.18 orif#ge
3. Geometry plotter (Set. 3.9 on pdgeé 42)

4. Setting material volumes manually (Sec. 4.1.2 on page 49)

1.3 Parallel Calculation

Serpent uses the Message Passing Interface (PI) [3] fallplralculation. To activate this
capability the code must be compiled with tHRARALLEL _MPI ” option (see the Makefile
for details) and the MPI libraries must be installed on thetesy.

There are two options for running the code in the paralledidation mode. The first option
is to use the standard MPI tools, such as mpirun:

[user @ost npitest]$ npirun -np 10 sss input
This command executes the calculation in 10 hosts as defirtbe parallel environment.

The second option is to use the built-in MPI runner and defieenumber of tasks in the
command line:

[user @ost npitest]$ sss -npi 10 i nput

In this calculation mode, the code attempts to run mpirurt©awn. This may require small
modifications in the source code or may not work at all in sogstesns. The file path for
mpirun is defined by theNMPI RUN_PATH’ precompiler variable in thetfeader . h” source
file.
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IMPORTANT NOTES ON PARALLEL CALCULATION:

1. Parallel calculation is available from version 1.0.3 on.

2. When multiple tasks are sharing the same memory spaceazéhef sllocated memory
is also multiplied. This should be taken into account whetirgethe memory size in
the compilation.

3. The methodology is still under development. The calcahdicks error tolerance and
load sharing and the mode should be used only in systemsstiogsof identical hosts.
Most of the MPI routines were directly adopted from PSG araluiees exclusively
available in Serpent (including burnup calculation) arethoroughly tested.

SEE ALSO:

1. The MPI standarcht t p: / / ww*+ uni x. nts. anl . gov/ npi /

2. The mpirun script:
htt p: // www uni x. ntcs. anl . gov/ npi / www/ w1/ npi r un. ht m

1.4 Nuclear Data

The Serpent code reads continuous-energy interactionfrdeitaACE format cross section
libraries. The current installation package containsaliles based on JEF-2.2, JEFF-3.1,
ENDF/B-VI.8 and ENDF/B-VII evaluated data files. Since theadtrmat is shared with
MCNP, alternative data for various isotopes should be read#ilable to most users. There
are also several ACE format data libraries based on differesiiations publicly available
through the OECD/NEA Data BanE][4]. New libraries can be predufrom raw ENDF
format data using the NJOY nuclear data processing syQ}am 5

1.4.1 Data Types

Three types of cross sections are available in the data @lestinuous-energy neutron cross
sections (type 1) are used for the actual transport sinemafihe data contains all necessary
reaction cross sections, together with energy and angigtaitditions, fission neutron yields
and delayed neutron parameters.

The second data type is the dosimetry cross section (typP@&)imetry cross sections ex-
ist for a large variety of materials and may include derivedction modes not commonly
encountered in transport calculation. The data may conishe or several partial cross
sections, but all energy and angular distributions are tenhit The data can be used with
detectors but not in physical materials included in thegpanmt calculation.
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Thermal scattering cross sections (type 3) are used toce i@ low-energy free-gas elastic
scattering reactions for some important bound moderatdides, such as hydrogen in water
or carbon in graphite. Thermal systems cannot be modelled fiee-atom cross sections
without introducing significant errors in the spectrum amel tesults.

1.4.2 Directory File

The cross section data is accessed by using a separat@diriiet, which differs from the
“xsdir” file commonly used with ACE format data. A conversioetween the two formats
can be made by running the “xsdirconvert” utility script;luded in the installation package:

[user @ost xsdata]$ xsdirconvert.pl data.xsdir >> data.xsdata

The Serpent directory file contains the data necessary &rcdde for locating the cross
section libraries and forming the material compositionacliline in the directory file has
the following format:

<al i as> <zai d> <type> <ZA> <I > <AW <T> <bi n> <pat h>

where <al i as> is the name identifying the nuclide in the input file
<zai d> isthe actual nuclide name in the data
<type> isthe type of the data

<ZA> is the isotope identifier (1000*Z + A)

<I> is the isomeric state number (0 = ground state)
<AW, is the atomic weight

<T> is the nuclide temperature (in K)

<bi n> is the binary format flag (0 = ASCII, 1 = binary)
<pat h> s the data path for the library

EXAMPLES:
1001. 06¢c 1001.06c 1 1001 O 1.00783 600.0 0 /xs/1001_06. ace
H 1.06c 1001.06¢c 1 1001 O 1.00783 600.0 0 /xs/1001 _06. ace
8016.06c 8016.06c 1 8016 0 15.99492 600.0 0 /xs/ 8016 _06. ace
O 16.06c 8016.06c 1 8016 0 15.99492 600.0 0 /xs/8016_06. ace
40000. 06¢c 40000. 06c 1 40000 0O 91.21963 600.0 0 /xs/40000_06. ace
Zr-nat.06c¢c 40000.06c 1 40000 0O 91.21963 600.0 0 /xs/40000 06. ace
92235. 09¢c 92235.09c 1 92235 0 235.04415 900.0 0 /xs/92235 09. ace
U-235. 09c 92235.09c 1 92235 0 235.04415 900.0 0 /xs/92235 09. ace
92238. 09c 92238.09c 1 92238 0 238.05078 900.0 0 /xs/92238 _09. ace
U-238. 09c 92238.09c 1 92238 0 238.05078 900.0 0 /xs/92238 09. ace
95342. 09c 95342.09c 1 95242 1 242.05942 900.0 0 /xs/95342_09. ace
Am 242m 09c 95342.09c 1 95242 1 242.05942 900.0 0 /xs/95342 09. ace
Iwtr.03t Iwtr.03t 3 00 0. 00000 0.0 0 /xs/tntcsl
Np- 237. 30y 93237.30y 2 93237 0 239.10201 0.0 O /xs/llldosl
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93237. 30y 93237.30y 2 93237 0 239.10201 0.0 O /xs/llldosl

The alias is the nuclide name used in the input file and it mapay not be the same as
the actual isotope name. The xsdirconvert tool writes twdeshfor each nuclide, one using
the original name and another one using the element symidoihenisotope number. The
data types are: 1 = continuous-energy, 2 = ACE dosimetry. 3emthl scattering, The
temperature entry is used with transport data only and thmiatmass with transport and
dosimetry cross sections.

Isomeric states are identified from the state nuﬂmme Am-242m in the example). There
iIs no standard convention on how to name these isotopes iAGEeformat data, but the
xsdirconvert-tool assumes that the mass number of isorsi@atie nuclides is increased above
300. If another convention is used, the state number museta@anually in the directory
file. It is recommended that the isomeric state entries avaya carefully checked after
running xsdirconvert.

1.4.3 Radioactive Decay and Fission Yield Data

Radioactive decay and fission yield data is needed for runthim@erpent code in the inde-
pendent burnup calculation mode. It is recommended thdilitaies are included in the

coupled mode as well, since it enables the data to be repeddnche output file, making it

directly available to the coupled calculation.

The decay constants and fission product distributions afrem standardized ENDF for-
mat data files|]6]. The format is directly accessible and thim dequires no preprocessing.
JEF-2.2, JEFF-3.1, ENDF/B-VI.8 and ENDF/B-VII data librar&re included in the instal-
lation package. More data can be downloaded from varioesriat sources:

OECD/NEA Data Bankht t p: / / ww. nea. fr/ ht m / dbdat a/

Los Alamos T2 Nuclear Information Servidett p: //t 2. | anl . gov

US National Nuclear Data Centdrt t p: / / ww. nndc. bnl . gov

US Radiation Safety Information Computational Center:
http://wwwrsicc.ornl.gov

— IAEA Nuclear Data Centrent t p: / / ww nds. i aea. org

— JAEA Nuclear Data Centent t p: / / wwwndc. t okai - sc. j aea. go. | p

IMPORTANT NOTES ON INTERACTION DATA:

4The information on isomeric states is needed for burnuputation only. All nuclides are treated similarly
in the transport simulation.
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1. The weight in the directory file is given as tamic weight not the atomic weight
ratio as in MCNP xsdir files.

2. The temperature in the directory file is givenKalvin, not in MeV as in the MCNP
xsdir files.

3. Binary data is not supported in the current code version.

4. The data path in the directory file must refer to the absolubt the relative location
of the library file.

5. The code always uses the first matching entry in the dirgéte. The use of duplicate
isotope names may lead to unexpected results.

SEE ALSO:

1. Setting up the file paths (Secl5.4 on page 57)
2. Material definitions (Chaptél 4 on pdgé 47)



Chapter 2

Input

2.1 General

The Serpent code has no interactive user interface. All conication between the code and
the user is handled through one or several input files andwsuoutput files discussed in
Chaptei 6. User-defined detectors are discussed as a sdfmaraie Chaptef]7 and burnup
calculation in Chaptdr 8.

2.2 Input format

The format of the input file is unrestricted. The file consistsvhite-space (space, tab or
newline) separated words, containing alphanumeric ckears(a-z’, 'A-Z’, '0-9’, '), ’-").

If special characters or white spaces need to be used witeiword (file names, etc.), the
entire string must be enclosed within quotation marks.

2.2.1 Input cards

The input file is divided into separate data blocks, denogedaads. The file is processed
one card at a time and there are no restrictions in what ohgecdrds should be organized.
The input cards are listed in Taljle 2.1 and detailed desenipaire provided in the following
chapters. All input cards and special command words areioasesitive. Each input card is
delimited by the beginning of the next card. It is hence inignarthat none of the parameter
strings used within the card coincide with the card identfia Tabld Z.1L.

15
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Table 2.1: List of commands and input cards

| Card Description Chapter / Section Page]

cel | cell definition 3.3
dep irradiation history 110
det detector definition 71 [95

di sp implicit HTGR patrticle fuel model 3811 [39
ene detector energy binning C71.2 [199
i ncl ude read a new input file 223 [16

| at lattice definition 3.6.2
mat material definition 412 [48
mesh reaction rate mesh plotter 101131
nest nest definition B3 2T
particl e particle definition 3.8 39
pbed explicit HTGR particle / pebble bed fuel model [ 318.2 [1@0
pi n pin definition B4 [T

pl ot geometry plotter B9 [42
set misc. parameter definition [B3.1 [183
src external source definition [9.2[126
surf surface definition 3.2
therm thermal scattering data definition W2 [149
trans universe transformation 36.1 [129

2.2.2 Comment lines and sections

The Serpent code provides two types of comments for the ifilpat The percent-sigri4

or hash #) are used to define a comment line. Anything from this chardotthe end of the
line is omitted when the input file is read. The alternativimigse C-style comment sections
beginning with 7 *” and ending with %/ ”. Everything within these delimiters is omitted,

regardless of the number of newlines or special characetveden them.

2.2.3 Dividing the input into several files

Complicated input descriptions can be simplified by dividihg cards into separate files.
This capability may also be useful if different calculatioases share some partial data.
Additional input files are recursively read from the main fileng the ncl ude-command:

i ncl ude "<fil ename>"

where <fil ename> is the file path for the input file

When this command is encountered, the program will first ré&diticluded file before
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continuing with the main file. The number of nested input fiesinrestricted. Since file
names and paths often include non-alphanumeric charadté&sgood practice to always
enclose the strings within quotation marks.

2.24 Input errors

The Serpent code performs some error checking on the inpuidiore proceeding with the
calculation. These checks include:

Checking that there are an even number of quotation marks.

Checking the correct number of parameters for some inpdscar

Checking the type (string, integer, real) of some pararaeter

Checking that the values of some parameters are within amabk range.

Checking that all cards that are referred to in other carelslefined.

Checking that all referred files exist.

Checking that the input contains sufficient data for runrniregsimulation.

Various checks related to specific input cards.

Failure in any of the checks results in an error message arditimination of the calculation.

Most common input errors are caused by missing parametensstyped command words.
In the former case, the result is often an error messagedelatparameter type or number.
The program does not recognize card names with typing ebyotsather processes the entire
card as if was a set of parameters belonging to the previads &ach errors may stop the
calculation later on for entirely different reasons, otia tvorst case, run the simulation with
a set of parameters totally different from what the usemidégl. In case of any unexpected
behavior, the typing of the card names should the first thorfgetchecked.

IMPORTANT NOTES ON INPUT FORMAT:

1. The input file consists of white-space separated wordggong alphanumeric char-
acters. If special characters or white spaces need to befilsethmes, etc.), the entire
string must be enclosed within quotation marks.

2. Each card is delimited by the beginning of the next card iam hence important
that the card names are not used in for other purposes, for@gaas cell or material
names. If the name of an input card is spelled incorrectly, grevious card is not
delimited, which may result in a completely unexpected b&ha
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3. Running the Serpent code shouklerresult in crash or termination without an error
message. In such case, please report the problem by e-mail to
Jaakko.Leppanen@uvtt.fi

2.3 Units

Table[Z.2 summaries the most essential units used in the code

Table 2.2: Units used in the Serpent code.

| Quantity Unit Notes |
Distance cm
Area cnt
\Volume cnt
Time S (depends on the case)
Energy MeV
Microscopic cross section b (barni®=2* cm?)
Macroscopic cross section 1/cm
Mass g
Mass density g/cr
Atomic density 16cm® (= 1/barn<cm)
Power W
Power density kW/g
Neutron flux 1/cris
Reaction rate l/chs (reaction rate density)

Burnup
Burn time

MWd/kgU (per total initial heavy metal
days

IMPORTANT NOTES ON UNITS:

1. Power, neutron flux, reaction rate and all related quastitepend on how the neutron

source rate is normalized.

SEE ALSO:

1. Source rate normalization (Séc.]5.8 on dage 61)



Chapter 3

Geometry

3.1 The Universe-based Geometry Model in Serpent

The Serpent code uses a universe-based geometry modelksforhileg complicated struc-
tures, very similar to MCNP. This means that the geometryvgldd into separate levels,
which are all constructed independently and nested ondaribie other. This approach al-
lows the complexity of the geometry to be divided into smatlarts, which are much easier
to handle. It also enables the use of regular geometry snegstsuch as square and hexago-
nal lattices, commonly encountered in reactor application

Perhaps the best example of a universe-based geometryusiimst is the reactor core. At
the highest level, the geometry consists of fuel pins, incwhine fuel pellets are surrounded
by cladding and coolant. Each pin type is described indegathdin its own universe. The
next level is the fuel assembly, in which the pin universesaranged in a regular lattice.
The assembly may also comprise flow channel walls, modecdiannels or any support
structures. In the next geometry level these assembly rg@gare arranged in another lattice
to form the core layout, which can be surrounded by radialaadl reflectors and finally
the reactor pressure vessel wall.

The basic building block of the geometry is the cell, whiclaisegion of space determined
using simple boundary surfaces. Each cell is filled with a bgemeous material composi-
tion, void or another universe.

3.2 Surface Definitions

Serpent provides for various elementary and derived seitigoes for geometry construc-
tion. A “derived” surface type refers here to a surface cosaal of two or more elementary
surfaces, such as a cube constructed of six planes. Theformt does not make any dif-

19
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ference between elementary and derived surfaces and tbepdies below applies to both.
The syntax of the surface card is:

surf <id> <type> <param 1> <param 2> ...

where <i d> is the surface identifier
<type> is the surface type (see Tablel3.1)
<param 1> <param 2> ... are the surface parameters

The surface identifier is an arbitrarily chosen number if@ng the surface in the cell defi-
nitions. Surface types and their use is described in thevialg subsections.

3.2.1 Surface types

The present code version contains 20 surface types, listd@éble[3.1. The number of
parameters is fixed and depends on the type. Some surfacehgpe parameters that are
optional.

For the three types of planes, thg, 1, and z, coordinates refer to distances from the ori-
gin. For sphere, cube and the cylindrical surfaces thesenpeters define the coordinates
of the surface center. Sphere, cube and cylinder radii ®endiyr. The square, hexago-
nal and cruciform cylinders also include an optional par@me, which defines the radius
of rounded corners. If this parameter is omitted, it is assditinat the corners are sharp.
The optional parameters and z, are bottom and top planes of truncated cylinder. The
cylindrical surfaces are illustrated in Figurel3.1.

The cuboid is defined by the minimum and maximum coordinatesch direction.

The hexagonal prismatic surfaces are similar to the cooredipg cylinders, with the differ-
ence that the enclosed space is limited by bottom and togglaty; andzs.

The “pad” is a cylindrical surface type that was includedhia tode in order to model the
neutron pad in the VENUS-2 reactor dosimetry benchnﬁrkTﬁ}e surface is defined as a
sector between anglés andd, cut out from a layer between cylinders of radiiandr,.

The “cone” or “conz” surface type (see Fig.13.2) is deterrdibg thex, y, and z, coordi-
nates of the base, the base radiwnd the height. The height of the cone also determines
the orientation: a positive value for a cone pointing in pesidirection and a negative value
for a cone pointing in the negative direction of the z-axisn&ooriented in the x- and y-axes
(“conx” and “cony”, respectively) are defined in a similar mmer.

The “dode” and “octa” surface types (see Hig.] 3.3) are datexdhby thex, andy, coor-

dinates of the central axis and two distaneeandr, from the center. If the second value
is omitted, the surface is a regular octa- or dodecagonaidst. The octagonal cylinder
basically consists of two intersecting square and the dagtatal surface of two intersecting
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Table 3.1: Surface types in the Serpent code.

| Type Description Parameters
i nf all space -
pXx plane perpendicular to x-axis xo
py plane perpendicular to y-axis Yo
pz plane perpendicular to z-axis 20
sph sphere X0, Yo, 20, T
cyl x circular cylinder parallel to x-axis Yo, 20, T, L1, T2
cyly circular cylinder parallel to y-axis X0, 20,75 Y1, Y2
cylz or cyl circular cylinder parallel to z-axis X0, Yo, T, 21, 22
sqc square cylinder parallel to z-axis X0, Yo, T, T0
cube cube X0, Yo, 20, T
cuboi d cuboid T1,T2,Y1, Y2, 21, 22
hexxc x-type hexagonal cylinder parallel to z-axis:, yo, 7, 70
hexyc y-type hexagonal cylinder parallel to z-axis:, yo, 7, 70
hexxpri sm x-type hexagonal prism parallel to z-axis =z, yo, 1, 21, 22
hexypri sm y-type hexagonal prism parallel to z-axis xg, yo, 1, 21, 22
Cross cruciform cylinder parallel to z-axis X0, Yo, T, d, To
pad (see description below) X0, Yo, T1, T2, 01,02
conx cone oriented in the x-axis o, Yo, 20,7, h
cony cone oriented in the y-axis X0, Yo, 20,7, h
conz or cone cone oriented in the z-axis X0, Yo, 20,7, h
dode dodecagonal cylinder parallel to z-axis  xq, yo, 1, 72
octa octagonal cylinder parallel to z-axis 0, Y0, T1, T2
pl ane general plane A, B,C,D
quadratic general quadratic surface A B,C,D,E,F,G ,H,J K

regular hexagons.
The general plane is defined by equation
Az + By+Cz=D
This is a simplified case of the general quadratic surfadeetkby

Ar? + By + C22+ Day + Eyz + Fzo +Ge+ Hy+ J2 + K =0

3.2.2 Positive and negative surface sides

The surfaces are used for defining the geometry cells as witldscribed in the following
section. For this purpose, each surface is associated \pibisitive side and a negative side.
It is defined that a point is inside a surface if it is locatedlmmnegative side of the surface.
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hexyc Cross pad

Figure 3.1: Basic cylinder types. The surfaces are infinitehie z-direction. The square
cylinder illustrates the definition of rounded corners.

cone

Figure 3.2: The cone surface.

For the three types of planes, the positive side is definettendirection of the positive
coordinate axis. The positive sides of the sphere, cubes and the cylindrical surfaces are
defined outside the perimeter of the surface.

3.2.3 Surface examples

A few simple examples of surface definitions are given in tiwing.
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octa dode

Figure 3.3: The octagonal and dodecagonal cylinder suréace

% --- plane perpendicular to x-axis, located at x = 4.0 cm
surf 1 px 4. 000
% --- sphere centered at (1.0, 0.0, 2.0), radius 5.0:

surf 2 sph 1.000 0.000 2.000 5.000

% --- cylinder centered at origin, radius 10.5 cm
surf 3 cyl 0. 000 0.000 10.500
%--- cube at origin with dianeter 5.0 cm

surf 4 cube 0.000 0.000 0.000 2.500

% --- square cylinder centered at origin, radius 10.0 cm
% rounded corners with radii 0.2 cm
surf 5 sqc 0.000 0.000 10.000 0.200

% --- x-type hexagonal cylinder centered at (1.0, 0.0),
% radius 2.0 cm
surf 6 hexxc 1.000 0.000 2.000

% --- cruciformcylinder centered at origin, radius 20.0 cm
% hal f -t hi ckness 5.0 cm
surf 7 cross 0.000 0.000 20.000 5.000

% --- neutron pad used in the VENUS-2 benchnark:
surf 8 pad 0. 000 0.000 11.250 54.750 59.073 65.073

%--- cone at origin, base dianeter 2.0 cm height 5.0 cm
surf 9 cone 0.000 0.000 O0.000 1.000 5.000

IMPORTANT NOTES ON SURFACES:
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1. In code versions earlier than 1.1.8 the cone surface tygyeamly be used with the full
delta-tracking calculation mode (threshold = 1).

2. Reflective and periodic boundary conditions may only bel usegeometries where
the outermost boundary is defined by a square or hexagornadieylor a cube.

3. The dodecagonal cylinder surface type is available frodewersion 1.1.4 on.
4. The octagonal cylinder and general plane and quadratecguare available from code
version 1.1.9 on.

SEE ALSO:

1. Delta-tracking options (Selc. 5111 on pagk 66)
2. Boundary conditions (Sdc. 5.7 on pagé 59)

3.3 Cell Definitions

The geometry description in the Serpent code consists efdwtihree-dimensional regions,
denoted as cells. Each cell is defined using a set of positilenagative surface numbers,
which correspond to the surface identifiers defined in th&asarcards. Unlike MCNP and

other Monte Carlo codes, Serpent can only handle intersectbboundary surfaces. This
means thathe neutron is inside the cell, if and only if it is on the sarde ®f each boundary

surface as given in the surface ligsee the examples below).

The lack of the union operator restricts the generality efgleometry description to some
extent. This limitation is compensated for by providing @&collection of derived surface
types, which in most cases can be used to replace the unidims efementary surfaces. The
advantage of this approach is that the geometry descripgimains relatively simp@.

3.3.1 Cell types

The syntax of the cell card is:

LIt is known that the use of derived surface types may slow dinemeutron tracking routine in some cases
when the conventional ray-tracing algorithm is used. N®utransport in Serpent, however, is primarily based
on the delta-tracking method which is not prone to such &tiohs. The use of derived surface types reduces
the total number of surfaces, which may actually speed ugetia-tracking routine in complicated geometries.
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cell <name> <u0> <mat> <surf 1> <surf 2> ...

where <nane> is the cell name
<u0> is the universe number of the cell
<mat > is the cell material
<surf 1> <surf 2> ... arethe boundary surfaces

The cell name is a text string that identifies the Bemach cell belongs to a universe, which
is determined by the universe number (lattices and unigeasse thoroughly described in
Sectior 3.6 on pade P8). Cell material determines the nanteeahaterial that fills the cell
(see Chaptdr 4 for material definitions). There are threeptiares:

1. If the cell is empty, the material name is set wf d”.

2. If the cell describes a region of space that is not part a®fgeometry, the material
name is set todut si de”.

3. If the cell is filled by another universe, the material naseeplaced by command
“fil1”andthe number of the filling universe.

The “outside” cells are required for filling the regions o&sp that are not a part of the actual
geometry. When the neutron streams to such a region, theyhistterminated or boundary
conditions are applied.

The cell shape is determined by the list of boundary surfaesitive entries refer to positive
(“outside”) surface sides and negative entries to negétinside”) surface sides. The cell is
defined as the intersection of all surfaces in the list.

3.3.2 Cell examples

A few simple examples of cell definitions are given in thedaling.

%--- two hal f-planes separated by a plane in the z-axis at 5.0 cm
surf 1 pz 5. 000

cell 11 water -1 %lower half-plane filled with "water"
cell 21 air 1 % upper half-plane filled with "air"

% --- solid uranium sphere ("CGodiva") of radius 8.7407 cm

2When the number of cells in the geometry is large, it is oftesiegao replace cell names with numerical
constants. This is possible since the code treats cell niedseany other text strings. This convention is
followed in most example cases in this manual.
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surf 1 sph 0.0 0.0 0.0 8.7407

cell 1 0 wuranium -1 %uraniuminside sphere
cell 2 0 outside 1 %outside world

% --- tungsten-refl ected plutoni um sphere:
surf 1 sph 0.0 0.0 0.0 5.0419
surf 2 sph 0.0 0.0 0.0 9.7409
cell 1 0 plutonium -1 % pl utoni uminside surface 1
cell 2 0 tungsten 1 -2 %tungsten between surfaces 1 and 2
cell 3 0 outside 2 % out si de world
% --- a segnment of LWR fuel rod in water:
surf 1 cyl 0.0 0.0 0.40
surf 2 cyl 0.0 0.0 0.45
surf 3 cyl 0.0 0.0 0.60
surf 4 pz -50.0
surf 5 pz 50.0
cell 11 U -1 4 -5 % UXR fuel inside surface 1
cell 21 wvoid 1-2 4 -5 %gap between fuel and cl addi ng
cell 31 clad 2 -3 4 -5 %cladding
cell 41 water 3 4 -5 9% water outside cladding
cell 51 water -4 % wat er bel ow t he segment
cell 6 1 water 5 % wat er above the segnent
IMPORTANT NOTES ON CELLS:
1. Material namesvoi d”, “out si de” and “f i | | " are reserved for empty cells, cells

not belonging to the geometry and cells filled by another ensie, respectively.

2. Only the intersection operator is available for cell débns. This means that a point
is inside the cell if and only if it is inside (or outside if dedéid by a negative surface
number)all the boundary surfaces in the list.

SEE ALSO:

1. Material definitions (Chapté&l 4 on pdgé 47)
2. Boundary conditions (Sdc. 5.7 on pagé 59)
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3.4 Fuel pin definitions

Since Serpent is primarily a lattice physics code, the géignias a simplified definition for
fuel pins consisting of nested annular material layers. Symtax of the pin card is:

pin <id>

<mat 1> <r1>

<mat 2> <r2>

<mat n>

where <i d> is the pin identifier (universe number)
<mat 1> <mat 2> ... arethe materials
<rl> <r2> ... are the outer radii of the material regions

The fuel pin is not an actual geometry object, but rather arm#iwat is used to define a
pin universe. The material regions and their outer radiigiaven in ascending and the code
constructs the cells using using cylindrical surfaceshédfriadius is negative, it is interpreted
as layer thickness instead of absolute radius. The univensder is set by the pin identifier.

Pin materials can also be other universes, which are defisieg the fill command (See

filled cells on page28).

Pin definitions are most commonly used with lattices to defiet assemblies. Examples
are given in the following section.

IMPORTANT NOTES ON PIN DEFINITIONS:

1. The pinidentifier is a universe number, which must notcidiewith another universe.

2. The outermost material regions is given without a radig i& fills the rest of the
universe.

3. Layer thickness are available from version 1.1.13 on.
SEE ALSO:

1. Filled cells (Sed._316 on pafel28)
2. Lattice examples (S€c.3.6.3 on page 32)

3.5 Nests

Fuel pin and particle (see Séc.13.8 on page 39) are specis cashe nest geometry type,
defined as:
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nest <id> <type>
<mat 1> <r1>
<mat 2> <r2>

<mat n>

where <i d> is the nest identifier (universe number)
<type> is the surface type
<mat 1> <mat 2> ... are the materials
<rl> <r2> ... are the surface parameters

Nested objects consist of materials or sub-universes aegubloy similar surfaces. Nests can
be defined using planapX, py, pz), cylindrical cyl , sqc, hexxc, hexyc), spherical
(sph) or cubical €ube) surface types. In each case the parametefs>, <r 2>,

define the main dimension, all other parameters are setto zer

3.6 Universes and Lattices

As mentioned above, a universe-based geometry allows tbmejey to be divided into
separate levels. Each universe is defined independentlsnasticover all space. Regions of
space not belonging to the geometry must be defined usingiti®itcells. The universes are
defined by the cell universe numbers and the geometry isddyley replacing the material
name with the fill command:

cell <name> <u0> fill <ul> <surf 1> <surf 2> ...
where <nane> is the cell name
<u0> is the universe number of the cell
<ul> is the universe number of the filling universe
<surf 1> <surf 2> ... arethe boundary surfaces

Each universe has its own origin, which can be shifted udieguniverse transformation
command (see Selc. 3.6.1) The lowest level of the geometongslto universe 0, which
must always exist.

3.6.1 Universe transformations and rotations

Each universe is by default centered at the origin, which swyetimes cause difficulties
with filled cells. The origin can be shifted to another looatusing the universe transforma-
tion card:
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trans <u> <x> <y> <z>

where <u> is the universe number
<x> is the x coordinate of the new origin
<y> isthey coordinate of the new origin
<z> isthe z coordinate of the new origin

Universe transformations are also convenient, for exanfiptgoositioning control rods in a
reactor core. Universes filled in a lattice structure arematically shifted to the appropriate
position and transformations are not needed.

Universe rotations were implemented in Version 1.1.14. 3ymax of the transformation
card with rotations has two alternative formats:

trans <u> <x> <y> <z> <rx> <ry> <rz>
trans <u> <x> <y> <z> <al> ... <a9>

where <u> s the universe number

<x> isthe x coordinate of the new origin
<y> isthey coordinate of the new origin
<z> isthe z coordinate of the new origin

<r x> is the rotation angle around x-axis
<ry> is the rotation angle around y-axis
<rz> isthe rotation angle around z-axis

<ai > are the coefficients of a rotation matrix

If three values are entered after the coordinates, theytapreted as rotation angles around
the three coordinate axes. If nine values are entered, treythe rotation matrix, which is
used to multiply the position and direction vectors whenrtitation is applied.

The coordinate translation always precedes the rotation.

3.6.2 Lattices

Lattices are special universes, filled with a regular stmecbf other universes. The Ser-
pent code has eight lattice types: square lattice, two lemaldattices, the circular cluster
array, three infinite 3D lattices filled with a single unive=nd the vertical stack.

Square and hexagonal lattices

The syntax of the lattice card for the square and hexagotialda is:
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| at <u0> <type> <x0> <y0> <nx> <ny> <p>

where <u0> is the universe number of the lattice
<type> s the lattice type (=1, 2 or 3)
<x0> is the x coordinate of the lattice origin
<y0> is the y coordinate of the lattice origin
<nx> is the number of lattice elements in the x-direction
<ny> is the number of lattice elements in the y-direction
<p> is the lattice pitch

The lattice card is followed by a list of universe numbersickldetermines the layout. The
lattice type numbers are:

1. Square lattice

2. X-type hexagonal lattice (unit cell is the x-type hexaagasylinder, see Fig. 311)

3. Y-type hexagonal lattice (unit cell is the y-type hexagjarylinder, see Fid. 311)
Each lattice defines a universe, which must be embeddeckimsakll using the fill com-
mand. If the bounding cell is larger than the lattice, newtrmay stream to undefined lattice

positions, which results in a geometry error. This can bedagbby increasing the lattice
size by defining additional positions in the periphery (sesngples below).

Circular cluster array

The circular cluster array (lattice type 4) is defined by:

l at <u0> <type> <x0> <y0> <nr>

where <u0> is the universe number of the lattice
<type> s the lattice type (= 4)
<x0> is the x coordinate of the lattice origin
<y0> is the y coordinate of the lattice origin
<nr > is the number of rings in the array

The lattice card is followed by a list &fnr > rings, which are defined by:

<n> <r> <theta> <ul> <u2> ... <un>

where <n> is the number of sectors in ring
<r> is the central radius of the ring
<t het a> is the angle of rotation

<ul> <u2> ... <un> are the universe numbers filling the sectors
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The circular array is needed for constructing some clugtes-fuel assemblies, used in
CANDU, MAGNOX, AGR and RBMK reactors. The array is also convenitor deter-
mining the fuel rod layout in some small research reactad) sis the TRIGA.

Infinite 3D lattices

The infinite 3D lattices are used to construct repeated tstre of identical cells that fill
the entire universe. This type of construction can be uswdeXample, for describing the
microscopic fuel particles inside an HTGR fuel pebble or paot. The syntax is:

| at <u0> <type> <x0> <y0> <p>

where <u0> is the universe number of the lattice
<type> s the lattice type (= 6, 7 or 8)
<x0> is the x coordinate of the lattice origin
<y0> is the y coordinate of the lattice origin
<p> is the lattice pitch
<u> is the filler universe

Lattice type 6 is a cubical lattice and types 7 and 8 x- andpgtyexagonal prismatic lattices,
respectively.

Vertical stack

Universes can be vertically stacked, one on top of the otisang lattice type 9:

| at <u0> <type> <x0> <y0> <nl >

where <u0> is the universe number of the lattice
<type> s the lattice type (= 9)
<x0> is the x coordinate of the lattice origin
<y0> is the y coordinate of the lattice origin
<nl > is the number of axial layers

The lattice card is followed by a list afnl > axial layers, which are defined by:

<z> <Uu>

where <z> isthe axial position (lower boundary of the layer)
<u> is the filler universe

The z-values must be given in ascending order. Space betlmilest z-value is not defined
and the top layer fills the entire space above the highesevalu
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Cuboidal 3D lattice

The cuboidal lattice is a 3D structure composed of cuboidk different dimensions in the

X-, y- and z-directions. The syntax is:

[ at <u0> <type> <x0> <y0> <z0> <nx> <ny> <nz> <px> <py> <pz>

where <u0>
<t ype>
<x0>
<y0>
<z0>
<nx>
<ny>
<nz>
<px>
<py>
<pz>

The lattice card is followed by a list of universes. Thisitattype is available from version

1.1.17 on.

is the universe number of the lattice

is the lattice type (= 11)

is the x coordinate of the lattice origin

is the y coordinate of the lattice origin

is the z coordinate of the lattice origin

is the number of lattice elements in the x-direction
is the number of lattice elements in the y-direction
is the number of lattice elements in the z-direction
is the lattice pitch in x-direction

is the lattice pitch in y-direction

is the lattice pitch in z-direction

3.6.3 Universe and lattice examples

The universe and lattice definitions are best describedjasiew examples. The fist example
isa 1717 PWR MOX fuel assembly containing three types of fuel ping empty control

rod guide tubes (see Figure13.4 on page 45).

% --- MOX pin 1:

pin 1

MOX1 4. 36250E- 01
voi d 4.43750E-01
cl ad 4. 75000E- 01

wat er

% --- MOX pin 2:

pin 2

MOX2 4. 36250E- 01
voi d 4.43750E-01
cl ad 4. 75000E- 01

wat er

%--- MOX pin 3:

pin 3

MOX3 4. 36250E- 01
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voi d 4.43750E-01

cl ad 4. 75000E- 01

wat er

% --- Enpry guide tube:
pin 4

wat er 5. 62500E- 01
cl ad 6. 12500E- 01

wat er

%--- Pin lattice (pitch = 1.26 cm
lat 10 1 0.0 0.0 17 17 1.26
11222222222222211
12333233233233321
23333433433433332
23343333333334332
23333333333333332
22433433433433422
23333333333333332
23333333333333332
22433433433433422
23333333333333332
23333333333333332
22433433433433422
23333333333333332
23343333333334332
23333433433433332
12333233233233321
11222222222222211

The second example is a hexagonal VVER-440 lattice with 126dins and a central in-
strumentation tube. Empty lattice positions are filled witiiter (see Figurie 3.5 on pdgg 45).

% --- Fuel pin with central hole:
pin 1

voi d 0. 08000

fuel 0. 37800

voi d 0. 38800
cl ad 0. 45750
wat er

% --- Central instrunentation tube:
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pin 2
wat er 0. 44000
cl ad 0. 51500

wat er

% --- Enpty lattice position filled with water:

pin 3

wat er

%--- Pin lattice (x-type hexagonal, pitch = 1.23 cm):

lat 10 2 0.0 0.0 15 15 1.23

333333333333333
333333311111113
333333111111113
333331111111113
333311111111113
333111111111113
331111111111113
311111121111113
311111111111133
311111111111333
3111111111133 33
311111111133333
311111111333333
311111113333333
333333333333333

The third example is a CANDU cluster consisting of 37 pins ings. The third ring is
rotated by 15 degrees (see Figure 3.6 on page 46).

% --- Fuel pin:

pin 1

fuel 0.6122
clad 0.6540
cool ant

% --- Cluster:

lat 10 4 0.0 0
1 0.0000 0.0
6 1.4885 0.0

12 2.8755 15.0

18 4.3305 0.0
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All three examples are illustrated using the geometry etdtt Sectio 319 on pade 2. It
should be noted that the plots contain cell structures rbaidied in the above examples.

The following example demonstrates the use of the vertiaaks

% --- Urani um bal | :
surf 1 sph 0.0 0.0 2.5 2.5

cell 1 1 uranium -1
cell 2 1 void 1

% --- Stack 5 balls:

lat 2 9 0.0 0.0 5

cCououo
Ooooo
e

N e

Notice that the origin of universe 1 is positioned at the dotbf each layer.
IMPORTANT NOTES ON UNIVERSES AND LATTICES:
1. Each universe is defined independently and must covegratkes Regions of space not
belonging to the geometry must be defined using “outsidds cel
2. The lowest level of the geometry belongs to universe O¢clwvmust always exist.

3. Each universe has its own origin, which can be shiftedguie universe transforma-
tion command.

4. Cells in higher geometry levels can only be accessed thrbiled cells or lattices.

5. Each lattice defines a universe, which must be embedda&tkiascell using the fill
command. The lattice must fill the container cell completelgvoid neutron stream-
ing to undefined lattice positions.

6. Hexagonal lattices are defined using a square matrix éuthverse layout. To posi-
tion the lattice cells correctly, a number of empty cells trhesdefined for each row.
The definition is best described in the example in §ec.13.6 3agd 3B.

7. Multi-level hexagonal structures (pin-assembly-cas) defined using both x- and
y-type hexagonal lattices with different type at each level
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8. If the infinite lattice types are is used in burnup caldalatmaterial volumes must be
set manually (see Sdc. 411.2 on page 49).

9. The vertical stack lattice type is available from codesiar 1.1.8 on.
SEE ALSO:

1. Pin definitions (Se€_3.4 on pagd 27)
2. Filled cells (Sed. 316 on pafel28)

3.7 Repeated Boundary Conditions

What happens to neutrons that end up in a region defined as beisige the geometry is
dictated by the boundary conditions. There are three ogtion

1. Black boundary - the neutron is killed
2. Reflective boundary - the neutron is reflected back into doergptry

3. Periodic boundary - the neutron is moved to the oppogie ai the geometry

The condition is set by thedt” parameter, described in Section]5.7 on pade 59.

Reflective and periodic boundary conditions can be used tgtaart infinite and semi-
infinite lattice structures. The way these boundary coon#iare handled in Serpent is
somewhat different from other Monte Carlo codes. Insteadaysng the neutron at the
boundary surface, reflections and translations are harmlecbordinate transformations.
This limits the outermost boundary to a few specific surfgpes that can be used to define
a square or hexagonal lattice structure. There are bastbafle options:

Infinite 2D geometry: The geometry has no dependence on the z-coordinate. The oute
boundary is defined by a single square or hexagonal cyliddarc(’, “hexxc” or
“hexyc”).

Radially infinite, axially finite 3D geometry: The outer boundary is defined by a square
or hexagonal cylinder €'qc”, “hexxc” or “hexyc”and two axial planes (z”).
The boundary condition takes effect in the radial directooy. The axial boundary

conditions are black.

Infinite 3D geometry: The outer boundary is defined by a single cube, cuboid or hexag
onal prism (tube”, “cuboi d”, “hexxpri snior “hexypri snt). The boundary
condition takes effect in all directions.
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The following examples illustrate the different geometrpds. The details of the geometry
are omitted for the sake of simplicity and replaced by a fithoeand.

An infinite 2D hexagonal geometry can be defined as:

surf 1 hexyc 0.0 0.0 7.350
%--- Cells:

cell 1 0 fill 10 -1
cell 99 0 outside 1

set bc 3

Note that the reflective boundary condition is unphysical imexagonal geometry. infinite
2D square geometry can be defined as:

surf 1 sgc -0.233 -0.233 7.68750

cell 1 0 fill 10 -1
cell 99 0 outside 1

set bc 2

In both cases the outer boundary is defined by a single surface

If the geometry is finite in the axial dimension, the systerndmees three-dimensional. A
radially infinite square lattice can be defined as:

surf 1 sgc -0.233 -0.233 7.68750
sur f pz -200.0
surf 3 pz 200.0

N

cell 1 0O fill 10 -1 2 -3
cell 97 0O outside 1 2 -3
cell 98 0 outside -2

cell 99 0 outside 3

set bc 2

It is also possible to define the outside world as:

cell 97 0 outside 1
cell 98 0O outside -1 -2
cell 99 0 outside -1 3
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but the code may run slower because the boundary conditibbevhandled also for some
neutrons that end up outside the geometry.

As for the infinite 2D geometry, the boundary in an infinite 3&getry must be defined by
a single surface, such as a cube:

surf 1 cube 0.0 0.0 0.0 3.0

cell 1 O fill 10 -1
cell 99 0 outside 1

set bc 2
or a hexagonal prism:

surf 1 hexxprism0.0 0.0 1.880 0.0 4.93

cell 1 0 fill 10 -1
cell 99 0 outside 1

set bc 3

In both cases the boundary conditions are enforced in bdthalrand axial directions.
IMPORTANT NOTES ON REPEATED BOUNDARY CONDITIONS:
1. The outer boundary must be defined by a single surface mtaf2D and 3D geome-

tries. The allowed surface types for a 2D geometry are sqrat@exagonal cylinders.
Infinite 3D geometries can be defined using a cube, cuboidx@dgomal prism.

2. Axially infinite, radially finite geometries are defineddgquare or hexagonal cylinder
and two axial planes. The way the outside world is defined rffagtahe running time.

3. The hexagonal cylinder and prismatic surfaces are phaljssi;easonable only with
periodic boundary conditions (reflective boundary cowoditi work if the geometry
has a 30 degree symmetry). The use of reflective boundaryitemrslwith these
types was enabled in update 1.1.18. In earlier code vergiensoundary condition is
automatically changed into periodic.

SEE ALSO:

1. Surface types (S€c.3.2.1 on pagk 20)
2. Defining the outside world (Sdc._3.B.1 on page 25)
3. Setting the boundary condition (SEc.]5.7 on page 59)
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3.8 HTGR geometry types

The fuels in high-temperature gas-cooled reactors (HTGR$isb of microscopic TRISO
particles dispersed in a graphite matrix. The multi-laysi particles can be defined similar
to fuel pins (see SeC. 3.4 on pdgeé 27):

particle <id>
<mat 1> <r1>
<mat 2> <r2>

<mat n>

where <i d> is the patrticle identifier (universe number)
<mat 1> <mat 2> ... arethe materials
<rl> <r2> ... are the outer radii of the material regions

The simplest approach is to describe the particle disiohuwas a regular lattice, using lattice
types 6, 7 or 8 (See the infinite 3D lattices in Sec. 3.6.2). él@x, the regular arrangement
fails to account for the random distribution of the particknd often leads to a distorted
fuel-to-moderator ratio due to cell cut-off at the outer bdary. For this reason the Serpent
code has two geometry models specifically designed for HT@&Rs f

3.8.1 Implicit particle fuel model

The implicit particle fuel model works by sampling new pelegs on the neutron flight path
during the tracking process. The input syntax is:

di sp <u0> <uf> <pf1> <r1> <ul> ... <pfn> <rn> <un>
where <u0> is the universe number of the dispersed medium

<uf > is the universe filling the space between the particles

<pfl> ... <pfn> arethe packing fractions of the particle types

<rl> ... <rn> are the radii of the particle types

<ul> ... <un> are the universe numbers of the particle types

The number of particle types is not limited, but the sum ofgheking fractions must be less
than 1.0 (physical factors set the upper limit much loweghaigh this is not checked by the
routine).

The implicit particle fuel model was revised in update 1.1I8should be noted that the
model is not exact and there are statistically significaffiéidinces compared to the explicit
model described below. The implicit model seems to work tmdow packing fractions but
no comprehensive validation has been carried out yet.
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3.8.2 Explicit particle / pebble bed fuel model

A better choice for modeling HTGR geometries is the explpatticle fuel model, which
reads the positions of the particles from a separate file. SEimee model can be used for
setting up reactor-scale pebble-bed geometries. The gymiiax is:

pbed <u0> <uf> "<inputfile>" [<options>]

where <u0> is the universe number of the dispersed medium
<uf > is the universe filling the space between the particles /lpgbb
<i nputfil e> istheinputfile containing the particle / pebble coordisate
<opti ons> are the options

The patrticle / pebble distribution is handled explicitlg, there are no approximations done
in the modeling. Each line in the input file describes the fomsiof a single particle / pebble.
The format is:

<X> <y> <zZ> <r> <u>

where <x> isthe x coordinate of the particle / pebble
<y> isthey coordinate of the particle / pebble
<z> isthe z coordinate of the particle / pebble
<r > isthe radius of the particle / pebble
<u> is the universe number of the particle / pebble

The total number of entries is unlimited, although memoryurming time may become a
limiting factor if the number exceeds several million.

The options are used to activate the calculation of vari@usgbe / pebble-wise parameters.
Currently the only available option is the power distribatiavhich is requested with op-
tion “pow’. The code writes the output in a separate fke hput fi | e>. out ”, where
“<i nput fil e>"is the file where the distribution was read. The input datadctuded for
convenience. The format of the output is:

<X> <y> <z> <r> <u> <P> <dP>

where <x> isthe x coordinate of the particle / pebble
<y> isthey coordinate of the particle / pebble
<z> isthe z coordinate of the particle / pebble
<r> isthe radius of the particle / pebble
<u> is the universe number of the particle / pebble
<P> s the power produced inside the particle / pebble
<dP> is the associated relative statistical error

All results depend on source normalization (see Bet. 5.&agd f1).
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3.8.3 HTGR geometry examples

The following example shows how the particle distributinside a single PBMR fuel pebble
can be modeled using a regular 3D array and the two partielerfadels in the Serpent code.

The definition of a fuel particle is very similar to the fuehpi

%--- Definition of a coated fuel particle:

particle 1

fuel 0. 0250
buffer 0.0340
PyC 0. 0380
SiC 0. 0415
PyC 0. 0455
mat ri x

The first option is to describe the particle distribution asgular cubical lattice:

% --- Option 1: regular 3D array:

lat 10 6 0.0 0.0 0.16341 1
The implicit particle fuel model is defined using a list of gang fractions and particle types:

% --- Filler universe conposed of graphite:

surf 1 inf
cell 1 2 matrix -1

%--- Option 2: inplicit particle fuel nodel:

disp 10 2 0.09043 4.55000E-02 1

The explicit particle fuel model reads particle coordisdt®m a separate input file (can be
used for pebble distributions at reactor scale as well):

% --- Filler universe conposed of graphite:

surf 1 inf

cell 12 matrix -1

% --- Option 3: explicit particle fuel nodel (read coordinates fromfile):

pbed 10 2 "particles.inp"
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Finally the pebble description using one of the three ogti(ail assigned with universe
number 10):

% - -- Pebbl e:

surf 10 sph 0.0 0.0 O.
surf 20 sph 0.0 0.0 O.
surf 30 cube 0.0 0.0 O

ooo
Wown
ocou

cell 10 0 fill 10 -10
cell 20 0 matri x 10 - 20
cell 30 0 helium 20 -30
cell 40 0 outside 30

IMPORTANT NOTES ON HTGR GEOMETRY TYPES:

1. The implicit particle fuel model was revised in update.3.1The model is not exact
and should be used with caution. Test calculations showtileanhodel works best for
low packing fractions.

2. If the implicit particle fuel model is used in burnup cdktion, material volumes must
be set manually (see S€c.4]1.2 on dage 49).

3. Calculation of particle / pebble-wise power distribugas available from update 1.1.4
on.

SEE ALSO:

1. An earlier version of the implicit particle fuel model in R@]

3.9 Geometry plotter

The geometry plotter uses the GD open source graphicsyi@hfor producing png format
output files for visualization. In order to use the plottée source code must be compiled
with this library included (see the Makefile for detailedtmstions). The syntax of the
plotter command is:
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pl ot <or> <nx> <ny> [<p> <m nl> <max1> <m n2> <max2>]

where <or > is the orientation of the plot plane (1, 2 or 3)
<nx> is the width of the plot in pixels
<ny> is the height of the plot in pixels
<p> is the position on the axis perpendicular to the plot plane

<m nl1l> isthe minimum value of the first coordinate
<max1> isthe maximum value of the first coordinate
<m n2> s the minimum value of the second coordinate
<max2> is the maximum value of the second coordinate

The orientation of the plot plane is defined as:

1. yz-plot (perpendicular to the x-axis)
2. xz-plot (perpendicular to the y-axis)

3. xy-plot (perpendicular to the z-axis)

The plotted area is a rectangle defined by the orientati@enpdsition on the perpendicular
coordinate axis and the coordinates of the two corners. Besition is assumed if the
position parameter is omitted. If the corner coordinatesrent given, the boundary values
of the geometry are used.

Each plotter command produces an output file nam@dput >_geonxn>. png”, where

<i nput > is the name of the input file anch> is the plot index. The resolution of the figure
is defined by the width and height parameters. Each matsrigpresented by a randomly
selected color (void regions are in black, geometry erraghbgreen or red). Surfaces are
drawn with black lines, which may overlap cell regions. losld be noted that the plotted
surfaces may not necessarily represent the actual celdaoies.

Example plots are shown in Figufes|3.443.7. The latticesariitst three cases are described
in the universe and lattice examples in $ec. 3.6.3. In eash ttee plotter command was:

pl ot 3 1000 1000

This generates a 1000 by 1000 pixel plot perpendicular tztaeis, located at = 0 and
covering the entire geometry.

IMPORTANT NOTES ON GEOMETRY PLOTTER:
1. The geometry plotter uses the GD open source graphi(a?yitﬁl], which must be
installed in the system.

2. The plotter produces png (portable network graphicsh&troutput files.
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3. The colors in the plot represent different materials. Tokr for each material is
selected randomly (void regions are black, geometry etbroght green or red).

4. Surfaces are drawn with black lines, which may overlapregions. Plotted surfaces
may not necessarily represent the actual cell boundaries.

SEE ALSO:

1. Compiling Serpent (Selc. 1.1 on page 8)
2. The GD open source graphics libraht:t p: / / ww. | i bgd. or g
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Figure 3.4: A 1417 PWR MOX fuel assembly with 3 pin types.
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Figure 3.5: A hexagonal VVER-440 fuel assembly with 126 funsl @nd a central instru-
mentation tube in an infinite lattice. The proportions of dssembly are slightly distorted

since the hexagonal assembly is fitted inside a square region
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Figure 3.6: A CANDU cluster with 37 fuel pins in 4 rings. The thindg is rotated by 15
degrees.
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Figure 3.7: A 10<10 BWR fuel fuel assembly with 7 pin types and an asymmejricadli-
tioned moderator channel.



Chapter 4

Materials

4.1 Material definitions

The geometry in Monte Carlo codes consists homogeneousiatagions, which in Ser-
pent are defined using cells and surfaces (see Chiapter 3 fmeg@odefinitionﬂ Each
material consists of a list of nuclides and each nuclide soasated with a cross section
library, as defined in the directory file (see 9ec.1.4.2 ore[da).

Nuclide temperatures are fixed when the cross section dagenisrated and cannot be
changed afterwards. It is important to use cross sectioarlgs generated at the right tem-
perature to correctly model the Doppler-broadening ofmasce peaks. Itis equally (or even
more) important to use the appropriate bound-atom thercadiiesing libraries for moderator

nuclides.

Soluble absorbers can be defined by mixing two material ceitipns. This option is in-
troduced in Sed. 5.14 on pagel 69. The concentration can loefaiseritical k. iteration.
Serpent also has the option to use a built-in Doppler braademutine to adjust nuclide
temperatures before the calculation. This method is desttiin Sed. 4]3 on pagel50.

4.1.1 Nuclides

Nuclide names may be arbitrary aliases defined in the dingéile. The usual convention,
also used by MCNP, is:

Ut is, in principle, possible to model continuously varyinmaterial compositions when the delta-tracking
method is used for neutron transport. This option is comsitiéor the future versions of the Serpent code.

a7
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<Z><A>. <i d>

where <Z> isthe elementZ
<A> s the isotope mass number (three digits)
<i d> isthe libraryid

For example, 92235. 09c¢” refers to?*°U. Natural element cross sections are denoted by
mass number zero40000. 06c¢” for natural zirconium). The library id usually refers to
data evaluation or temperaturé('c” for ENDF/B-VI.0 based data,09c” for data gener-
ated at 900K, and so on...).

There is no standard convention on how to name isomericsstdtee xsdirconvert-utility
used for producing Serpent directory files assumes a fornhiowthe isotope mass number
is simply increased above 30096342. 09c¢” for 242™Am). In any case it is important to
realize that the nuclide names are used for identificatidy and they do not contain any
information used by the code in the calculation.

4.1.2 Material cards

The basic syntax of the material card is:

mat <nane> <dens> [ <opti ons>]
<iso 1> <frac 1>
<iso 2> <frac 2>

where <nane> is the material name
<dens> is the density (mass or atomic)
<opti ons> are the options (depending on case)
<iso 1> <iso 2> ... are the names of the constituent nuclides
<frac 1> <frac 2> ... arethe corresponding fractions (mass or atomic)

Material name is used to identify the material in cell casbe(Sed.3.3.1 on page 25). The
nuclide names correspond to the identifier determined inlifeetory file. These identifiers
define the cross section data used in the calculation. Desisihd fractions can be given
as atomic or mass values. Positive entries refer to atommisities (in units of 18/cm?)
and atomic fractions, respectively, and negative entdesdss densities (in units of g/ém
and mass fractions. Isotopic compositions are normalizédre the calculation and mixed
entries are not allowed.

If the material density is set to zero or “sum”, the value iEgkted from the isotopic com-
position. The isotope fractions must then be in absolutsitieanits, not relative fractions.

Material volumes and masses are used for normalizing meacdtes, which is important,
for example, in burnup calculation. The code calculatesdlaitomatically for simple pin
structures, but the values must be entered manually for soone complicated geometries.
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Material volume is set using option:

mat <nane> <dens> vol <V>

where <V> is the total material volume in chn
and material mass (alternatively):

mat <nane> <dens> nass <MW

where <M> is the total material massing
Colors for the geometry plotter (see Sec] 3.9 on page 42 caet bsisg:

mat <nane> <dens> rgh <R> <& <B>

where <R> isthe value for red channel (between 0 and 255)
<G> isthe value for green channel (between 0 and 255)
<B> s the value for blue channel (between 0 and 255)

if the colors are not set, random values are used in the plots.

Other options are used to set up depletion zones in burnaplatibn and to determine ther-
mal scattering libraries for moderator materials and tawatpees for Doppler broadening.
Material definitions in burnup calculation is a separatdédap Section[8.2 on page 1I09.
Thermal scattering and Doppler broadening are discusded.be

4.2 Thermal scattering libraries

Thermal scattering cross sections are used to replace wherlergy free-gas elastic scat-
tering reactions for some important bound moderator nasliduch as hydrogen in water
or carbon in graphite. Thermal systems cannot be modellieg Giee-atom cross sections
without introducing significant errors in the spectrum aesiuits. Thermal scattering data is
defined using:

t her m <t hnane> <l i b>

where <t hnane> is the name of the data library
<lib> is the library identifier as defined in the directory file

The library identifier is the actual name of the library in theectory file. The library name
is used to associate the data with a material, in which casengtierial card has an additional
entry:
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mat <nane> <dens> noder <thname> <ZA>
<iso 1> <frac 1>
<iso 2> <frac 2>

where <nane> is the material name
<dens> is the density (mass or atomic)
<t hnane> is the name of the thermal scattering data library
<ZA> is the nuclide ZA of the moderator nuclide
<iso 1> <iso 2> ... are the names of the constituent nuclides
<frac 1> <frac 2> ... are the corresponding fractions (mass or atomic)

The nuclide ZA identifies the moderator nuclide (in the fofml®00*Z + A). The “‘nmoder”
entry can be used several times to define thermal scattebiregies for multiple nuclides,
such as hydrogen and deuterium in heavy water (see the exam®ec[4.4).

4.3 Doppler broadening

The Doppler broadening routine is initiated by adding a “trptry in the material card:

mat <name> <dens> tnp <T>
<iso 1> <frac 1>
<iso 2> <frac 2>

where <nane> Is the material name
<dens> is the density (mass or atomic)
<T> is the Doppler temperature in Kelvin
<iso 1> <iso 2> ... are the names of the constituent nuclides
<frac 1> <frac 2> ... arethe corresponding fractions (mass or atomic)

The broadening is performed after the data is read from the #a@gat libraries and there
is slight increase in the overall calculation time, depagdin the number of nuclides. If the
the same nuclide is broadened to several temperaturedenedit materials, there is also an
increase in memory usage. The routine works only if the gieemperature is above the orig-
inal one. The cross section libraries provided with the 8etrgode are generated between
300K intervals and it is recommended that the closest teatyer below the broadened value
is used as the basis.

4.4 Material examples

A few simple examples of material definitions are given infiiwing.



4.4 Material examples

% --- Fuel consisting of enriched U and burnabl e absorber.
% Atom c densities given in units of 1/(barnxcn):
mat U2 sum % Atonmic density from conposition
92234. 09¢c 4.2940E-06 % Atomic density of U 234
92235. 09¢c 5.6226E-04 % Atomi c density of U 235
92238. 09¢c 2.0549E-02 % Atomic density of U 238
64154. 09c 4.6173E-05 % Atomi c density of Gd-154
64155. 09c 2.9711E-04 % Atomic density of Gd-155
64156. 09¢c 4.1355E-04 % Atomic density of Gd-156
64157. 09c 3.1518E-04 % Atomic density of Gd-157
64158. 09c 4.9786E-04 % Atom c density of Cd-158
64160. 09c 4, 3764E-04 % Atonmic density of Gd-160
8016. 09c 4.5243E-02 % Atomi c density of O 16
% --- Zircal oy cladding:

mat cl ad -6.55000 % Mass density given in g/cnB
40000. 06¢c -0.98135 % Mass fraction of natural zirconium
24000.50c -0.00100 9% Mass fraction of natural chrom um
26000.55¢ -0.00135 % Mass fraction of natural iron
28000. 42¢c -0.00055 9% Mass fraction of natural nickel
50000. 42¢c -0.01450 % Mass fraction of natural tin

8016. 06c -0.00125 % Mass fraction of O 16

% --- Boronized light water with thremal scattering data:

mat water -0.7207 noder |wir 1001
1001.06c -1.1180E-1
8016. 06c -8.8755E-1
5010. 06c -1.1890E-4
5011.06c -5.3110E-4

thermIwtr |wtr. 04t
% --- Heavy water with thermal scattering data (two libraries):
mat D20 -0.812120 noder Iwtrl 1001 noder hwtr1l 1002

8016. 06c -7.99449E-1

1002. 06c -1.99768E-1

1001.06c -7.83774E-4

thermIiwtrl | wtr. 04t
therm hwtrl hwtr. 04t

% --- Doppl er broadening from 900K to 1000K:

mat fuel -10. 45700 tnp 1000
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92235. 09c -0. 03173
92238. 09c - 0. 84977
8016. 09c - 0. 11850

IMPORTANT NOTES ON MATERIALS:
1. Nuclide names are used for identification only. All infatmon used in the calculation
is read from the directory file and the cross section data.

2. Positive entries in material density and isotopic contsrefer to atomic densities
and atomic fractions, respectively, and negative entoesass densities and mass
fractions. Typical input errors in material compositions &lated to confusing the
two definitions.

3. Isotopic compositions can be given as density valuelerahan fractions, since the
compositions are normalized before the calculation.

4. The mass fraction of oxygen in YQuel is ~0.1185. Natural boron consists of 20%
198 and 80%''B (atomic fractions).

5. Thermal scattering data must be used for moderator raltdwater, graphite, etc.)
when modelling thermal systems. The use of free-atom cres#oss will introduce
significant errors in the results.

6. Doppler broadening is available from code version 1.h,0a0d completed in version
1.1.2. The broadened temperature must be above the onginkdle temperature.

SEE ALSO:

1. Directory files and the “xsdirconvert” utility (Sdc. 124on pagé 12)
2. Soluble absorber definitios (SEc.5.14 on gade 69)
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Options

5.1 General

Serpent has various calculation parameters determinad tie ‘set ” command:

set <parant <value 1> <value 2> ...

where <par ane is the parameter name
<val ue 1> <value 2> ... arethe parameter values

The available options are listed in Talblel5.1 and descrihadare detail in the following
sections. Parameters used for burnup calculation areideddn Sectio 814 of ChaptEl 8.
Table[8.2 on pade 111 summarizes the options in the burnaplaibn mode.

5.2 Neutron Population and Criticality Cycles

The default calculation mode in Serpent is theigenvalue criticality source method, in
which the simulation is run in cycles and the source distrdmuof each cycle is formed by
the fission reaction distribution of the previous cycle.dfrtl source simulation is discussed
as a separate topic in Chapkér 9. The parameters for ciijicaurce calculation are set
using:

set pop <npop> <cycl es> <ski p> [<keff0> <int>]

where <npop> is the number of source neutrons per cycle
<cycl es> isthe number of active cycles run
<ski p> is the number of inactive cycles run
<kef f 0> s the initial guess fok.g
<int> is the collection interval

53
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The number of source neutrons per cycle is fixed. Since thebeumf generated source
points usually differs from this value, the source size méasedX.; < 1) or decreased
(ke > 1) to match the given source size.

Inactive cycles are cycles that are run in order to allowiteai fission source distribution to
converge before starting to collect the results. In lattigkeulations the convergence is typ-
ically reached well within the first 20 cycles. Source cogeegrce in full-core calculations,
however, may take much longer.

The initial source points are randomly selected inside #s#ld cells in the geometry and no
source input is needed from the user. The simulation regjainanitial guess fok.g, which
by default is set to unity. This is usually sufficient, buthitsystem is far from criticality,
the simulation may die out during the first few cycles. Thislpem may be overcome by
setting the initialk.; guess to a more appropriate value.

If all fissile material is located in a small region comparethie geometry dimensions, initial
source sampling may fail. The default source can be ovesnday defining an external
source, as described in Section]9.2 of Chapter 9. If the “npsameter is not set, the
user-defined source is used as the initial guess only, ansirtindation proceeds in power
iterations.

The statistical accuracy of the results depends on thertataber of active neutron histories
run, which is determined by the population size per cycle #@edtotal number of active
cycles. Appropriate values for a typical lattice calcudatiare 500 active cycles of 5000
source neutrons. If more precision is required or the gegnmetarger, it is suggested that
the population size, rather than the number of cycles isased.

The collection interval defines the number of generatiomsfon each batch of results. By
default this value is set to one, and increasing the numbiseessentially the same impact as
running more neutrons per generation and fewer generﬁions

Serpent uses two buffers to store data for new source paidtaeutrons produced in multi-
plying scattering reactions and certain special caloutatiodes. In some cases these buffers
may be overrun, which terminates the simulation. To overasoch problems, the buffer
size may be increased by setting:

set nbuf <f>

where <f > isthe buffer factor (criticality mode) or total size (extat source mode)

In criticality source mode the buffer size is populatioresiaultiplied by the given factor (set
to 2.5 by default). In external source mode neutron hissogie run one at a time and the
value of nbuf sets the absolute size of the buffer (set to b§0fefault).

IMPORTANT NOTES ON NEUTRON POPULATION AND CRITICALITY CYCLES:

The difference is that the correlations between adjacetehba could be weaker, which may have some
impact in the statistics in large geometries (the effect® mot yet been studied).
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1. It is important that a sufficient number of cycles is disieat to allow the initial fis-
sion source to converge before starting to collect the t&silihis number depends on
the size and the complexity of the geometry. Fission sounogaergence is a compli-
cated research topic, subject to both theoretical andipedicctonsiderationﬂ@4].
It should be noted, however, that problems with source agevee are practically
never encountered in lattice calculations where the neutrigration distance is long
compared to the dimensions of the geometry.

2. Thek-eigenvalue criticality source calculation yields phydiy consistent results only
in the special case thaty = 1. When the system is far from criticality, the importance
of fission neutrons is either overk.{ < 1) or underestimated:(s > 1). The result is
that the neutron population becomes biased in energy awe $pad time), which may
affect the final results as well. The problem originates fittv basic methodology
and the fact that a physically sub- or super-critical ch&action is simulated as a
steady-state system. Deterministic lattice transporésase neutron leakage models
to overcome this problem, but the methodology for Monte Cealoulation is not well
established.

3. All source neutrons are born in fission. Other neutrontipiying (n,xn) reactions are
treated as scattering within the criticality cycle.

4. External source definitions are available from versidnlil on.

5. Buffer size and collect interval are options availablerfreersion 1.1.13 on.
SEE ALSO:

1. Simulating the neutron chain reaction and theigenvalue criticality source calcula-
tion mode in Ref.@S] (Sec. 5.5 on page 112).

2. Discussion on neutron leakage models in Monte Carlo catioul in Ref. [LTJS] (Sec.9.5
on page 171).

3. External source simulation (Chapiér 9).

5.3 Energy grid reconstruction

The continuous-energy reaction cross sections in Serpentaonstructed using a single
unionized energy grid for all nuclides. The reason for thgpraach is the major speed-up
in calculation, achieved by minimizing the number of gricusdn iterationd The default

2Each nuclide in the continuous-energy ACE format data i®a@ated with its own energy grid. The
calculation of material total cross sections, for examesarried out by summing over all the constituent
nuclides. This requires an iterative energy grid searchetpdrformed for each nuclide, which may take a
significant fraction of the overall CPU time, especiallycgrthe procedure has to be repeated each time the
neutron enters a new material. The advantage of using the gehfor all nuclides is that the grid search has
to be performed only once, each time the neutron scattera¢wanergy.
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method for grid reconstruction is that all grid points of @liclides in the ACE format data
are included in the master grid. The disadvantage of thisoakis that computer memory is
wasted for storing a large number of redundant data poirits.aVailable memory is usually
not a problem in fresh fuel calculations, but the introdorctof actinide and fission product
isotopes in burnup calculation may result in an excessikatye master grid. Serpent has
a method for avoiding this problem by combining adjacend goints. The reconstruction
parameters are given by:

set egrid <tol> [ <Em n> <Enax>]

where <tol > isthe fractional reconstruction tolerance
<Em n> is the minimum energy in the grid (MeV)
<Emax> is the maximum energy in the grid (MeV)

The fractional reconstruction tolerance is the minimuratreé difference between two grid
points, below which the points are combined. All points letbe lower limit and above the
upper limit are discarded.

The default value for the fractional reconstruction tote@is zero in the transport calcula-
tion mode andb - 107° in the burnup calculation mode. Test calculations have shiart
the results are not significantly affected until the toleeis raised abové0—3. There is
no absolute guarantee, however, that the results are vald imaginable cases when the
grid size is significantly reduced. It is therefore suggesiet the grid reduction is not used
unless necessary because of insufficient computer memory.

The lower limit of the energy grid is by default set t6-? MeV and the upper limit to
15 MeV. Very few neutrons are born or scattered to higherwelenergies in fission reactor
applications.

If a reduction in memory size is necessary, an alternativgri thinning is the double
indexing method, in which the data is stored in the origin@EAformat and the unionized
grid used only for accessing the nuclide-wise grids. Thithaoe is activated by:

set di x <npde>

where <nmode> is 1 if the method is used and O if not.

The double indexing method reduces the memory usage, butleadyto an increase in
processing time, which may become significant in burnuputalion. Double indexing is
turned off by default.

IMPORTANT NOTES ON ENERGY GRID:
1. Grid reduction inevitably leads to some loss of data. &hemo guarantee that this
reduction does not affect the results.

2. Test calculations have shown that the reduction in gziel doeshot significantly affect
the overall calculation time.
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SEE ALSO:
1. Cross section data in the PSG code in Ref. [15] (Sec. 8.2 aonp&R). NOTE: Some
of the described methods are outdated.

2. A motﬁ recent description of the unionized energy gridnifats in Serpent is found in
Ref. [16].

5.4 Library File Paths

The Serpent code uses a single directory file for determitiiegcross sections used in the
transport simulation. The directory file can be generateohfan MCNP xsdir file using the
“xsdirconvert” utility (see Selc.1l4 on pagel 11). The crasdisn library directory file path
Is set using:

set acelib "<file>"

where <fil e> isthe file path for the ACE directory file

A default directory path can be set by defining environmentatde SERPENT _DATA. The
code looks for cross section directory files in this path iffiooind at the absolute location.

IMPORTANT NOTES ON DATA FILES AND FILE PATHS:
1. The cross section library directory file is a text file gexted by the “xsdirconvert”
utility.
2. The environment variable feature is available from coelsion 1.1.8 on.

SEE ALSO:

1. Setting up the directory file (SEC.]L.4 on phAgk 11)
2. Setting up file paths for burnup calculation (§ed.8.4 ayedEl1)

5.5 Unresolved resonance data

The use of unresolved resonance probability tables can ibeh&d on and off using:
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set ures <use> [<npde>] [dilu] [<isOo 1> <iso 2> ...]

where <use> is the option (1 = use data, 0 = omit data)
<node> s the calculation mode
<di | u> s the infinite dilution cut-off
<i so n> are the nuclides for which the data is used or omitted

Since the probability table sampling has to be carried otihduracking, the transport cycle
tends to slow down quite significantlyI' here are three options to treat the probability table
data:

1. Sample all cross sections at once, each time the neutatterscto a new energy, adjust
material totals and majorant.

2. Sample cross sections when the neutron enters a new ahatdsie a pre-calculated
majorant cross section corresponding to the maximum pitityatable values.

3. Sample cross sections when the neutron enters a new ahat&witch to surface
tracking when neutron is in the unresolved range.

The overall calculation time using the different optionpeleds on the case, in particular the
flux spectrum and the number of nuclides with probabilityléadlata. Mode 1 is used by
default. 1t should also be noted that options 2 and 3 work ypdiamg the cross sections for
physical materials. If a material is used for detector dakion only, the probability tables
may not be appropriately sampled. This is not a problem fahowe1.

Since the overall impact of using unresolved resonancescestions is a self-shielding
effect, the calculation routine can be optimized by omgitthe probability table sampling
for nuclides with low concentration. This limit is given dyat infinite dilution cut-off, which
is set to zero by default.

If the options are followed by a list of nuclide names (94238, etc.), the probability table
treatment is used or omitted only for the listed nuclidesdfist is given, the options cover
all nuclides with probability table data.

In order for the methodology to work, the probability tab&amust be available in the ACE
format cross section libraries. This data is not includedgkample, in the default libraries
provided with installation package 1.1.0. The methodolisggvailable from update 1.1.4 on
and is still under development. The mode and infinite dilutat-off options were added in
update 1.1.5. The treatment is currently switched off byadkef

3Serpent pre-calculates certain material-wise total csestons to avoid having to sum over the constituent
nuclides during the transport cycle. This pre-calculatannot be combined with probability table sampling,
which has to be carried out on-the-fly.
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5.6 Doppler-Broadening Rejection Correction (DBRC)

There is a physical flaw in the ENDF reaction laws of the ACE fairmata, that ignores
the impact of thermal motion on angular distributions ofsatascattering near resonances.
The phenomenon becomes important in heavy nuclides (A >\&id0scattering resonances
at low energy (< 0.2 keV), and ignoring it may result in a neéible under-prediction of
resonance absorption and over-predictiork@f. To correct this flaw, Serpent can apply a
Doppler-broadening rejection correction (DBRC) in the thdrmee-gas model:

set dbrc <Em n> <Emax> [<iso 1> <iso 2> ...]

where <Em n> isthe minimum energy for DBRC (MeV)
<Emax> isthe maximum energy for DBRC (MeV)
<i so n> are the zero-Kelvin cross section data of the nuclides vl

The method uses zero-Kelvin elastic scattering crossmsexin the rejection sampling loop
and the provided data tells the code which nuclides showddhescorrection. If the correc-
tion is used with U-238, for example, the entry is the nuchdene for U-238 generated at
0K (*92238.00c”). It is usually sufficient to use DBRC for tharpary heavy nuclide only.
The energy range should cover the low resonance peaks.alyaigye for U-238 is from 0.4
to 210 eV. The method is not used by default.

IMPORTANT NOTES ON DBRC:
1. The correction increases resonance absorption, whighredacek.¢ by few hundred
pcm.

2. DBRC is not widely used by other Monte Carlo codes, so switgthe correction on
may increase differences to any reference results.

3. The method is available from update 1.1.14 on.

4. Zero-Kelvin cross section data is not available in thessigection libraries distributed
with the current base versions.

SEE ALSO:

1. Theory behind DBRC is discussed in referefce [17].

5.7 Boundary conditions

Boundary conditions determine the fate of neutrons escampitgjde the defined geometry.
The boundary conditions are set using:
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set bc <c>

where <c> isthe boundary condition

The Serpent code has three available boundary conditiaangptl - black, 2 - reflective

and 3 - periodic. Default is the black boundary, which meaasall neutrons streaming into
outside cells are killed. Reflective and periodic boundaryd@ons can be used for setting
up infinite lattices. When the neutron encounters a reflettouendary, it is diverted back
into the geometry. In the case of a periodic boundary, théroeus moved to the opposite
surface.

Different boundary conditions can be applied in x-, y- andurfaces of square cylinder,
cube and cuboidal boundary. The syntax is then:

set bc <cx> <cy> <cz>

where <cx> is the boundary condition in the x-direction
<cy> is the boundary condition in the y-direction
<cz> isthe boundary condition in the z-direction

All three entries must be given, even if the geometry is twoehsional. This capability is
available in code version 1.1.17 on.

Symmetries in finite geometries can be taken into accoungubie universe symmetry op-
tion:

set usym <uni > <synmp <x> <y>

where <uni > is the universe number
<symp is symmetry type
<> is the x-coordinate of symmetry origin
<y> is the y-coordinate of symmetry origin

Present version of Serpent allows only quadrant symmegmsn> = 4) in universe 0.

IMPORTANT NOTES ON BOUNDARY CONDITIONS:

1. The reflective and periodic boundary conditions can oelysed in geometries where
the outer boundary surface is either a square or a hexaggivader or a cube.

2. Even though the reflective and the periodic boundary ¢mmdi produce the same
results in many cases, it should be noted that they are notsent when the geometry
is asymmetric. This is the case, for example, for BWR assemblierounded by an
asymmetric moderator channel. Infinite BWR lattices must gl defined using
reflective, instead of periodic boundary conditions.

3. If black boundary conditions are used, the outer geonteigndary must be non re-
entrant or leakage will produce unphysical results.
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4. The universe symmetry option is available from versidn1#4 on.
SEE ALSO:

1. Outside cells (SeE.3.3.1 on pdgé 24)

5.8 Source rate normalization

The integral reaction rate estimates given by a Monte Carfwlsition are more or less
arbitrarily normalized, unless fixed by a given constant Blerpent code provides for seven
options for source rate normalization.

Normalization to fission neutron generation rate is setgisin

set genrate <N>

where <N> isthe number of fission neutrons emitted per second

The neutron generation rate includes only prompt and ddlageitrons emitted in fission.
All (n,xn) reactions are treated as neutron-multiplyingtsgring within the criticality cycle.
Normalization to source rate is set using:

set srcrate <N>

where <N> isthe number of neutrons emitted per second

Normalization to source rate is recommended to be used pryternal source calculation
mode, in which case the total source rate refers to the ratbiah neutrons are emitted from
the user-defined source. In criticality source mode, thenatization is done for the number
of neutron histories started per generation. Normalipatoaotal fission rate is set using:

set fissrate <N\>

where <N> is the number of fission reactions per second
Normalization to total absorption rate is set using:

set absrate <N>

where <N> isthe number of neutrons absorbed per second

Absorption includes all reactions in which the incident tnen is lost, i.e. all capture reac-
tions and fission. The default normalization is absorptaie set to unity. Normalization to
total loss rate is set using:
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set | ossrate <N>

where <N> is the number of fission neutrons lost per second
Loss rate includes absorption rate and leakage. Normializtd total flux is set using:

set flux <flx>

where <fl x> is the total neutron flux
Normalization to total heating power is set using:

set power <P>

where <P> is the total heating power (W)

The total heating power includes all heat generated in ts&esy. If the geometry is two-
dimensional, the value is the linear power in W/cm. The souate normalization can be
changed during burnup calculation by re-defining the vaktgvben burnup intervals. The
first value is used during the first interval, the second dytine second interval and so on.

It should be noted that the heating powemnis the same thing as the total fission power
(recoverable fission energy production rate), mainly bseaa significant fraction of heat
is produced in (ny) reactions. The direct calculation of this heating powedifcult and
Serpent uses an approximation based on the total fissiommdtempirical heating values
directly proportional to fission energy. The heating valoeW-235 fission is 202.27 MeV
and the values for other nuclides are scaled according tratles of fission Q-values. The
U-235 heating value can also be set manually using:

set U235H <H>

where <H> is the heating value for U-235 (MeV)
Heating values for individual actinides can be overriddsimg:

set fissh <ZAl 1> <Hl1> <ZAl 2> <H2> ...

where <ZAl n> isthe actinide ZAl
<Hn> is the heating value

Power density, instead of power can be used for source nizatiah by setting:

set powdens <pde>

where <pde> s the average power density (kW/q)

The value is the total heating power divided by the totalahinass of fissile isotopes. This
mass is calculated automatically by the code. If the calimras not possible, the value
must be set manually (see SEC.8.4.2 on page 112).
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IMPORTANT NOTES ON SOURCE RATE NORMALIZATION:

1. The source rate normalization affects only integraltieacates encountered, for ex-
ample, in detector calculation. Homogenized group const@a® unaffected since the

normalization cancels out.

2. The default normalization is unit loss rate. It should be&ed that the value generally
differs from source and generation rates due to neutrodymiog reactions.

3. If the geometry is two-dimensional, the values are ditidg unit length. The total
heating power (W), for example, becomes the linear power (\)W/cm

4. Power density is given in units of kW/g, not W/g used in sevetlaer codes. The
typical order of magnitude for this parameter in LWR calcolas is 20E-3 ... 50E-3.

SEE ALSO:

1. Definition of irradiation history (SeE€. 8.3 on pdge1110)
2. Discussion on source normalization in REf] [15] (Sec. a.4age 169).

3. Additional options for source rate normalization in huprcalculation (Se¢. 8.4.2 on

pagd 11P).
<synr = 0 <synp = 2 <synr = 4
<synr = 6 <synr = 8 <synp = 12

Figure 5.1: Symmetry options.
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5.9 Group constant generation

The universes in which the group constants are calculatetdeset by:

set gcu <ul> <u2> ...

where <un> are the universe numbers

The homogenization is carried out in the given universesalntigher universes accessed
from lattices and filled cells. The results are printed inghtput file (see Sec. 8.1 on pdge 77)
using a different run index for each universe in the list. Degault is<ul> =0, i.e. a
single universe that covers the entire geometry. It shoalddied that the universe options
affect only some of the output parameters, mainly the homiagd group constants. The
methodology was included in code version 1.1.5 and is stiler development.

The statistical error in assembly discontinuity factons ba reduced by taking advantage of
the symmetry of the geometry. The symmetry option is set by:

set sym <synp

where <syne isthe symmetry option

The available symmetries are illustrated in Figuré 5.1. i@yt 2, 4 and 8 are used with
square lattice geometries and options 6 and 12 with hexdgeonanetries. Default option is
0 (no symmetry).

All group constants are generated using the same few-emggayyp structure. The default
structure consists of two energy groups: fast group ab@®250:V and thermal group below
that. This can be overridden by setting the group boundarasually:

set nfg <ne> [<El1> <E2> ...]
where <ne> is the number of energy groups
<E1> <E2> ... are the group boundaries (in MeV)

The boundaries are listed in ascending order without thesiuppd lower limits and the
number must be consistent with the number of given valseg$ - 1 values for<ne>

groups).

When it comes to multiplying scattering reactions, such an(n (n,3n) or (n, 2a), there
Is some ambiguity in the way group-to-group scattering ic@srand removal cross sections
are defined and used in nodal diffusion codes.

The first option is to reflect only the scattering rate, i.edigyegard the number of neutrons
produced in each reaction. In this case, the sum of eachxeattimn equals the group-wise
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total scattering cross section:

G
Z Z]S,g%h - Es,g = Eela,g + Einl,g + Z211,9 + E3n,g +- = Etot,g - ECapt,g - z]ﬁss,g .

h=1

The second option is to include neutron production in thesmections, so that the prod-
uct of group flux and the corresponding group-transfer csestion yields the rate at which
neutrons enter group from scattering reactions in group taking into account the mul-

tiplication in (n,xn) reactions. The summation to total tseang cross section no longer
holds.

Serpent versions from 1.1.15 on calculate both matrixes $se[6.1.23). The definition of
the scattering matrix also affects the removal cross sectio

Erern,g = Etot,g - Es,g—)g )
and the whether production of secondary neutrons is indled@ot is selected by:

set renxs <opt>

where <opt > is the scattering matrix option (0 = include only scattenatg,
1 = include also production)

The option is available from version 1.1.15 on. The methosisdun previous versions
correspond to option 0. Option 1 is currently used as theuttefa

IMPORTANT NOTES ON GROUP CONSTANT GENERATION:

1. The methodology has been thoroughly tested only in caBesangroup constants are
homogenized over the entire geometry. The calculation magiyze incorrect results
for diffusion coefficients and assembly discontinuity @astif the homogenization is
restricted to a higher universe.

2. The list of universes given after tlggeu option is exclusive. If a collision point is
located in several universes in the list, only the highestarse is scored.

3. The use of the symmetry option will lead to erroneous testithe geometry is not
truly symmetric.

4. The listed energy values cover only the group boundaeésden the minimum and
maximum energy of the cross section data. The absolute lboyndlues are defined
in the reconstruction of the master energy grid.

5. The energy groups are indexed in increasing lethargyédsiong energy)l(= highest
group,<ne> = lowest group).

SEE ALSO:
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1. Setting the master energy grid (Sec] 5.3 on page 55)
2. Group constant output (S&éc.16.1 on page 77)

5.10 Full-core power distributions

Serpent can calculate assembly or pin-wise power distoibsiin full-core simulations. This
option is set by:

set cpd <depth> [<nz> <zm n> <znmax>]

where <dept h> is the number of levels included
<nz> is the number axial bins
<zm n> s the lower axial boundary
<zmax> isthe upper axial boundary

The level argument determines whether the calculationrigetbout at assembly only (1) or
both assembly and pin-levels (2). The axial variables datex the number and location of
bins in the z-direction.

The code calculates integral fission power inside nestéddadtructures (core and assembly
lattices). The output data is printed in a separate file ndmedput >_cor e<n>. png”,
where<i nput > is the name of the input file anch> is the burnup step.

IMPORTANT NOTES ON FULL-CORE POWER DISTRIBUTIONS:
1. This is an experimental feature, available from versidn8lon. The routine has not

been thoroughly tested. The results may not be consideliethles especially when
used in combination with the the track-length estimatorarpt

2. When used in full 3D mode with axial binning, the routineguoes very large output
files.

SEE ALSO:

1. The track-length estimator option (SEC. 5.18 on pagie 74)

5.11 Delta-tracking options

The Woodcock delta-tracking tracking method used by Sérjoses its efficiency in the
presence of localized heavy absorbers, such as controloraigrnable absorber pins. To
overcome this problem, the code switches to the conventsunéace-to-surface ray-tracing
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when the probability of sampling a physical collision fdflslow a user-defined threshold.
The value is set by:

set dt <t hresh>

where <t hresh> s the delta-tracking threshold value

This parameter determines the probability limit below whibe delta-tracking method is
used (0 = never, 1 = alway@).

Finding the optimal value for the threshold parameter cdy lo@ accomplished by trial and
error. The default value is 0.9, which seems to work well fashtases.

Serpent also has a built-in optimization routine that treend the best value for the cut-off
criterion. From version 1.1.9 on the optimization handeshematerial separately, which has
shown to improve the efficiency at least in some complicat&&R full-core geometries.
The optimization is switched on by giving a negative thrédivalue. This value also serves
as the initial guess, sat hresh> = - 0. 9 is the recommended choice for optimization.

The use of delta-tracking can be blocked in given materialsditing:

set bl ockdt <mat 1> <mat 2> ...

where <mat 1> <mat 2> ... are the materials where delta-tracking
will not be used

The tracking routine in serpent selects between surfacelelta-tracking, based on the cut-
off criterion described above. Some geometries may rueifdsbwever, if surface tracking
is always used in very large material regions comprisedropk cells. A good example of
such region is the outer reflector in a full-core geometryshkbuld be noted, however, that
this option may also impair the efficiency if not properly dse

IMPORTANT NOTES ON DELTA-TRACKING:

1. The cut-off value is set to 0.9 by default in code versidnlland later. Earlier versions
use the optimization by default. The optimization routireeswhanged in update 1.1.9
to handle each material separately.

2. The optimization has not been thoroughly tested and thtaadelogy is not guaran-
teed to result in the optimal threshold value in terms of CPukti

3. The code should always yield consistent results with atttbwt delta-tracking. If any
discrepancies are observed, please report them by e-nidabidko.Leppanen@uvtt.fi

4. The block option is available from version 1.1.8 on.

4The delta-tracking method is essentially a rejection pdlta sampling technique, and the threshold
parameter determines the highest rejection probabilityhéth the method is used. If the probability is higher
than the threshold value, the code switches to the conveaitiay-tracing method.
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SEE ALSO:

1. Description of the basic Woodcock delta-tracking metimRef. ] (Sec. 5.3.30n
page 100).

2. Description of the extended delta-tracking method us&®8G in Ref.ﬂS] (Sec. 8.3.1
on page 149). NOTE: The described methods are partiallyatexdd

3. A more recent description of the method is found in Ref. [18]

5.12 Cross section data plotter

Serpent has the option to plot all cross sections in a matkiterformat. The cross section
data plotter is activated using:

set xsplot [<ne> <Em n> <Emax> |

where <ne> is the number of energy points in plot
<Em n> s the lower limit of the energy grid (MeV)
<Emax> is the upper limit of the energy grid (MeV)

The energy grid used for the plot is uniform with respect wldthargy variable. The plotter
produces a file £&i nput >_xs<n>. png”, where<i nput > is the name of the input file
and<n> is the burnup step. The file contains the energy grid ve&otppic reaction cross
sections, material total cross sections and fission nubars.

5.13 Fission source entropy

The fission source entropy for convergence studies is edkailby default and the total
entropy is divided in x-, y- and z-components. The entropgimies set by:

set entr [<nx> <ny> <nz> <x0> <x1> <y0> <yl> <z0> <z1>]

where <nx> isthe number of x bins
<ny> is the number of y bins
<nz> is the number of z bins
<x0> is the minimum x-coordinate in mesh
<x1> is the maximum x-coordinate in mesh
<y0> is the minimum y-coordinate in mesh
<y1l> isthe maximum y-coordinate in mesh
<z0> is the minimum z-coordinate in mesh
<z1> isthe maximum z-coordinate in mesh
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The source entropies are written in the history output fileuastion of criticality cycle.

SEE ALSO:

1. History output (Se¢. 6.2 on palgd 94)

2. Discussion on fission source entropy in Ref| [14].

5.14 Soluble absorber

Materials with soluble absorber, most commonly boron imtligzater, can be defined by
mixing two material compositions. This is considerably glen than explicitly listing the
associated isotopic fractions. The soluble absorber is@@fising:

set abs <sol u> <conc> <mat 1> <mat 2> ...

where <sol u> is the soluble absorber material name
<conc> is the absorber concentration
<mat 1> <mat 2> ... are the materials where the absorber is dissolved
The code mixes materiakabs>" into materials ‘<nat 1>", “<mat 2>" ... in concen-

tration defined by £conc>". Positive concentrations refer to atomic fractions angatee
concentrations to mass fractions. A simple example is ginghe VVER-440 calculation
case in Se¢. 11.7.1 on pege 1134.

The absorber concentration can be changed during burneplaébn by re-defining the
value between burnup intervals. The first value is used duhe first interval, the second
during the second interval and so on.

IMPORTANT NOTES ON SOLUBLE ABSORBER:
1. If soluble absorber is used with multiple materials, allstnshare the same isotopic
composition.

2. Only the total absorption channel of the absorber maisnised and fission, scattering
and all the other reaction modes are discarded. This is a gpprbximation if the
concentration is low and the material is high-absorbinge fitaximum concentration
for natural boron in water is around few-thousand ppm peghiteilf the concentration
is higher, it is better to determine the isotopic composigaplicitly.

3. The methodology is available from code version 1.0.2 on.
SEE ALSO:

1. Definition of irradiation history (SeE. 8.3 on pdge1110)
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5.15 lteration

k.¢ can be iterated to a desired value by allowing the variatiosome geometry, material
or physics variable. Iteration is defined by:

set iter <node> <keff> [<spec> <ne>]

where <node> is the iteration mode
<kef f> isthe targek.q
<opt > isthe leakage spectrum modg,(iteration only)
<ne> is number of energy bins in the spectrum {iteration only)

The iteration modes are:

Iteration of soluble absorber concentratienpde> = “abs”

a-eigenvalue calculatiorsnode> = “al pha”

Iteration of albedo boundary conditiorpode> = “al bedo”

B, iteration,<npde> = “B1”

The soluble absorber iteration works by varying the corregion of soluble absorber (see
Sec[5.14) to yield the desirédy.

The a-eigenvalue mode is a standard transport technique thawsaltime-absorption or
-multiplication to balance neutron source and loss ratelse "Tross section” for the re-
action is equal to the-eigenvalue divided by neutron speed. The calculation sicbily
equivalent with a time-dependent simulation.

The albedo boundary condition iteration is an attempt toutate the effects of neutron
leakage in an infinite-lattice geometry. The method works&mypling leakagek(> 1) or
multiplication reactionsi < 1) each time a neutron crosses a repeated or periodic bound-
ary. It should be noted that this method is highly experiragr@nd does not have physical
foundation similar to deterministic leakage models.

The second experimental leakage model is fhdteration. The method works similar to
the a-eigenvalue simulation: leakage absorption or multigiccareactions are introduced
to balance neutron source and loss rates. The cross seotidhef reaction is equal to
the B;-factor multiplied by the leakage spectrum, given by thergyelependence of the
volume-integrated diffusion coefficient. Since the diftus coefficient cannot be defined
as a continuous-energy parameter, the code calculates-gréiop spectrum using an esti-
mate based on the diffusion area and the removal cross sdespec> = 1) or the P1-
approximation €spec> = 2). The energy variable is divided inkne> equal lethargy-
width bins (default = 500).

IMPORTANT NOTES ON ITERATION:
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. When iteration is used in burnup calculation mode, thequtore is repeated indepen-

dently for each burnup step.

Soluble absorber must be defined in the absorber iteratamte.

. Thea-eigenvalue calculation, albedo iteration aBdmode are available from update

1.1.5on.

. The albedo- and3;-iteration modes are experimental, rather than standardtéo

Carlo techniques. The theory is not on a particularly solighftation and the results
are generally not satisfactory when compared to detertitrgalculations.

. The B, iteration mode must not be confused with the fundamentalenvadculation,

discussed in Sectidn 5.16.

. Thea-eigenvalue simulation is a widely-used method, but thdemgntation in Ser-

pent has not been validated. The mode does not account fyredeheutron emission.

. Some of thé:.4 estimates are different from a standard calculation, ddipgron the

iteration mode used.

SEE ALSO:

A

Definition of soluble absorber (Séc. 5.14 on pade 69)
Ref. Eb] and Sec. 5.5.2in ReElS] for discussion ondheigenvalue method.
Diffusion coefficients in output (Sdc. 6.1127 4nd 6.1..29)

Discussion on neutron leakage models in Monte Carlo cionlin Sec. 9.5 in ReIL_[_iS]

5.16 Fundamental mode calculation

The fundamental mode calculation can be considered asemmiatliate solution to the crit-
icality spectrum problem, until the development of a validmie Carlo based leakage cor-
rection. The calculation consists of two stages. FirstMoate Carlo simulation is run to
produce homogenized micro-group cross sectiongsfoequations. The solution of these
equations yields the criticality spectrum, which is usedetthomogenize the cross sections.

The syntax is:

set fum <egrid>

where <egri d> isthe micro-group structure used for the calculation

The energy grid determines the micro-group structure usédrin the B, equations and it
is set up using the “ene” parameter (see §ec.17.1.2). Theoohetioduces a separate set of
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output parameters (see SEC. 6.]1.30) and does not affecalthes\vof other group constants.
The energy group boundaries in the few-group structure masth the boundaries in the
micro-group structure.

IMPORTANT NOTES ON FUNDAMENTAL MODE CALCULATION:
1. The fundamental mode calculation is available from werdi.1.14 on. The spectrum

correction affects only a set of separately produced fevwygrconstants. Extending
the correction to burnup calculation is under development.

2. The group boundaries in the few-group structure must imtite boundaries in the
micro-group structure.

3. Relative statistical errors are not included in the rasult

4. The fundamental mode calculation must not be confuseld thé experimental3,
iteration, discussed in Sectibn 5 15.

SEE ALSO:

1. Definition of energy grids (Sec._7.1.2 on page 99).
2. Output parameters for fundamental mode calculation. [&&30 on page 92).
3. Definition of the few-group structure (S€c.15.9 on pgade 64)

5.17 Equilibrium xenon calculation

Serpent can iterate the concentration of fission producgmoXe-135 to an equilibrium
value in transport or burnup calculation. The equilibriuem&n calculation is set by:

set xenon <node> [<mat 1> <mat 2> ...]
where <nopde> is the calculation mode (0 = off, 1 = on)
<mat 1> <mat 2> ... are the materials involved in the calculation

The mode option is followed by a list of materials for whicle tbalculation is turned on
or off. If no list is given, the option affects all fissile matds. Each material is handled
separately.

The calculation is based on the production rates of Xe-185tamprecursors (I-135, Te-135,
Sh-135 and Sn-135), the absorption rate of Xe-135 and theaetile decay of the isotopes.
The production and absorption rates are normalized to saate. The decay and fission
yield data are read from external libraries, similar to anowprcalculation.

IMPORTANT NOTES ON EQUILIBRIUM XENON CALCULATION:
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1. The equilibrium concentration depends on source rat@alazation.

2. When used in the burnup calculation mode, the concentrafioKe-135 is handled
separate from the other nuclides. The equilibrium conediotr is copied in the de-
pletion output.

3. The capability was included in code version 1.1.9 anderuly it may not work with
unresolved resonance probability table sampling, solabserbers or k-eff iteration.

SEE ALSO:

1. Source rate normalization (Séc.]5.8 on dage 61)

2. Setting the decay and fission yield library file paths (Beton pagé 111)

5.18 Miscellaneous parameters

A title string for the calculation can be set using

set title "<ttl|>"

where <ttl > isthe title string

This text string is reproduced in the output files togethehwidate and time and version
information.

The Monte Carlo simulation uses a sequence of random nungexerated from an initial
seed value. This seed is by default taken from system time. ca@lculation can be repro-
duced using the “replay” command line option, which fordes ¢ode to use the same seed
as in the previous run. The seed value can also be set mansaity.

set seed <val >

where <val > isthe seed value (a large integer)

Temperatures used in the free-gas model for elastic sicagtare read from the ACE for-
mat data. The free-gas temperatures in cells can be overritdyg defining a list of cell
temperatures:

set ctnp <cell 1> <T1> <cell 2> <T2> ...

where <cell n> are the cell names
<Tn> are the temperatures

User-defined variables can be set up for labeling differensr The syntax is:
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set var <nane> <val ue>

where <nane> is the variable name
<val ue> isthe value

The variable name and value are printed in the main outpet$se[ 611 on padel77). The
type (numeric or string) is identified from the value.

The use of track-length flux estimate can be forced in pla¢betollision estimator using:

set tle <n>

where <n> isthe option (1 = use tle, 0 = use cfe)
If the track-length estimator is used, delta-tracking ig#cwed off.

By default, Serpent uses various pre-calculated summatass sections for each material
to speed-up the transport simulation. This increases taemthimemory demand per mate-
rial, which may become a limiting factor in burnup calcubati To reduce the demand, the
calculation can be switched off using:

set sunxs <use>

where <use> isthe option (1 = use pre-calculated cross sections, O e
cross sections on-the-fly)

It should be noted that switching off the option results inramease in the overall calculation
time. The option is available from version 1.1.13 on.

The emission of delayed neutrons can be swithed on and offjusi

set del nu <use>

where <use> isthe option (1 = emission on, 0 = emission off)

This option was added in version 1.1.16. Delayed neutrorsgon is on by default in
criticality source problems and off in external source [eais.

Calculation of fission product poison cross section (pradacof 1-135, Xe-135, Pm-149
and Sm-149 and absorption of Xe-135 and Sm-149) can be sditwh and off by setting:

set poi "<opt>"

where <opt > s the option (0 = off, 1 = on)

Calculation is off by default. Switching the mode on requseting the file path for fission
yield data (see Selc. 8.4.1). This feature is available frersign 1.1.17 on.

SEE ALSO:
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1. Running the code in replay mode (Sec] 1.2 on page 9)
2. Main output file (Sed¢. 611 on pagel 77)
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Table 5.1: List of parameters and options.

| Option Description Section Page]|
pop (3-4) population size and number of cycles []5.2 [] 53
nbuf (1) source buffer [5]2 53
egrid (1-3) energy grid reconstruction 5.3 [55
di x (1) double indexing of energy grids 5.3 []56
acelib (1) file path for xs library directory file 54 [b7
ures (1-N) probability table treatment for ures data [15.5 [ 54
dbrc (3-N) DBRC correction for scattering kernel [ b6 [159
bc (1) boundary conditions 5.7 [B9
usym (2-4) universe symmetry 3.7 [kO
genrate (1) source normalisation to generation rate 158 [ 61
srcrate (1) source normalisation to source rate [15.8 [] 61
fissrate (1) source normalisation to fission rate [15.8 [ 61
absrate (1) source normalisation to absorption rate [15.8 [] 61
| ossrate (1) source normalisation to loss rate 158 []62
f1ux (1) source normalisation to total flux 5.8 [162
power (1) source normalisation to total heating power [15.8 [] 62
powdens (1) source normalisation to power density [15.8 [] 62
U235H (1) heating value for U-235 fission 5.8 [62
fissh (1-N) fission heating values for individual actinides [15.8 [] 62
gcu (1) universe for homogenization 59 [J64
sym (1) symmetry option 519 64
nfg (1-N) few-group structure for homogenization 159 []64
r enxs (1) scattering matrix used with removal cross section] 5.9 [] 65
cpd (1) full-core power distributions 510 [b6
dt (1) delta-tracking threshold C5n1 [J67
bl ockdt (1) delta-tracking block 511 [67
xspl ot (1-4) cross section data plot file [ 5l12 []68
entr (1-9) parameters for source entropy calculation [ 5.13[] 68
abs (3-N) soluble absorber [5h4 [J69
iter (2) keg iterations (516 [70
fum (2) fundamental mode calculation 516 [71
xenon (1-N) equilibrium Xe-135 calculation 517 [T72
title (1) casetitle 73
seed (1) random number seed value [ 5.18 [] 73
ctnp (1) override cell temperatures [ 518 []73
var (1) user-defined variable 518 [174
tle (1) track-length estimate of neutron flux 518 [174
sSunxs (1) use pre-calculated summation cross sections [_15.18 ] 74
del nu (1) switch delayed neutron emission on andoff 5.187] 74
pOi (1) fission product poison cross sectibns .18 1 74




Chapter 6

Output

6.1 Main output file

The main output file contains all results calculated by défduring the transport cycle.
User-defined detectors produce another file, describedatioBg/.2 on Page 105. Inventory
data in burnup calculation is discussed in Sedfioh 8.5 oeRag.

The file is named &i nput >_r es. ni, where “<i nput >” is the name of the input file.
The data is written in matlab m-file format to simplify the sik@neous post-processing of
several files. Each parameter is read to a variable (scalaabor) and a run index ‘dx”

is assigned to each file. Each time a new file is read, the irgifesst increased by, 1 so that
the new data is placed on the next line in the result matrixe filowing Octave example
illustrates the procedu@a:

octave: 1> idx = 0
idx =0

octave: 2> runl_res;
oct ave: 3> Fl SSXS

FI SSXS =

0. 0160550 0. 0005253 0.0033174 0.0006745 0.0863956 0. 0005001
octave: 4> run2_res;
oct ave: 5> Fl SSXS
FI SSXS =

0. 0160550 0. 0005253 0.0033174 0.0006745 0.0863956 0.0005001
0. 0158454 0. 0005277 0.0032059 0.0006817 0.0833996 0.0005078

1GNU Octave is a Matlab-compatible open-source languageuforerical computations.

77
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octave: 6> run3_res;
octave: 7> Fl SSXS
FI SSXS =

0. 0160550 0. 0005253 0. 0033174 0.0006745 0.0863956 0.0005001
0. 0158454 0. 0005277 0.0032059 0.0006817 0.0833996 0.0005078
0. 0119486 0. 0005737 0. 0031909 0. 0005741 0.0694696 0.0005300

Three input files: “runl_res.m”, “run2_res.m” and “run3s.ra” are read and the data from
each file is placed on a different row in the variables. Vdedl| SSXS” is the homoge-
nized fission cross section, calculated in this case usimgpgehergy group structure. The
first two columns are the total (one-group) value and theaataal relative statistical error,
respectively. The following four columns contain the saratador the two energy groups in

ascending order.

Output data in burnup calculation is written in a single filée run index is updated for each
burnup step. The variables in the main output file are listetie following.

6.1.1 Version, title and date

Parameter Values  Description

VERSI ON 1 Code version used in calculation

TI TLE 1 Case title

DATE 1 Date and time at the beginning

6.1.2 Run parameters

Parameter Values  Description

pPOP 1 Number of source neutrons per cycle

CYCLES 1 Number of active cycles

SKI P 1 Number of inactive cycles

SRC_NORM_MODE 1 Fission source normalization mode (1 = p
serve size, 2 = preserve weight)

SEED 1 Random number seed

MPI _TASKS 1 Number of MPI taks in parallel calculation

MPI _ MODE 1 Results collection in MPI mode

DEBUG 1 Debug mode flag (1 = yes, 0 = no)

CPU_TYPE 1 CPU type

CPU_MHz 1 CPU MHz

AVAI L_MEM 1 Available memory in Mb

NOTES:
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1. In parallel calculation mode, the number of source nastqger cycle is the number
for each parallel task.

2. CPU type and MHz are read from /proc/cpuinfo and availaldeory from /proc/meminfo.

6.1.3 File paths

Parameter Values  Description

XS DATA FI LE_PATH 1 Cross section directory file path

DECAY_DATA FI LE_PATH 1 Decay data file path

NFY_DATA FI LE _PATH 1 Fission yield data file path
NOTES:

1. Only the first given xs directory file path is printed

6.1.4 Delta-tracking parameters

Parameter Values  Description

DT_THRESH 1 Probability thresold for using delta-tracking

DT_FRAC 1 Fraction of path lengths sampled using delta-
tracking

DT_EFF 1 Efficiency of DT rejection algorithm

M N_MACROXS 1 Minimum macroscopic cross section for samm-
pling the collision distance
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6.1.5 Run statistics

Parameter Values  Description

TOT_CPU_TI ME 1 Total CPU time

RUNNI NG_TI M 1 Cumulative total running time (wall-clock)

CPU_USAGE 1 CPU usage (ratio of CPU time to wall-clog
time)

INIT_TIME 1 Total initialization time before transport @
burnup cycle

TRANSPORT_CYCLE Tl ME 1 Cumulative transport cycle running time

BURNUP_CYCLE TI ME 1 Cumulative time used for solving the deple-
tion equations

PROCESS Tl ME 1 Cumulative time used for data processing [
tween transport cycles

CYCLE_ | DX 1 Current cycle index

SOURCE_NEUTRONS 1 Number of simulated source neutrons

MEAN POP_SI ZE 1 Mean population size

VENVSI ZE 1 Size of allocated memory block in megabyt

SI MULATI ON_COVPLETED 1 Flag to idicate that all neutron histories are 1

(1 =yes, 0=no0)

Kk

=

£S

NOTES:

1. The total RUNNING_TIME is the sum of INIT_TIME, PROCES_TBEyI TRANS-
PORT_CYCLE_TIME and BURNUP_CYCLE_TIME.

6.1.6 Energy grid parameters

Parameter Values  Description

ERG EM N 1 Minimum energy in unionized grid (MeV)

ERG_EMAX 1 Maximum energy in unionized grid (MeV)

ERG TOL 1 Fractional grid reconstruction tolerance

ERG_NE 1 Number of grid points

ERG NE | NI 1 Number of grid points before thinning

ERG NE | MP 1 Number of important grid points

ERG DI X 1 Double indexed energy grids (1 =yes, 0 =n)

USE DBRC 1 Doppler-broadening rejection correction (1
yes, 0 = no)

0)
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6.1.7 Unresolved resonance data

Parameter Values  Description

URES MODE 1 Probability table sampling mode

URES DI LU _CUT 1 Infinite dilution cut-off

URES EM N 1 Minimum energy for unresolved resonance
probability table data (MeV)

URES EMAX 1 Maximum energy for unresolved resonance
probability table data (MeV)

URES AVAI L 1 Number of isotopes with ures data availabl

URES USED 1 Number of isotopes with ures data used

6.1.8 Nuclides and reaction channels

Parameter Values  Description

TOT _| SOTOPES 1 Total number of isotopes

TOT_TRANSPORT | SOTOPES 1 Total number of isotopes with cross section
data

TOT_DECAY_| SOTOPES 1 Total number of isotopes without cross s¢
tion data

TOT_REA CHANNELS 1 Total number of reaction channel

TOT_TRANSMJ_REA 1 Total number of transmutation reactions

2C-

NOTES:

1. TOT_REA_CHANNELS includes neutron reactions only, no geca
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6.1.9 Reaction mode counters

Parameter Values  Description

COLLI SI ONS 1 Total number of collisions

FI SSI ON_FRACTI ON 1 Fraction of fission reactions

CAPTURE_FRACTI ON 1 Fraction of capture reactions

ELASTI C_FRACTI ON 1 Fraction of elastic scattering reactions

| NELASTI C_FRACTI ON 1 Fraction of inelastic scattering reactions

ALPHA FRACTI ON 1 Fraction of time-absorption or -multiplicatio
reactions im-eigenvalue calculation mode

BOUND_ SCATTERI NG FRACTION 1 Fraction of bound atom scattering reactions

NXN_FRACTI ON 1 Fraction of (n,xn) reactions

UNKNOAN_FRACTI ON 1 Fraction of unsampled reactions

VI RTUAL_FRACTI ON 1 Fraction of virtual collisions

FREEGAS FRACTI ON 1 Fraction of free-gas elastic scattering re
tions

TOTAL_ELASTI C_FRACTI ON 1 Fraction of free and bound atom elastic sg
tering reactions

FI SSI LE _FI SSI ON_ FRACTION 1 Fraction of fission reactions in fissile isotop

LEAKAGE_REACTI ONS 1 Number of leakage reactions

REA SAMPLI NG _EFF 1 Reaction mode sampling efficiency

N

aC-

at-

es

NOTES:

1. Leakage in B1 and albedo iteration modes is counted in LEBKAREACTIONS

6.1.10 Slowing-down and thermalization

Parameter Values  Description

COL_sLow 2 Average number of collisions before therma
ization

COL_THERM 2 Average number of collisions after thermd
ization

Cco._TOTr 2 Average total number of collisions

SLOW TI ME 2 Average slowing-down time

THERM TI ME 2 Average thermal life time

SLOW DI ST 2 Average slowing-down distance

THERM DI ST 2 Average thermal migration distance

THERM FRAC 2 Average fraction of neutrons reaching the
malization

—
1
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6.1.11 Parameters for burnup calculation

Parameter Values  Description

BURN_MCODE 1 Burnup mode (1 = TTA, 2 = CRAM)
BURN_STEP 1 Burnup step index

BURN_TOT_STEPS 1 Total number of burnup steps

BURNUP 1 Burnup at current step (in MWd/kgU)
BURN_DAYS 1 Number of burn days at current step
ENERGY_QUTPUT 1 Total cumulative energy output (in J)
DEP_TTA CUTOFF 1 TTA cut-off value

DEP_STABI LI TY_CUTOFF 1 Stability cut-off value

DEP_FP_YI ELD CUTOFF 1 Fission product yield cut-off value
DEP_XS FRAC CUTOFF 1 Depletion fraction cut-off value
DEP_XS ENERGY_CUTOFF 1 Depletion reaction energy cut-off value
BURN_MATERI ALS 1 Number of depleted materials
FP_NUCLI DES_| NCLUDED 1 Total number of fission product nuclides in-

cluded in the calculation

FP_NUCLI DES_AVAI LABLE 1 Total number of fission products available be-
fore yield cut-off

TOT_ACTIVITY 1 Total activity at current step

TOT_DECAY_HEAT 1 Total decay heat at current step (in W)

TOT_SF_RATE 1 Total spontaneous fission rate

ACTI NI DE_ACTI VI TY 1 Actinide activity at current step

ACTI NI DE_DECAY_HEAT 1 Actinide decay heat at current step (in W)

FI SSI ON_ PRODUCT_ACTIVITY 1 Fission product activity at current step

FI SSI ON_PRODUCT _DECAY_HEAT 1 Fission product decay heat at current sfep
(in W)

DH N PREC 1 Number of decay heat precursor groups

DH PREC BOUNDS Jqa+1 Decay heat precursor group boundaries

DH_PREC_LANMBDA Jyq Decay heat group-wise decay constants

DH _PREC_HEAT J4q Decay heat group-wise heat production (in W)

NOTES:

1. Precursor-group wise decay heat production is avaifabie version 1.1.17 on. The
option for setting the group boundaries is described in @&k

6.1.12 Fission source entropies

Parameter Values  Description

ENTROPY_X 2 X-component of fission source entropy
ENTROPY_Y 2 Y-component of fission source entropy
ENTROPY_Z 2 Z-component of fission source entropy
ENTROPY_TOT 2 Total fission source entropy
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6.1.13 Fission source center

Parameter Values  Description

SOURCE_X0 2 X-coordinate of fission source center

SOURCE_YO 2 Y-coordinate of fission source center

SOURCE_Z0 2 Z-coordinate of fission source center
6.1.14 Soluble absorber

Parameter Values  Description

SOLU _ABS AFRAC 1 Atomic fraction of soluble absorber

SOLU_ABS MFRAC 1 Mass fraction of soluble absorber

NOTES:

1. The values are printed only if soluble absorber defineel &ax[5.14 on padel69).

=

m

6.1.15 Ilteration
Parameter Values  Description
| TER_MODE 1 Iteration mode
| TER_KEFF 1 Targetk.g for iteration
| TER VAR 2 Iteration variable
B1_MODE 1 Method used for calculating leakage spectr]
in B1 iteration mode
B1_NE 1 Number of equal lethargy-width bins in the
leakage spectrum
Bl _ERG B1_NE Energy bin limits for the leakage spectrum
B1_ SPECTR B1 NE Cycle-averaged leakage spectrum
NOTES:

1. The values are printed only if iteration is in use (see on page70).

6.1.16 Equilibrium Xe-135 calculation

Parameter

Values

Description

XE135_EQUI L_CONC
1 135_EQUI L_CONC

2
2

Equilibrium Xe-135 concentration
Equilibrium 1-135 concentration

NOTES:
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1. The values are printed only if xenon iteration is in use Sec[5.17 on padel72).

2. The concentrations are averaged over all regions indalvéhe iteration

6.1.17 Criticality eigenvalues

-

Parameter Values  Description

ANA KEFF 2 Analog estimate of.g

| MP_KEFF 2 Implicit estimate ofc.g

COL_KEFF 2 Collision estimate Ok.g

ABS_KEFF 2 Absorption estimate of.g

ABS_KI NF 2 Absorption estimate of..

ABS_GC_KEFF 2 Absorption estimate of.g in group constant
generation universe

ABS GC KI NF 2 Absorption estimate of., in group constant
generation universe

EXT_K 10 External source multiplication factor in 5 ge
erations

| MPL_ALPHA EI G 2 Implicit estimate ofx-eigenvalue

FI XED_ALPHA EI G 2 Fixed or iterated value in-eigenvalue calcuy
lation

GEOM_ALBEDO 2 Fixed or iterated value for albedo

NOTES:

1. The absorption estimate bf; is currently used as the implicit estimate.

2. External source multiplication factor is not printed miticality source mode.
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6.1.18 Normalization

TOT_SOLU_ABSRATE
TOT_XE135_ ABSRATE
TOT_FMASS
TOT_POWDENS
BURN_POVER
BURN_GENRATE
BURN_FI SSRATE
BURN_ABSRATE

P NEFPNNMNMNNNNNPEPENNNMNNNNNNMNDNNNDNMNNDDNDDN

Parameter Values  Description

TOT_PONER Total power

TOT_GENRATE Total neutron generation rate
TOT_FI SSRATE Total fission rate
TOT_ABSRATE Total absorption rate
TOT_LEAKRATE Total leakage rate

TOT _LOSSRATE Total loss rate
TOT_SRCRATE Total source rate

TOT_FLUX Total flux

TOT_RR Total reaction rate

Total absorption rate in soluble absorber
Total absorption rate in Xe-135

Total fissile mass

Total power density

Power in burnable materials

Neutron generation rate in burnable materi
Fission rate in burnable materials
Absorption rate in burnable materials

als

BURN_FLUX Flux in burnable materials
BURN_FMASS Fissile mass in burnable materials
BURN_POADENS Power density in burnable materials
BURN_VOLUVE Total combined volume of all burnable mate-
rials
NOTES:

1. Normalization is set by the user (see $ed. 5.8 on page 61).

2. By default, the loss rate is normalized to unity.

w

user.

N o A

All flux values are divided by volume

Parameters in burnable materials are printed only inupuoalculation mode.
Total (external) source rate is not printed in critigaiburce mode.

Xe-135 absorption rate is printed only in equilibrium @amode.

Total power density is printed only if total fissile mass@culated or given by the
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6.1.19 Point-kinetic parameters

Parameter Values  Description

ANA PROVPT_LI FETI ME Analog estimate of prompt neutron lifetime
| MPL_PROMPT_LI FETI ME Implicit estimate of prompt neutron lifetime
ANA REPROD_TI ME Analog estimate of neutron reproduction time
| MPL_REPROD_TI ME Implicit estimate of neutron reproduction time
DELAYED EMTI MVE Mean delayed neutron emission time

=

NDNDNDNDN

NOTES:

1. The neutron reproduction time is also commonly known as"tieutron generation
time”.

2. The analog estimates and delayed neutron emission teneassulated for the entire
geometry. The implicit estimates are calculated in theens® set by the user.

6.1.20 Six-factor formula

Parameter Values  Description

SI X_FF_ETA 2 Average number of neutrons emitted per ther-
mal neutron absorbed in fuel

SIX FF F 2 Thermal utilization factor

SIX FF_P 2 Resonance escape probability

SI X FF_EPSI LON 2 Fast fission factor

SI X FF_LF 2 Fast non-leakage probability

SI X_FF_LT 2 Thermal non-leakage probability

SI X_FF_KI NF 2 Six-factork.. (four-factork.g)

SI X _FF_KEFF 2 Six-factorkeg

NOTES:

1. The parameters are calculated using simple analog ¢ssmad inteded mainly for
the demonstration of basic reactor physics phenomena.

6.1.21 Delayed neutron parameters

Parameter Values  Description

USE_DELNU 1 Delayed neutron emission (0 = off, 1 = on)
PRECURSOR_GROUPS 1 Number of delayed neutron precursor groups
BETA EFF 2Jq+2 Effective delayed neutron fraction

BETA ZERO 2Jq+2 Physical dealyed neutron fraction
DECAY_CONSTANT 2Jq+2 Precursor group-wise decay constants
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NOTES:
1. The number of precursor grougs depends on data. The usual number is 6 or 8. The
first two entries refer to the total value and the associatkdive statistical error.

2. Since different precursor group structures cannot bebawed, the number of groups
is fixed to the value used in the first actinide in the input.dyeb neutron emission is
entirely omitted for nuclides using a different group strue.

6.1.22 Parameters for group constant generation

Parameter Values  Description

GC_UNI 1 Universe for group constant generation
GC_SYM 1 Symmetry option

GC_NE 1 Number of energy groups

GC_BOUNDS G+1 Group boundaries

6.1.23 Few-group cross sections

Parameter Values  Description

FLUX 2G' +2 Integral flux

LEAK 2G4+ 2 Leakage rate

TOTXS 2G 4+ 2 Total cross section

Fl SSXS 2G +2 Fission cross section

CAPTXS 2G4+ 2 Capture cross section

ABSXS 2G +2 Absorption cross section

RABSXS 2G'+2 Reduced absorption cross section

ELAXS 2G + 2  Elastic scattering cross section

| NELAXS 2G4+ 2 Inelastic scattering cross section

SCATTXS 2G 4+ 2 Total scattering cross section

SCATTPRODXS 2G4+ 2 Total scattering production cross section

N2 NXS 2G'+2 (n,2n) cross section

REMXS 2G4+ 2 Group-removal cross section

NUBAR 2G4+ 2 Average number of emitted fission neutrong

NSF 2G +2 Fission neutron production cross sectipn
(Vzﬁssg)

RECI PVEL 2G4+ 2 Inverse mean neutron speed

FI SSE 2G4+ 2 Average fission heating value (in MeV)
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MAJOR FLAW IN CALCULATION METHODS:

Earlier code versions, including base version 1.1.0, éoraaerious flaw in group constant
calculation. The collision flux estimator yields zero vaua void regions, resulting in

a systematic over-prediction of the homogenized values droblem was fixed in code
update 1.1.3.

NOTES:

T A

The first two entries are the total (one-group) value apdtsociated relative statisti-
cal error. The remainingG entries are few-group values.

. The normalization of group-flux does not work in the priease version 1.0.0 of the

Serpent code (corrected in version 1.0.1). The one-grolye\ghould be equal to
variable TOT_FLUX (see Sek. 6.1118).

All cross sections are macroscopic.

Capture cross section includes all (n,0n) reactions.
Absorption cross section includes capture and fission.
Elastic scattering includes thermal bound-atom reastio

Group-removal cross section includes absorption anttesitey out of the energy
group. Option to include neutron multiplication was addesersion 1.1.15 (see Sec.

5.9).

Reduced absorption cross section is defined as absorpims production in (n,xn)
reactions.

6.1.24 Fission product poison cross sections

Parameter Values  Description
| 135PRODXS 2G + 2 Production cross section for 1-135
XE135PRCODXS 2G +2  Production cross section for Xe-135
PML49PRODXS 2G + 2 Production cross section for Pm-149
SML49PRODXS 2G + 2  Production cross section for Sm-149
XE135ABSXS 2G +2 Absorption cross section of Xe-135
SML49ABSXS 2G4+ 2 Absorption cross section of Sm-149
NOTES:

1.

The option to switch on the calculation of fission producispn cross sections is
described in Sed_5.118
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2. All values are microscopic cross sections

3. Available from version 1.1.17 on

6.1.25 Fission spectra

Parameter Values  Description

CHI 2G Energy spectrum of all fission neutrons

CH P 2G Energy spectrum of prompt fission neutrons
CH D 2G Energy spectrum of delayed fission neutrons

6.1.26 Group-transfer probabilities and cross sections

Parameter Values  Description

GITRANSFP 2G? Group-transfer probability matrix

GTRANSFXS 2G? Group-transfer cross section matrix

GPRODP 2G? Group-production probability matrix

GPRODXS 2G? Group-production cross section matrix
NOTES:

1. The matrices are given in vector format:
Pl*)l P2—)1 PGHl P1~>2 P2a2 PG%Q

Each probability and cross section is followed by the asdedirelative statistical
error. Index for reaction — 7 is given by:

n=2>i-1)G+2j—1

2. The production matrixes include neutron multiplicatiorfn,xn) reactions.

6.1.27 Diffusion parameters

Parameter Values  Description

DI FFAREA 2G 4+ 2 Diffusion area

DI FFCOEF 2G + 2 Diffusion coefficient

TRANSPXS 2G 4+ 2 Transport cross section

MUBAR 2G4+ 2 Average scattering angle

MAT _BUCKLI NG 2G 4+ 2 Material buckling

LEAK DI FFCOEF 2G 4+ 2 Diffusion coefficient from leakage mode

NOTES:
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1. The first two entries are the total (one-group) value aedisociated relative statisti-
cal error. The remainingG entries are few-group values.

2. The values are based on the analog estimate of group-iisei@h area. The results
usually differ from theP; -values below.

3. Leakage diffusion coefficient is defined as buckling drddy leakage, which can be
physical or from a leakage model. The theoretical basisng geestionable.

6.1.28 P, scattering cross sections

Parameter Values  Description

SCATTO 2G +2 P, scattering cross section
SCATT1 2G +2  P; scattering cross section
SCATT2 2G4+ 2 P, scattering cross section
SCATT3 2G +2  Pj scattering cross section
SCATT4 2G 4+ 2 Py scattering cross section
SCATT5 2G +2  P; scattering cross section

NOTES:

1. The first two entries are the total (one-group) value ardisociated relative statisti-
cal error. The remainingG entries are few-group values.

6.1.29 P, diffusion parameters

Parameter Values  Description

P1_ TRANSPXS 2G4+ 2 Transport cross section

P1_DI FFCCEF 2G + 2 Diffusion coefficient

P1_ MUBAR 2G +2 Average scattering angle
NOTES:

1. The first two entries are the total (one-group) value ardsociated relative statisti-
cal error. The remainingG entries are few-group values.

2. The values are based on tRgapproximation. The results usually differ from values
calculated using the analog estimate of diffusion areagbege).
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6.1.30 B, fundamental mode calculation

Parameter Values  Description

B1_KI NF 1 Iterated multiplication factor

B1_BUCKI LNG 1 Iterated buckling

B1_FLUX 2G4+ 2 Bjintegral flux

B1l_TOTXSXS 2G4+ 2  Bj total cross section

B1_NSF 2G +2 B fission neutron production cross section

B1_FI SSXS 2G4+ 2 B fission cross section

B1_CHI 2G B; fission spectrum

B1_ABSXS 2G4+ 2  Bj absorption cross section

B1_RABSXS 2G4+ 2  Bj reduced absorption cross section

B1_ REMXS 2G'+2 Bj removal cross section

B1 DI FFCCEF 2G +2 B diffusion coefficient

B1_SCATTXS 4G* By scattering matrix

B1_SCATTPRODXS 4G? B; scattering production matrix

Bl | 135PRODXS 2G4+ 2 Production cross section for I-135

B1_XE135PRODXS 2G4+ 2 Production cross section for Xe-135

B1_PML49PRODXS 2G +2 Production cross section for Pm-149

B1_ SML49PRODXS 2G4+ 2 Production cross section for Sm-149

Bl _XE135ABSXS 2G +2 Absorption cross section of Xe-135

Bl SML49ABSXS 2G4+ 2 Absorption cross section of Sm-149
NOTES:

1. By fundamental mode calculation is performed after the trarisgycle using homog-
enized multi-group cross sections (see §ecl5.16).

2. The definition of scattering matrix was changed in verdidnl5 (see SeC.5.9).

3. Reduced absorption cross section is defined as absorpinus production in (n,xn)
reactions.

4. Scattering production matrix includes neutron mulgation in (n,xn) reactions.

5. The option to switch on the calculation of fission producispn cross sections is
described in Sed_5.118

6. The capability is available from version 1.1.14 on. Sorammeters were added in
versions 1.1.15 and 1.1.17.
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6.1.31 Assembly discontinuity factors

Parameter Values  Description

ADFS 2G\Ny  Surface discontinuity factors

ADFC 2G'Ny  Corner discontinuity factors
NOTES:

1. The assembly discontinuity factors are calculated amgdfluare and hexagonal cylin-
der boundaries. The ADF surface is the outermost surfadeeiniverse where the
group constants are calculated.

2. The number of verticedy is 4 for square boundary and 6 for hexagonal boundary.
3. The index for vertice (corner) and groupy is given by:
i=2(n—1)G+2g—1
4. The methodology is tested only group constant generaiertended over the entire
geometry.

5. For square assemblies the numbering of vertices is: 1 t,\®eNorth, 3 - East, 4 -
South and for the corners: 1 - South-West, 2 - South-East, &thNEast, 4 - North-
West. Also note that geometry plots are inverted in the nsatlith direction.

6.1.32 Power distributions in lattices

Parameter Values Description
LAT<nl > 3 Lattice type and size
PONDI STR<nl > 2Ny, Power distribution in lattice
FG_POADI STR<nl| > 2NL(2G +1) Power distribution in lattice divideg
into energy groups
PEAKF<n| > 4 Peaking factor in lattice
NOTES:

1. Lattice parameters are calculated for each lattice rdégss of the content. Variable
names include the lattice numbegril >".

2. For square and hexagonal lattices the type and numbewsfand columns is given.
For cluster-type lattices the entries are type, numbemgfsriand total number of ele-
ments.

3. The values in the power distribution are given as a singtdor. The order is deter-
mined by the universe map in the lattice definition.
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4. Peaking factor gives the position and the peak value itettiee.

5. Energy-group wise power distribution is calculated fregnsion 1.1.17 on.

6.2 History output



Chapter 7

Detectors

7.1 Detector Input

Serpent uses the collision estimate of neutron flux for datog user-defined reaction rates
integrated over space and energy:

1 Ei
R = V/V[Eiﬂ f(r,E)o(r, E)d*rdE . (7.1)

The response functiofi(r, £/) and the spatial and energy domains of the integration are set
by the detector paramet@s‘[he syntax is relatively simple:

det <nane> <param 1> <param 2> ...

where <nane> is the detector name
<param 1> <param 2> ... are the detector parameter sets

The parameters are listed in Table]7.1 and they can be cothbingdifferent ways as de-
scribed in the following subsections. Some parametersys®dnultiple results and some
may be used several times in the definition. In such a casegtudts are divided into a
number of separate bins, depending on the combination.

The integral in Eq(711) is divided by detector volume, vhig set to unity by defaulfThis
is because in most cases it is the total reaction rate, notehetion rate density that is
of interest to the user. The volume can be set manually ubaddv” entry. If a negative
number is entered, the code uses a value calculated by theegrgroutine (when available).

To be precise, the integration is also carried over time gade-angle, but user-defined limits can be set
for the spatial and energy variables.

95
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Table 7.1: Detector parameters.

| Param. Description

Comments

dr
dv
dc
du
dm
dl
de
dx
dy
dz
dt
ds

Reaction multiplier
Detector volume
Detector cell
Detector universe
Detector material
Detector lattice
Detector energy grid
Detector mesh
Detector mesh
Detector mesh
Detector type
Surface current detector

Determines the response function
Used for normalization
Defines the cell where the reactions are scored
Defines the universe where the reactrerscared
Defines the material where the reactioms@ored
Defines the lattice where the reactionseneed
Defines the energy bins for the respiumstion
Defines the x-mesh where the reactions aredsq
Defines the y-mesh where the reactions aredsa
Defines the z-mesh where the reactions aexisd
Special detector types
Defines surface for current datect

or
or
or

IMPORTANT NOTES ON THE COLLISION FLUX ESTIMATOR:

1. The Serpent code uses the collision estimate of neutrysilmply because the track-
length estimate is not available when delta-tracking igldseneutron transport. The
two estimates are equally well-suited for typical reacatti¢e calculations, in which
the neutron source is distributed over the entire geom@trg. efficiency of the colli-

sion estimator becomes poor, however, if reaction ratesaloellated inside small or
optically thin volumes located in regions of low collisioartsity. This is why the code

7141

Is not the best choice for dosimetry calculations (see

I@I].).[ZOn the other hand,

the use of the collision estimate requires less computaiteffort, especially for mesh
detectors, which is directly reflected in the overall cadtion time.

Setting the Response Function

The detector response function determines the type of flcalation. In the simplest case,
f =1,and[[Z.1) is reduced to the neutron flux integrated overespad energy. If a reaction
cross section is used, the result is the correspondingoeaete. It should be noted that the
absolute value of the integral depends on source normializétee Se¢. 5.8).

The detector response function is defined by the “dr” entry:

where <nane>

det <nane> dr <nt> <mat>

is the detector name

<nt > is the response function number
<mat > s the material name (or “void” for void material)
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TabIEé)?.Z: Detector response functions. For a completeoligENDF reaction MT'’s, see
Ref. [6].

[ MT Reaction mode |

Material total reactions 0 None
-1 Total
-2 Total capture
-3 Total elastic
-5 Total (n,2n)
-6 Total fission
-7 Total fission neutron production
-8 Total fission energy deposition
-9 Majorant
ENDF Reaction modes 1 Total
2 Elastic scattering
16 (n,2n)
17 (n,3n)
18 Total fission
19 First-chance fission
20 Second-chance fission
51 Inelastic scattering to 1st excited stat
52 Inelastic scattering to 2nd excited state

(D

90 Inelastic scattering to 40th excited state
91 Continuum inelastic scattering

102 (ny)

103 (n,p)

104 (n,d)

105 (n,t)

106 (n}He)

107 (ng)

If multiple responses are defined for a detector, an equabeuif bins are created for the
results. The response functions are listed in Table 7.2atiegentries define total reaction
rates related to materials. The total cross section (mt el gxample, is calculated from:

1 i
R= v /V [E +; [Emw(r,E)gﬁ(r, E)|d*rdE (7.2)

where the summation is carried over all nuclides in the nedtelf the material entry is
set to void, the material at each collision point is used & ¢hlculation. This allows the
integration of reaction rates in volumes extending oveesgvmaterial regions.

Positive response numbers are related to isotopic, ratiaer aterial total reaction rates,
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and they correspond to the reaction MT’s used in ENDF formagd.dThe list in Table~712 is
not complete and a more detailed description is found in I@¢f.‘l[he detector material for
an isotopic response function must consist of a single decli

Detector values can be multiplied or divided by other valnesetting the detector type to 2
or 3, respectively. The type is then followed by the name efttultiplier or divider detector.
The total number of values must be equal for both detectdteeativider / multiplier detector
single-valued.

EXAMPLES:

% Total flux in material "fuel":
det 1 dm fuel
% Detector material s:

mat U235 1.0 92235.09c 1.0
mat U238 1.0 92238.09c 1.0

% Cal cul ate microscopic fission and capture cross sections of
% U-235 and U-238 by dividing the reaction rate by total flux:

det 2 dmfuel dr 18 U235 dt
det 3 dmfuel dr 102 U235 dt
det 4 dmfuel dr 18 U238 dt
det 5 dmfuel dr 102 U238 dt

W www
e

IMPORTANT NOTES ON DETECTOR RESPONSE FUNCTIONS:

1. If multiple response functions are defined for a deteetorequal number of bins are
created for the results.

2. Dosimetry cross sections (type 2 or'y’) can be used witlecters and with detectors
only.

3. The ENDF reaction MT numbers are universal and relateddimpic cross sections.
These reactions may not be used with materials consistingooé¢ than one nuclide.
The result is multiplied by the material atomic density androscopic reaction rates
can be calculated by setting the density to unity.

4. Some high-energy reaction modes, such as (n,3n), anedecfrom the transport sim-
ulation. These modes are not available in the detector ledion either. All reaction
modes are included for dosimetry cross sections.

5. The negative MT numbers are specific to Serpent and notrsally defined. The
reaction rates are calculated by summing over all nuclidéise material. MCNP also
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uses some code-specific negative reaction MT’s, but thepirgtions are slightly
different.

6. The fission energy deposition function defined by mt = -8dgi¢he total energy ab-
sorbed in the system (in J). This is not equivalent with tha&dis Q-value (see source
normalization in Se¢.5.8).

7. The mt's 0, -9 and -10 are not material-specific and theyentrst be set to void.

8. Ifthe “dr” entry is omitted entirely, the result is theabflux integrated over space and
energy.

SEE ALSO:

1. Dosimetry cross sections (SEc. 114.1 on page 11)

2. Source rate normalization (SEc.]5.8 on dagde 61)

7.1.2 Setting the Energy Domain

The energy boundarig#’;,;, F;] of the integration[(7]1) are set by a user-defined energy
grid, linked to the detector by the “dt” entry:

det <nane> de <ene>

where <nane> is the detector name
<ene> isthe grid name

The same energy grid definition is also used withfundamental mode calculation (See
Sec[5.16).

The number of energy bins is defined by the grid size. Theréoargypes of energy grids

1. arbitrarily defined
2. equal energy-width bins
3. equal lethargy-width bins

4. predefined energy group structure

The grid definition has three entry formats:
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ene <nanme> 1 <E1> <E2> ... <En>
ene <nane> <type> <N> <Em n> <Enmax>
ene <nane> 4 <struct>

where <nane> is the grid name
<type> is the grid type
<El1> <E2> ... <En> are the bin boundaries in type 1 grid
<N> is the number of bins in type 2 and 3 grids
<Em n> is the minimum energy in type 2 and 3 grids
<Emax> is the maximum energy in type 2 and 3 grids
<struct> is the name of a predefined structure

The predefined energy grid names and descriptions are list€able[7.8. Bin boundaries
are not listed here, but the values are easily readable peSesource fileégr oups. c”.

The detector energy grid is often used for calculating spequantities. There are three
special detector types for spectral calculations, detezthby the “dt” detector type entry:
1. Cumulative spectrum@t -17)
2. Division by energy width @t - 27)
3. Division by lethargy width (t - 37)

In the default mode, the bin values are independent and igiediv

EXAMPLES:

% Fl ux per lethargy using energy grid 1:

det 1 de 1 dt -3

% Differential capture, fission and production spectra:
det 2 de 1 dt -2 dr -2 void

det 3 de 1 dt -2 dr -6 void
det 4 de 1 dt -2 dr -7 void

% I ntegral capture, fission and production spectra:
det 5 de 1 dt -1 dr -2 void

det 6 de 1 dt -1 dr -6 void
det 7 de 1 dt -1 dr -7 void
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Table 7.3: Predefined energy grid types.

| Grid name  Description |
nj 2 csewg 239 group structure
nj 3 lanl 30 group structure
nj 4 anl 27 group structure
nj5 rrd 50 group structure
nj 8 laser-thermos 35 group structure
nj 9 epri-cpm 69 group structure
nj11 lanl 70 group structure
nj 14 eurlib 100-group structure
nj 16 vitamin-e 174-group structure
nj 17 vitamin-j 175-group structure
nj 18 xmas 172-group structure
nj 19 ecco 33-group structure
nj 20 ecco 1968-group structure
nj 21 tripoli 315-group structure
nj 22 xmas lwpc 172-group structure
nj 23 vit-j lwpc 175-group structure
W 69 WIMS 69-group structure (equivalent with nj4
wns 172 WIMS 172-group structure
cas70 CASMO 70-group structure
cas40 CASMO 40-group structure
cas25 CASMO 25-group structure
cas23 CASMO 23-group structure
casl18 CASMO 18-group structure
casl6 CASMO 16-group structure
casl4 CASMO 14-group structure
casl? CASMO 12-group structure
cas9 CASMO 9-group structure
cas8 CASMO 8-group structure
cas’ CASMO 7-group structure
cas4 CASMO 4-group structure
cas3 CASMO 3-group structure
cas?2 CASMO 2-group structure
mupo43 MUPO 43-group structure
scal e44  SCALE 44-group structure
scal e238 SCALE 238-group structure

7.1.3 Setting the Spatial Domain

There are five options for setting the spatial domain of tiegration:

)
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. By defining the cell where the reaction rates are scoredjisan“dc” parameter.

. By defining the universe where the reaction rates are scmiag the “du” parameter.

1
2
3. By defining the material where the reaction rates are samkd the “dm” parameter.
4. By defining the lattice where the reaction rates are scasgjuhe “dl” parameter.

5

. By setting up a one-, two- or three-dimensional mesh ugiaddx”, “dy” and “dz”
parameters.

All these options can be used without restrictions in vagicombinations. It should be
noted, however, that some combinations may result in paljgicnpossible configurations
and produce zero results.

Detector cells, materials and universes

Detector cell, material and universe parameters all worthersame principle: the collision
is scored if it occurs inside the cell, material or univensspectively. A separate bin is
created for each entry and the combination of differentsygeates a combination of bins.
The syntax is:

det <nane> dc <cell> dm <mat> du <uni v>

where <name> is the detector name
<cel | > isthe detector cell
<mat > is the detector material
<uni v> s the detector universe

Detector cells can be either physical or super-imposed@geélometry. Super-imposed cells
are not used for defining material regions. They must comiaiith material and the universe
number must be set to a negative value. Universes contasuipgr-imposed cells can be
created for defining complicated geometry regions. Theseerges are not bound by the
restrictions of physical universes discussed in Se€fiinl3zakage rate can be calculated by
scoring collisions in outside cells.

Fuel pin definitions are geometry macros that are conventiedardinary geometry objects
constructed using cells and surfaces. The cells in fuelgniesiamed using convention:

nst <np>c<nr >

where <np> is the pin (universe) number
<nr > is the ring index starting from the innermost region (= 1)

Burnable materials in fuel pins are renamed and divided inteea-defined number of annu-
lar depletion zones (see SEc.18.2 on dagé 109). The namingrtion is:
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<mat >p<np>r <nr >

where <mat > is the original material name
<np> s the pin (universe) number
<nr> isthe ring index starting from the innermost region (= 1)

EXAMPLES:

% Sinple cell, material and universe detectors:

det 1 dc 1 % Score collisions in cell 1

det 2 dm fuel % Score collisions in material "fuel"
det 3 du 2 % Score collisions in universe 2

% Conbi ned det ectors:

det 4 dc 1 dc 2 % Two bins: collisions in cells 1 and 2
det 5 dul dmH2O %Collisions in material "H2O' in universe 2

% Super -i nposed cel | s:

cell 10 -1 wvoid -1
cell 11 -1 wvoid 1 -2

det 6 dc 10 % Col | i sions in super-inposed cell 10
det 7 du -1 % Col | i sions in super-inposed universe -1
Lattice detectors

The input format for the lattice detector is:

det <nanme> dl <l at>

where <nane> is the detector name
<| at > is the detector lattice number

A bin is created for each lattice position. The results caodmbined with cell, material and
universe bins. For example, the flux distribution in matéidiad” in a fuel pin lattice “10”
can be calculated using:

det 1
dm cl ad % Score in material "clad"
dl 10 % Lattice bins in lat 10
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Mesh detectors

The mesh detector creates a super-imposed uniform squaite ower the geometry. The
mesh structure is given separately in x-, y- and z-direstiand the input format for the
X-type is:

det <nane> dx <xm n> <xmax> <nx>

where <name> is the detector name
<Xm n> is the minimum x-coordinate of the mesh
<xmax> is the maximum x-coordinate of the mesh
<nx> is the number of mesh bins in the x-direction

EXAMPLES:

% One-di nensi onal mesh (axial power distribution in fuel pin):

det 1

du 1 % Score in universe (pin) 1

dm fuel % Score in material "fuel"

dz 0.0 120.0 50 % 50 axial bins between z = 0 and z = 120 cm

% Two- di nensi onal mesh (total fission rate distribution):
det 2

dr -6 void % Miltiply by total fission rate

dx -225.0 225.0 30 % 30 bins in x-direction

dy -225.0 225.0 30 % 30 bins in y-direction

% Thr ee-di nensi onal nesh (thernmal flux distribution):

ene 1 1 1E-11 0.625E-6 % Detector energy grid (single bin)

det 3

de 1 % Use energy grid 1

dx -225.0 225.0 30 % 30 bins in x-direction
dy -225.0 225.0 30 % 30 bins in y-direction
dz 0.0 400.0 10 % 10 bins in z-direction

7.1.4 Surface Current Detectors

Serpent 1.1.17 and later versions have the capability tutze neutron current through
surfaces. The syntax for the current detector is:
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det <nane> ds <surf> <dir>

where <name> is the detector name
<surf > isthe surface name
<di r> isthe direction vector (-1 = inward, O = net, 1 = outward)

The surface associated with the detector is assumed to Beetbeelative to the origin of
universe zero, and it may or may not be a part of the geomefigitien. The direction
vector determines which surface crossings are includetiarrésult. Inward current has
positive and outward current negative value, respectivilgt current is calculated as the
sum of the two.

The surface current detector was added mainly for the cioul of reflector group con-
stants, and the first implementation had some limitatiorth wespect to boundary condi-
tions (see note below). Reflector geometries typically mwdhe use of partial boundary
conditions (see Selc. 5.7 on pageé 59), available from codsovet.1.17 on.

IMPORTANT NOTES ON THE SURFACE CURRENT DETECTOR:

1. The surface current detector in version 1.1.17 canno¢ edafh some of the coordi-
nate transformations performed when repeated boundaditaors are applied, which
limits its use to geometries with black boundary conditjomsreflected or periodic
boundary condition perpendicular to the detector surfabés limitation was lifted in
update 1.1.18, and the most recent implementation shoulkliwall geometry types.

7.2 Detector output

The output from all detectors is printed in matlab m-file fatnin a single file named
“<i nput >_det <n>. nf, where <i nput >" is the name of the input file and<h>" is
the burnup step.

The results for each detector are written in a 13-columretadme bin value per row. The
variable is namedDET<nane>. ni, where “<name>" is the detector name. The values in
each column are:

Value index (total number inrDET<nanme>_VALS")

Energy bin index (total number ilDET<nane>_EBI NS”)

Universe bin index (total number iDET<nanme>_UBI NS”)

Cell bin index (total number inDET<name>_CBI NS")

o & w0 bdhPkE

Material bin index (total number iDET<nane>_NMBI NS”)
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Lattice bin index (total number iDET<nane>_LBI NS”)
Reaction bin index (total number iIDET<name>_RBI NS”)

Z-mesh bin index (total number iDET<name>_ZBI NS”)

© © N o

Y-mesh bin index (total number ilDET<nane>_YBI NS”)
10. X-mesh bin index (total number iDET<nane>_XBI NS”)
11. Mean value
12. Relative statistical error
13. Total number of scores
Detector volume is given in variabl®ET<nane>_VCL". All results have been divided by
this number.
If an energy bin structure is defined, the corresponding bimdaries are written in variable
“DET<nane>E". The variable has three columns:
1. Lower energy boundary of bin
2. Upper energy boundary of bin

3. Mean energy of bin

The number of rows is equal to the number of energy bins.

If x-, y- or z-bins are defined, the corresponding bin bouredaare written in variables
“DET<nanme>X’,“DET<nane>Y”, “ DET<nane>Z", respectively. The variables have three
columns:

1. Coordinate of the lower bin boundary

2. Coordinate of the upper bin boundary

3. Coordinate of bin center

The number of rows is equal to the number of x-, y- or z-bins.
IMPORTANT NOTES ON DETECTOR OUTPUT:
1. Some variables are missing and the names are in lowelirctdse pre-release version
1.0.0 of the Serpent code (corrected in version 1.0.1).

2. Detector volume is printed in version 1.1.13 on.
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7.3 Detectors in Burnup Calculation

There are a few things that need to be considered when usiagtdes in the burnup calcu-
lation mode. First, the output is printed in a different fibe €ach burnup step (see previous
section). The file names are separated by the step indexhwghget to zero for the initial
composition. Second, when burning materials inside pingarticle structures (see 9ecl3.4
and3.8), the materials are renamed according to pin / paiidex and region number if the
material is divided into multiple depletion zones (see Be#). The original material names
no longer exist and the new names must be used instead wittintiigparameter.



Chapter 8

Burnup calculation

8.1 General

Serpent can be run both as a stand-alone burnup calculattenand as a part of a coupled
system. In the first case, the code uses an internal calmuladutine for solving the set of
Bateman equations describing the changes in the materigiafitions caused by neutron-
induced reactions and radioactive decay. In the secondit@seode is used as the neutronics
solver in an externally coupled system.

The additional input for burnup calculation consists ofntiiying the depleted materials
(Sec[8.R) and setting up the irradiation history ($ed..8T3)ere are also some additional
parameters for determining file paths and options used byaloalation routines (Selc. 8.4).
A few simple examples are given in SEC.18.7 and complete iligiirtgs in Sec_11]2.

It should be noted that burnup calculations are more seasgismall changes in the geom-
etry, materials and calculation parameters compared teagistate simulation. The length
of burnup steps and predictor-corrector calculation (se®[8.3 and Se€. 8.4) may have a
significant impact on the accumulation of certain isoto@esl especially the depletion of
burnable absorbers. In thermal systems, the build-up rfapéutonium is strongly depen-
dent on moderator conditions, such as density andithe 5) scattering laws (see Séc. 4.2
on Pagé 49). As low as a 30K difference in moderator temperatiay result in over 1%
discrepancy in Pu-239 concentration at high burﬁ]ﬂhﬁerences originating from the eval-
uated nuclear data should always be taken into accountcieipdor older libraries, such
as JEF-2.2 and ENDF/B-VI.

LIt should be noted that the thermal scattering data prowdéu the installation package is generated at
slightly different temperatures for different libraries.

108
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8.2 Depleted materials

Depleted materials are identified by an additional “burrireim the material card:

mat <nane> <dens> burn <nr>
<iso 1> <frac 1>
<iso 2> <frac 2>

where <nane> is the material name
<dens> is the density (mass or atomic)
<nr > is the number of annular regions in depleted
fuel pins
<iso 1> <iso 2> ... are the names of the constituent nuclides
<frac 1> <frac 2> ... are the corresponding fractions (mass or atomic)

If the irradiation history is not set up, the “burn” entry metes the coupled calculation mode
and one-group transmutation cross sections, radioactigaydconstants and fission yields
are written in a separate output file (see $ed. 8.6) withauting the depletion calculation.

The code treats depleted materials in fuel pins differemmnfimaterials in ordinary cells.

Each pin type is treated separately and further divided<nto> annular depletion zones of
equal volume. The division is important for accounting foe tim-effects caused by spatial
self-shielding. The code automatically renames the deglein materials using convention:

<mat >p<np>r <nr >

where <mat > is the original material name
<np> isthe pin (universe) number
<nr> isthe ring index starting from the innermost region (= 1)

Depleted materials in ordinary cells are not renamed oddiyinto sub-regions.
IMPORTANT NOTES ON DEPLETED MATERIALS:
1. Each fuel pin type containing a depleted material is ¢t aeparately and divided into
a user-given number of annular depletion zones.

2. The separation of material regions is based on pin tygdattace position. If similar
pins in different positions need to be treated as differeatemials, a new (identical)
pin type must be assigned for each position (See examplesciiBY. 1l on pade 11 7).

3. Fuel pins containing burnable absorber should alwaysidded into ~10 rings in
order to account for the rim-effects caused by spatial s@kiding.

4. The current code version can only handle burnup calcuiati cylindrical or spherical
material regions, such as fuel pins or HTGR micro particles.
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SEE ALSO:

1. Material cards (SeE_4.1.2 on page 48)

8.3 Irradiation history

The irradiation history in the independent burnup caléafaimode consists of one or several
burnup intervals, defined by thelép” card:

dep <stype>

<step 1>
<step 2>

where <stype> IS the step type
<step 1> <step 2> ... arethe burnup steps

The step types are listed in Tablel8.1

Table 8.1: Burnup step types.

| <stype>  Step values |

bustep  depletion step, burnup intervals given in MWd/kgU
but ot depletion step, cumulative burnup given in MWd/kgU
dayst ep depletion step, time intervals given in days
dayt ot depletion step, cumulative time given days
decst ep decay step, time intervals given in days

dect ot decay step, cumulative time given in days

Source rate normalization and soluble absorber concemtrean be changed between in-
tervals by re-defining the values. The first value is usednduttie first burnup interval, the
second during the second interval and so on. Examples ae givSecd 8.712 on page121.

The last two options omit the transport cycle and handle madyoactive decay, which makes
the calculation run significantly faster. This mode is inted to be used for calculating
activities and inventories after the irradiation is contpte Downtime between cycles is
better handled by setting the power to zero.

IMPORTANT NOTES ON IRRADIATION HISTORY:
1. If source rate normalization or soluble absorber comaénh are changed between

burnup intervals, it is important that the number of defoms is equal to the number
of intervals.
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2. The structure of thed'ep” card is different in the early code versions (before 1.0.2)
3. The soluble absorber definition is available from verdidh2 on.

4. The decay mode is available from code version 1.1.10 on.
SEE ALSO:

1. Source rate normalization options (Sec] 5.8 on pape 61)
2. Soluble absorber (Sdc. 5114 on pagde 69)

8.4 Options for Burnup Calculation

The calculation parameters in the burnup mode are sumndarnzeable 8.2.

Table 8.2: List of parameters and options in burnup caldolaimode.

| Option Description Section Page]|
declib (1) file path for radioactive decay data 8141 11
nfylib (1) file path for fission yield data [84.1 [112
sfylib (1) file path for spontaneous fission yield datal__8.4.1 1112
bunorm (1) normalization mode in burnup calculation [8]4.2 1112
f mass (1) total fissile mass [84.2 [Inz
bunode (1) solution method for Bateman equations [ 3.4.3[ 1113
pcc (1) flag for predictor-corrector calculation 813 [118
xscal ¢ (1) transmutation cross sections generation [ B.4.4__] 113
f pcut (1) fission product yield cut-off [845 [1In4
axs (2) actinide mass chains included in calculatidn_8.4.5[] 114
st abcut (1) stability cut-off 845 [1I4
ttacut (1) TTA chain cut-off [84b [114
xsf cut (1) XS fraction cut-off 84k [114
xsecut (1) XS threshold energy cut-off (845 [114
i nventory (1-N) nuclide list for burnup calculation output [ 8#.6 115
printm (1) flag for printing material compositions [ 84.7 [ 115
dhprec (1) precursor-group wise decay heat production__8.4.8__] 115

8.4.1 Library File Paths

In addition to the continuous-energy cross section liesgrburnup calculation requires ra-
dioactive decay data and neutron-induced and spontanesisifproduct yields. These files
are read in the raw ENDF format. The decay data library filé gaset using:
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set declib "<file>"

where <fil e> isthe file path for the ENDF format decay data library
the neutron-induced fission yield library using:

set nfylib "<file>"

where <fil e> isthe file path for the ENDF format fission yield library
and the spontaneous fission yield library:

set sfylib "<file>"

where <fil e> isthe file path for the ENDF format fission yield library

The spontaneous fission yield library is optional. If the filgth is not set, the code uses
neutron-induced yields for spontaneous fission. The ptesmte version does not model
spontaneous fission.

A default directory path can be set by defining environmentize SERPENT _DATA. The
code looks for data files in this path if not found at the abisoloication.

8.4.2 Normalization

The normalization of fission source is described in $ed. 5.8age 6ll. In some burnup
calculation problems, the geometry may contain fissile ma#ethat are not depleted, which
may also affect the source normalization. Serpent offeetbptions, set using:

set bunor m <nopde>

where <mode> isthe normalization mode

Mode 1 is the default treatment which normalizes the givectien rate or power to all
materials. Mode 2 includes only burnable materials and n3amidy non-burnable materials.
The option is available from update 1.1.5 on and earlier sedgions use all materials in the
normalization.

The code automatically calculates the total fissile maskersystem, which is needed for
normalizing the reaction rates. If the calculation faife talue can be set manually using:

set fnass <np

where <ne is the total fissile mass in the system (in grams)
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8.4.3 Solution of Depletion Equations

The Serpent code has three options and two methods for gallvgn Bateman equations
describing the changes in the isotopic compositions cabgegeutron-induced reactions
and radioactive decay. The calculation mode is set using:

set bunpde <npde>

where <nopde> is the method used for depletion calculation

The first method<{node> = 1) is Transmutation Trajectory Analysis (TTA), based oa th
analytical solution of linearized transmutation chaintie Becond methodkode> = 2),
used by default, is an advanced matrix exponential solutased on the Chebyshev Ratio-
nal Approximation Method (CRAM). The third optiorifode> = 3) is the variation TTA
method, in which cyclic transmutation chains are handlemhtyicing small variations in the
coefficients instead of solving the extended TTA equations.

Predictor-corrector calculation is activated using:

set pcc <corr>

where <corr> isthe flag for running the corrector step (0 = no, 1 = yes)

The method is used by default and results in a more accurtiteagi®n of isotopic changes
during each burnup step. The drawback is that the transpol¢ ¢s repeated, which in-
creases the overall calculation time.

8.4.4 Calculation of Transmutation Cross Sections

There are two options for calculating the isotopic one-grivansmutation cross sections:

set xscal ¢ <npde>

where <nmode> isthe method used for cross section calculation

In the default method<ghode> = 2), the code calculates these parameters using a high-
resolution flux spectrum recorded during the transportudaton. This procedure results in

a reduction of calculation time by a factor of 3-4 compareth®direct calculation of the
cross sections during the transport cyeteyde> = 1). The drawback is that the method is
an approximation and that the information on statisticalisacy is losB

2The flux spectrum is calculated using the main energy-grittgire. The resolution is high and the only
approximation is that the continuous-energy cross sextwa assumed constant between two grid points. It
is therefore assumed that the difference to the direct zlon are negligible, although the methodology still
requires some thorough validation. The two methods arewatioally compared by settingrode> = 3.
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8.4.5 Cut-offs

Burnup calculation uses various cut-offs for reducing thapotational effort.

Fission product yield cut-off determines which fission pro are included in the calcula-
tion. The selection is based on the cumulative yield of epahdss chain:

set fpcut <linp

where <l in®> s the limit for fission product yield cut-off

By default, the range of actinide mass chains included in &hautation extends from A, -
1to AL.x + 7, where A, and A,.x are the minimum and maximum actinide mass numbers
in the initial composition. This range can be set manually by

set axs <Am n> <Anmax>

where <Am n> is the lightest actinide mass chain included in the caloutat
<Amax> is the heaviest actinide mass chain included in the caloulat

Stability cut-off:

set stabcut <linp

where <l in®> s the limit for stability cut-off

TTA chain cut-off:

set ttacut <linp

where <l i nm> isthe limit for TTA chain cut-off

Cross section fraction cut-off:

set xsfcut <linp

where <l i n> isthe limit for cross section fraction chain cut-off
Threshold energy cut-off:

set xsecut <linp

where <l in> isthe energy boundary

8.4.6 Nuclide Inventory

The standard output in the independent calculation modsistsrof material compositions,
transmutation cross sections, activities and decay leatiues. The isotopes, elements,
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etc. included in the output are set by the inventory option:

set inventory <idl> <id2> ...

where <i dn> are the identifiers.

The list consists of numerical values that identify the ded (1000*Z + 10*A + 1) or ele-
ments (Z). Isotope and and elemental names and symbol@Py-Gd155”, “PM148M”,
“Cs”, “plutonium”, etc.) are also accepted. Elemental valaee calculated by summing
over the isotopes. Table 8.3 lists additional options tlat lse used in the inventory list to
sum over several elements.

Table 8.3: Special entries in the inventory list. The lisirgmay consist of name or ID.

ID Name Description
201 act Actinides (Z > 89)

202 fp Fission products
204 dp Decay products below thorium in the natural actineleag series
208 ng Noble gases (in the fission product range, helium atwhraxcluded

8.4.7 Additional Output
The code has an option for writing the compositions of deplebaterials in a separate output
file after each step:

set printm <node>

where <node> is the flag for printing material compositions (0 = no, 1 = yes)

The code produces for each step a file namediput >. bumat <n>", where<i nput >
is the name of the input file anch> is the burnup step. The material compositions can be
used in another Serpent calculation or converted to MCNPdbfar validation purposes.

8.4.8 Decay heat production in multiple precursor groups
Decay heat production can be divided into multiple preauggoups based on the nuclide
decay constant. The syntax for the option is:

set dhprec [ <I0> <I1> ... ]

where <l n> are the group boundaries in ascending order

Default values are used if the option is not given. The ouipptinted in the main output
file (see Sed.6.1.11). The feature is available from codsiaerl.1.17 on.
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IMPORTANT NOTES ON BURNUP CALCULATION PARAMETERS:

1. Decay and fission yield libraries are raw ENDF data files 8CA format.

2. Symbolical names can be used in the inventory list fronsiver1.1.3 on. Elemental
and special identifiers are available from version 1.1.10lbthe list is empty, only
material total values are printed.

3. The code looks for the daughter nuclide cross sectionlibagaies in the ACE direc-
tory file. It is important that the directory file contains aamg nuclides as possible.

4. Mode 2 (matrix exponential solution) is available anddubg default from version
1.1.0 on.

5. Itisimportant to use the predictor-corrector step iresasvolving burnable absorbers.

6. The environment variable feature is available from caelsion 1.1.8 on.
SEE ALSO:

1. Setting up the cross section library file path ($ed. 5.4agenY).
2. Description of the CRAM method in ReﬂZl].

8.5 Output in independent mode

The burnup calculation output in the independent calcuatnode is written in Matlab m-
file format in file “<i nput >_dep. nf, where<i nput > is the name of the input file. The
variables are summarized in Table]8.4. The number of burtegs$sN and the number of
inventory nuclided. The material-wise parameters are printed for each depiatgerial.

IMPORTANT NOTES ON OUTPUT:
1. If the predictor-corrector method is used, the matemahgositions are given at the

beginning of each step. The transmutation cross secti@sarequivalent with the
corrected values used for solving the depletion equations.

2. The variable names are slightly different in the preaséversion 1.0.0 of the Ser-
pent code (corrected in version 1.0.1).

3. The “lost” in the output file refers to data that is lost taafined nuclides.
SEE ALSO:

1. Setting up burnup inventory list (Séc. 8]4.6 on dagée 115).
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Table 8.4: Variables in the Matlab m-format burnup calcidatoutput file.

| Variable Size Contents |
BU (1, N) Cumulative burnup in MWd/kgU
DAYS (1, N) Cumulative burn time in days
i <ZAl > 1 Table index for nuclide<ZAl >”
i TOT 1 Table index for total values
i LOST 1 Table index for lost data
ZAl (I +2,1) Nuclide ZAl's
NAMVES (I +2,8) Nuclide names (character strings)
MAT _<mane> VOLUME (1, N) Volume of material <mmane>"
MAT_<mane>_FLUX (1, N) Volume-integrated flux in materiaknmane>”"
MAT_<mane>_ADENS (I +2, N) Atomic densities in materiakmmane>"
MAT_<mane> MDENS (I + 2, N) Mass densities in materiakfmane>"
MAT <mane> A (I +2, N) Activities in material ‘<mmane>"
MAT_<mane> H (I +2, N) Decay heat in materiakmmane>"
MAT_<mane>_ FI SSXS (I +2, N) (n,f) cross sections in materiakfmane>”"
MAT _<mane> CAPTXS (I +2,N) (n,y)cross sections in materiakfmane>"
MAT_<mane>_N2NXS (I +2, N) (n,2n) cross sections in materiatfmane>"
TOT_VOLUVE 1 Total volume of depleted materials
TOT_ADENS (I +2, N) Total averaged atomic densities
TOT_MASS (I +2,N) Total mass
TOT_A (I +2, N) Total activities
TOT_H (I +2,N) Total decay heat

8.6 Output in coupled mode

8.7 Burnup calculation examples

8.7.1

Material and lattice examples

A simple assembly burnup calculation consisting of two ges:

% --- Fuel pin:
pin 1
uo2 0. 4025
cl ad 0. 4750
wat er

% --- Gd-pin:
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pin 3
ud 0. 4025
cl ad 0. 4750
wat er

% --- Quide tube:
pin 4

wat er 0.5730

t ube 0.6130
wat er

%--- Pin lattice:

lat 110 1 0.0 O.

o
=
\‘

PR RRPRRRPRRPRPRRPRPRRRERRRERR
PR RPRRPRRPRRPRRPRREPRPRRRPEPRRERR
PRPRRPRRPOANRRPARPRRPDMNWORRERR
PRRPRARRPRRPORRPRREIANRERR
PR WRRRPRRPRPRRPRPRREPRLWRR
PRDMRRPAMRRPAMRPRRPDIMRPRDIRR
P RPRRPRRPRRPRPORPRRPRRPORRPRRRERR
PR R RPRRPRRPRPRREPRPRPEPRRERR
PRPDMWRAMRPRRPARPRRPDIMRPLPWOARR
P RRRPRRRPRRPRPRRPRPRRREPRRERR
P RRPRRPRRPRPORRPRRPORRPRRRERR
PRPRMRPRRPRAMRRPARRPIMNRRLRDNRR
PR WRRRPRRPRREPRPRREPRLRWRR
RPRPRRPRARRPRRPORRPRRERARRR
PRPRRPRRPROMRPRRPARRPDMNWRRERPR
PR RRPRRPRRPRRPRPRREPRPRRRERRRERR
PR RPRRPRRPRRPRRPRREPRPRREPRRERR

=S
1
[
1

Fuel in normal pi

mat UO2 6. 7402E- 02
92234.09c 9.1361E-06
92235.09c 9. 3472E- 04
92238.09c 2.1523E-02
8016. 09c 4. 4935E-02

% --- Fuel in Gd pins,
mat UOR2Gd 6. 8366E-02

92234.09c 4. 2940E-06
92235.09c 5. 6226E-04

=
\l

1. 265

ns, no division into rings:

burn 1

division into 10 rings:

burn 10
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92238. 09c 2. 0549E-02
64154.09c 4.6173E-05
64155. 09c 2. 9711E-04
64156. 09c 4. 1355E-04
64157. 09c 3. 1518E-04
64158. 09c 4. 9786E-04
64160. 09c 4. 3764E-04
8016. 09c 4. 5243E-02

Similar case, but each lattice position treated as a sepadealetion zone, taking into account
the 1/12 symmetry of the pin layout:

% --- Fuel pins:
pin 10

uo2 0. 4025
cl ad 0. 4750
wat er

pin 11

uo2 0. 4025
cl ad 0. 4750
wat er

(identical definition of pins 12-45 omitted for sinpicity)

% --- Cd- pins:

pin 50

ud 0. 4025
cl ad 0. 4750
wat er

pin 51

uczcd 0. 4025
clad 0. 4750
wat er

pin 52

ucz & 0. 4025
cl ad 0. 4750
wat er
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% --- Quide tube:

pin 90

wat er 0.5730

t ube 0.6130

wat er

% --- Pin lattice:

lat 110 1 0.0 0.0 17 17 1.265

45 44 43 42 41 40 39 38
44 36 35 34 33 32 31 30
43 35 28 27 52 90 26 25
42 34 27 90 24 23 22 21
41 33 52 24 20 19 18 17
40 32 90 23 19 90 15 14
39 31 26 22 18 15 50 13
38 30 25 21 17 14 13 11
37 29 90 51 16 90 12 10
38 30 25 21 17 14 13 11
39 31 26 22 18 15 50 13
40 32 90 23 19 90 15 14
41 33 52 24 20 19 18 17
42 34 27 90 24 23 22 21
43 35 28 27 52 90 26 25
44 36 35 34 33 32 31 30

37
29
90
51
16
90
12
10
90
10
12
90
16
51
90
29
37

ns,

38
30
25
21
17
14
13
11
10
11
13
14
17
21
25
30
38

no

45 44 43 42 41 40 39 38

% --- Fuel in normal p

mat UO2 . 7402E-02 burn 1
92234. 09c . 1361E- 06

92238. 09c . 1523E- 02

6
9
92235.09c 9. 3472E-04
2
8016. 09c 4. 4935E-02

% --- Fuel in Gd pins,
mat UO2Gd 6. 8366E-02 burn 10
92234.09c 4. 2940E- 06
92235.09c 5.6226E-04
92238. 09c 2. 0549E-02
64154. 09¢c 4.6173E-05
64155.09c 2.9711E-04
64156. 09c 4. 1355E-04
64157.09c 3. 1518E-04
64158. 09¢c 4. 9786E-04

39
31
26
22
18
15
50
13
12
13
50
15
18
22
26
31
39

40
32
90
23
19
90
15
14
90
14
15
90
19
23
90
32
40

41
33
52
24
20
19
18
17
16
17
18
19
20
24
52
33
41

di vi si on

42
34
27
90
24
23
22
21
51
21
22
23
24
90
27
34
42

43
35
28
27
52
90
26
25
90
25
26
90
52
27
28
35
43

44
36
35
34
33
32
31
30
29
30
31
32
33
34
35
36
44

45
44
43
42
41
40
39
38
37
38
39
40
41
42
43
44
45

into rings:

division into 10 rings:
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64160. 09c 4. 3764E-04
8016. 09c 4. 5243E-02

8.7.2 Irradiation history examples
Irradiation at constant power density, cumulative burneps

set powdens 40. 0E-3
dep but ot

. 10000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
9. 50000
10. 00000
10. 50000
11. 00000
11. 50000
12. 00000
12. 50000
13. 00000
13. 50000
14. 00000
14. 50000
15. 00000
20. 00000
25. 00000
30. 00000
35. 00000

OO ~N~NOOO OO, WWNNREPRELPOO
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40. 00000

Similar case with step size given and history divided inta&diation intervals with cooling
period. Nuclide inventory is traced for 1000 years afterftied is removed from the reactor:

% --- Cycle 1: 650 ppm boron, final burnup 13.5 MA/ kgU

set powdens 40. 0E-3
set abs boron -650E-6 water

dep bustep

. 10000
. 40000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000
. 50000

ecNeoNeololNeoNololNolNololoNololoNolNollolNololNolololNollolNolNolNolNol

% --- Downtine for 80 days:

set powdens 0.0
set abs boron -650E-6 water

dep daystep 80
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% --- Cycle 2: 300 ppm boron, final burnup 25.0 MA/kgU

set powdens 40. 0E-3
set abs boron -300E-6 water

dep bustep

. 50000
. 50000
. 50000
. 00000
. 00000

o101 O OO

% --- Downtine for 80 days:

set powdens 0.0
set abs boron -300E-6 water

dep daystep 80
% --- Cycle 3: no boron, final burnup 40.0 MA/ kgU

set powdens 40. 0E-3
set abs boron 0.0 water

dep bustep

5. 00000
5. 00000
5. 00000

% --- Decay after fuel is renoved fromthe reactor
dep decstep

365 % 1. year
365 % 2. year
365 % 3. year
365 % 4. year
365 % 5. year
365 % 6. year
365 % 7. year
365 % 8. year
365 % 9. year
365 % 10. year
3650 % 20. year
3650 % 30. year
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3650
3650
3650
3650
3650
3650
3650
36500
36500
36500
36500
36500
36500
36500
36500
36500

% 40.
% 50.
% 60.
% 70.
% 80.
% 90.

% 100.
% 200.
% 300.
% 400.
% 500.
% 600.
% 700.
% 800.
% 900.
% 1000. year

year
year
year
year
year
year
year
year
year
year
year
year
year
year
year



Chapter 9

External Source Mode

9.1 General

External source simulation mode, available from versidnlil on, can be used to replace the
k-eigenvalue criticality source method in sub-critical armh-multiplying systems. Instead
of performing power iterations on the fission source, alll'sewneutrons are started from a
user-defined distribution. The calculation mode is actigldty replacing thegop” input
parameter (see Séc.b.2 on phge 53) with:

set nps <Nsrc> [ <Nbatch> ]

where <Nsrc> is the total number of source neutrons run
<Nbat ch> is the number of batches run

By default, the simulation is run by dividing the source siz®i200 batches. Apart from the
source definition, described in the following section, thtemal source simulation works
very similar to the criticality source method. All featurescluding detectors and burnup
calculation are available.

IMPORTANT NOTES ON EXTERNAL SOURCE SIMULATION:

1. The calculation mode is available from version 1.1.11ad still very much under
development.

2. External source simulations can only be run in non-milyitig or sub-critical systems.
Geometries withk.¢ > 1 produce infinite multiplication and the simulation divesge
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9.2 Source definition

The external source simulation requires one or severatsadefinitions. A user-defined
source can also be used as the initial guess for criticadityce calculations (see Séc.]5.2).
The syntax for the source definition is:

Src <nanme> <param 1> <param 2> ...

where <nane> is the source name
<param 1> <param 2> ... are the source parameter sets

The parameters are listed in Table]9.1 and they can be cothbingdifferent ways as de-
scribed in the following subsections. If multiple sources ased, the relative importances
are determined by the weights, set to unity by default.

Table 9.1: Detector parameters.

| Param. Description Comments |
S Source weight Determines the relative importance of thecgou
sc Source cell Defines the cell where the neutrons are started
sm Source material Defines the material where the neutronsated
sp Source point Defines the coordinates of a point source
SX, Sy, Sz Source boundaries Defines the boundaries of the sourcédigin
sd Source direction Defines the source direction vector
se Source energy Multiple uses
sb Source energy bins Defines a bin-wise energy spectrum
Sr Source reaction Defines the source reaction
Ss Source surface Defines a surface source

9.2.1 Setting the Spatial Distribution

If spatial distribution is not defined, neutrons are stadadormly all over the geometry.
The sampling volume can limited by setting the boundaries,ig- and z-directions using:
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Src <name> sx <x0> <x1> sy <y0> <yl> sz <z0> <z1>

where <name> isthe source name

<x0> is the minimum boundary in x-direction
<x1> is the maximum boundary in x-direction
<y0> is the minimum boundary in y-direction
<yl> is the maximum boundary in y-direction
<z0> is the minimum boundary in z-direction
<z1> is the maximum boundary in z-direction

The source can be defined by a single cell using:

src <nanme> sc <cell >

where <name> is the source name
<cel | > isthe cell where the neutrons are started

or to a single material using:

src <nane> sm <mat >

where <nane> is the source name
<mat > is the material where the neutrons are started

The cell and material definitions can be used in combinatiidim the boundaries set by “sx”,
“Sy” and “SZ”_

An alternative to a volume source is the point source, defased

Src <nane> sp <xX> <y> <z>

where <name> is the source name

<> is x-coordinate of the point source
<y> is y-coordinate of the point source
<z> is z-coordinate of the point source

Surface sources can be defined as:

src <nane> ss <surf>

where <nane> isthe source name
<surf > isthe source surface

The surface is defined using the “surf” card (see Bet. 3.2 ge[pf). Positive and negative
entries refer to neutrons being emitted in the directionasfifove and negative surface nor-
mal, respectively. The feature is available from versidh15 on, and the allowed surface
types include sphere (“sph”) and cylinder (“cyl”).
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9.2.2 Setting the Directional Distribution

By default, all source neutrons in point and volume sourceseanitted isotropically. To
define a mono-directional source, the direction vector @seb by the “sd” parameter:

src <nane> sd <u> <v> <w>

where <name> is the source name

<u> is direction cosine in the x-direction
<v> is direction cosine in the y-direction
<wW> is direction cosine in the z-direction

Directional distributions will be added in future code verss.

9.2.3 Setting the Energy Distribution

A mono-energetic source is defined by setting the “se” parame

src <nane> se <BE>

where <name> isthe source name
<BE> IS neutron energy

By default, the emission energy is setto 1 MeV.
Another option is to take the energy distribution from a eaclreaction using the “sr” option:

src <nanme> sr <jso> <nt>

where <i so> s the nuclide identifier
<nt > is the reaction mt

The reaction can be any scattering or fission reaction fockwvtiie distribution data exists in
the ACE format data (notice that this is not the case for elastattering and inelastic level
scattering). If source energy is defined using the “se” optibe value is used as the energy
of the incoming neutron when the emission energy is samgketthe value is not set, the
minimum value allowed by the distribution is used.

The third option is to define discrete energy bins as:

src <nane> sb <nb> <EO0> <w0> <E1> <wl> ... <En> <wn>

where <nb> isthe number of source energy bins
<Ei > are the energy bin boundaries
<wi > are the bin weights

The code samples the energy bin according to the probatditulated from the bin weights,
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and the energy uniformly between the bin boundaries. Theggrentries correspond to the
upper boundaries of each bin, and the weight of the first bistine set to zero. The feature
is available from version 1.1.15 on.

9.2.4 Source files

Source distribution can be read from a file using:

src <name> sf <file> <type>

where <nane> isthe source name
<file> isthe source file
<t ype> s the file type (must be 1)

The source file contains coordinates, direction cosinestggnweight and time for every
source neutron, one entry per line. This feature was addeelrgion 1.1.17, and the format
of the source file may change in later updates.

9.3 Source Examples

Source definition using default parameters — isotropic, sremergetic 1 MeV source, uni-
formly distributed over the geometry:

src 1
Setting the spatial and directional distribution:

% Uni form source in a cuboid:

src 2 sx -1.0 1.0sy -1.0 1.0 sz -1.0 1.0

% Source in cell:

src 3 sc 1

% Source in material, bounded in axial direction:

src 4 smfuel sz -10.0 10.0

% Poi nt source in origin, directed in the positive x-axis:

src 5sp 0.00.00.0sd1.00.00.0
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Setting the energy distribution:

% Three point sources with different energy and inportance

src 6 sw0.5sp 0.00.00.0se 1.0
src 7 sw0.3sp1.00.00.0se 2.0
src 8 sw0.2 sp 0.0 1.00.0se 3.0

% U-235 fission source in material fuel:

src 9 sc fuel sr 92235.03c 18

% U- 238 fission source induced by 14 MeV neutrons:
src 10 sr 92238.03c 18 se 14.0

% Hi st ogram energy distribution defined using 5 bins:

src 6 sb 5

1E-11 0.0 % Energy bel ow 1E-11 MeV (wei ght nust be zero)
1E-6 0.5 % Between 1E-11 and 1E-6 MeV, weight 0.5

1E-3 1.0 % Between 1E-6 and 1E-3 MeV, weight 1.0

1.0 2.0 % Between 1E-3 and 1.0 MeV, weight 2.0

20.0 1.0 % Between 1.0 and 20.0 MeV, weight 1.0



Chapter 10

Reaction rate mesh plotter

10.1  Mesh input

Serpent has a built-in capability to visualize the neutrsnn thermal systems by plotting
the fission power and thermal flux distributions in a singlg graphics file. The parameters
for a reaction rate mesh plotter are defined as:

mesh <or> <nx> <ny> [ <synp <x0> <x1> <y0> <yl> <z0> <z1> ]

where <or > isthe orientation of the plot plane (1, 2 or 3)
<nx> is the width of the plot in pixels
<ny> s the height of the plot in pixels
<syn® is the symmetry option (0, 2, 4 or 8)
<x0> is the minimum value of the x-coordinate
<x1> is the maximum value of the x-coordinate
<y0> is the minimum value of the y-coordinate
<yl> isthe maximum value of the y-coordinate
<z0> is the minimum value of the z-coordinate
<z1> is the maximum value of the z-coordinate

The code calculates reaction rates inkarx>by <ny> mesh, and projects tha data accord-
ing to the orientation of the plot plane, defined as:

1. yz-plot (perpendicular to the x-axis)

2. xz-plot (perpendicular to the y-axis)

3. xy-plot (perpendicular to the z-axis)

If the optional coordinate boundaries are not given, theecoses the boundaries of the
defined geometry.
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The symmetry option can be used to attain better statistibe. symmetry types are illus-
trated in Fig[5.]1 on pade b3, and only options 0, 2, 4 and 8lameed with mesh plots. The
option is set to zero by default (ho symmetry).

10.2 Mesh output

Output is written in a png format file<i nput >_nesh<n>. png”, where<i nput > is the
name of the input file andn> is the plot index. Burnup mode produces new plots for each
depletion step. The files are named ‘hput >_nmesh<n>_bst ep<n®. png”, where<ne

is the step index.

The colour scheme consists of “hot” shades of red and yeliepresenting relative fission
power, and “cold” shades of blue, representing relativentiaé flux (flux below 0.625 V).
The normalization is fixed after the first burnup step, so geann flux and power level can
be observed in the color schemes. Examples of reaction regé plots can be found at the
Serpent website: http://montecarlo.vtt.fi/developnient.

IMPORTANT NOTES ON REACTION RATE MESH PLOTTER:
1. The mesh plots are subject to random noise, and the figemsrie smoother along
with better statistics.

2. The geometry plotter uses the GD open source graphica?yit@], which must be
installed in the system.

3. The plotter produces png (portable network graphicsh&troutput files.
SEE ALSO:

1. Compiling Serpent (Selc. 1.1 on page 8)
2. The GD open source graphics libraht:t p: / / www. | i bgd. or g

3. Mesh plot gallery at Serpent website:
http://nmontecarlo.vtt.fi/devel opnment. htm



Chapter 11

Complete Input Examples

11.1  Quick start

For an experienced Monte Carlo code user the easiest way tstagétd with Serpent is
to look at the lattice input examples in the following sulis®ts. Installation and running
the code is described in Chapkér 1 and a general descriptithre dfiput syntax is given in
ChaptefR. The input cards used in the example cases include:

Fuel pin definitions (Se€._3.4 on pdgeé 27)

— Lattice definitions (Se€._3.6 on pdgd 28)

— Surface definitions (Selc._3.2 on pagé 19)

— Cell definitions (Se¢._3.3 on pagel 24)

— Material definitions (Se€.4.1.2 on pdge 48, see alsd SEd)4.
— Thermal scattering libraries (Séc.14.2 on page 49)

— Soluble absorber (Séc. 5114 on phgk 69)

— File paths (Se¢. 5.4 on palge 57)

— Neutron population and criticality cycles (SEC]5.2 ongiag)
— Boundary conditions (Selc. 5.7 on pagé 59)

— Parameters for group constant generation (Sek. 5.9 origdhge
— Detectors (Chaptdrl 7 on pdgé 95)
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The examples describe the three main lattice types: squar&éexagonal lattices and the
circular cluster array. All geometries are two-dimenslaral infinite in the axial direction.

The VVER-440 example in SeC. 11.11.1 demonstrates the useluflsmbsorber and the
calculation of various spectral quantities using detectofFhe BWR case in Sec. 11.11.2
demonstrates the calculation of fast neutron flex{ 1 MeV) in cladding and flow channel
walls.

A more complicated mixed UOX/MOX lattice example is giverSac[IT.T}4. The homog-
enization is carried over the central MOX assembly, but the af a simple infinite MOX
lattice would result in a distroted flux spectrum near therfolawy between the two fuel types.

The input format is free and unrestricted. The only lim@atis that command words must
be separated by one or more white space characters. Due tmitlegse-based approach,
similarities to MCNP input files are easy to see. To differatetifrom the other examples,
the mixed lattice case in Séc. 11]1.4 is prepared followit§@ALE-style” formulation.

More example cases are available at the Serpent webspe/itntecarlo.vtt.fi

11.1.1 VVER-440 lattice calculation

% --- VWER-440 Assenbly ---------mmmmm e
set title "VWER-440"
% --- Fuel pin with central hole:

pin 1
voi d 0. 08000
fuel 0. 37800
voi d 0. 38800
cl ad 0. 45750
wat er

% --- Central tube:
pin 2

wat er 0. 44000

cl ad 0. 51500

wat er

% --- Enpty lattice position:

pin 3
wat er
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% --- Lattice (type = 2, pin pitch = 1.23 cm:

lat 10 2 0.0 0.0 15 15 1.23
333333333333333
333333311111113
333333111111113
333331111111113
333311111111113
333111111111113
331111111111113
311111121111113
311111111111133
3111111111113 33
3111111111133 33
311111111133333
311111111333333
311111113333333
333333333333333

% --- Surfaces (assenbly pitch = 14.7 cm:
surf 1 hexyc .100 9% Shroud tube inner radius

0.0 0.0 7
surf 2 hexyc 0.0 0.0 7.250 9% Shroud tube outer radius
surf 3 hexyc 0.0 0.0 7.350 % Quter boundary

% --- Cells:

cel | 1 0 fill 10 -1 % Pinlattice
cell 4 0 tube 1 -2 % Shroud tube

cel | 5 0 water 2 -3 % Water in channel
cell 99 0 outside 3 %CQutside world
% --- U2 fuel enriched to 3.6 wt-% U 235;

mat fuel -10. 45700

92235. 09¢c -0. 03173
92238. 09c - 0. 84977
8016. 09c -0. 11850

% --- Zr-Nbo cl addi ng and shroud tube:

mat cl ad - 6. 55000
40000. 06¢ - 0. 99000
41093. 06¢C -0. 01000

mat tube -6. 58000
40000. 06¢C -0. 97500
41093. 06¢C -0. 02500
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% --- Water:

mat wat er -0.7207 noder Iwtr 1001
1001. 06¢ 2.0
8016. 06¢ 1.0

% --- Thermal scattering data for l[ight water:

thermIiwtr |w3. 11t

% --- Natural boron (used as sol ubl e absorber):
mat boron 1.0

5010. 06¢ 0.2

5011. 06¢ 0.8
% --- 650 ppm sol ubl e absorber in water:

set abs boron -650E-6 water
% --- Cross section library file path:

set acelib "/xs/sss_jeff3l. xsdata"

% --- Periodic boundary condition:
set bc 3
% --- Group constant generation:

% uni verse = 0 (honobgeni zati on over all space)
% symetry = 12

% 2-group structure (group boundary at 0.625 eV)

set gcu O
set sym 12
set nfg 2 0.625E-6

% --- Neutron population and criticality cycles:

set pop 2000 500 20
% --- Geonetry and nesh plots:

pl ot 3 500 500
mesh 3 500 500
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0% - - -
ene 1
% - - -
det 1
0% - - -
det 2
det 3
det 4
% - - -
det 5

det 6
det 7

Detector energy grid (uniformlethargy):

3 1000 1E-9 12.0

Fl ux per |ethargy:

de 1 dt -3

Differential capture, fission and production spectra:
de 1 dt -2 dr -2 void

de 1 dt -2 dr -6 void

de 1 dt -2 dr -7 void

Integral capture, fission and production spectra:

de 1 dt -1 dr -2 void

de 1 dt -1 dr -6 void
de 1 dt -1 dr -7 void

11.1.2 BWR lattice calculation

% - - -

Asymetric BWR assenbly with Gd-pins -------------------

set title "BWR+C"

% - - -

pin 1
fuel 1
voi d
cl ad
cool

pin 2
fuel 2
voi d
cl ad
cool

pin 3
fuel 3
voi d
clad

Fuel Pin definitions:

4. 33500E-01
. 42000E- 01
5. 02500E- 01

IS

4. 33500E-01
. 42000E- 01
. 02500E- 01

[S2 N

4. 33500E-01
4. 42000E- 01
5. 02500E- 01



11.1 Quick start 138

cool

pin 4

fuel 4 4.33500E-01

voi d 4. 42000E- 01

cl ad 5. 02500E- 01

cool

pin 5

fuel 5 4.33500E-01

void 4.42000E-01

cl ad 5. 02500E- 01

cool

pin 6

fuel 6 4.33500E-01

void 4.42000E-01

cl ad 5. 02500E- 01

cool

pin 7

fuel 7 4.33500E-01

voi d 4.42000E-01

clad 5. 02500E- 01

cool

% --- Enpty lattice position:
pin 9

cool

% --- Lattice (type = 1, pin pitch = 1.295):
lat 10 1 0.0 0.0 12 12 1.295
9999999999099
912355555329
9235666675149
9357676666529
9566666676¢69
9567699967629
9566699966¢629
9566699966¢629
9576766676529
9356676666509
924566665539
999999999999

% --- Quter channel (assenbly pitch = 15.375):
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surf 1 sqc 0.0 0.0 6. 70000
surf 2 sqc 0.0 0.0 6. 93000
surf 3 sqc -0.233 -0.233 7.68750

% --- Channel inside assenbly:

surf 4 sqc 0.6475 0.6475 1.6742
surf 5 sqc 0.6475 0.6475 1.7445

% --- Cell definitions:

cel | 1 0 noder -4

cell 2 0 box 4 -5 9% Mbder at or

cel | 3 0 fill 10 -1 5 %Pinlattice

cell 4 0 box 1 -2 9% Channel box wal

cel | 5 0 noder 2 -3 % Water outside channel
cell 99 0 outside 3 % CQut si de worl d

% --- Fuel materials:

mat fuel 1 -10. 424
92235. 09¢ -0. 015867
92238. 09c¢ - 0. 86563

8016. 09c -0.1185

mat fuel 2 -10. 424
92235. 09¢ -0.018512
92238. 09¢c -0. 86299

8016. 09c -0.1185

mat fuel 3 -10. 424
92235. 09¢ -0. 022919
92238. 09¢ - 0. 85858

8016. 09c -0.1185

mat fuel4  -10.424
92235. 09c - 0. 026445
92238. 09c - 0. 85505
8016. 09c -0. 1185

mat fuel 5 -10. 424
92235. 09¢ -0. 029971
92238. 09¢ -0. 85153

8016. 09c -0.1185

mat fuel 6 -10. 424
92235. 09c -0. 032615

% Wat er i nsi de noderat or channel
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92238. 09c -0. 84888
8016. 09c -0. 1185

% --- Fuel with &d:

mat fuel 7 -10. 291

92235. 09c -3.13109E-02
92238. 09c -8.14929E- 01
64152. 09c - 6. 70544E- 05
64154. 09c -7.13344E-04
64155. 09c -5. 06012E- 03
64156. 09c -7.08860E-03
64157. 09c -5.43718E- 03
64158. 09c -8.64341E- 03
64160. 09c -7.69426E-03
8016. 09c -1. 19056E- 01

% --- C adding and channe

mat cl ad -6.55

40000. 06¢C -0.98135
24000. 06¢ -0. 00100
26000. 06¢ -0. 00135
28000. 06¢ - 0. 00055
50000. 06¢c -0. 01450
8016. 06¢C -0.00125

mat box -6.55

40000. 06¢C -0.98135
24000. 06¢ -0. 00100
26000. 06¢ -0. 00135
28000. 06¢ - 0. 00055
50000. 06¢c -0. 01450
8016. 06¢C -0. 00125

% --- Coolant (40% void fraction):

mat cool -0. 443760 noder
1001. 06¢ 0. 66667
8016. 06¢C 0. 33333

% --- Mbderator:

mat noder -0.739605 noder
1001. 06¢ 0. 666667
8016. 06¢C 0. 333333

% --- Thernmal scattering data for

box wall :

light water:
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thermIiwtr |w3. 11t
% --- Cross section data library file path:

set acelib "/xs/sss_jeff3l. xsdata"

% --- Reflective boundary condition:
set bc 2
% --- group constant generation:

% uni verse = 0 (honogeni zati on over all space)
% symetry = 4

% 4-group structure (3 group boundari es)

set gcu O

set sym 4

set nffg 4 0.625E-6 5.5E-3 0.821

% --- Neutron population and criticality cycles:
set pop 2000 500 20

% --- Ceonetry and nesh plots:

pl ot 3 500 500
nmesh 3 500 500

% --- Total power for normalization:
set power 1.96329E+04
% --- Detector energy grid (1 bin, E> 1.0 MV):

ene 1 1 1.0 20

% --- Average fast flux in cladding:
det 1

de 1 % Use energy grid 1

dm cl ad % Score in material "clad"

dv 16.3361 % Volune for nornalization
%--- Pin-wise fast flux in cladding:

det 2
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de 1 % Use energy grid 1
dm cl ad % Score in material "clad"
dl 10 % Lattice bins in lat 10

dv 0.17952 % Volune for nornalization

% --- Fast flux in inner noderator channel wall:
det 3

de 1 % Use energy grid 1

dc 2 % Score in cell 2

dv 0.96134 % Volune for nornalization

% --- Fast flux in outer channel wall:
det 4

de 1 % Use energy grid 1

dc 4 % Score in cell 4

dv 12.5396 % Volune for nornalization

11.1.3 CANDU lattice calculation

% --- CANDU cluster ---------ccccccmmmccmee oo

set title " CANDU
% --- Fuel pin:

pin 1

fuel 0.6122
clad 0.6540
cool

% --- Lattice (type =4, 4 rings, 3rd ring rotated 15 deg.):

lat 10 4 0.0 0.0 4

1 0.0000 0.0

6 1.4885 0.0 1
5.0 1
0.0

1

12 2.8755 1
18 4.3305

e e
e
B
e
R e

111111
111111111111
% --- Surfaces (core pitch = 18.191 cnj:

16890 % Pressure tube inner wall
60320 % Pressure tube outer wall

surf 1 cyl O

.0 0.0 5.
surf 2 cyl 0.0 0.0 5.
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surf 3 cyl 0.0 0.0 6.44780 % Cal andria tube inner wall
surf 4 cyl 0.0 0.0 6.58750 % Cal andria tube outer wall
surf 5 sqc 0.0 0.0 9.09570 % Quter boundary

% --- Cells:
cell 12 0 fill 10 -1 % Pin lattice
cell 2 0 tube 1 -2 %Pressure tube
cell 3 0 void 2 -3 %Void between tubes
cell 4 0 caltube 3 -4 Y% Calandria tube
cell 5 0 noder 4 -5 9% Moder ator channel
cell 6 0 outside 5 % Qut si de worl d
% --- Fuel (U®, natural uranium O0.7% U 235):
mat f uel -10. 4375010

8016. 09c -1.18473E+1
92235. 09¢c -6.27118E-1
92238. 09c -8. 75256E+1

% --- C adding:

mat cl ad -6.44
25055. 06¢ -1. 60000E-1
28000. 06¢ - 6. 00000E-2
24000. 06¢ -1. 10000E-1
40000. 06¢ -9.97100E+1
5010. 06¢C -5.7409e- 05
5011. 06¢c -2.5259E-04
% --- Pressure tube:
mat tube -6. 57
40000. 06¢ - 9. 75000E+1
5010. 06¢c - 3. 8889E-05
5011. 06¢ -1.7111E-04
% --- Cal andria tube:

mat cal tube -6.44

25055. 06¢ -1. 60000E-1
28000. 06¢ - 6. 00000E- 2
24000. 06¢ -1.10000E-1
40000. 06¢c -9. 97100E+1
5010. 06¢ -5.7409e-05
5011. 06¢ -2.5259E- 04

% --- Cool ant water:
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mat cool -0.812120 noder Iwtr 1001 noder hwtr 1002
8016. 06¢ -7.99449E-1
1002. 06¢c -1.99768E- 1
1001. 06¢ -7.83774E- 4
% --- Moderator water:
mat noder -1.082885 noder Iwtr 1001 noder hwtr 1002
8016. 06¢C -7.98895E-1
1002. 06¢c -2.01016E-1
1001. 06¢c - 8. 96000E- 5
% --- Thermal scattering data for |ight and heavy water:
thermIiwtr |w 3. 11t
thermhwtr hw 3. 11t

% --- Cross section data library file path:
set acelib "/xs/sss_jeff3l. xsdata"

% --- Periodic boundary condition:

set bc 3

% --- group constant generation:

% uni verse = 0 (honogeni zati on over all

% symmetry = 2
% 4-group structure (3 group boundari es)

space)

set gcu O
set sym 2
set nfg 4 0.625E-6 5.5E-3 0.821

% --- Neutron population and criticality cycles:
set pop 2000 500 20
% --- Ceonetry and nesh plots:

pl ot 3 500 500
mesh 3 500 500
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11.1.4 Mixed UOX/MOX PWR lattice calculation

% --- PWR MOX/UOX | attice (SCALE-style input formulation) ----
%--- Problemtitle:

set title "MOX assenbly in UOX |attice"

%--- Cross section library file path:

set acelib "/xs/sss_jeff3l.xsdata"

% --- Material definitions ("conp block"):
% --- UOX fuel, initial enrichnent 3.25% burnup 25 MA/ kgU
mat U2 6. 585000E- 02
92235. 09c¢ 3. 0000E- 04
92236. 09c¢ 8. 0000E- 05
92238. 09c¢ 2. 0000E- 02
93237. 09c 7. 1000E- 06
94238. 09c¢ 1. 7000E- 06
94239. 09c¢ 1. 2000E- 04
94240. 09c¢ 3. 8000E- 05
94241. 09c 2. 1000E- 05
94242. 09c¢ 5. 3000E- 06
95241. 09c 4. 2000E- 07
54131. 09c¢ 1. 4000E- 05
54135. 09c 8. 0000E- 09
63153. 09¢c 2. 8000E- 06
62149. 09¢c 9. 0000E- 08
45103. 09c 1. 8000E- 05
60143. 09¢c 2. 5000E- 05
55133. 09c¢ 3. 5000E- 05
64155. 09¢ 8. 4000E- 10
43099. 09c 3. 2000E- 05
42095. 09¢c 3. 2000E- 05
61147. 09c 6. 4000E- 06
62150. 09c¢ 7. 5000E- 06
62151. 09c 4. 1000E- 07
62152. 09¢ 3. 2000E- 06
8016. 09c 4. 5100E- 02

% --- Low Pu-content (2.9% MOX fuel
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mat MOX1 6. 702700E- 02
92234. 09c 4. 3391E- 07
92235. 09¢c 4. 9682E- 05
92236. 09c 8. 6782E- 07
92238. 09c 2. 1644E- 02
94238. 09c 5. 4861E- 06
94239. 09c 4. 3144E- 04
94240. 09c 1. 3387E-04
94241. 09c 4. 8185E- 05
94242. 09c 1. 8859E- 05
95241. 09c 9. 1090E- 06
8016. 09c 4. 4685E- 02
% --- Medium Pu-content (4.4% MOX fuel:
mat MOX2 6. 702100E- 02
92234. 09c 4. 2718E- 07
92235. 09¢c 4.8271E- 05
92236. 09c 8. 5435E- 07
92238. 09c 2. 1309E- 02
94238. 09c 8. 1476E- 06
94239. 09¢c 6. 5555E- 04
94240. 09c 2. 0151E-04
94241. 09c 7. 4065E- 05
94242. 09c 2. 7751E- 05
95241. 09c 1. 4626E- 05
8016. 09c 4. 4681E- 02
% --- High Pu-content (5.6% MOX fuel
mat MOX3 6. 701800E- 02
92234. 09c 4. 2175E- 07
92235. 09¢c 4. 9766E- 05
92236. 09c 8. 4350E- 07
92238. 09¢c 2.1037E- 02
94238. 09c 1. 0815E- 05
94239. 09¢c 8. 3501E- 04
94240. 09c 2.5798E- 04
94241. 09c 9. 4430E- 05
94242. 09c 3.6112E-05
95241. 09c 1. 7374E- 05
8016. 09c 4. 4678E- 02
% --- Zircaloy in cladding and gui de tube:
mat can 4. 004642E-02

40000. 06¢c 3. 9550E- 02
26000. 06¢ 1. 3830E- 04
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24000. 06¢ 7.0720E- 05
8016. 06¢C 2.8740E- 04

% --- Water with 550 ppm boron:
mat wat er 7.088200E-02 noder Iwtr 1001
1001. 06¢ 4. 7240E- 02
8016. 06¢C 2. 3620E- 02
5010. 06¢c 4. 3210E- 06
5011. 06¢ 1. 7390E- 05

% --- Thermal scattering data for |ight water:

thermIiwtr |w 3. 11t

O/ = = = e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
% --- Parameters ("param bl ock"):

% --- Periodic boundary condition:

set bc 3

% --- Group constant generation:

% uni verse = 200 (honogeni zati on over MOX assenbly)
% symretry 8
% 2-group structure (group boundary at 0.625 eV)

set gcu 200

set sym 8

set nfg 2 0.625E-6

% --- Neutron population and criticality cycles:

set pop 2000 500 20

104 T
% --- Geometry ("geom bl ock"):

%--- UOX Pin ("unit 1"):

pin 1

uo2 0.41260
can 0. 47400
wat er
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% --- Quide tube ("unit 2"):

pin 2

water 0.57100
can 0. 61300
wat er

%--- MOX Pins ("units 3-5"):

pin 3
MOX1 0. 41260
can 0.47400
wat er

pin 4

MOX2  0.41260

can 0. 47400

wat er

pin 5

MOX3  0.41260

can 0.47400

wat er

% --- UOX-assenbly ("unit 100"):
surf 1000 sqc 0.0 0.0 10.727

cell 100 100 fill 110 -1000
cell 101 100 water 1000

% --- MOX-assenbly ("unit 200"):
surf 2000 sqgc 0.0 0.0 10.727

cell 200 200 fill 210 - 2000
cell 201 200 water 2000

%--- Core lattice ("global unit 0"):

surf 3000 sqc 0.0 0.0 21.612

cell 300 0O fill 300 -3000
cell 301 0 outside 3000

% --- Lattices ("array block"):
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UOX pin lattice:

% - - -

110 1 0.0 0.0 17 17 1.262

| at

11111111111111111
11111111111111111
11111211211211111

11121111111112111
11111111111111111
11211211211211211
11111111111111111
11111111111111111
11211211211211211
11111111111111111
11111111111111111
11211211211211211
11111111111111111
11121111111112111
11111211211211111

11111111111111111
11111111111111111

MOX pin lattice:

% - - -

lat 210 1 0.0 0.0 17 17 1.262

33333333333333333
344444444444444143
344442442 442444143
34424555555542443
344455555555544143
34255255255255243
34455555555555443
34455555555555443
34255255255255243

34455555555555443
34455555555555443
34255255255255243
3444555555555 4443
34424555555542443
344442 44244244443
34444444444444443
33333333333333333

Core lattice:

% - - -

lat 300 1 0.0 0.0 3 3 21.612
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100 100 100
100 200 100
100 100 100

%--- Plotters ("plot block"):
% --- Geonmetry and nesh plots:

pl ot 3 500 500
nmesh 3 500 500

11.2  Burnup calculation examples

11.2.1 Pin-cell burnup calculation

%--- Pin-cell burnup calculation ----------------------------
set title "Pin-cell burnup cal cul ation”

%--- Pin definition:

pin 1

fuel 0.412

cl ad 0.475

wat er

% --- Ceonetry:

surf 1 sqgc 0.0 0.0 0.665

cell 2. 0 fill 1 -1
cell 2 0 outside 1

% --- Fuel (conposition given in atom c densities):
mat fuel -10.045 burn 1

92234. 09c 6. 15169E+18

92235. 09¢c 6. 89220E+20

92236. 09c 3. 16265E+18

92238. 09c 2.17103E+22
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6012. 09c 9. 13357E+18
7014. 09c 1. 04072E+19
8016. 09c 4. 48178E+22

% --- Zircalloy cladding:

mat cl ad -6. 560

40000. 06¢c  -0.9791
50000. 06¢c -0.0159
26000. 06¢c - 0. 0050

% --- Water (conposition given in atom c densities):
mat water -0.7569 noder |wtr 1001

1001. 06¢C 5. 06153E+22

8016. 06¢C 2. 53076E+22

5010. 06¢ 2. 75612E+18

5011. 06¢ 1. 11890E+19
% --- Thermal scattering data for |ight water:

thermliwtr |w 3. 11t
% --- Cross section library file path:

set acelib "/xs/sss_jeff3l. xsdata"

% --- Periodic boundary condition:
set bc 3
% --- Group constant generation:

% uni verse = 0 (honogeni zati on over all space)
% symetry = 12

% 2-group structure (group boundary at 0.625 eV)
set gcu O

set sym 12

set nfg 2 0.625E-6

% --- Neutron population and criticality cycles:
set pop 2000 500 20

% --- Geonetry and nesh plots:

pl ot 3 500 500
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mesh 3 500 500
% --- Decay and fission yield libraries:

set declib "/xs/JEFF311RDD'
set nfylib "/xs/JEFF31NFY"

% --- Reduce energy grid size:

set egrid 5E-5 1E-9 15.0

% --- Cut-offs:

set fpcut 1E-9

set stabcut 1E-12

set ttacut 1E-18

set xsfcut 1E-6

% --- Options for burnup cal cul ation:

set bunbde 1 % TTA net hod

set pcc 1 %Predictor-corrector calculation on
set xscalc 2 % Cross sections from spectrum
set printm O % No material conpositions

% --- Depletion steps:

% Power density 40 kW kgU
% Depl etion steps given in units of total burnup

set powdens 40. OE-3

dep but ot

1
.5

= OO

5

10
15
20
25
30
35
40

%--- lsotope list for inventory cal cul ation:
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set inventory
922340
922350
922360
922380
932370
942380
942390
942400
942410
942420
952410
952430
420990
430990
441010
451030
471090
551330
621470
621490
621500
621510
621520
601430
601450
631530
641550

11.2.2 PWR assembly burnup calculation

set title "PWR Burnup Cal cul ati on Based on NEA Benchmar k"

% --- Fuel pins:
pin 10

uo2 0. 4025
cl ad 0.4750
wat er

pin 11

uo2 0.4025

cl ad 0. 4750
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wat er

pin 12

uo2 0. 4025
cl ad 0. 4750
wat er

pin 13

U2 0. 4025
cl ad 0. 4750
wat er

pin 14

uo2 0. 4025
cl ad 0. 4750
wat er

pin 15

uo2 0. 4025
cl ad 0. 4750
wat er

pin 16

uo2 0. 4025
cl ad 0. 4750
wat er

pin 17

uo2 0. 4025
clad 0. 4750
wat er

pin 18

uo2 0. 4025
cl ad 0. 4750
wat er

pin 19

uo2 0. 4025
cl ad 0. 4750
wat er

pin 20

uo2 0. 4025
cl ad 0. 4750
wat er

pin 21
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uo2 0. 4025
cl ad 0. 4750
wat er

pin 22

uo2 0. 4025
cl ad 0. 4750
wat er

pin 23

uo2 0. 4025
cl ad 0. 4750
wat er

pin 24

uo2 0. 4025
cl ad 0. 4750
wat er

pin 25

uo2 0. 4025
cl ad 0. 4750
wat er

pin 26

uo2 0. 4025
cl ad 0. 4750
wat er

pin 27

U2 0. 4025
cl ad 0. 4750
wat er

pin 28

uo2 0. 4025
cl ad 0. 4750
wat er

pin 29

uo2 0. 4025
cl ad 0. 4750
wat er

pin 30

uo2 0. 4025

cl ad 0. 4750
wat er
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pin 31

uo2 0. 4025
cl ad 0. 4750
wat er

pin 32

uoz 0.4025
cl ad 0.4750
wat er

pin 33

uo2 0.4025
cl ad 0. 4750
wat er

pin 34

uo2 0. 4025
cl ad 0. 4750
wat er

pin 35

uo2 0. 4025
cl ad 0. 4750
wat er

pin 36

uo2 0.4025
cl ad 0. 4750
wat er

pin 37

uo2 0.4025
cl ad 0. 4750
wat er

pin 38

uo2 0. 4025
cl ad 0. 4750
wat er

pin 39

uoz 0.4025
cl ad 0. 4750
wat er

pin 40

uce 0. 4025
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cl ad 0. 4750

wat er

pin 41

uce 0. 4025
cl ad 0. 4750
wat er

pin 42

uce 0. 4025
cl ad 0. 4750
wat er

pin 43

uce 0. 4025
cl ad 0. 4750
wat er

pin 44

uce 0. 4025
cl ad 0. 4750
wat er

pin 45

uce 0. 4025
cl ad 0. 4750
wat er

% --- Gd-pins:

pin 50

uczcd 0. 4025
clad 0. 4750
wat er

pin 51

ucz & 0. 4025
cl ad 0. 4750
wat er

pin 52

ud 0. 4025
clad 0. 4750
wat er

% --- Qui de tube:

pin 90
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wat er
t ube
wat er

% - - -

| at

45
44
43
42
41
40
39
38
37
38
39
40
41
42
43
44
45

0. 5730
0. 6130

Pin |attice:

110 1 0.0 0.0 17 17 1.265

44
36
35
34
33
32
31
30
29
30
31
32
33
34
35
36
44

% - - -

surf
surf

cel |
cel |
cel |

% - - -

mat 6
92234.09¢c 9
92235.09c 9. 3472E-04
92238.09¢c 2
8016.09c 4

mat

uo2

Uz
92234. 09c
92235. 09c
92238. 09c
64154. 09c

43 42 41 40 39 38 37 38 39 40
35 34 33 32 31 30 29 30 31 32
28 27 52 90 26 25 90 25 26 90
27 90 24 23 22 21 51 21 22 23
52 24 20 19 18 17 16 17 18 19
90 23 19 90 15 14 90 14 15 90
26 22 18 15 50 13 12 13 50 15
25 21 17 14 13 11 10 11 13 14
90 51 16 90 12 10 90 10 12 90
25 21 17 14 13 11 10 11 13 14
26 22 18 15 50 13 12 13 50 15
90 23 19 90 15 14 90 14 15 90
52 24 20 19 18 17 16 17 18 19
27 90 24 23 22 21 51 21 22 23
28 27 52 90 26 25 90 25 26 90
35 34 33 32 31 30 29 30 31 32
43 42 41 40 39 38 37 38 39 40

assenbl y dat a:

1000 sqc 0.0 0.0 10.752
1001 sqc 0.0 0.0 10.806

110 O fill 110 -1000
111 0 water
112 0 outside 1001

1000 -1001

Mat eri al s:

. 7402E-02 burn 1
. 1361E- 06

. 1523E- 02
. 4935E- 02

. 8366E-02 burn 10
. 2940E- 06
. 6226E- 04
. 0549E- 02
. 6173E- 05

ADNOTA~O

41
33
52
24
20
19
18
17
16
17
18
19
20
24
52
33
41

42
34
27
90
24
23
22
21
51
21
22
23
24
90
27
34
42

43
35
28
27
52
90
26
25
90
25
26
90
52
27
28
35
43

44
36
35
34
33
32
31
30
29
30
31
32
33
34
35
36
44

45
44
43
42
41
40
39
38
37
38
39
40
41
42
43
44
45



11.2 Burnup calculation examples

64155.09¢c 2.9711E-04
64156. 09¢c 4. 1355E-04
64157.09c 3. 1518E-04
64158. 09c 4. 9786E-04
64160. 09c 4. 3764E-04
8016.09c 4.5243E-02
mat cl ad 3. 8510E- 02
26000. 06¢c 1. 3225E-04
24000. 06¢c 6. 7643E- 05
40000. 06¢c 3. 8310E-02
mat tube 4. 3206E- 02
26000. 06¢c 1.4838E-04
24000. 06¢c 7. 5891E-05
40000. 06¢c 4. 2982E-02
mat water 7.2216E-02 noder |wtr 1001
1001. 06¢c 4.8132E-02
8016. 06c 2. 4066E-02
5010. 06¢c 3. 6487E- 06
5011. 06c 1. 4686E-05
thermliwtr |Iw3.11t

% --- Cross section library file path:
set acelib "/xs/sss_jeff3l. xsdata"

% --- Periodic boundary condition:

set bc 3

% --- Neutron population and criticality cycles:
set pop 5000 500 20

% --- Geometry and nmesh plots:

pl ot 3 500 500
mesh 3 500 500
% --- Decay and fission yield libraries:

set declib "/xs/JEFF311RDD'
set nfylib "/xs/JEFF31NFY"

% --- Reduce energy grid size:
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set egrid 56-5 1E-9 15.0
% --- Cut-offs:

set fpcut 1E-6
set stabcut 1E-12

% --- Options for burnup cal cul ation:
set bunpbde 2 % CRAM net hod

set pcc % Predi ctor-corrector cal cul ation on
set xscalc 2 % Cross sections from spectrum

=

% --- Irradiation cycle:
set powdens 38. 6E-3
dep but ot

. 10000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
. 50000
. 00000
9. 50000
10. 00000
10. 50000
11. 00000
11. 50000
12. 00000
12. 50000
13. 00000
13. 50000

OO ~N~NOOO OO, WWNNRPEPRELOO
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14. 00000
14. 50000
15. 00000
17. 50000
20. 00000
22. 50000
25. 00000
27.50000
30. 00000
32. 50000
35. 00000
37.50000
40. 00000

% --- Nuclide inventory:
set inventory

922340
922350
922360
922370
922380
922390
932360
932370
932380
932390
942360
942380
942390
942400
942410
942420
942430
952410
952420
952430
952440
952421
962420
962430
962440
962450
962460
962470
962480
962490



972490
972500
982490
982500
982510
982520
360830
451030
451050
471090
531350
541310
541350
551330
551340
551350
551370
561400
571400
601430
601450
611470
611480
611490
611481
621470
621490
621500
621510
621520
631530
631540
631550
631560
641520
641540
641550
641560
641570
641600
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