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ABSTRACT

The Monte Carlo code SPARTAN is a general-purpose code intended
for neutron or gamma transport ca?culations. The code is designed to
accept physics data from a number of external libraries (which may be
used singly or in combination) and to use this data with as little
alteration as possible.

Data obtained from one or several libraries is placed in an in-
terface file on magnetic tape or disk, using a general hierarchical
structure which allows particular data items to be assessed in a
straightforward way* The interface file, with or without additional
data from cards, is regarded as a data source for the main Monte Carlo
calculation.

Within the Monte Carlo calculations itself, generality in the
evaluation of cross sections and secondary particle parameters, as
well as economy of coding, is achieved by the use of unified data
structures for function evaluation and random sampling.

This paper includes a summary of the functional forms, sampling
distributions, and particle interaction laws which are available at
present, and indicates some of the mathematical methods used.

INTRODUCTION

One of the features of Monte Carlo techniques for particle transport cal-
culations is the ability to use a very detailed physics data. Unlike most
numerical methods, in which material cross sections are reduced to a multi-
group form with fairly simple scattering laws, the cross sections and angle
or energy distributions used in a Monte Carlo code may, in principle, be speci-
fied in great detail and in almost any functional form. For this reason,
Monte Carlo techniques are useful for the evaluation of physics data against
exprimental results, and for checking the validity of approximate physics
models. At the other extreme, where multigroup data is well-established or
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where it is required to check a numerical technique using consistent data,
it is useful for a Monte Carlo code to accept multigroup physics Jata.

In the Monte Carlo code SPARTANs which is being; developed at Berkeley
Nuclear Laboratories (United Kingdom Central Electricity Generating Board),
this wide range of requirements is being met by the provision of a compre-
hensive physics data system designed" to accept data from a number of dif-
ferent sources. Data from different source libraries is combined on an
interface in a standard, but very general, hierarchical structure which
reflects the data facilities required by the Monte Carlo calculation. All
or part of this interface may be transferred into the computer core in
order to carry out such a calculation. A unified approach to function
evaluation and random sampling allow.? great generality as well as economy
in coding. The system is designed to permit extension to other data
libraries and formats as required.

In this paper a brief description is given of the data formats and
structures used by the system and of some of the random sampling techniques
employed. Ihe structure of the physics data interface, used to store data
on magnetic tape or disk, is also described, and a summary of the present
capabilities and future development of the system is given.

FACILITIES REQUIRED BY A MONTE CARLO CALCULATION

During the course of particle tracking, a number of occasions arise
whan physics data is required. Whenever a particle enters a region, it
is necessary to evaluate the total crosa-section (and possibly fche partial
cross-section) for each of the nuclides which make up the material
concerned. On the basis of this information, it is decided whether the
particle has a collision in that region.

If the particle has a collision, further information is required.
Partial cross-sections for all possible actions in the material of
interest ace used to select which type of event occurs. Further data is
required to find the number of secondary particles produced. For each
secondary, the number of available scattering laws is determined and a
law chosen. Detailed data for this law is then employed to sample for
a scattering angle and secondary energy.

It will be evident from the above paragraphs that there is a
hierarchical structure implicit in the physics data used by a Monte Carlo
calculation. This hierarchy, which is reflected by the way in which the
data is structure in SPARTA!;, is summarised in figure 1.

STANDARD DATA FOIRMAT I'OR FUNCTION EVALUATION

At several point' in the calculation it may be necessary to evaluate
a function. These include:



a) Cross-seccion as a function of particle energy

b) Number of secondaries as a function of energy

c) Scattering angle as a function of energy

d) Secondary energy as a function of scattering angle.

In SPARTAN, a unified approach to function evaluation is adopted
and a single routine is used for all the above situations. The functional
forms which arc included permit a wide range of specifications, and may
be extended in a straightforward way as required. Consider, for example,
a cross-section which is inversely proportional to particle velocity.
Approximate representation of such a cross-section could be obtained using
a multigroup approach or linear interpolation between point values.
Alternatively, the cross-section could be described exactly by specifying
log-log interpolation between the values at two points, or by describing
the function ,*3 a general power series in energy.

The permitted functional forms and interpolation methods are
summarised in Table 1.

STANDARD DATA FORMAT FOR RANDOM SAMPLING

Similarly, there are several occasions on which random sampling is
required. Of these, the selection of scattering angle and/or secondary
energy are of great importance, and a wide variety of functional forms
for angle and energy distributions may be found in different physics data
libraries. The philosophy of SPARTAN is that, rather than risk the
introduction of systematic errors by reducing these functions to a
standard representation, this variety should be retained, and facilities
provided within the code for sampling from frequency functions in many
forms.

The functional forms at present permitted are shown in Table II.
In most cases the sampling methods are trivial; those methods in which
the random sampling technique is of some interest are described in
•Appendix A.

SECONDARY LAW SPECIFICATION

Once a particle has suffered an event, it is necessary to calculate
the number, energy and direction of any secondaries produced. This may
be done in a number of ways. For example, energy may be sampled
randomly and angle calculated from it, or both may be sampled, and so
on. In SPARTAN, this variation in the logic of secondary law specifications
is retained, and several law types are available. These are listed in
Table III. Provision is included for either energy or angle to be
sampled, or for both to be sampled independently. Bivariate sampling,
particularly useful for thermal neutron studies, is not yet available,
but the data structures would allow it to be included without difficulty.
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In many cases, the energy range of interest is divided into a
number of 'law* energy ranges' and a separate secondary law specification
is given for each range. At any particular energy, a choice must be made
between the law specification given for the upper end of the relevant
energy range and that given for the lower end. In SPARTAN, there are
three alternatives:

(a) For all energies in the range, the specification given for
the lower end of the range is used.

(b) The i-,*w specification 'varies linearly1 over the energy
range. This means that if E2 and E^ are the upper and lower
energy limites and E is the particle energy, then the specification
given for the lower end of the range is used with probability

/

(c) The law specification 'varies logarithmically1 over the
energy range. The specification given for the lower end of the
range is used with probability log (E2/E)/log (E2/E1).

THE SPARTAN PHYSICS INTERFACE

Data from various source libraries is combined to form an interface
file which has a standard, though very general, structure. This file
normally resides on magnetic tape or disk, and is used as the physics
data source for the Monte Carlo calculation itself. It was noted above
that the physics data has an implicit hierarchical structure, and this is
reflected in the physics interface. Each record in the interface refers
to information at the level below it in the hierarchy, and the use of a
standard record structure enables particular parts of the interface to
be located by a routine which 'knows1 nothing of the meining of the data.
The standard record structure is shown in Table IV. The records are stored
in the 'natural' order for a hierarchical file, which is best illustrated
by the example shown in figure 2. The hierarchy used in the physics
interface file is shown in figure 3, and the various types of record are
described below.

Interface Level 1

This is the primary level of the interface file, containing the number
cf data source libraries and the interface title.

Source Level 2

There is one record for each data source library, containing the
number of species used from that library, and information on energy
group structures used in that source,

Species Level 3

This record gives the number of possible actions for the species
concerned, a species code and the atomic mass.
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Action Level 4

This record gives the nuaber of data energy ranges and the action
classification, which indicates whether the action in scatter, capture
or fission.

Data Energy Range Level 5

The volume of data in some physics libraries is such that it is not
possible to retain all relevant data in core at the same tine. This is
particularly true of neutron resonance data, as found in the FGL [1] and
GENEX [2] libraries; when such a library is used it is necessary to bring
data into core from time to time during particle tracking. In SPARTAN,
this may be accomplished by dividing the energy range oC interest into
several data energy ranges. When the interface file is read in preparation
for A Monte Carlo calculation, only the data for the first data energy range
is retained in core, \>ihiU: the remainder is placed in temporary storage to

, be read as required. The introduction of data energy ranges is made at
the action level in recognition of the fact that these large quantities of
data are often encountered only for particular actions in particular
nuclides, such as resonance capture in uranium-238. The data energy
range record specifies the number of cross-section and law energy ranges
and the energy limits of the data energy range. The facilities for
using several data energy ranges have not yet been used in SPARTAN.

Cross-section Energy Range Level 6

The energy range of interest may be divided into a number of sections
for the description of nuclide cross-sections. This is usually done to
enable a different functional form to be used at different energies, and
is particularly useful whan a cross-section vanishes above or below a
particular threshold energy. The cross-section energy range record
contains the lower energy bound of the range and the cross-section,
defined in the standard format for function evaluation. No reference
is made to records at a lower level in the hierarchy.

Law Energy Range Level 6

The law energy range record gives the number of distinguishable
secondaries, the lower energy bound of the range, a description of the
average number of secondaries, and a parameter indicating the way in
which the law data is selected for energies within the range (see
section on secondary law specification).

Secondary Level 7

The secondary record give the number of laws which may apply for
the secondary concerned.

Law Level 8

This record gives the probability, delay and energy release for this
law, the co-ordinate system in which the angular distribution is given,
the law type and law data (see section on secondary law specification).
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For many problems, all the physics data required will be available
in the interface file, and the user will need only to provide instructions
to the program to locate the relevant data. Facilities are provided in
SPARTAN, however, to combine data from the interface vith data on cards
(or indeed to use card data alone) in order to set up the files used in
the main Monte Carlo calculation. Reference to the interface nay be
aade at the species, action, data energy range or cross-section energy
range level. Appendix B gives an example of the card data used to set
up an interface file and to construct from it, with additional card data,
a file for use in the Monte Carlo calculation.

PRESENT AND FUTURE DEVELOPMENT

At the time of writing, the SPARTAN physics system is able to use
data from the FD5 [13, a inultigroup neutron data library suitable for
fast reactor calculations and GAMBLE [33, (a gamma data library) data sets.
An tarlfer version of the system uses the thermal reactor neutron library
associated with the WXMS-E program [43, and the DICE neutron library,
which is intended primarily for shielding calculations [5].

Future development of the code will provide access to the FGL libraries
[1] and possibly to ENDF/B data. It is anticipated that the range of data
libraries which can be used, and the facilities provided within the physics
system, will be extended from time to time, and the system has been
designed to allow this.

CONCLUSIONS

A description has been given of the physics data system used by the
Monte Carlo code SPARTAN. The system is designed to allow data to be
obtained from number of different source libraries, and used in the Monte
Carlo calculation with as little alteration as possible. The generality
is achieved in an economic way through the uca of standard systems for
fuiction evaluation and random sampling, and a formalised hierarchical
structure for the relevant data files. Facilities exist at present to
read both neutron and gamma data, and access to additional data libraries
will b> provided in the future.
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APPENDIX A

SPECIAL RANDOM SAMPLING MCTMOM

Maxwelljan, evaporation and Watt spectra

The Maxvellian, evaporation and Watt spectra are given by the respective
formulas

m (E) dE - k E* exp (-a E>dEm n

v (E) dE - kyE exp (- ayE)dE

w (E) dE • kw sinh (J5E) ex? (- *wE)dE

where k , k , k , a , a , a and b are in4*pe»i«nt of E.

Noting that the Maxwellian frequency fuaetioa is H frequency
function with three degrees of freedom, we M y staple for E by forming the
sum of the squares of three random normal deviates and applying an
appropriate scale factor.

2
Similarly, the evaporation spectrum is a x frequency function with

four degrees of freedom.

Sampling from the Watt spectrum is nor* difficult, **i vt employ a
rejection method. Consider the function

f(E) - kw /bE ex? (- qE)

In order to construct a rejection test, we need to find a value of q such
that for all positive E,

f(E) a w(E)

It is found that the value

q « a - b/6

has the required property, for wiHi this value
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f(E) - w(E) - kwexp (-awE) C(bE)* exp (bE/6) - sinh

k exp <-a E) « - ^ ) - -X} (bE)5/2 +
w w 2,6Z b.

(-—-4-) (bE)7/2 +...)
3!63 '•

The sampling procedure for the Watt spectrum is to select a value of E
from the Kaxwcllian spectrum obtained by normalising f(E), f*(E), and
accept it with probability

w(E)/f(E)

A typical Watt spectrum, and the corresponding bounding function f(E), are
shown in figure 4.

Legendre Polynominal Series

Let f(u) be the frequency function of the cosine of the angle of scatter,
and let f(u) be described by means of a series of Legendre polynominals,

n

f(u)du « £* a. Pi(u) du
1«O 1

In order to construct a rejection test, we seek a frequency function of
similar shape to f(u) which can, by means of a constant factor, be
converted to an upper bound for f(u).

Using the results

£ V2/(7ri(l-u2))

Po(u) - 1

Pj(u)



We may write

where

n

h(u>, say,

max
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C * C
2 3

a - a,
o 1

a + a,
o 1

a > a, > o
o 1

-a so a. < o

otherwise

C3 • sax (-aj, o)

writing b - J | E ja,| /*T
' i-2 x

the frequency function proportional to h(u) is

h*(u> - b A ^ u 7 * Ci (1+u) • C2 * C3 (1-u)
*"" bit + 2CJ + 2C2 + 2C3 "

We regard h*(u) as the sum of four frequency functions,

1+U 1 l£U
2 2 ~2

with appropriate coefficients. In order to sample from h*(u), we select
one of these frequency functions (the probability of selection being equal
to the coefficient) and sample from it using elementary methods.

Having obtained a sample from h*(u), we accept it with probability

f(u)/h(u)

Ihe frequency function f(u) and bounding function h(u) are shown
for an notional angular distribution in figure 5.
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APPENDIX B

EXAMPLE OF CARD INPUT USED TO READ PHYSICS DATA

(Explanatory comments are in brackets)

CREATE PHYSICS

DATA NEW UNIT 10 (Interface is to be created on

FORTRAN unit 10)

* TEST GAMMA DATA (Interface title)

FROM UNIT 15 GAMBLE SPECIES A (GAMBLE library is on FORTRAN unit 15;
four species are to be read)

6 7 92 1000 (Species numbers in the library)
ENERGY 1.0E7 1.0E4 1 SOURCE 1 1 (Two energy structures; one from the

interface, one given explicitly)
2 4 i.OE? 1.0E6 1.0E5 3.OE4 1.0E4

SPECIES

CARBON SOURCE 1 1 (Carbon, uranium and pure Compton

NITROGEN 14.0 ACTIONS 3 scatter data are obtained direct

from the interface. For nitrogen

the interface is entered at the

1 SOURCE 1 2 1 action level, permitting an additional

2 SOURCE 1 2 2 action, a fixed absorption specified

3 ABSORPTION DATA 1 1 0 in the card data, to be included)

ENERGY 1.0E4 XSEC FIXED O.3E-4

URANIUM SOURCE 1 3

COMPTON SOURCE 1 4

MATERIALS

1 CONTAINS 3 CARBON 0.01 NITROGEN 0.003 COMPTON 0.06

2 CONTAINS 2 URANIUM 1.0E-4 COMPTON 9.2E-3

(when this data has been read, the files used in the main calculation
will have been set up)



TABLE I

STANDARD FORMATS FOR FUNCTION EVALUATION

FORMAT
NUMBER

1

2

3

4

5

6-10

11

12

13-20

21

Over 21

f(x)

f(x)

f(x)

f(x)

f(x)

Not

f(x)

f(x)

Not

f(x)

Not

is

is

is
in

is
in

is

yet

is

is

yet

is

yet

FUNCTIONAL REPRESENTATION

independent of x

tabulated at equal intervals ""

tabulated at equal intervals
log x

tabulated at intervals defined
a separate array

tabulated as (x,f(s)) pairs 4

allocated

a polynominal in x

a polynominal in log x

allocated

a series of real powers in x

allocated

Interpolation between x values may be:

f (.t) constant (value given at lower bound)
f (x) linear in x

f(x) linear in log x
log £(x) linear in x

log f(x) linear in log x

00
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TABLE II

STANDARD FORMATS FOR RANDOM SAMPLING

FORMAT
NUMBER

SAMPLING DISTRIBUTION

I

2

3

7-10

11

12

13

14

x has a fixed value

x is uniformly random on (-1, 1)

x is uniformly random between given limits

x is given by a histogram
with equal intervals

x is given by a set of
equi-probable intervals

x is given by a general
histogram whose intervals
are defined in a
separate array

Not yet allocated

A is given by a Legendre polynominal series

x is given by a Maxwellian spectrum

f (x) a v'x exp (- ax)

x is given by an evaporation spectrum

f(x) a x exp (- ax)

x is given by a Watt spectrum

f(x) a sinh Sbz exp (- ax)

The frequency function of x
within each interval may be
constant or proportional to
1/x
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TABLE I I I

LAW TYPES

LAW
TYPE
NUMBER

I

2

3

4

5-10

11

12

13-20

21-30"

31

Over 31

DESCRIPTION

Angle sampled from standard disribution; secondary energy
computed from angle by conservation of momentum.

Angle sampled from standard distribution;
a standard function of angle.

secondary energy

Angle sampled from standard distribution; secondary energy
sampled independently from standard distribution

Angle sampled from standard distribution;
a standard function of primary energy.

Not yet allocated

Energy sampled from standard distribution
ftrir energy by conservation of momentum.

Energy sampled from standard distribution
function of secondary energy.

Not yet allocated.

Allocated for bivariate distributions.

Angle sampled from standard distribution;
computed from angle by Compton scattering

Not yet allocated.

secondary energy

; angle computed

angle a standard

secondary energy
law.
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TABLE IV

STANDARD RECORD STRUCTURE ON PHYSICS INTERFACE

ITi!M MEANING

Number of branches from this record to the next level
iu the hierarchy.

Length of data block (in words).

Data block (containing all other physics information).
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DISCUSSION

(The discussion pertaining to this paper is included with that foir the next
paper by R. C. Bending and P. G. Easter.)


