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ABSTRACT 

The Monte Carlo program KIM solves, the steady-fstate 
linear neutron transport equation for a fixed-source prob-
lem or, by successive fixed-source runs, for the eigenvalue; 
problem, in a two-dimensional thermal reactor lattice. Flu-
xes and reaction rates are the main quantities computed by 
the program, from which power distribution and few-group av-
eraged cross sections are derived. The simulation ranges 
from 10 MeV to zero and includes anisotropic and inelastic 
scattering in the fast energy region, the epithermal Dop-
pler broadening of the resonances of some nuclides, and the 
thermalization phenomenon by taking into account the thermal 
velocity distribution of some molecules. Besides the well 
known "combinatorial" geometry, the program allows complex 
configurations to be represented by a discrete set of points, 
an approach greatly improving calculation speed. 

1. INTRODUCTION 

KIM (k-infinite-Morite Carlo) is a program which solves the steady-
state linear neutron transport equation for a fixed source problem or, 
by successive fixed-source runs, for the eigenvalue problem, in a two-
dimensional infinite thermal reactor lattice using the Monte Carlo method . 
A characteristic feature of the program is its approach to the lattice 
geometry. In fact, besides the usual continuous treatment of the geome- . 
try, using the well-known "combinatorial" description of domains, the 
program allows complex configurations to be represented by a discrete V 
set of points wh ;reby the calculation speed is greatly improved. 

This code includes in its body much of the programming work devel-
oped at the CNEN's Computing Centre in the field of Monte Carlo reactor 
calculations. This work has also allowed preparation and checking of lar-
ge parts of the nuclear data library accompanying the program. The pro-
gram has been widely used-for BWR's and PVJR's and also for heavy-water 
moderated, light-water cooled reactors. 

The coding language is essentially Fortran-IV for IBM computers of 
the series 360,-.370, exploiting the half-word addressability. Computer 
memory requirement is problem-dependent,through dynamic core allocation 
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at running time for the most critically-sized arrays (as, for example, 
thermalization kernels and the map of' the discretized domain). However, 
most cases run in about 1000 kbytes. The time needed on the IBM 370/168 
to obtain the infinite multiplication factor with precision of about 
0.3%, for a typical 8x8 rod element of a BWR, is about 40', corresponding 
to 40,000 histories. This time refers co geomet.y treated in the discrete 
mode; the continuous mode requires almost double the time. 

2. SIMULATION OF THE PHYSICAL EVENTS 

2.1 The Physical Model 

The problem of time evolution of. the neutron distribution towards 
an equilibrium, defined as an imjariance of the distribution shape, can 
be reduced to a sequence of stationary problems. The process simulated 
to reach the equilibrium is iterative and can be summarized as follows: 
starting from a first-generation neutron source, that is, from a given 
neutron distribution, one computes the distribution of neutrons born by 
fission, this being then considered as the second-generation source: 
fission is the only reaction which separates generations of neutrons 
and, together with radiative capture, determines the exhaustion of a ge-
neration. Iterations stop when the shape of the fission source distri-
butions of successive generations are statistically invariant within a 

- required accuracy. This invariance wi^l point out that equilibrium has 
been reached. The multiplication factor is then computed as the ratio 
of the number of neutrons born in two successive generations. One itera-
tion has normally breen found sufficient when starting from a uniform 
source in the fuel. 

The tracing of the neutron history takes into account both the slo-
wing down and the thermalization phenomenon. Partly due to its develop-
ment in time, and,partly for reasons of memory saving, the program is 
organized in three sections for fast, epithe.rmal and thermal simulation. 
Each section implements a particular model: indeed, both numerical tech-
niques and cross-;section representation vary with the energy section. 
The total energy interval, from 10 MeV to zero, is divided into the three 
ranges of Tab.l. In the same table the approximations used for cross 

Table 1. Cross section representation^ 

Range Bounds Approximation 
1. Fast 
2. Epithermal 

3. Thermal 

10 MeV-46 KeV 
46 KeV-5 eV 

5 eV-0 eV 
\> 

16 groups 
64 groups and continuous treatment for 
some resonance nuclei 
256 points and scattering kernels (55x55 
energy points, x 9 cosine points) 
with interpolation 

t 
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section representation are given. The upper bound of the epithermal 
range has been chosen so as to confine within the first energy range the 
simulation of anelastic and anisotropic elastic scattering from stationa-
ry nuclei. In the thermal range a cross section interpolation,' linear ,, 
above 1 eV and bilogarithmic below, is performed. 

In the fast energy range 10 MeV-46 keV, cross sections are averaged 
in 16 groups, although energy varies continuously during the simulation. 
Nuclear reactions considered in this range are: i) radiative capture; 
ii) elastic scattering. For^each group of incoming energy the anisotropy 
is described by a table of 17 values of the cosine yg of the scattering 
angle in the center of mass system (CMS) corresponding to 16 equiproba-
ble intervals. A value of y is obtained from this table through a random 
access and a linear interpolation; iii) inelastic scattering, treated ac-
cording to three different models: excitation of known discrete energy 
levels, evaporation model, transition matrices. Isotropy in CMS is assumed 
iv) fission. The energy of a fission neutron is assumed to be independent 
of the incoming energy and of the nucleus bit and is selected according „ 
to the Watt spectrum. The yield for each fissile nucleus is described by 
a linear law with parameters assumed constant within three energy ranges. 

In the epithermal range 46 keV-5 eV it is possible at running time 
to take into account the Doppler broadening of the resonances of some 
nuclides with spacing between resonances much greater than the resonance 
widths (in the present library Pu-240, U-238, Th-232, In-115, Ag-109, 
Ag-107). Cross sections of all other nuclides are described by 64 energy 
groups. The reactions considered are elastic scattering isotropic in CMS, 
fission with a constant yield, and capture. For the resonance nucleus in 
thermal motion we assume a maxwellian distribution of its velocity' as a 
function of the temperature. Only s-wave resonances are taken-into ac-
count, assuming that resonances can be described'by the single-level 
Breit-Wigner formula. Cross sections are computed at the current energy 
by adding the contributions of the nearest left and right resonances. 
Parameters of up to 100 resolved resonances are stored for; each resonan-
ce nucleus in the library. For higher energies, the neutron width is 
randomly generated during the simulation, and it is assumed that the 
unresolved resonances are equispaced and have a constant capture width. 

/J 
- -The"thermal energy range, 5 ev-0, is divided into 256 energy points 

to represent scattering, fission and capture cross sections. At the cur-
rent neutron energy,cross sections are computed through linear interpo—' 
lation above 1 eV and bilogarithmic interpolation below. Between 5 and 
1 eV all nuclei are considered as free. Below 1 eV we consider the 
thermal motion of some molecules which are particularly important for 
the thermalization process such as light or heavy water and oxygen. The 
scattering kernel ,of a vthermalizing nuclide is described pointwise. In 
the present library, thermalization kernels at several temperatures are 
given for water, heavy water and oxigen. The energy"'kernel is described 
through a" 55x55 matrix between 1 eV and zero; for each energy transition 
the angular distribution is described by 8 values.-. 
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2.2 Numerical Techniques 

The generator of the pseudo-random numbers y. is Lehmer's multipli-
cative congruential scheme: 

y^ = yi_1-41475527 (mod228) , " 
2 

whose multiplier has been divised and tested by Ahrens et al. . Although 
the period of the generated sequence, 2 2 6, is rather small, its good sta-
tistical properties have been confirmed both theoretically and experimen-
tally2. 

Simulation of the history of a particle begins at an energy random-
ly chosen from the fission spectrum with an initial unitary statistical 
weight. The index of the starting region r is assigned by a semi-strati-
fied sampling as follows: if F(r) is the mean number) of particles to be 
started from region r, then the program deterministically assigns the re-
gion index r to [F(r)] starting particles, while the remaining particles 
are randomly distributed among the regions with pdf proportional to 
(F(r)}, where [•] and {•} denote the integral and the fractional part, 
respectively. 

Position of the starting point within a chosen region is selected 
uniformly according to standard techniques, except in a special case: 
if the geometric domain is discretized and the source is not on rods, a 
rejection technique using Halton's "quasi-random" numbers^ is used. For 
Halton's generator, unlike Lehmer's, the following important property 
holds: as the number of tosses increases, the probability that no point 
falls in a given small (but machine-representable) area vanishes. This 
property also ensures that the rejection process surely ends, however 
small the source region whose index is imposed by the stratified sampling. 

When a particle exhausts its path the types of both the collided nu-
clide and ythe reaction undergone are to be determined. To better descri-
be how thi-,-5 is performed by the program it is convenient to separate the 
fast and the epithermal interval from the thermal one: 
a) 'Fast and epithermal interval. If a and o are the macroscopic scat-
tering and total cross section of the material at the collision point, 
the fraction a /a of the particle undergoes scattering with the i-th nu-
clide which isSchosen on the basis of the probability a'^/o , with 
E.A(i) = CJ . In the fast range the type of scattering (elastic or ine-
lastic) for the selected nuclide is subsequently decided. If the weight 
falls ,below a certain cut-off threshold in the fast interval, the history 
terminates. In the epithermal interval,instead, a Russian roulette game 
decides on his tory termination. o 
b) Thermal interval. The weight of the particle is never changed in this 
section: a game based on absorption probability of the mixture decides 
at each collision whether a particle is absorbed. The nuclide hit is cho-
sen as above. We have chosen this analog history termination because of 
the usually large number of collision in this energy interval; however, 
fluxes and reaction rates are estimated through expected-value techniques. 
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To improve statistics in regions either important or seldom 
visited by particles, it is possible to split up histories according to 
a number of branches given for each region. Besides,to allow^a different, 
number of histories to be run in each of the three energy ranges of the 
program, thinning of the source-' particles in each of the three parts is 
foreseen. This is performed by a Russian-roulette game just at birth in 
each range on the basis of decimation ratios given in input. 

Flux computation in KIM implements a known expected-value technique: 
the flux estimator T in a given region is the product of the mean free 
path by the expected number of collisions in that region. Scoring of T 
is performed at birth, at emersion from reactions and on entering a new 
region. Some quantities which are linear transformations of the flux 
are directly computable through the flux estimator T . For example, 
reaction rate of the i-type reaction is estimated by scoring the product 
0.T . In this way also reaction rates of nuclides present in very small 
concentrations are evaluated. In a similar way, cross sections averaged 
over regions and energy intervals are obtained.Where anisotropic elastic 
and/or inelastic scattering are present, removal cross sections between 
the three energy parts of the program (and between other input-given 
intervals) are computed by scoring the statistical weight of the parti-
cle removed (by scattering) from tha,t interval. Where scattering is in-
stead only elastic isotropic in CMS,' the removal probability from an 
energy interval is computed analytically. 

At the end of the life cycle simulation, the fission map is given, 
1.e. the ratio between fissions in a region and average fissions over 
fissile regions. Besides the fission map the power map is also given, 
taking account of the different energy released by fission from the dif-
ferent fissile nuclides. 

u 
3. TREATMENT OF THE GEOMETRY 

3.1 Continuous and Discrete Approach 

In the usual (or "continuous" as it will often be called here) ap-
proach to geometry in Monte Carlo, a particle walk is simulated by compu-
ting the intersection of the flight line with the nearest boundary. In 
terms of computer time the cost of the algorithms solving this problem 
increases with the geometric complexity. In KIM, besides the continuous 
approach, a new one has been introduced. Planar regions can in fact be 
represented by a finite (and, therefore, approximating) set of area-points 
obtained by overlaying a square lattice upon the given configuration; a 
"discretization algorithm" decides which region index is to be assigned 
to each grid point. The transport is simulated by moving the particle 
from one grid point to another, keeping as close as possible to the actual 
trajectpry. The algorithm performing this function and detecting the re-
gion boundary crossing is the "scanning algorithm". By this "discrete" 
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approach, the tracing of particle flights becomes independent of the 
geometric complexity of the configuration since it essentially' reduces 
to simple checking operations to verify whether a point belongs to a sub-
set. Although only a few bits are necessary to code information about 
the" nature of the region (i.e. the region index), a large number of co-
re memories is needed to represent the configuration with sufficient ap-
proximation, dependent on the lattice pitch compared to the 'mean free 
path. In our IBM version of the program this information is stored in a 
half word. 

The question of the approximation error ha? not been considered 
theoretically. However, it is partially answered by the internal agree-
ment of computations carried out with and without discretization by our 
program. 1 

"Combinatorial" geometry description is used for the continuous ap-
proach . The subroutines used in the program are gdapted from those de-
veloped for the shielding Monte Carlo code SAM-CE . Modifications include 
reduction from three to two dimensions with the implementation of some 
fundamental elementary figures, implementation of boundary conditions, 
speeding up of the initial learning process concerning neighbouring re-
gions, dynamic allocation, squeezirg of data. 

c- 0> 
The program can handle an infinite^array of planar elements with a 

largely arbitrary internal configuration. These elements can be either 
rectangles with periodicity or reflection boundary conditions, or hexa-
gons with the periodicity condition alone. 

3.2 The Scanning Algorithm 

The particle transport in the discrete domain is simulated by the 
scanning algorithm which determines the grid points visited in succes-
sion. Let the mesh-size h be the unit of^the length, xo, yo the integer 
coordinates of the starting point, Z the free-flight, x^, y^ the integer 
coordinates of the end point, t) the direction of motion between these 
two points. In the, case 0 t h e scanning procedure along the path 
from_(xo,yo) to (x^.y^) may be essentially described as follows. Denoting 
by [qj the integral part of q, the point visited at the n-th step is 

x = x 1 + l = xn + n n-1 u 

yn = yo +[ntge + 0.5] . 

s The scanning goes on until is reached, unless a grid point" 
' with va region index different from that of (xg,yQ) is encountered. In 

this\last case the control passes to the physical treatment subroutines 
to" determine the length of the free path in the new region, unless the el-

.v ement boundary is met. The y coordinate is the grid coordinate nearest 
Ns~tu'-ryo+(x -XQ) tg0 ; the grid points scanned are thus the nearest to the ^ 

segment linking (xo,yo) to (xf,yf)• 

C 1 
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Two types of direct transition from one grid point to another are 
thus possible: along one of the coordinate directions and along the dia-
gonal of a grid cell. Therefore (for 0«6^ir/4) , for x = x

n only one 
point is scanned: thus, paths with' the same projection on the x-axis 
need scanning of the same number of points. This invariance shows that 
the scanning time is proportional to the square root of the number of 
lattice points. 

0 
3.3 Distance Travelled and "Boundary Crossing 

(i 
Along with the discrete (integer)' coordinates, another pair of real 

coordinates in the continuum is associated to the moving particle, from 
birth on. The birth-place itself, (x^,y'), is first selected in the con-
tinuum and then the nearest grid point i-s determined. 'If a parti-
cle flight, starting from (x'^.y'o ) > ends in (x^,yp without region boun-
dary crossings, the distance travelled is the actual distance in the 
continuum and not the rounded one between the two nearest corresponding 
grid points (xg,y0) and (x^,y ). In this way also those displacements so 
small as to leave the integer coordinates unchanged are recorded; in other 
words, particle migration in homogeneous media is not biased from the 
discrete approximation. " 11 

The discretization' biases instead the detection of region boundary 
crossing: indeed, this event is detected by the scanning algorithm, 
which does not>\ generally know the actual continuous region boundaries. 
The crossing point is then conventionally assumed in the program atuthe 
middle of the last two scanned points. When applied«to fuel rods in en-
ergy ranges with very small mean free path, this approximate approach to 
crossing has sometimes shown itself to be inadequate: for instance, 
systematic errors of ̂ the order of some tenths per cent have been observed 
for fuel rods^in the epithermal resonance energy range. To overcome 
these errors,circular (or annular) regions can also be trebled in a spe-
cial way. The program memorises the true physical boundaries of these 
regions, which are still discretized but only for crossing detection. 
When an entry in one of these regions is detected by the scanning algo-
rithm, the true entry point is computed and the path 4is simulated in 
the continuum until the particle leaves this region. 

„ O 4 
This last approach is actually a "mixed" continuous-discrete mode 

of simulation and^' together with the introduction of the continuous co-
ordinates accompanying the discrete ones, is the main improvement toxan 
earlier algorithm^. 

3.4 Geometry-Routine Performance 
i 

To evaluate the efficiency of the discrete approach, the case of 
an 8x8 rod BWR element has been analyzed. To this end, a 40,000-history 
computation^for this element has been carried out in both discrete and 
combinatorial geometry. The domain has been discretized with 100,000 
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points, the mesh size being approximately 0.05 cm , while in the combi-
natorial description each rod has been embedded in a square of a chess-
board covering the element, in order to speed up boundary crossing iden-
tification. 

The time needed for the geometry simulation alone has been separate-
ly evaluated as follows. We assumed that in the discrete tracing the bulk 
of the geometric computation is the map scanning; since the scanning 
time is, as already said, proportional to the square root of the number 
of points, the proportionality constant has been obtained by carrying 
out the discrete computation twice, with different mesh sizes. A third 
computation, with a different mesh size, confirmed the validity of the 
hypothesis ou the tracing time. 

For the map with 100,000 points the geometric tracing has been found 
to require 5' out of the total running time, 42'. The time for the non-geo-
metric simulation thus being known, the time needed by the combinatorial-
geometry tracing has then been estimated as 47' out of 84*. The conclu-
sions for this reference computation are the following: 
i) the discrete geometry tracing is about, one order of magnitude faster 
than the combinatorial one; ' 
ii) the whole running time with a discrete approach is half the other. 

Similar conclusions hold also for cluster configurations of CANDU-
like heavy water reactors. The use of the "mixed" approach does not es-
sentially alter the above conclusions. 
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