
BARC/2015/E/006
B

A
R

C
/2015/E

/006

DEVELOPMENT OF M3C CODE FOR MONTE CARLO REACTOR
PHYSICS CRITICALITY CALCULATION

by
Anek Kumar, Umasankari Kannan and P. D. Krishanani

Reactor Physics Design Division



                           BARC/2015/E/006

GOVERNMENT  OF  INDIA
ATOMIC  ENERGY  COMMISSION

BHABHA  ATOMIC  RESEARCH  CENTRE
MUMBAI, INDIA

 2015

B
A

R
C

/2
01

5/
E

/0
06

DEVELOPMENT OF M3C CODE FOR MONTE CARLO REACTOR
PHYSICS CRITICALITY CALCULATION

by
Anek Kumar, Umasankari Kannan and P. D. Krishanani

Reactor Physics Design Division



BIBLIOGRAPHIC   DESCRIPTION   SHEET   FOR   TECHNICAL  REPORT
(as  per  IS : 9400 - 1980)

01 Security classification : Unclassified

02 Distribution : External

03 Report status : New

04 Series : BARC External

05 Report type : Technical Report

06 Report No. : BARC/2015/E/006

07 Part No. or Volume No. :

08 Contract No. :

10 Title and subtitle : Development of M3C code for Monte Carlo reactor physics criticality
calculations

  11 Collation :                48 p., 5  figs., 1 tab., 2 ills.

  13 Project No. :

  20 Personal author(s) :                Anek Kumar; Umasankari Kannan; P.D. Krishanani

  21 Affiliation of author(s) :                Reactor Physics Design  Division, Bhabha Atomic Research Centre,
               Mumbai

  22 Corporate author(s) :                Bhabha Atomic Research Centre,
                Mumbai - 400 085

  23 Originating unit :                Reactor Physics Design  Division, Bhabha Atomic Research Centre,
               Mumbai

24 Sponsor(s) Name : Department of  Atomic Energy

Type : Government

 Contd...

                      BARC/2015/E/006



                                                                 BARC/2015/E/006

 30 Date of submission :  May 2015

 31 Publication/Issue date :  June 2015

40 Publisher/Distributor : Head,  Scientific Information Resource Division,
Bhabha Atomic Research Centre, Mumbai

42 Form of distribution : Hard copy

50 Language of text : English

51 Language of summary : English

52 No. of references : 18 refs.

53 Gives data on :

60

70 Keywords/Descriptors : PROBABILITIC ESTIMATION; M CODES; MONTE CARLO METHOD;

             BENCHMARKS; NEUTRON TRANSPORT; TOTAL CROSS SECTIONS

 71 INIS Subject Category :  S22

99 Supplementary  elements :

Abstract : The development of Monte Carlo code (M3C) for reactor design entails use of continuous
energy nuclear data and Monte Carlo simulations for each of the neutron interaction processes.
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against more than 60 sample problems covering a wide range from simple (like spherical) to
complex geometry (like PHWR lattice). Benchmark results show that the code performs quite
well for the criticality calculation of the system. In this report, the current status of the code,
features of the code, some of the benchmark results for the testing of the code and input preparation
etc. are discussed
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Abstract: The development of Monte Carlo code (M3C) for reactor design entails use 

of continuous energy nuclear data and Monte Carlo simulations for each of the 

neutron interaction processes. BARC has started a concentrated effort for developing 

a new general geometry continuous energy Monte Carlo code for reactor physics 

calculation indigenously. The code development required a comprehensive 

understanding of the basic continuous energy cross section sets. The important 

features of this code are treatment of heterogeneous lattices by general geometry, use 

of point cross sections along with unionized energy grid approach, thermal scattering 

model for low energy treatment, capability of handling the microscopic fuel particles 

dispersed randomly. The capability of handling the randomly dispersed microscopic 

fuel particles which is very useful for the modeling of High-Temperature Gas-Cooled 

reactor fuels which are composed of thousands of microscopic fuel particle (TRISO 

fuel particle), randomly dispersed in a graphite matrix. 

 

The Monte Carlo code for criticality calculation is a pioneering effort and has been 

used to study several types of lattices including cluster geometries. The code has been 

verified for its accuracy against more than 60 sample problems covering a wide range 

from simple (like spherical) to complex geometry (like PHWR lattice). Benchmark 

results show that the code performs quite well for the criticality calculation of the 

system. In this report, the current status of the code, features of the code, some of the 

benchmark results for the testing of the code and input preparation etc. are discussed.  

 

 

 

 



Introduction 

 

The Monte Carlo neutron transport codes are widely used in various reactor physics 

applications, traditionally related to criticality safety analyses, radiation shielding 

problems and validation of deterministic transport codes due to its capability to model 

complex geometry and interaction physics without major approximations. In the 

Monte Carlo method, knowledge of neutron interactions with matter through basic 

nuclear data is directly available for the neutron transport calculation. The basic data 

is available in continuous energy format with no discretization and condensation in 

any energy range. The descretization in angle, space and homogenization of the 

regions are also not needed. There are significant differences between the 

development of a research-oriented benchmarking Monte Carlo code and a production 

tool for reactor design which requires huge effort. The requirement of an indigenous 

Monte Carlo code for Reactor physics design was very essential for the newer reactor 

designs being pursued.  

 

In BARC, MONALI code based on Monte Carlo method [1] is available which can 

utilize the Multi group cross section data for neutron transport calculation. Since 

Monte Carlo (MC) neutron transport method can also handle the continuous energy 

cross section data set, a fresh effort has been initiated towards the development of 

continuous energy general geometry Monte Carlo code from scratch. The 

development of this code, required a full understanding of several topics such as 

neutron interactions, Monte Carlo methods, mathematics and computer programming, 

coordinate geometry etc. M3C code has all the capabilities for use in practical reactor 

design such as unionized energy grid approach, explicit sampling of delayed-neutron 

spectrum, probability table treatment in unresolved resonance range, thermal 

treatment including   ,S  in low energy range, handling the microscopic fuel 

particles dispersed randomly. The last feature is useful for fuel employing randomly 

dispersed TRISO coated particles as in High Temperature Reactors. Modeling of 

randomly dispersed fuel participles is beyond the capabilities of deterministic reactor 

transport code. Due to the complexity in neutron tracking, the modeling of such 

geometry is complicated even in any Monte Carlo code. Extra efforts have been put in 

to include this capability.  



 

At the present stage, this code has been designed for lattice calculations in particular.  

This code has been extensively validated for the calculation of effective and infinite 

multiplication factor (with reflective boundary condition) of fuel assembly in different 

nuclear reactors. Every interaction of neutron with matter has been modeled and taken 

into account in the final reaction tally of the calculation (if available in the nuclear 

data file). Presently, the code is developed only for neutron transport. The energy 

range of the neutrons is limited by the energy range of the neutron cross-section tables 

which is approximately 0-20 MeV.  

 

The name M3C is derived from the abbreviation Monte Carlo Criticality Calculation 

Code. The code is written for the WINDOWS, MSDOS as well as Linux environment 

using FORTARN90 programming language. 

 

Continuous Energy Cross Section Nuclear Data 

 

As discussed earlier, out of several advantages in Monte Carlo calculation, the most 

important is that the method permits the handling of the elementary neutronic 

processes within existing knowledge of nuclear data without using large amounts of 

computational time. This code uses the ACE-formatted files containing point-wise 

cross-section data as used by the continuous energy Monte Carlo code worldwide. 

The ACE-format contains continuous-energy cross sections for the following types of 

reaction: elastic scattering, fission (or first-chance fission, second-chance fission, 

etc.), inelastic scattering,  xnn, ,  ,n , and various other absorption reactions. For 

those reactions with one and more neutrons in the exit channel, secondary angle and 

energy distribution may be provided. In addition, fissionable nuclides have total, 

prompt, and/or delayed  as a function of energy and neutron precursor distributions. 

 

In the ACE-formatted nuclear data file, reaction cross sections are reconstructed on 

the grid of the total cross section from the input PENDF tape (assumed to be 

linearized and unionized). Redundant reactions (except for MT=1, MT=452, and 

reactions needed for photon yields) are removed. MT=18 is considered redundant if 

MT=19 is present. Here, reaction types are identified by an integer from 1 to 999 in 

http://virtual.vtt.fi/virtual/montecarlo/validation/lattice_calculations
http://virtual.vtt.fi/virtual/montecarlo/validation/lattice_calculations


ENDF/B data format library [2]. Symbolically, these numbers are represented by MT 

numbers like MT=1 is total cross section, MT=18 is total fission cross section. 

Angular distributions are converted into either 32 equally probable bins, or into 

cumulative probability distributions. Tabulated energy distributions are converted into 

"LAW=4" probability distributions. The “LAW” numbers refers to the probability 

distribution of reactions in the ENDF data format [2]. This ENDF file format is 

maintained by US Cross Section Evaluation Working Group (CSEWG) [3], 

coordinated by the National Nuclear Data Centre at BNL. Analytic secondary-energy 

distributions are converted into their ACE formats. Coupled energy-angle 

distributions (file 6) are converted into ACE LAWs. The old format supports 

“LAW=44” for tabulated data with Kalbach systematics, “LAW=67” for angle-energy 

data, and “LAW=66” for phase space. The newer format adds “LAW=61” with 

cumulative angle distributions for Legendre or tabulated distributions. All photon 

production cross sections are combined on the cross section energy grid. If provided, 

multi-group photon production data is summed and converted into a set of equally 

probable emission energies for each input group. Detailed photon production data can 

be generated directly from files 12, 13, 14, 15, and 16 from the input ENDF tapes and 

written out using the "LAW=4" cumulative energy distribution format. 

 

At the current stage, this code is limited to type 1 ACE-formatted file which are 

sequential and 80 characters per record. The ACE-formatted files have been 

downloaded from https://www-nds.indcentre.org/ads/ website for each isotope 

separately. These files are generated with the help of nuclear data processing code 

which converts raw ENDF/B data [2] into linearly-interpolable data as required by 

most Monte Carlo codes. The use of a standard cross section format will provide an 

opportunity for a direct comparison of this code with other Monte Carlo codes since 

the same cross section libraries can be used without any further modifications. 

 

At thermal neutron energies, individual thermal motions of the scattering nucleus 

become important for the calculation of neutron scattering cross sections and the 

energy and angular distributions of secondary neutrons. There are two thermal 

treatments in the Monte Carlo code. One of these is free gas model in which, for 

elastic collisions, light atoms are assumed to have a Maxwellian distribution with 

http://www.nndc.bnl.gov/endf


ambient thermal temperature. Secondly,   ,S  scattering model is available which 

accounts for chemical binding and crystalline effects at very low energies. For bound 

scatterers, this information is stored as thermal scattering law data in evaluated 

nuclear data library in ENDF/B files [2] for a few materials, such as light water, 

heavy water and graphite and converted into discrete data in secondary energy and 

direction by nuclear data processing codes and appended to ACE files which are used 

by the M3C Monte Carlo code for the simulation. 

 

Coherent elastic cross sections are converted to a cumulative "stair step" form and 

stored in ACE format. The angular representation for incoherent elastic is stored 

directly. Angular distribution of outgoing neutrons is not needed for coherent elastic 

reactions. The incoherent inelastic energy distributions are converted into probability 

bins with the equally probable angles left unchanged. The bins can have equal 

probabilities or variable probabilities. In the latter case, outlying bins with smaller 

probabilities are provided to extend the sampling to rare events. All these information 

are stored in ACE formatted thermal data library which has been used by Monte Carlo 

code for the simulation. Typically, at room temperature, the free-gas model is used 

from around 10 eV to 4 eV, and then the   ,S  scattering model is used below that. 

In case of non-availability of    ,S  scattering model, again, the free-gas model is 

used in below 4 eV. 

 

Construction of Unionized Energy Grid 

 

Continuous-energy Monte Carlo neutron transport codes use cross section libraries 

produced by nuclear data processing codes. The nuclear data in the library is stored 

and used in tabular form and the cross section at each neutron energy point E  is 

calculated by linear interpolation 
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where 1jE  and jE are the tabulated energy grid points and 1j and j are 

corresponding tabulated cross sections. The factor    11   jjj EEEE   is called 

interpolation factor. The energy grid index j  is chosen in such a way that condition 

jj EEE 1                                                        (2) 

is fulfilled. Since each nuclide has a unique energy grid in ACE-formatted library due 

to the unique nature of cross section behavior with energy particularly in resonance 

energy region, it would be necessary to search for the appropriate index j  for each 

nuclide at every collision to get the exact microscopic cross section for incident 

neutron energy E in Monte Carlo calculation. This can become a very time-

consuming process, especially if there are many nuclides in a problem. 

 

 A considerable speed-up in continuous-energy Monte Carlo neutron transport 

calculation can be achieved by using the same unionized energy grid for all point-

wise reaction cross sections and for all isotopes. The unionized energy grid in this 

context refers to the energy grid that is used for tabulating the cross sections of all 

nuclides in calculation. Thus, there is a strong motive to implement a method of 

reducing the number of energy grid search operations in order to speed up the 

calculation. To do that, a new energy grid (unionized energy grid) is constructed by 

combining the nuclide-specific energy grid. The key idea is to merge the grids of all 

nuclides into an unionized energy grid upon which all cross sections are reconstructed 

including the material macroscopic total cross sections for rapid calculation of 

neutron mean free path. In this way, the grid search and interpolation factor (in 

Equation 1) calculations are performed only once at each energy E .  

 

The method of unionized energy grid is discussed in reference 4 extensively. For the 

demonstration purpose of this method, the fission cross-section of 233U in original 

ACE file is compared with calculated fission cross section value with the unionized 

energy grid. The unionized energy grid is constructed for a mixture of four isotopes: 

239Pu, 233U, 235U and 238U. The range of percentage difference varies from -4.042 to 

47.28 (see Figure 1). It can also be noted that the maximum difference is at the 

boundary of resolved and unresolved resonance energy regions. Since there are two 

cross section values at the boundary of resolved and unresolved resonance regions in 



the original ACE-formatted library which is not the case in unionized energy grid 

approach, the difference at this point is very large. After excluding this point from the 

comparison study, the differences are very less below unresolved resonance range (-

0.063 to 0.088%, see Figure 2) as well as above resonance range (-0.192 to 0.541%, 

see Figure 3). These types of results give the full confidence while using the 

unionized energy grid approach in neutron transport calculation in realistic problems. 

 

 

Figure 1.     A comparison of fission cross section of 233U reconstructed at unionized 

energy grid with fission cross section at original energy grid in ACE formatted library 

 

 



 

Figure 2.     Zoomed portion of figure 1 below unresolved resonance range 

 

 

 

Figure 3.     Zoomed portion of figure 1 above resonance range 

 

 



Monte Carlo Method in Neutron Transport Calculation 

 

The Monte Carlo (MC) method uses statistical methods that leverage the use of 

random events to sample for numerical results. A few application examples are 

numerical integration, fluid dynamics, quantum chemistry, and particle transport in 

nuclear reactors. In this case, M3C uses Monte Carlo method to model neutron 

transport.  

 

The strength of the Monte Carlo method [5,6] lies in the capability to calculate 

statistical estimates for integral reactions without explicitly solving for the flux 

distribution. The capability to deal with complex variation in spatial and energy 

variables is what makes Monte Carlo calculation such an attractive tool as compared 

to the deterministic transport methods. The principle of the method is the simulation 

of neutron paths through matter using input data describing the geometry and nuclear 

properties of the system. A series of neutron histories are generated using the input 

data and a list of random numbers to choose collision points and decide the outcome 

of a collision. The resulting data, accumulated from following a large number of 

batches, are analysed to give estimates of eigenvalue ( effk ). It is also interesting to 

note that in the Monte Carlo method the neutron population is discrete and space is 

continuous, where as in the numerical solutions to the transport equation it is assumed 

that the neutron population is continuous. A Monte Carlo calculation can be split up 

into three computational modules for basic neutron transport simulation: geometry, 

physics and tallies as shown in Figure 4. This Figure is taken from reference 7. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Criticality calculation using Monte Carlo Method 

 

Criticality calculations have the distinguishing feature that the equilibrium spatial-

source distribution of the fission neutrons is unknown at the beginning of the 

calculation. Sometimes an adequate source distribution can be constructed from 

deterministic methods, but, in more common situations, it must also be constructed in 

the course of the Monte Carlo calculation. The procedure of criticality calculation is 

available in any standard text book or report on Monte Carlo method for neutron 

Transport. Here, this method is discussed for the sake of completeness. 

 

The k-eigenvalue transport equation in standard form is as follows: 

 

 

Physics 
 

Tallies 

 

Geometry 

 How far to collision? 
 Which nuclide? 
 New E, direction? 
 Secondaries? 

 Which cell is the particle in? 
 What will it hit next? 
 How far to boundary? 
 What’s on other side? 

Figure 4     Conceptual diagram illustrating the Monte Carlo transport process  
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Here,  E is the fission spectrum,  is the average number of neutrons produced per 

fission,  Erf ,


 is the fission cross-section and effk is the k-eigenvalue. 

 

effk does have a physical meaning: it can be seen as the ratio of total production rate 

of neutrons via fission over total neutrons loss rate via leakage and absorption. The 

value of effk is what determines the stationarity of a reactor: when effk =1, the system 

is self-sustaining, or critical. effk <1 means a sub-critical system that can not be 

sustained without an external source, while effk >1 is a supercritical system that need 

to be controlled. 

 

Same equation can be written in operator form as 

   M
k

STL
eff

1
                                          (4) 

and then rearranged to  

  


F
k

MSTL
k effeff

11 1
                                 (5) 

Where MandSTL ,, are leakage, transport, scatter and fission operator respectively. 

Equation (5) may be solved numerically using the standard power iteration method. 
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Most Monte Carlo codes use the standard power method for solving k-eigenvalue 

problems, where each (outer) iteration cycle corresponds to a single fission generation 

in the simulation. Given a fission neutron source distribution and an estimate of effk , 

single-generation random walks are carried out for a “batch” of neutrons to estimate a 

new effk and source distribution. At the end of each fission generation, same number 

of fission source for the next generation is randomly sampled from the generated 

fission sites during the random walks process for the next generation. After a 

sufficient number of generations, convergence of the fission-source distribution is 



deemed satisfactory from convergence tests, and the neutron histories in a number of 

subsequent generations are used to compute quantities of interest, such as the 

multiplication factor, effk , reaction rates and flux distribution. 

 

The Shannon entropy of the fission source distribution, srcH , [8] is used for 

characterizing the convergence of the fission source distribution. This approach is 

commonly used in many of existing Monte Carlo codes. Fission source known after 

each generation can be used to compute the Shannon entropy. Stablization of the 

entropy is supposed to indicate convergence of fission source distribution. srcH is 

computed by tallying the fractions of fission sites ( iS ) in a cycle on a mesh element. 

 

The Shannon entropy is then computed as  





N

i

iisrc SSH
1

2log                                                 (6) 

Where N  is the number of mesh elements. 

srcH is maximum for a uniformly distributed source and minimum if source is present 

in only one mesh. As the cycles proceed, srcH initially changes due to change in 

fission source shape and eventually stabilizes. Convergence of the power iteration 

process can be determined by examining both effk  and the fission source distribution 

(using Shannon entropy) vs. cycle. Both should be converged before tallies of effk are 

begun.  

Let us explain how to get an estimate for the criticality value effk from a Monte Carlo 

simulation. Consider the original eigenvalue problem 
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Total cross-section is defined by 



     ErdEdEErErEr fsc ,,,,,,, ''''  




                     (8)      

We insert this expression of  in the left-hand side of Equation 7 and integrate both 

sides of the equation over space, energy and direction to get 

 

 

 

 

 

 

 

 

 

 

 

 

         (9) 

 

By changing the order of integration, we see that the two scattering terms are equal 

and can be eliminated. The integrand of the fission term is independent of the 

outgoing travel direction


, allowing us to simplify the integral.  

 

From Equation 7 
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To illustrate this we rewrite the term L  in the numerator by using that 0. 


 and 

applying the divergence theorem (with  rn


 denoting the outward normal at r


), such 

that 
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This is exactly the amount of flux that crosses the outer boundary. In case of vacuum 

boundary condition  

  0,,  Er  when     ,,0. Vrrn 


 

L  consists purely of neutrons that leave the system and is therefore called leakage. 

In case of reflective boundary conditions, where 

  





  ',,,, ErEr  when   .,0. Vrrn 


 

The term L  becomes zero. The integral A  contains the neutrons that are 

absorbed due to capture and fission events. Note that fission is considered physically 

as the absorption of a neutron and the subsequent release of two to four new neutrons. 

The term F  of Equation 10 contains the amount of newly produced neutrons from 

fission events. Therefore, we can describe effk in words as 

 

.
sabsorptionbylostneutronsleakagetoduelostneutrons

eventsfissionfromgainedneutrons
keff


  

 

Hence, when using Monte Carlo methods, we are able to obtain an estimate for effk by 

simply counting how many neutrons 

 

1) leave the system through the outer boundary (leakage), 

2) are absorbed (either due to capture or when causing a fission), and 

3) how many neutrons are produced in fission events. 



 

Sometime same Monte Carlo code is used to solve the small volume of the full reactor 

system e.g. lattice calculation. In this case, the effect of surrounding volume is 

modeled using artificial boundary conditions like reflective and periodic boundary 

conditions. In this code, at the current stage, the reflective boundary can be used as an 

option. In such cases, the eigenvalues are represented by k-infinity ( infk ) by 

convention. 

 

Estimators for effk  

 

The definition of effk in Monte Carlo method arises automatically after inserting the 

expression of total cross section in the left-hand side of Equation 12, integrating both 

sides of the equation over space, energy and direction and applying the divergence 

theorem on the first terms of the equation. 

 

 eff

Number of fission neutrons genertaed during cycle i
k

Number of initial neutrons in cycle i
                  

(11) 

Another approach to calculating effk , which is statistically favorable, consists of using 

the expected number of fission neutrons instead of the actual generated number of 

fission neutrons:  

 

eff
Expected number of fission neutrons genertaed during cycle i

k
Number of initial neutrons in cycle i



         

(12) 

There are different ways to estimate the effk , which correspond to different estimators. 

In this code, single estimator is used and that is collision estimator. 

The definition of collision estimator is as follows: 
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where i  is summed over all collisions where fission is possible and j  is summed 

over all isotopes in the material involved in the ith collision. jt ,  is the total 

microscopic cross section for nuclide j  , jf is the atomic fraction of nuclide j  , j , 

is the average number of neutrons produced by the fissioning nuclide, jf ,  is the 

microscopic fission cross section for nuclide j  , and iW  is the weight of the particle 

entering the ith collision. 

 

Statistics of the Results 

 

In the Monte Carlo calculation, the generation-wise estimates of parameters are not so 

interesting per se. The parameters are random variables and their values differ from 

one generation to the next. They become interesting when statistical methods are 

applied to the sequence of batch values. Each parameter is associated with the 

statistical sample mean (or simply “mean”), accompanied by the corresponding 

standard deviation. The mean value is referred to as the result of the simulation and 

the standard deviation is a measure of statistical accuracy, or precision. The mean 

value of estimate X  is given by the arithmetic mean taken over the batch value: 
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The standard deviation is given by: 
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This formulation is not very practical, however, since all batch values need to be 

stored in order to get the final estimate. A more convenient form can be written as: 
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Using the definition, it is sufficient to accumulate only the sums of the batch values 

and their squares. Frequently used quantities related to the standard deviation are the 

variance  2
X and the relative statistical error, which in this text is denoted by: 

   
X

X
XE


                                                 (17) 

Before proceeding any further, it is necessary to explain what is meant by the 

statistical accuracy of the simulation. Basically the standard deviation is a measure of 

how much the mean value is likely to deviate from true result, which is the value that 

would be attained if the simulation could be carried on forever. A more useful 

qualitative interpretation is that the standard deviation is a measure of how much the 

results of two identical but independent simulations are likely to differ from each 

other. The standard deviation by Equation 15 does not provide very much quantitative 

information about the statistical accuracy of estimate X , if the probability distribution 

is not known. Luckily, there is a very fundamental law in statistics, which determine 

the type of the distribution. The central limit theorem states that the sum of a large 

number of arbitrarily distributed random variables is itself a random variable 

following the normal distribution. The assumptions are that the distribution is the 

same for each term in the sum, that the values are independent and that both the mean 

and the standard deviation of the unknown distribution exist and are finite.  

 

Another useful law in statistics is the law of large numbers, which implies stochastic 

convergence, i.e. that the standard deviation by Equation 15 of an estimate, 

approaches zero as the number of term N approaches infinity. So in theory, the result 

estimate X  should be normally distributed, provided that the above assumptions hold. 

Further, the statistical accuracy of the result should always improve if the number of 

simulated histories is increased. 

 

Geometry and Neutron Transport 

 

In this code, an arbitrary three dimensional region can be defined and bounded by first 

or second degree surfaces and fourth degree elliptical torus as provided in other 

Monte Carlo codes such as openMC [9], KENO [10] and TRIPOLI [11]. This code 

also has the repetitive structure capability which is very useful to make the input of 



the system user friendly. Using this capability, once the geometry is constructed at 

one place, the same can be repeated any number of times at other places in the 

problem by just providing the coordinates. In case the repeated structures occur in 

geometry in a regular pattern (in lattice manner), the lattice capability of the code can 

be used to make the input preparation further user friendly. Using this capability, any 

selected region can be filled by a pre-defined lattice in lattice manner by just a 

command in the input of the problem. Likewise in this code, the repeated structures 

can be filled in geometry randomly also. An improved “fast RSA (Random Sequential 

Addition) method” [12] is used to generate the random arrangement in given 

geometry. The implementation of this feature requires some additional programming 

efforts and it is useful to have this capability. For tracking the neutron in finite 

geometry regions, ray-tracing algorithm is used which follows the neutron from one 

surface to the next. In ray-tracing algorithms a problem is to find the distance a 

particle has to travel in order to intersect a surface. This is done by solving the 

quadratic equation which is constructed after putting the particle trajectory in the 

equation of surface. The procedure may be time consuming; especially if there are 

large numbers of cells in the problem and neutron mean free path is large compared to 

the characteristic dimension of the system. The ray-tracing algorithm will be replaced 

by an alternative method known as delta-tracking in subsequent version of this code.  

 

The tracking procedure begins by sampling the free path length. In case of several 

homogeneous regions in the geometry which have different material properties, the 

neutron is stopped at each boundary surface and the remaining distance is re-sampled 

to the next collision site. 

 

Tracking in Finite Geometry Regions 

 

In Monte Carlo particle transport calculations as well as ray-tracing algorithms a 

common problem is to find the distance a particle has to travel in order to intersect a 

surface. As mentioned above, the geometry module of the code can handle any region 

which can be enclosed by a set of quadratic and quartic surfaces (for example 

elliptical torus). Quartic surfaces are generally used in fusion geometries in case of 

fourth-order torus. Ray-tracing algorithms require the information about the distance 



to the nearest boundary (intercept distance) surface. In this report, a method to 

calculate the intercept distance to an arbitrary quadratic surface will be discussed for 

simplicity. 

 

In notation form, an arbitrary quadratic surface in 3-D space can be represented by 

[5]: 
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                                          (18) 

The ija ’s are arbitrary constant and 4-vector ix has components  zyx ,,,1 . This 

equation is very general and covers a wide variety of surfaces. These surfaces can be 

combined to make geometrical objects of arbitrary complexity and are extremely 

useful in Monte Carlo modeling of physical objects. Particle trajectory of a neutron 

traveling in straight line between the interactions points can be written by parametric 

equation as follows. 

spx 


                                                        (19) 

where the starting position of the particle is  zyx pppp ,,


. A positive value of 

s expresses a distance along the direction that the particle is going (forward 

trajectory) and a negative value is associated with a distance that the particle come 

back (backward trajectory).  The ray-tracing algorithm requires the distance a particle 

has to travel in order to intersect a surface. This is done by substituting for x


from 

Equation 19 in Equation 18 to give: 
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Where the convention that 00  and 10 p has been adopted as in Equation 3. This 

is a quadratic equation in s and solutions for s can be found very easily.  

 

In most cases of interest, the geometry consists of not one, but of several 

homogeneous material regions. Since the material properties are different in each 

region, the collision probability changes each time the neutron crosses a cell 

boundary. The problem is that the free path length sampled in one material is not 



statistically valid in next. The solution is to stop the neutron at the boundary surface 

and adjust the remaining distance to the next collision site. This is done as follows: 

 

Consider a situation in which the neutron is initially in a material characterized by 

macroscopic total cross section 1t . The distance to the nearest material boundary 

within the line-of-sight is denoted by d and beyond that lies another material, with 

total cross section 2t . The free path length, 1x in material 1  has been sampled in 

such a way that dx 1 . The path length 2x in material 2 must then be adjusted 

from the remaining part, i.e.  dx 1 . The adjustment has to be made without 

compromising the statistical validity of the sample, which is assured by preserving the 

non-interaction probability. 
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The total path length from the starting position is then: 
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Modeling of randomly dispersed particle fuels 

 

High-temperature gas-cooled reactor fuels are composed of thousands of microscopic 

fuel particle (TRISO fuel particle), randomly dispersed in a graphite matrix. The 

modeling of such geometry is complicated, especially using continuous-energy Monte 

Carlo codes, which are not able to apply any deterministic corrections in the 

calculation. A geometry routine is developed for modeling randomly dispersed 

particle fuel in the Monte Carlo code. In this code, an improved “fast RSA (random 

sequential addition)” method [12] is used to generate random arrangements for 

TRISO fuel particles. In the basic RSA method [13], a position XYZ for a spherical 

fuel particle within the given volume (such that XYZ is at least a distance R from the 

container boundaries) is randomly selected. The centre of spherical fuel particle is 

considered at position XYZ. Simultaneously it is also taken care that this sphere 



centered at XYZ does not overlap any of previous randomly placed spheres. Because 

of this step, checking all previous spheres for no overlap, the basic RSA method is 

time consuming and takes very large amounts of computing time. 

 

In the improved “fast RSA”, the test for overlapping is performed only on nearest-

neighbor spheres rather than an exhaustive check of all previous spheres. This is 

achieved by defining a lattice with spacing 3/2Rh  . This choice of lattice spacing 

guarantees that each lattice box can contains at most 1 sphere centre, and only 

  1 hRm neighboring boxes need to be checked for overlapping spheres in the  x, 

 y and  z directions. Lists are maintained to keep track of the spheres contained in 

each lattice box as well as the empty lattice boxes.  

 

Neutron Interactions 

 

Once the neutron reaches at its final collision site, the procedure of sampling the 

neutron interaction is started. The sampling is carried out by first selecting the target 

nucleus and then the reaction type from the available reaction channels for the nuclei 

in particular. Since the cross sections data are read from ACE-format data libraries 

which are also shared with other existing Monte Carlo code worldwide, most of the 

interaction physics is very similar as well and sampling schemes for secondary angle 

and energy for outgoing neutrons from each reaction type are considered same as 

given in their physics manual. In this code, each emission law (LAW number) in 

ENDF/B library is sampled. Explicit sampling emission energy of delayed-neutron is 

considered for 6 or 8 precursor group in case of availability for the particular nuclei. 

 

In some regimes, the kinematics of a neutron collision with a nucleus is strongly 

affected by the thermal motion of a nucleus. There are two thermal treatments in the 

code, first is free-gas kernel and second is   ,S  scattering model. The free gas 

kernel is a thermal interaction model that enjoys considerable use since it results in a 

good approximation to the thermal flux spectrum in a variety of application and can 

be sampled without tables. In this model neutrons are assumed to be transported in a 

monatomic gas, the latter having an isotropic Maxwellian distribution of velocities. 



The effect is that the colliding neutron may gain energy by up-scattering or lose 

energy by down scattering. The assumption is that the neutrons are scattering off 

unbound nuclei (free gas) that are distributed energy-wise in Maxwell-Boltzmann 

distribution. The output from this scattering correction is the exiting relative neutron 

energy and direction which will be used later for scattering selection. In the second 

treatment, the neutron scattering at thermal energies is modeled in a rigorous manner 

by sampling directly for  and  from the   ,S  scattering law; this also includes 

chemical-binding effects.  and  are energy transfer and momentum transfer 

dimensionless coefficients respectively.  is negative for down-scattering and 

positive for up-scattering. The  and  uniquely determine the kinetic energy and 

scattering angle of the emerging neutron in the laboratory system. This direct 

sampling of  and  enables calculations to be made with full scattering kernel but 

requires the storage of only two-dimensional arrays. 

 

Although code development is an on-going effort and new capabilities will be 

constantly added in the existing code, but, two capabilities which requires some 

additional efforts are added. One of those is implementation of probability table (PT) 

treatment in unresolved resonance range (URR) (another one is capability of handling 

the microscopic fuel particles dispersed randomly) which is important for self-

shielding effects, especially in fast reactor application and other problems with 

appreciable flux spectrum in the unresolved resonance range. Besides thermal 

scattering, unresolved resonance energy range also requires a special treatment. For 

many nuclides, resonances in the 1-100 keV energy range are so narrow and close 

spaced that is not possible to experimentally resolve all resonances. In the URR the 

detailed variation of the cross sections versus energy is by definition, unknown. The 

cross section probability tables (PT) are appropriately distributed throughout the 

unresolved energy range of a given isotope. These tables consist of a probability 

distribution of cross sections to be used in an energy range of the tabulated energy. 

These probability tables are generated with the cross section processing code, by 

using the evaluated statistical information about the resonance to calculate cumulative 

probability distribution function (CDF) for the microscopic cross section. The elastic, 

fission and the radiative capture cross sections are also tabulated as the average values 

of each of these partial conditional upon the value of the total. The Unresolved 



resonance probability tables affect only integrated cross sections not the secondary 

angle-energy distribution. The procedure for implementation the PT in URR in the 

code is adopted from openMC [9] code developed by members of the Computational 

Reactor Physics Group at the Massachusetts Institute of Technology, USA.   

 

Code validation and discussion 

 

In any code development process, code validation and benchmarking is very 

important step for qualification. In this process, the results produced by this code are 

compared with the experimental results or some time with the results produced by 

another code. It also provides a way to identify the programming errors in the code. In 

this report, the results of benchmarking are presented in such a way that it validates 

each capability of the code explicitly. Some of the benchmark problems are taken 

from handbook of Criticality Safety Benchmark Evaluation Project (ICSBEP) [14], 

which covers various fuel materials (enriched 233U, 235U, Pu , their mixtures), different 

fuel forms (compound, metal, solution, and their mixed ones) and neutron spectra 

(thermal, intermediate, fast). In all simulations presented in this report, the ACE 

formatted libraries for all nuclides are downloaded from https://www-

nds.iaea.org/ads/ which has been processed from ENDF/B-VII.0 using nuclear data 

processing code system. Input preparation is discussed in the Appendix-1. Inputs of 

some benchmark problems are presented in Appendix-2. 

 

Sample problem (1) 

(For testing the general features of the code) 

 

In the development of indigenous Monte Carlo code, first intention was to verify the 

understanding of criticality process involved in Monte Carlo method e.g. grid 

unionization process, selecting the mean free path, selecting the target nucleus, 

selecting the reaction type, sampling the kinematics of the reaction, fission source 

selection for next generation and testing the geometry module. The first benchmark 

case selected from the ICSBEP handbook [14] is U233-MET-FAST-002-case2.  In 

this benchmark critical experiment a sphere of uranium highly enriched in 233U 



surrounded by uranium highly enriched in 235U is considered. Exact description of this 

benchmark problem can be seen from the ICSBEP handbook. Benchmark value of 

effk is 1.0000  0.0011. Using this code, the simulated value of effk is 1.0004  0.0007. 

In case of not using the unresolved resonance probability tables, the simulated value 

of effk is 1.00038  0.0008. This case was run with 100 inactive and 500 active 

batches, each with 1000000 particles. 

 

Sample problem (2) 

(For testing the implementation of probability table in the code) 

 

In general, there is not much difference in eigenvalue calculation to see the 

Probability table’s (PT) impact (for example, see sample problem 1) in effk  . 

Therefore, this sample problem is explicitly simulated to see the impact of PT in URR 

in k-eff considering the fact that fast spectrum benchmarking are affected  most, but 

only if 238U is presented in large quantities with 239Pu and 240Pu, not with 235U. This 

sample problem is selected from the report LA-UR-98-26 [15]. In this benchmark 

problem, an eigenvalue was calculated for an infinite medium of homogeneous 

material with the composition chosen to emphasize the unresolved energy range. This 

benchmark problem may be considered one of the simplest problems to estimating the 

effect of PT in URR on effk . In the report LA-UR-98-26, ENDF/B-V cross section 

data set is used to simulate the benchmark problem using Monte Carlo code. Exact 

atomic composition of each nuclide is considered as given in the reference report. Due 

to the non-availability of the ACE formatted data libraries processed from ENDF/B-V 

cross section data set, the ACE formatted libraries processed from ENDF/B-VII.0 are 

used for simulation. The eigenvalues obtained with and without probability table 

using this code are 1.48996(  0.0006) and 1.48079 (  0.0007) respectively. In the 

report, eigenvalues with and without probability table are estimated as 

1.51068(  0.00129) and 1.49337 (  0.00165) respectively off course with ENDF/B-V 

cross section data set. 

 

Sample problem (3) 



(For testing the implementation of Thermal Scattering Law Data Library 

in the code) 

 

The aim of this benchmark problem is to test the implementation of thermal scattering 

law data library and free gas model in the low energy range. Without this capability, 

the code has no use in practical application. Here, the sample problem selected from 

the ICSBEP handbook [14] is LEU-SOL-THERM-002 experiment 1. Again, the exact 

description (e.g., geometry and isotopic composition) of this benchmark problem can 

be seen from the ICSBEP handbook. In this case, the benchmark value of effk is 

1.0038(  0.0040). The simulated value of effk using this code is 1.00002(  0.0007) 

with thermal scattering law data library for the bound atom. The same problem is also 

simulated without using the bound cross section. In this case, the benchmark value of 

effk is considered 0.99237 as given in reference 14.  Using the code, the simulated 

value of effk is 0.99133(  0.00040). 

 

JEZEBEL and GODIVA benchmarks (4) 

 

The specifications adopted for these benchmark calculations are those given in the 

CSEWG Benchmark Book, BNL 19302, ENDF 202. JEZEBEL and GODIVA are fast 

reactor benchmarks. JEZEBEL is a bare sphere of plutonium metal and GODIVA a 

bare sphere of highly enriched uranium. Both the benchmarks are single-region, 

simple geometry and have uniform composition. 

 

JEZEBEL, a bare sphere of plutonium 

 

The spherical homogeneous model has a core radius of 6.385 cm and the following 

composition. 

Isotope Density (atoms/b-cm) 

239Pu 0.03705 

240Pu 0.001751 

241Pu 0.000117 

 



Measured eigenvalue with vacuum boundary condition is 1.000  0.002. effk , 

calculated using the developed code is 1.00056  0.00079. Input preparation for the 

simulation of this problem by M3C code is given as sample input-1 in Appendix-2.  

 

GODIVA, a bare sphere of enriched uranium 

 

The spherical homogeneous model has a core radius of 8.741 cm and the following 

composition. 

Isotope Density (atoms/b-cm) 

235U 0.04500 

238U 0.002498 

234U 0.000492 

 

Measured eigenvalue with vacuum boundary condition is 1.000  0.001. The value of 

effk is found 1.00034(  0.00062) using this code which is a good agreement with the 

experimental data. 

 

Sample problem 5 

(PHWR Lattice) 

 

In the previous three sample problems, the entire emphasis is given to the interaction 

physics of neutron with matter whether all type of processes involved between 

medium and neutron are sampled correctly or not. Many more such type of sample 

problems with different combination of nuclides and geometry have also been 

simulated using this code. All the simulated results were encouraging and provided 

the confidence to simulate the practical problems using the developed code. Hence 

first practical problem selected for the simulation is PHWR (Pressurized Heavy Water 

Reactor) lattice [16]. The PHWR is a pressure tube type reactor with heavy water as 

moderator and coolant, and natural uranium dioxide as fuel. The fuel bundle consists 

of 19 rod cluster. Using the developed Monte Carlo code, k-infinity (k-inf) is 

calculated for 220 MW(e) PHWR rod fuel cluster in the cold condition assuming that 

fuel, coolant and moderator temperatures, all are equal at 25oC.  The specification of 



19-rod fuel cluster is presented in Table 1. The details of this cluster can be found in 

reference 16. The 19-rod fuel cluster is shown in Figure 5. The same cluster is also 

simulated by deterministic neutron transport theory code CLUB [17, 18] using 172 

energy group nuclear data library based on ENDF/B-VII.0 point data for the K-inf 

with reflective boundary condition. The value of k-inf for this cluster using CLUB is 

1.14125. The same sample problem is also simulated using the developed M3C code 

using same pointwise nuclear data set based on ENDF/B-VII.0. The value of k-inf is 

found 1.13971  0.00086 which can be considered in good agreement with the 

previous value of k-inf calculated from deterministic code ITRAN. Input preparation 

for the PHWR lattice by M3C code is given as sample input-2 in Appendix-2. 

 

Table 1   Specifications of  19 element 220 MW(e) PHWR fuel cluster 

 

Fuel material Nat. UO2 

Number of fuel rod in a fuel bundle 19 

Ratio N238/N235 137.8 

Fuel density 9.91 gm/cc 

Moderator Material D2O 

Sheath material Zr-4 

Sheath density 8.91 gm/cc 

Fuel bundle length 49.53 cm 

Diameter of fuel rod 1.437 cm 

Inner diameter of the sheath 1.445 cm 

Outer diameter of the sheath 1.521 cm 

Pressure tube material Zr-2 

Calandria tube material Zr-2 

Inside diameter of pressure tube 8.26 cm 

Outside diameter of pressure tube 9.10 cm 

Inside diameter of  calandria tube 10.80 cm 

Outside diameter of calandria tube 11.06 cm 

Lattice spacing (square) 22.86 cm 

 

 



 

 

 

Figure 5.     Unit cell for 19-rod fuel element 

 

Conclusions 

 

The most important contribution of this work is the development of a new calculation 

code for neutron transport by Monte Carlo methods using continuous energy cross 

section data. The code development involved modeling of every aspect of neutron 

transport. The development activity had several challenging tasks such as developing 

a general geometry module for neutron tracking, understanding and modeling the 

physics behind each process, comprehensive use of point cross sections in a the 

specific ACE format, understanding the Monte Carlo method and advanced computer 

programming. From nuclear data point of view, this code uses standardised ENDF 

format reaction data, read from ACE format data libraries. This also helps in the 

benchmarking of this code with other international Monte Carlo codes.    

 

The important features of this code are treatment of heterogeneous lattices by general 

geometry, use of point cross sections along with unionized energy grid approach, 

thermal scattering model for low energy treatment, use of probability table for 

accurate treatment of self-shielding in the unresolved resonance range and the 

capability of handling the microscopic fuel particles dispersed randomly. The 



characteristic feature of M3C code is that it can be used for reactor physics calculation 

for fuel assembly level.   

 

The results of simulation of several benchmarks and in good agreement with 

published results in literature give the confidence about the performance of this code 

for criticality calculations in reactor physics design.  

 

Future Plan 

 

As discussed in the conclusions section, M3C code can be used for reactor physics 

calculation for fuel assembly level, in future, it is planned to extend the technique to 

whole reactor core calculation. Other than this, it is also planned to develop a Monte 

Carlo tool for the simulation of time dependent power transients in nuclear reactors. 

 

Parallel calculation is becoming increasingly important in scientific computation. The 

Monte Carlo method is particularly well-suited for parallel calculation and efficiency 

increases almost linearly as the number of parallel task is increased. To take this 

aspect into consideration, an effort will put to make this M3C code parallel. 
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Appendix-1 

 

Input Preparation 

 

Input file of this code describes the problem geometry, specifies the materials and the 

source. The geometry is constructed by defining cells that are bounded by one or 

more surfaces. Cells can be filled with a material or be void. Input for this code is free 

format. Each single line of the input is called a “card”. 

 

********************************************************************* 

*-------------------INPUT SPECIFICATION (FREE FORMAT)--------------------------* 

*                                                                                                                                      * 

* CARD 1                                                                                                                       * 

*                                                                                                                                      * 

* 1     nmat             Number of material involved in the system                                    * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 2                                                                                                                       * 

*                                                                                                                                      * 

* 1     nsmat            Serial number of the material                                                          *                                                                                                                     

*                                                                                                                                      * 

* 2     nisomat         Number of isotope involved in that particular material                  * 

*                                                                                                                                      * 

* 3     vTMPR         Temperature of the material                                                           * 

*                                                                                                                                      * 

* **************CARD 2 is repeated for each of the nmat materials************* 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 3                                                                                                                       * 

*                                                                                                                                      * 

* 1     nsisom           Serial number of the nuclear data file for that particular isotope   * 

*                                       in the list of nuclear data files                                               * 

*                                                                                                                                      * 

* 2     vnumd           Number density of the isotope in material (in atoms/barn*cm)     * 



*                                                                                                                                      * 

* **********CARD 3 is repeated for each of the nisomat isotopes*************** 

************************IN each nmat material*************************** 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 4                                                                                                                       * 

*                                                                                                                                      * 

* 1    nisom             Number of different type of isotopes present in the simulation     * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 5                                                                                                                       * 

*                                                                                                                                      * 

* 1     nsab             Flag for each of the nisom isotopes whether the isotope                 * 

*                            contains the thermal scattering law data library. 0 in case of           *                             

*                            no thermal scattering law data library. In case of thermal               * 

*                            scattering law data library given the serial of thermal scattering     * 

*                           law data library in the list of thermal scattering law libraries           * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 6                                                                                                                       * 

*                                                                                                                                      * 

* 1     fname          Name of the main nuclear data file for each of the nisom               * 

*                            isotope. The serial number of nuclear data file should be                * 

*                            consistent with nsisom in CARD 3                                                  *                                                                                              

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 7                                                                                                                       *   

*                                                                                                                                      * 

* 1       ntsab          Total number of thermal scattering law data library used               * 

*                             for the simulation                                                                             * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 8                                                                                                                       * 

*                                                                                                                                      * 



* 1       fname         Name of the thermal scattering law data library for each of ntsab  *               

*                            Order of thermal scattering data library should be consistent          * 

*                             with the detail of thermal scattering law data library for each        * 

*                            isotope presented in CARD 5.                                                          * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 9                                                                                                                       * 

*                                                                                                                                      * 

* 1       nofpt        This is the option for the use of probability table in unresolved       * 

*                           resonance range (0/1)                                                                        * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 10                                                                                                                     * 

*                                                                                                                                      * 

* 1       nps          Number of neutrons per cycle                                                             * 

*                                                                                                                                      * 

* 2       nnact       Number of non-active cycles (cycles to be skipped before                * 

*                          accumulating data)                                                                             * 

*                                                                                                                                      * 

* 3       nact         Number of active cycles                                                                     * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 11                                                                                                                     * 

*                                                                                                                                      * 

* 1       ntotnu      This is total fission card. 0/1 prompt and total  will be used in     * 

*                           criticality calculation                                                                         * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 12                                                                                                                     * 

*                                                                                                                                      * 

* 1       nregion     Total number of region in the problem                                             * 

*                                                                                                                                      * 

*                                                                                                                                      * 



* CARD 13                                                                                                                     * 

*                                                                                                                                      * 

*********This CARD gives the details of each of the nregion regions. *********** 

***This CARD has the information about the material number to be filled in each*** 

*****region and quadratic and quartic surfaces by which region is constructed****** 

*                                                                                                                                      *  

* 1       nrs            Serial number of the region                                                               * 

*                                                                                                                                      * 

* 2       nremat      Material number to be filled in the region                                         * 

*                                                                                                                                      * 

* 3       nsr             Total number of surfaces by which the region is enclosed              * 

*                                                                                                                                      * 

* 4       npl             the list of surfaces by which region is enclosed with sense sign.     * 

*                            For example, +ve sign means region contains all the points            *  

*                            which have positive sense with respect to the surface.                    *                                                    

*                                                                                                                                      * 

*                                                                                                                                      * 

***********************NOW TWO BLANK CARDS********************* 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 14                                                                                                                     * 

*                                                                                                                                      * 

* 1       nsurf        number of quadaratic surfaces                                                           * 

*                                                                                                                                      * 

* 2       nsurf4      number of quartic surfaces                                                                 * 

*                                                                                                                                      * 

* 3       nsurf3       number of cubic surfaces                                                                  * 

*                                                                                                                                     * 

*                                                                                                                                     * 

* CARD 15                                                                                                                    * 

*                                                                                                                                      * 

********FIRST THE DETAILS OF nsurf QUADARATIC SURFACES**********     

*********THE EQUATION OF EVERY QUADARATIC SURFACE IS********* 



* 0222222 2
4,44,3

2
3,34,23,2

2
2,24,13,12,11,1  ZAYZAYAXZAXYAXAZAYAXAA * 

*                                                                                                                                      * 

****************************ONE BLANK LINE************************ 

*                                                                                                                                      * 

* 1       a11         first coefficient of above mentioned equation                                     * 

* 2       a12         second coefficient of above mentioned equation                                * 

*  …..REST  EIGHT COEFFICENTS OF ABOVE MENTIONED EQUATION….. * 

*                                                                                                                                      * 

* ******IN THE EXSISTING CODE TREATMNET OF CUBIC SURFACES***** 

**************************IS NOT CONSEDERED***********************                                                                                                                                     

*                                                                                                                                      * 

******IN THIS PART OF INPUT, DETAIL OF EACH QUARTIC SURFACE***** 

****************(ELLIPTIC SURFACE) WILL BE PRESENT**************** 

*                                                                                                                                      * 

* 1       XT        X-coordinate of the centre of the ellipse                                               * 

*                                                                                                                                      * 

* 2       YT        Y-coordinate of the centre of the ellipse                                               * 

*                                                                                                                                      * 

* 3       ZT         Z-coordinate of the centre of the ellipse                                               * 

*                                                                                                                                      * 

* 4      ATT       Distance of the centre of the ellipse from the axis around which         * 

*                        the ellipse will take the rotation to form a torus.                                  * 

*                                                                                                                                      * 

* 5     BTT       Major axis of the ellipse                                                                         * 

*                                                                                                                                      * 

* 6     CTT       Minor axis of the ellipse                                                                        * 

*                                                                                                                                      * 

* 7      ITT       Flag for the reorganization of the axis arouns which ellipse will          *  

*                      rotation. 1/2/3 for X/Y/Z axis                                                                 * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 16                                                                                                                     * 

*                                                                                                                                      * 



* 1      nsrc      number of originating point in the system for the initial source             * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 17                                                                                                                     * 

*                                                                                                                                      * 

********THIS CARD CONTAINS THE DETAIL OF THE POSITION OF******* 

***************EACH OF THE nsrc ORIGINATING POINTS****************  

*                                                                                                                                      * 

* 1      xs         X-coordinate of source points                                                                 * 

*                                                                                                                                      * 

* 2      ys         Y-coordinate of source points                                                                 * 

*                                                                                                                                      * 

* 3      zs          Z-coordinate of source points                                                                * 

*                                                                                                                                      * 

****In case of more than one originating points (nsrc>1), the initial nps neutrons**** 

***************will be distributed equally among nsrc points.*****************                                                                                                                             

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 18                                                                                                                     * 

*                                                                                                                                      * 

* 1      notp      number of times a region which is constructed once has to be              * 

************************repeated in the system again********************** 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 19                                                                                                                     * 

*                                                                                                                                      * 

*******This card will given the information of each of region which is has to****** 

************be repeated at some other place in the system. This card************ 

*********************exists only if notp is not equal to zero****************** 

*                                                                                                                                      * 

* 1       xc          X-coordinate of the point where a region has to be repeated               * 

*                                                                                                                                      * 

* 2       yc          Y-coordinate of the point where a region has to be repeated               * 

*                                                                                                                                      * 



* 3       zc          Z-coordinate of the point where a region has to be repeated                * 

*                                                                                                                                      * 

* 4       ncell      Total number of cells in the region                                                       * 

*                                                                                                                                      * 

* 5       ngcell     list of the ncell cells                                                                             * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 20                                                                                                                     * 

*                                                                                                                                      * 

***********THIS CARD IS USED TO FILL ANY REGION IN THE*********** 

***********SYSTEM BY REPEATING ANY OTHER SUB REGION*********** 

*****************IN A LATTICE OR RANDOM MANNER***************** 

*                                                                                                                                      * 

* 1       ilat      1/2 lattice or random manner                                                                  * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 21                                                                                                                     * 

*                                                                                                                                      * 

*********This CARD exists in case of ilat in CARD 20 is eighter 1 or 2********** 

*                                                                                                                                      * 

* 1       iltcell    region number to be filled by any other sub region(lattice or random)* 

*                                                                                                                                      * 

* 2       nocla     number of cells in the sub-region                                                         * 

*                                                                                                                                      * 

* 3       ncellat    give the list of cells in the sub-region                                                  * 

*                                                                                                                                      * 

*******IN CASE OF ilat=2(RANDOM MANNER) ONE MORE ENTRY IS******                                                                                                                             

******************************NEEDED*******************************

*                                                                                                                                      * 

* 4       nlatp      Number of times sub-region is filled in the region (iltcell) randomly * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 22                                                                                                                     * 

*                                                                                                                                      * 



***********THIS CARD CONTAINS THE INFORMATION ABOUT**********                                                                                                                             

*********************THE BOUNDADRY CONDITION******************* 

*                                                                                                                                      * 

* 1        nrflact    Vacuum (VBC) or reflective (RBC) boundary condition (0/1)          * 

*                                                                                                                                      * 

*                                                                                                                                      * 

* CARD 23                                                                                                                     * 

*                                                                                                                                      * 

*************THIS CARD EXISTS IN CASE OF nrflact=1 (RBC)************* 

*                                                                                                                                      * 

* 1         nsref       Number of surfaces where RBC has to put                                       * 

*                                                                                                                                      * 

* 2         nstbr       List of nsref surfaces                                                                         * 

*                                                                                                                                      * 

*********************************************************************                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix-2 

 

Sample Inputs 

 

Sample Input-1 

 

CARD  1-   1                                    nmat=1                        

CARD  2-   1   3   2.5301E-08         nsmat=1,   nisomat=3,   vTMPR =2.5301E-08      

CARD  3-   1   0.03705                    nsisom=1, vnumd=0.03705       (repetition of 

CARD  3-   2   0.001751                  nsisom=2, vnumd=0.001751      CARD3 nisomat 

CARD  3-   3   0.000492                  nsisom=3, vnumd=0.000492        times) 

CARD  4-   3                                    nisom=3 

CARD  5-   0                                    nsab=0          (repetition of  CARD5 nisom times,  

CARD  5-   0                                    nsab=0              non of them contains thermal 

CARD  5-   0                                    nsab=0                  scattering law data library) 

CARD  6-   Pu239                            fname=Pu239          (repetition of CARD6 nisom       

CARD  6-   Pu240                            fname=Pu240              times) 

CARD  6-   Pu240                            fname=Pu241 

CARD  7-   0                                    ntsab=0                    (Since ntsab=0, no CARD8)  

CARD  9-   1                                    nofpt=1   

CARD10-   100000   100  500         nps=100000,  nnact=100,  nact=500 

CARD11-   1                                    ntotnu=1 

CARD12-   1                                    nregion=1 

CARD13-   1  1  1  -1                       nrs=1,  nremat=1,  nsr=1,    npl=-1 

  (Ttwo lines  

                                         are blank) 

CARD14-    1   0   0                          nsurf=1,    nsurf4=0,   nsurf3=0 

   (Blank line) 

CARD15-  -40.768225 0 0 0 1 0 0 1 0 1 (Coefficnets of surface, sphere, R=6.385cm) 



CARD16-    1                                     nsrc=1 

CARD17-    0.  0.  0.                          xs=0,  ys=0,  zs=0           (CARD17, nsrc times) 

CARD18-    0                                     notp=0 

CARD20-    0                                     ilat=0              (no CARD19, in case of notp=0) 

CARD22-    0                                     nrflact=0           (no CARD21, in case of ilat=0) 

(no CARD23, in case of nrflact=0) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sample Input-2 

 

PHWR lattice Input 

 

CARD  1-   4                                                            

CARD  2-   1   3   2.5301E-08               

CARD  3-   1   1.5893E-04                     

CARD  3-   2   2.1945E-02                   

CARD  3-   3   4.4227E-02                           (repetition of CARD2 and  CARD3, 

CARD  2-   2   1   2.5301E-08                                     nmat times) 

CARD  3-   4   4.5398E-02                     

CARD  2-   3   2   2.5301E-08               

CARD  3-   5   5.0259E-02                     

CARD  3-   3   2.5391E-02  

CARD  2-   4   2   2.5301E-08               

CARD  3-   5   6.5283E-02                     

CARD  3-   3   3.2948E-02                                   

CARD  4-   5                                     

CARD  5-   0                                      

CARD  5-   0                                     

CARD  5-   0      

CARD  5-   0                                     

CARD  5-   1                                        (last nuclide H_002 contains thermal                             

CARD  6-   U235                                         scattering law data library, 1 in last  

CARD  6-   U238                                               section of CARD 5) 

CARD  6-   O16 

CARD  6-   Zr_nat                            

CARD  6-   H_002 

CARD  7-   1 



CARD  8-   HWTR        (Name of thermal scattering law data library for D in D2O)                    

CARD  9-   1                                       

CARD10-   100000   100  500          

CARD11-   1                                     

CARD12-   7                                     

CARD13-   1     1    1    -1    

CARD13-   2     2    2     1   -2 

CARD13-   3     3    1   -3 

CARD13-   4     4    2    3    -4 

CARD13-   5     5    2    4    -5 

CARD13-   6     0    2    5    -6 

CARD13-   7     3    6   -7     8    -9    10    -11    12                     

  (Two blank  

                                        Lines) 

CARD14-    12   0   0                           

   (Blank line) 

CARD15-  -.51624225   0.   0.   0.   1.   0.   0.   1.   0.   0.    

CARD15-  -.57836025   0.   0.   0.   1.   0.   0.   1.   0.   0. 

CARD15-  -17.0569       0.   0.   0.   1.   0.   0.   1.   0.   0. 

CARD15-  -20.7025       0.   0.   0.   1.   0.   0.   1.   0.   0. 

CARD15-  -29.16           0.   0.   0.   1.   0.   0.   1.   0.   0. 

CARD15-  -30.5809       0.   0.   0.   1.   0.   0.   1.   0.   0. 

CARD15-  -5.715           1.   0.   0.   0.   0.   0.   0.   0.   0. 

CARD15-   5.715            1.   0.   0.   0.   0.   0.   0.   0.   0. 

CARD15-  -5.715           0.   1.   0.   0.   0.   0.   0.   0.   0. 

CARD15-   5.715            0.   1.   0.   0.   0.   0.   0.   0.   0. 

CARD15-  -24.765          0.   0.   1.   0.   0.   0.   0.   0.   0. 

CARD15-   24.765           0.   0.   1.   0.   0.   0.   0.   0.   0. 

CARD16-    1                                      



CARD17-    0.  0.  0.                          

CARD18-    18                       (fuel rod with associated clad is repeated at 18 places) 

CARD19-        1.646                                    0                        0             2     1    2 

CARD19-       -1.646                                   0                         0             2     1   2  

CARD19-        0.823                1.425477815                         0             2     1    2                                               

CARD19-       -0.823               1.425477815                          0             2     1    2      

CARD19-        0.823              -1.425477815                          0             2     1    2                                               

CARD19-        0.823              -1.425477815                          0             2     1    2                                      

CARD19-    3.070678202       0.822785744                           0             2     1    2 

CARD19-    3.070678202      -0.822785744                          0             2     1    2   

CARD19-    2.247892457       2.247892457                           0             2     1    2 

CARD19-    2.247892457      -2.247892457                          0             2     1    2      

CARD19-    0.822785744       3.070678202                           0             2     1    2 

CARD19-    0.822785744      -3.070678202                          0             2     1    2    

CARD19-    -3.070678202     0.822785744                           0             2     1    2 

CARD19-    -3.070678202   -0.822785744                           0             2     1    2                                       

CARD19-   -2.247892457     2.247892457                            0             2     1    2 

CARD19-    -2.247892457    -2.247892457                           0             2     1    2                                       

CARD19-   -0.822785744      3.070678202                            0             2     1    2 

CARD19-   -0.822785744     -3.070678202                           0             2     1    2                                       

CARD20-    0                                     

CARD22-    1                                              (reflective boundary condition, nrflact=1) 

CARD23-    6   7  8  9  10  11  12                               (list of the reflective 6 surfaces)                            

 


