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Abstract :          Theoretical simulation of the radiation transport occurring in the APSARA core and bulk
shield was carried out using two different radiation transport codes, MCNP and QADCG. The MCNP is a
Monte Carlo based statistical method solving Boltzmann transport equation, where as the latter code
QADCG is a point kernel based deterministic method with build-up factor correction. The aim of the
simulation was to do a dose mapping and estimate the expected value of gamma dose rates at various
locations where experimental measurements were conducted. Details regarding the simulation techniques
employed by both the MCNP and QADCG software with reference to the APSARA core and shield
geometry and source gamma energy distribution in the fuel plates are presented in this report. Different
types of particle tallies requested in MCNP and QADCG are discussed. Details of variance reduction
methods employed in reducing the statistical uncertainty of Monte Carlo simulation are also mentioned in
the report. The statistical errors associated with Monte Carlo based simulation varied between 3% - 6% in
most of the energy bins that contribute to the total fluence and hence to the dose rates. It was observed
that the experimental values and the theoretically simulated values match each other closely following a
similar trend except for certain experimental locations which had photon flux contributions from extraneous
sources like the N-16 activity present in water, beam tubes and pool liner towards shielding corner. It is
seen that the theoretical values are found to be larger than experimental values by factors ranging from 1.1
to 3 depending on the water shield thickness. This study served in validation of the experimental
measurements conducted using GM counter based teletector and diode based detectors. In addition, the
comparison provided a confirmation of the accuracy of the radiation transport simulation techniques used
for dose rate evaluation in case of complex source geometries and large shield materials present. The
experimental measurements thus served in bench marking the simulation methods adopted for radiation
transport used to arrive at reactor physics and radiological safety parameters of interest.
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Abstract 
 
Theoretical simulation of the radiation transport occurring in the APSARA core and bulk  
shield was carried out using two different radiation transport codes, MCNP and QADCG. 
The MCNP is a Monte Carlo based statistical method solving Boltzmann transport 
equation, where as the latter 3 dimensional code QUADCG is a ‘point kernel’ based 
deterministic method with build-up factor correction. The aim of the simulation was to do 
a dose mapping and estimate the expected value of gamma dose rates at various locations 
where experimental measurements were conducted. Details regarding the simulation 
techniques employed by both the MCNP and QADCG software with reference to the 
APSARA core and shield geometry and source gamma energy distribution in the fuel 
plates are presented in this report. Different types of particle tallies requested in MCNP 
and QADCG are discussed. Details of variance reduction methods employed in reducing 
the statistical uncertainty of Monte Carlo simulation are also discussed in the report. The 
statistical errors associated with Monte Carlo based simulation varied between 3-6% in 
most of the energy bins that contribute to the total fluence and hence to the dose rates. It 
was observed that the experimental values and the theoretically simulated values match 
each other closely following a similar trend except for certain experimental locations 
which had photon flux contribution from extraneous sources like the N-16 activity 
present in the water, beam tubes and pool liner towards shielding corner. It is seen that 
QADCG code overestimated the gamma dose rates by about 30-40% when compared to 
MCNP values. In general the theoretical values are found to be larger than experimental 
values by factors ranging from 1.1 to 3 depending on the water shield thickness. This 
study served in validation of the experimental measurements conducted using GM 
counter based teletector and diode based detectors. In addition, the comparison provided 
a confirmation of the accuracy of the radiation transport simulation techniques used for 
dose rate evaluation in case of complex source geometries and large shield materials 
present. The experimental measurements thus served in bench marking the simulation 
methods adopted for radiation transport used to arrive at reactor physics and radiological 
safety parameters of interest. This model will be used to find adequate pool depth for 2 
MW  modified Apsara reactor. 



Calculation and mapping of Gamma Radiation Field in the Pool of Apsara Reactor  
  

Tej Singh, Kanchhi Singh, Archana Sharma,  K. Somakumar & V.K. Raina 
Reactor Group 

P.Srinivasan, S.K. Prasad, D.A.R. Babu & D.N. Sharma 
Radiation Safety System Division 

 
1.0 Introduction 
 
Apsara is a swimming pool type research reactor loaded with Highly Enriched Uranium (HEU) 
fuel. The reactor is designed for a maximum power level of 1 MW and is normally operated up 
to 400 KW. The pool water serves as coolant, moderator and reflector besides providing 
shielding. In addition, graphite and beryllium oxide encased in aluminum boxes are used as in-
core reflector. The core is mounted on a square grid of aluminum, 56x56x15 cm with 49 holes on 
a 7 x 7 square lattice (77 mm pitch), containing fuel elements, control elements, reflectors, 
irradiation tubes, neutron source and fission counter. A typical core configuration is shown in 
Fig.1. 

 
                    
                 Fig.1: A typical core configuration  
 
The first charge of fuel for Apsara reactor was MTR type having 46 % w/w enriched uranium. 
The fuel plates in the fuel elements were curved type in the form of U-Al alloy cladded in 
aluminum.  A standard fuel element consisted of 13 fuel plates, each plate containing 10 gm of 
235U. The first charge was utilized from August 1956 for nearly 8.5 years, till its reactivity 
limited charge life was over. The second charge (Reload-I) of fuel was MERLIN fuel boxes type 
having 80 % w/w enriched uranium similar to the fuel elements of the first charge. The standard 
fuel element of this charge consisted of 14 fuel-curved plates. Each fuel plate contained 10 gm of 
235U and was cladded with aluminum. The second fuel charge was utilized from June 1965 to 
August 1983 for nearly 18 years.  
 



Based on operating experience with the earlier fuel charge, an improved flat fuel design was 
worked out for the third fuel charge.  The over all dimensions of the fuel box were kept 
unchanged to enable mixed loading with previous charge. The number of fuel plates and content 
of 235U in the fuel box were chosen to have a good balance between reactivity gain and negative 
temperature coefficient of reactivity.  The third fuel charge (Reload-II) consisted of 34 fuel 
elements including control, partial and standard fuel element with ~ 4.5 Kg of U of 93% w/w 
235U enrichment. A standard fuel element consists of 12 fuel plates with each fuel plate 
containing 12 gm of 235U in the form of U-Al alloy. The reload-II fuel charge was loaded in the 
reactor in 1983 and is presently in use.  To reduce the critical mass, extra reflectors of graphite 
and BeO are provided in the outer locations of the grid plate  
 
Since Apsara reactor has been in operation for 50 years, it is planned to carry out extensive 
refurbishment of the reactor so as to extend its useful life and to upgrade the systems in line with 
the current safety standards.  As a part of the up-gradation, it is also planned to replace the 
existing HEU fuelled core by a LEU fuelled core designed to operate at a higher power of 2.0 
MW so as to enhance the thermal neutron fluxes in the irradiation/experimental positions. 
 
In order to find out the shielding adequacy of an upgraded Apsara, it is mandatory to validate the 
shielding calculations. For this, it was advised to carry out radiation mapping to check the 
radiation levels at various locations in and around reactor pool with core at two operating 
positions (A & B positions) and power preferably at 400 KW, to constitute the base line data. 
The dose rates in the pool were measured at 200 and 400 KW using two types of detectors 
having range of 1 mR/h to 1000 R/h  and 1000 R/h to 106 R/h. The gamma dose rate along the 
length, width and along depth were measured and calculated by using MCNP4A and QAD-CG 
based on the point kernel method. This report gives the comparison between the calculated 
gamma dose rates and measured values. This report also describes the difficulties in calculational 
methodologies used. 
 
2.0 Geometry Descriptions 
 
The Apsara core is suspended from a movable trolley in a water pool. The pool is having internal 
dimensions of 8.9 meter long, 2.9 meter wide and 8 meter deep and is filled with 195 m3 de-
mineralized water. On the sides, in addition to the water in the pool, the pool walls which are 
made of 2.6 meter thick concrete up to height of 3 meter from bottom tapering to 0.6 meter thick 
concrete at the top provide adequate radiation shielding. Reactor core is suspended by an 
aluminum grid plate of 56x56x15 cm size with 49 holes on a 7x 7 lattice containing fuel 
elements, control elements, reflectors, irradiation holes, neutron source and fission counter in the 
grid hole.  The water depth above the core is about 6 meter.   
 
Overall dimensions of fuel elements are 73 x73 x905 mm and a standard fuel element has 12 fuel 
plates. Each fuel plate consists of 0.5 mm thick aluminum. Fuel inventory also consists of partial 
fuel elements having 10, 8, 4 numbers of fuel bearing plates. The water coolant gaps of 3.6 mm 
and 3 mm respectively are provided between the fuel plates of standard and control fuel 
assemblies to ensure adequate cooling. 10 plate partial fuel elements are provided with long 
aluminum guide channels to accommodate control rods. 
 



3.0 Main Source of Gamma rays in the core  
 
The principal components of the radiation during reactor operation are: fast and thermal neutrons 
arising from the fission events taking place in the reactor core, the primary gamma rays 
(including short lived fission products, prompt and capture gammas from core materials) and the 
secondary gamma rays generated in the shield materials. 
 
For the primary gamma rays, the spectrum in terms of MeV/fission in five photon groups is 
shown in Table-1 for the Apsara core.  
 
            Table-1: Spectrum of the Primary Gamma Ray Sources in APSARA Core 

 
Photon Energy (MeV) Source 

1 2 4 6 8 
 

Prompt Fission 
Fission products 

     Capture in Al 
     Capture in water  

 
3.45 
5.16 

- 
- 

 
3.09 
1.74 

- 
0.58 

 
1.04 
0.322 
0.288 

- 

 
0.26 
0.132 
0.132 

- 

 
- 
 

0.176 
- 
 

Total (Mev/sec/fission 8.61 5.41 1.65 0.392 0.176 
 
 
 4.0   Gamma radiation measurements  

 
      4.1 Preparatory Work 
 
       a. Development and Calibration of Instruments 

 
Two instruments were developed / modified to cover wide range of gamma exposure rates from 
mR/h level to ~106 R/h.  These instruments are (i) Modified teletector instrument (ii) High Range 
Gamma Dose - rate Meter.   
 
i) Modified teletector instrument: 
 
Teletector is the most widely accepted instrument by Health Physicist for its wide ranges, 
ruggedness etc.  Conventional teletector has a collapsible probe, which can be extended up to ~ 4 
meters.  This instrument is not suitable for under water radiation mapping.  Hence this 
instrument was modified with flexible watertight probe assembly. The watertight probe and 
measuring unit were connected with nearly 20-meter long water shield cable and suitable driving 
circuitry at detector end.  This instrument was calibrated with cobalt-60 source at Radiation 
Standards Section of RSSD. The technical specifications of the instrument used are given below.  
 
Technical Specifications: 
Radiation type    :    Gamma  
Detector   :    Two energy compensated GM detectors.  



SS Probe dimensions  :    30 mm dia.X135 mm 
Ranges    :    0-1000  R/h, 0- 50 R/h,0-2 R/h 
                                                     0-50 mR/h, 0-2 mR/h    
Display   :    Non linear analog meter    
Power    :    Battery operated  
Warm up time   :     < 3 min.  
Cable length               :    Up to 20 meters      
 
ii) High Range Gamma Dose - rate Meter:  
 
 This instrument is mains operated silicon detector based high range gamma dose rate meter 
developed exclusively for measurement of high gamma dose rates inside water pools. The 
sensitivity of the probe is  ~4 pA/R/h.  The instrument was calibrated for all ranges few years 
back, however for the present work, calibration was checked up to 30,000 R/h with cobalt-60 
source at Radiation Standards Section of RSSD.  The detailed specifications of the instrument 
are given below.   
 
Technical Specifications: 
 
Radiation type    :    Gamma  
Detector   :    Silicon detector  
SS Probe dimensions# :    50 mm dia.X135 mm Silicon detector                                                     
 
Ranges    :    5 x 106  R/h  F.S.D                                                

     5 x 105            "                                                       
                 5 x 104            "                                                       

                     5 x 103            "                                                       
     5 x 102            "     

Display   :    Linear analog meter (50 divisions)  
Power    :    Mains 220 ± 20 V AC, 50-60 Hz  
Warm up time   :     < 3 min.  
Cable  length               :    Up to 30 meters single RG-58    
 
(#Since probe is to be inserted inside water pool, SS enclosures were fabricated for the detectors.  
The cables were inserted through polyurethane sleeves). The radiation measurements will be 
within ±15% error margin.   
 
b:  Mock –Up  
 
The detector probe was hung from top of Apsara pile to see its verticality. A metal pipe rod of 30 
feet length was taken, the detector of the instrument was tied to one end of it using nylon rope. 
The attached cable was run along the rod and tied at different locations on it, with the measuring 
device kept at the top parapet of Apsara pool. 
 
A nylon rope with sinker was lowered from pool top hanging down to core top, markings were 
made on it, with the top rim of the trolley as reference point enabling us to calculate the 



movements of the distances required to reach each measuring point by vertical movement of the 
detector attached metal pipe. Similarly the probe along with the attached rod was tied to a 
suitably sized pipe kept on the parapet and moved along the length of the pool keeping the 
detector matching the core centre line. This arrangement facilitated the radiation field 
measurement at various distances away from the core in the horizontal plane.  
 
For this measurement reactor core was located at “A” and “B’ positions and operated at 200 kW 
& 400 kW power levels. Measurements were also made along the breadth of the pool at core 
centre level from various distances of the core. 
 
4.2    Measurements  
            
The measured radiation dose rates at different distances from the core in axial and in radial 
directions at 200 kW are given in the tables below (details are given in ref [1]): 
 
         Table–2a: Radiation mapping along the depth above the core at core position F-7  at  
                          200 kW reactor Power 

 
Radiation field (R/h) Sr No Vertical distance (cms)  

from core top surface D-6 Position F-7 Position 
1 30 1.15 x 105 1.20 x 105 

     2 50 4.7 x 104 4.0 x 104 
3 90 0.55 x 104 0.50 x 104 

4 100 -- 3.6 x 103 

                              Instrument used: Diode Detector 
 
Table–2b: Radiation Mapping along the shielding corner from Core edge  
                 at 200 kW ( B position) 
 

Sr 
No 

Horizontal distance 
(cms)  from core edge 

centre point  

 
Radiation field (R/h) 

1 50 1.75 x 105 
2 65 0.6 x 105 

     Instrument used : Diode Detector 
             
 
 
 
 
 
 
 
 
 
 



                         Table 2c: Radiation Mapping -- Horizontal from Core Centre towards  
                                         Shielding corner side at 200 KW (A Position) 
 

Radiation field (R/h) Sr 
No 

Distance (m)  
 from core  

edge 
Reading 

set#1 
Reading 

set#2 
Average 

1 7.0 0.1* 0.1 0.1 
2 6.5 0.012* -- 0.012 
3 5.5 0.010 0.010 0.010 
4 5.0 0.045 0.045 0.045 
5 4.5 0.220 0.220 0.220 
6 4.0 0.250 0.250 0.250 
7 3.5 0.750 0.800 0.800 
8 3.0 4.0 4.0 4.0 
9 2.5 17.5 17.5 17.5 
10 2.0 125 125 125 
11 1.75 300 320 310 
12 1.65 500 500 500 
13 1.60 750 700 725 
14 1.55 1000 1000 1000 

                 Instrument used : Modified Teletector 
Increase in the reading is due to activated liner and Al box 

          
           Table–2d : Radiation Mapping – along the length from centre of core in B-position 
                                     towards  thermal Column Side  at 200 kW 
                  

 
Sr 
No 

Distance (m)  
from 

core(B)centre 
towards thermal 

column 

 
Radiation 
field (R/h) 

 

1 1.75 Off Scale 
2 1.80 900 
3 2.00 300 
4 2.50 35 
5 3.00 7.0 
6 3.50 1.75 
7 4.00 0.40 
8 4.25 0.20 
9 4.50 0.15 
10 4.70 0.20 

             Instrument used : Modified Teletector 
• Due to proximity of TC Al plate and Lead box. 
 
 



          Table–2e :  Radiation Mapping : Horizontal from core centre towards 
                                            Shielding corner at 200 kW 
 

 
Sr 
No 

Distance (m) from 
core (B-position) 

centre towards liner 
on shielding corner  

 
 

Radiation field 
(R/h) 

 
1 1.65 900 
2 1.70 700 
3 1.75 500 
4 2.00 150 
5 2.15 90 
6 2.25 45 
7 2.35 33 
8 2.50 30 

                   Instrument used : Modified Teletector 
                                                Instrument used : Modified Teletector and 
                                                 Diode Detector (>1000 R) 
 

                      Table–2f : Radiation Mapping – Horizontal  from Core Centre towards 
                                        the graphite  workshop side at 400 kW 

 
Sr 
No 

Distance (cm)  
from core  center 

Radiation 
field (R/h) 

1 60.5 2.50 x 105 

2 90 3.2 x 104 
2 95 2.3 x 104 
3 100(touching the 

pool liner) 
1.2 x 104 

 
                                     Instrument used: Diode Detector 
 

5.0 Power distribution of Apsara Core 
 
Core analysis for the Apsara core are carried out using a two dimensional transport theory 
computer code TWOTRAN. 
 
The core design calculations have been carried out in three stages 
 

• Plate cell or mini-cell  
• Assembly level or super-cell and  
• Core level or global.  
 
 



5.1 Plate Cell Calculations 
 
Plate cell calculations were carried out by using 69-group WIMS library coupled with transport 
lattice theory code WIMS-D/4[2], in one dimensional slab geometry and condensed three group 
homogenized cross sections were obtained. The three groups are 10 MeV to 0.821 MeV (fast), 
821 keV to 0.625 eV (epi-thermal) and <0.625 eV (thermal).  All operating conditions including 
fuel burn-up were considered.   
 
Each square lattice cell (7.6835 cm x 7.6835 cm) area containing the fuel elements is represented 
by two material regions.  The inner region (6.12 cm x 6.0 cm) represents the fuelled portion of 
the assembly in the center of the multiplying cell. This fuelled region consists of all the unit cell 
area occupied by the fuel meat, aluminum clad and the associated light water moderator. The 
peripheral region around the fuelled region represents the extra aluminum in the fuel plates, the 
side plates, the inert plates and the channel water existing in it. 
 
The control element consists of 10 fuel plates and a central water gap of 12 mm between two Al 
end plates (1.0 mm thick) to accommodate the Cd control blade. The control element is 
symmetrical with respect to central vertical plane. A one dimensional cell calculation was 
performed for half of the fuel region (6.12x 6.0 mm) of the control fuel element to arrive at the 
macroscopic homogenized cross-section for the fuel region. Separate calculations were 
performed to obtain the 3 group macroscopic cross-sections for the control element with 
absorber control blade in/out of the elements. This representation of the fuel elements is closer to 
reality and gives a very good agreement with the measurements of some apsara core loading as 
compared to the case when entire fuel pitch is assigned a single set of cross-sections. 
  
For the fuelled region of the lattice cell, the mini cell considered was a one-dimensional slab 
consisting of half- thickness of meat, clad and half thickness of coolant gap. Thus, there are two 
different mini cell geometries one for a standard fuel element and second for control fuel 
element. The homogenized macroscopic three group cross sections were generated as a function 
of fuel burn up for two types of mini cells. For other reactor materials appearing in non- fuelled 
regions (BeO, light water, aluminum etc) , the cross sections were generated by keeping them at 
one pitch away from the mini-cell boundary with light water present between them. 
  
5.2  Assembly Level Calculations 

 
A multiplying super cell consists of two regions: inner region of multiplying mini-cells and outer 
region of non-multiplying materials (water & aluminum). The extent of inner multiplying region 
for a fuel assembly (standard or control fuel assembly) is 6.12 x 6.0 cm.  The macroscopic group 
cross-sections for the inner region and for the materials of outer region are generated in mini-cell 
calculations. The super cell group cross sections are generated by weighting the corresponding 
macroscopic cross sections of inner and outer regions with their volumes and group fluxes in the 
regions. The group fluxes in different regions of the super cell were calculated using the two 
dimensional transport theory computer code TWOTRAN [3] in X-Y geometry with reflective 
cell boundary conditions. 
 



For non-multiplying super cells, consisting of several materials, the group cross sections were 
generated by volume weighting of macroscopic cross sections of individual materials, as 
obtained in mini-cell calculations. 
 
For the assessment of reactivity worth of a control rod, the group flux distributions were obtained 
with hafnium blades present and absent conditions in the control element lattice cell, and 
corresponding controlled super cell properties were generated, in a similar way as for other 
multiplying cells. For control fuel assembly, quarter portion of fuelled region has been taken in 
mini cell calculation. 
 
5.3 Core Calculations 
 
The present core configuration#134 is simulated in to 11 x 11 meshes grid in the two-
dimensional transport theory computer code TWOTRAN.  Each region is divided in to 4 x 4 
meshes. The neutron leakage in axial direction has been accounted by providing the buckling 
corrections, corresponding to extrapolated core dimensions of 76 cm. The power distribution of 
the Apsara core is shown in Table-3. This power distribution is used for source calculation for 
simulation in MCNP 4A code [4]  
 
The measured reactivity for the present core configuration is about 14 mk which is comparable 
with the calculated value of about 15 mk. 
 
                       Table-3: Power distribution of Apsara Core (normalized at 1000) 
 

G F E D C B A  
0 0 0 0 0 0 0 

 
1 

0 23.4 31.2 33.8 33.0 24.4 0 
 

2 

0 33.8 30.6 46.7 32.2 31.2 22.6 
 

3 

28.6 35.6 46.7 0 46.0 36.3 0 
 

4 

26.0 33.8 33.8 46.7 42.6 31.2 26.0 
 

5 

0 30.6 37.4 36.3 28.6 24.9 17.1 
 

6 

0 0 20.6 20.4 0 8.10 0 
 

7 

 
 6.0 Simulation of Gamma source and transport in the core 
 
The reactor core of APSARA along with the distribution of neutron source was simulated using 
Monte Carlo computer code MCNP4A. MCNP4A deals with transport of neutrons, gamma rays, 
and coupled transport, i.e., transport of secondary gamma rays resulting from neutron interacti                         
ons. Neutron cross sections are available for elements with naturally occurring atomic 



abundances. Cross-section library containing data from the ENDF/B-V (evaluated nuclear data 
file) are included with the MCNP 
 
Alternately, the QAD-CGPIC (RSIC-CCC-697) point kernel code was also used to compare the 
results. The word QAD refers to quadratic surfaces. The QAD codes [5] are a series of point 
kernel codes developed by Los Alamos Scientific Laboratory to calculate the fast-neutron and 
gamma penetration through various shield configurations.  One of these codes QAD-P5A was 
modified by G.P.Lathi of the Lewis Research Centre (Cleveland) to include additional gamma 
ray and neutron data as well as to facilitate ease in the description of geometry by incorporating 
MORSE geometry routines. When this version with combinatorial geometry subroutines is used, 
the code is identified as QAD-CG.  Further modifications to this code were carried out at JAERI 
& Tokyo institute of technology to include optionally GP (geometric progression) fitting 
coefficients for gamma-ray buildup factors in the dose rate calculations and the code is identified 
as QAD-CGGP and is distributed by RSIC as CCC-493 [6]. 
 
6.1 Overview On QAD-CGGP Code based Calculation Techniques 
 
For gamma ray calculations, QAD use the point-kernel ray tracing technique. In this method, the 
point kernel representing the transfer of energy by the uncollided flux along a line-of-path is 
combined with an appropriate buildup factor to account for the contribution of scattered photons. 
For the distributed volume source case, the point kernel is integrated over the source volume for 
all probable energies emitted. The dose rate D(r) is represented as an integral equation  
 
 
          
 
 
 
Where   k   conversion factor (flux-to-dose rate ) 
             S(r') source density in Becquerel /cc  

 B(μ| r –r’| , E )    Dose buildup factor at gamma ray energy E 
μ Gamma ray linear attenuation coefficient at energy E 
| r –r’| Distance between the detector and source point 
 

The above integral is replaced by summation by discretizing the source in to small pieces of 
definite small volume. For calculations, point source located at the center of volume element 
with the source strength present in that volume is considered. The optical distance from this point 
to the detector location is calculated by the Combinatorial Geometry (CG) package. By 
substituting appropriate values of the variables in Eq(1), the dose rate is calculated. The dose 
rates thus estimated are summed up over the entire region of the source and over all possible 
gamma ray energy groups. 
 
The buildup factors used in the QAD-CG code are based on the ANSI/ANS- 6.4.3-1991 [7] 
which are based on gamma-ray transport calculations performed in infinite homogeneous media 
from various codes. 

D(r) = k  ∫ S(r’) B(μ| r –r’| , E ) exp (-μ|r-r’| ) dV      (1). 
               V                 4Π |r-r’| 2 



The code uses Capo’s fit to the Goldstein-Wilkins data with bi-variant polynomial expressions to 
calculate the appropriate buildup factors as a function of the gamma-ray energy and the number 
of mean free paths from the source to the detector.  
 
For high atomic number materials, the polynomial fit has the form 

B(μ| r –r’| , E ) = ( ) ( ) ji
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And for low atomic number materials, it has the form 
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Where Cij’s are the coefficients of expansion 
 
B = 1 + ( b - 1) * (KX - 1 ) / (k-1)                   for  K ≠ 1 
    = 1 + ( b- 1) *X           k = 1 
 
where   K ( X ) = C * Xa  + d * [ tanh( x/Xk -2 ) - tanh( -2) ] /[1 -tanh(-2)] 
             b    is build up  factor at  1 mean free path (mfp) 
  X    is the source to detector distance in mfp 
  a,C,d and Xk  are parameters read from the tables. 
 
The values of dose rates estimated outside the shield boundaries may be overestimated by about 
20% owing to the use of infinite medium build up factors 
 
In this code, the homogenized material densities for the core were utilized. Appropriate dose 
build-up factors based on the medium and gamma photon energy were employed for dose rate 
evaluation and mapping. 
 

 
 

Fig. 2 Top view of the APSARA core as plotted in the QADCG geometry plotter 
 



6.2 Geometry Simulation in MCNP  
 
This section presents an overview about the use of MCNP in this problem that summarizes the 
preparation of input files representing the salient features of the core viz. geometrical distribution 
of standard and control elements, inert plates, water holes etc., material distribution in the core, 
source neutron energy distribution, the execution of the code, and the interpretation of results. 
Geometrical representation of the different parts of APSARA core was realized in MCNP4A 
using a variety of card options available in the code. 
 
One base unit representing the fuel element was defined as an MCNP cell ‘m’ and the same was 
repeated at various locations using the ‘Like m but’ construct coupled with the ‘trcl(x,y,z)’ entry 
for co-ordinate transformation. Different parts of a given unit like the fuel region, aluminum clad 
region and the surrounding air space in the unit were included in a single universe denoted by a 
unique numeric identifier. Representation of a particular universe elsewhere is achieved using 
the ‘fill=u’ card entry. Complement operator was extensively utilized to remove regions (other 
cells) not belonging to a particular cell.  A portion of the geometry input entries showing the 
utilization of different options mentioned above is shown below for reference 
 
C    APSARA core STANDARD FUEL ELEMENT  
C    APSARA CORE                     
1    1    -3.1  -1 2  -21 22           U=1       imp:p=1     $Fuel Region 
2    2    -2.7        #1               U=1       imp:p=1 
C    END PLATE 
11   2    -2.7       -19 20  -11 12   TRCL=(3.29  0 0)  U=2   imp:p=1 
12   LIKE 11      BUT TRCL=(-3.29 0 0 )             U=2       imp:p=1 
3    0           -3    4 -11 12 FILL=1 trcl=(0.255 0 0) U=2   imp:p=1 
31   LIKE  3     BUT TRCL=(.765  0 0)   U=2       imp:p=1 
32   LIKE  3     BUT TRCL=(1.275 0 0)   U=2       imp:p=1 
33   LIKE  3     BUT TRCL=(1.785 0 0)   U=2       imp:p=1 $ cell 3 - 43 
34   LIKE  3     BUT TRCL=(2.295 0 0)   U=2       imp:p=1 $ 12 fu plates 
35   LIKE  3     BUT TRCL=(2.805 0 0)   U=2       imp:p=1 
37   LIKE  3     BUT TRCL=(-.255  0 0)  U=2       imp:p=1 
38   LIKE  3     BUT TRCL=(-.765  0 0)  U=2       imp:p=1 
39   LIKE  3     BUT TRCL=(-1.275 0 0)  U=2       imp:p=1 
40   LIKE  3     BUT TRCL=(-2.295 0 0)  U=2       imp:p=1 
41   LIKE  3     BUT TRCL=(-2.805 0 0)  U=2       imp:p=1 
43   LIKE  3     BUT TRCL=(-1.785 0 0)  U=2       imp:p=1 
44  3 -.9982 #31#32#33#34#35#37#38#39#40#41#43#11#12#3#45#46 u=2 imp:p=1 
45   2   -2.7  11 -7 -5 6               u=2       imp:p=1 $ Al plates 
 
Similarly other units like water holes, inert plates etc of the core were simulated using the 
method outlined above for fuel plates. Fig.3 shows the MCNP geometry plot of the APSARA 
core (Top view). The two white circles represent the cells that are not a part of the APSARA 
design geometry but used for neutron flux tally purposes.   Fig.4 presents the MCNP geometry 
plot of the side view of the APSARA core showing some portion of the fuel plates. 
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                   Fig.3 MCNP geometry plot of the APSARA core (Top view) 
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 Fig.4 MCNP geometry plot of the APSARA core (Side view) along mid planes 



6.3   Source Energy Distribution 
 
The energy distribution of the gamma source used for APSARA is given in Table-1. The 
distribution is represented in MCNP4A using the SDEF card options of the MCNP, SI, SP and 
DSn cards. Gamma photon emission rates at different energy bins are simulated in each 
individual fuel/control plate as per the original design [6] 
 
The portion of the input file shown below describes the combination of the SI, SP and the DSn 
cards utilized in order to exactly reproduce the variation in the source neutron energy and weight 
distribution in the MCNP code. 
 
sdef  cel=d8:d5:d6:0 x d1 y d2 z d3 erg=d4  wgt=1  
si1    -.025 .025 
sp1    0 1 
si2    -3 3 
sp2    0 1 
si3    -30.75 30.75 
sp3    0 1 
si4    l 1 2 4 6 8 
sp4    8.61 2.705 0.4125 0.06534 0.022 
si5  l 5 551 552 553 555 557 558 560 561 563 564 565 567 569 570 572 573 
         582 583 584 585 587 591 592 594 
sp5    1 24r 
si6    l 3 31 32 33 34 35 37 38 39 40 41 43 
sp6    1 11r 
si8    l 52 
sp8    1 
 
6.3 Tally specification 
 
The main aim of utilizing MCNP to simulate the material, geometry and source details of the 
APSARA core is to predict some of the crucial reactor physics parameters like neutron 
multiplication factors, power peaking distribution, neutron flux distribution, reactivity worth, 
heat generation rates in different geometry regions of the core, assessment of streaming 
radiation, shielding requirements etc. These are the parameters of interest from design point of 
view. 
 
The main MCNP tally options utilized for this problem are the F2 (surface current), F4 (cell 
averaged flux) and the F5 (point detector estimate) tallies. Tally multiplier (FMn) are extensively 
employed to convert the basic tallies to useful parameters of interest. A portion of the input 
section showing the tally request to estimate gamma dose rates above the core along the central 
axis, above the fuel position F-7 and on the core sides in the direction of graphite workshop are 
shown below for the benefit of the readers 
 
 
 



 C  Above fuel position 7 
  f5:p -7.6835 -23.0505 631 0  -7.6835 -23.0505 531 0 $ FP7 
        -7.6835 -23.0505 431 0  -7.6835 -23.0505 331  0             
       -7.6835 -23.0505 231 0  -7.6835 -23.0505 81 0 -7.6835 -23.0505 31 0   
C  Above central axis 
f15:p  7 0 0 0 0 0 31 0 0 0 61 0 0 0 81 0 0 0 131 0 0 0 181 0 0 0 231 0  
      0 0 281 0 0 0 331 0 0 0 381 0 0 0 431 0 0 0 481 0 0 0 531 0 0 0 581 0 
      0 0 631 0 
c   Tally points lengthwise from core edge 
f25:p -128 0 0 0  -228 0 0 0 -328 0 0 0 -428 0 0 0  -528 0 0 0 -628 0 0 0 
F4:p 924 934 950 951 952 

 
It may be noted that the above tallies are suitably modified by the appropriate photon dose 
conversion factors to convert the fluence values to gamma ray exposure rates. This tally also 
contains a tally segment card for different volume sections of the tally along with the multiplier 
factor. The collision estimator tallies are mostly used for fluence estimation. For confirmatory 
purposes, the track length estimator tallies were also used at select tally points of interest. 
 
6.4 Variance Reduction Techniques  
 
Presence of large thickness of bulk shield materials in the geometry being essentially a deep 
penetration problem necessitates the user to invoke a variety of variance reduction techniques in 
order to arrive at the correct results. As shown above, the point detector tally was employed in 
estimating the gamma fluence rates at several points of interest owing to the small dimensions of 
individual fuel plate elements considered. This is a semi deterministic tally utilizing the next 
event estimator i.e. for each source particle and each collision event, a deterministic estimate of 
the contribution at the detector point is scored utilizing the principles of well known ‘point-
kernel’ method. 
 
‘Geometry splitting and cell importance adjustment’ method was widely used in the desired 
direction to simulate huge thickness of water shield around the core of the reactor.  This helped 
in increasing the gamma photon population in the direction of interest even after passing through 
large shield thickness of water 
 
Source particle direction biasing was also utilized to improve upon the figure of merit obtained 
in the computations. The photon emission was preferentially biased towards direction of the 
detector points to improve sampling efficiency in the regions of interest. The tally errors varied 
between 3 – 6 % in most of the energy bins that contribute to the total photon fluence and hence 
to the dose rates.       
 
7.0 Results and Discussion: 
 
The results of the computations are presented in this section. The experimentally measured 
values of gamma dose rates were compared with the theoretically estimated values using two 
different computer codes, MCNP and QADCG. The MCNP is a Monte Carlo based statistical 
Boltzmann transport methods whereas the latter code QADCG is a ‘point kernel’ based 



deterministic method. It was observed that the experimental values and the theoretically 
simulated values match each other closely following a similar trend except for certain 
experimental locations which had photon flux contributions from other extraneous sources like 
the N-16 activity present in water, beam tubes and pool liner towards shielding corner.  
 
Table-4 gives a comparison of the experimental and simulated gamma dose rates in the Water 
Shield at 400 kW operations along the width of the pool towards graphite workshop. Table 5 
presents the estimated gamma dose rates in the Water Shield at 400 kW operation along the 
depth above fuel position F-7 and D-4 (along the central axial points) above the core. As stated 
above, the experimental and theoretical values are found to match up to a water shield thickness 
of 200 cm above the core top. In this range, QADCG code was found to overestimate the gamma 
dose rates by about 15 – 20 % when compared to MCNP values. In general the theoretical values 
are found to be larger than experimental values by factors ranging from 1.1 to 3. After 3 m of 
water thickness the experimental values are found to be larger than the simulated values. This 
can be attributed to the presence of external sources like N-16 activity in water at the pool top.  
Table 6 shows the variation in gamma dose rates in the Water Shield at 400 kW operations 
towards the shielding corner. It can be seen that the experimental values are higher after about 5 
m of water thickness due to the presence of gamma source like beam tubes and activated pool 
liner towards shielding corner. Table-7 gives the gamma dose rates towards the thermal column 
for various water shield thicknesses. Here the experimental and simulated values confirm after   
3 m of water shield since no external sources are present in the thermal column side of the core. 
 
7.1   Coolant Activities and Dose Rates in the Coolant  
 
As noted earlier, experimental and theoretically simulated values do not match at certain 
experimental locations which had photon flux contributions from other extraneous sources like 
the N-16 activity present in water, beam tubes and pool liner towards shielding corner. Hence 
calculations were done to assess the effect of extraneous activation product sources present in the 
pool. Coolant flows from the bottom to top through fuel elements. The outlet coolant directly 
mixes in the pool water. Due to the forced coolant, the significant problem of high radiation 
fields are caused by short lived nuclides, such as N16, O19 etc.  
 
N16 : The activity in the light water coolant as far as shielding  is concerned is N16  which decays 
with a half life of 7.5 sec emitting  6.13 MeV photons with yield 75% and 7.10 MeV photons 
with yield of 6%. It is produced in the coolant of the core by the O16 (n,p) N16 reaction with high 
energy neutrons. The threshold energy for the reaction is about 11.0 MeV and effective cross 
section for the reaction is 9.035x10-4 cm-1(27 mb) for those fission neutrons above the threshold.  
The neutron flux above 11 MeV at 400 kW reactor power is estimated to be about 4.0 x 109 
n/cm2/sec and the equilibrium activity of the coolant at core exit is calculated using the formula 
given below: 

 
 A= ∑aΦ(1-exp (-λti))/ (1-exp (-λ(ti+ td)) dis./sec/cc 
 
Where 
∑a = Macroscopic activation cross section in cm-1 
Φ  =  Neutron flux (n/cm2/sec),  



λ =  Decay constant (sec-1) 
Ti  =  Residence time of the coolant in the core (sec), 
Td =    hold up time outside the core region (sec)  

Dose rate at the core outlet due to is estimated be about 120 R/h.  
 
O19 :   Capture of thermal neutrons by O18 produces O19 which decays with a half life of 29.4 
seconds emitting γ -ray of 1.6 MeV. The cross section for O18(n,γ)O19 is 0.22 mb. The abundance 
of O18 isotope in natural oxygen is 0.204%. The core average thermal neutron flux at 400 kW 
reactor power is expected to be about 4.0x1012  n/cm2/sec. Equilibrium activity of the coolant at 
core exit is calculated using the formula mentioned in the earlier section. Dose rate at the core 
outlet due to O19 will be about 140 mR/h. Hence the total dose rate at the core surface due to the 
contribution from N16  and O19 would be about 120 R/h. Due to forced cooling towards the top of 
the core, the maximum contribution of dose rate at pool water surface is due to N16 . This could 
be used to explain the difference between the experimental and simulated values of gamma dose 
rates. 
 
Figures-5 to 9 present the graphical plots showing the variation of gamma dose rates with water 
shield thickness at various experimental locations. The graphs show that QADCG code was 
found to overestimate the gamma dose rates by about 20 – 30 % when compared to MCNP 
values. In general the theoretical values are found to be larger than experimental values by 
factors ranging from 1.1 to 3. Figures 10 to 13 present the gamma photon fluence spectrum at 
various depths inside the water shield along different directions as given by MCNP. The spectra 
shown in the graphs reflect the ‘gamma spectrum hardening’ phenomena as the water shield 
thickness increases. Lower energy gammas, having large emission yield from the core dominates 
the spectrum at close by distances from the core. It can be seen that at large shield thicknesses, 
higher energy gammas dominate the spectrum and hence contribute to the observed dose rates in 
spite of having much lower source intensity when compared to lower energy gamma ray 
photons. 
 

         Table-4: Estimated gamma dose rates in the Water Shield at 400 kW Operation 
along the width of the pool along graphite workshop 

 
Gamma Radiation Dose rates  

(mR/h) 
Calculated 

 Water thickness 
(cm)  

MCNP QADCG 
 

Measured 
       Core surface

50 
90 
95 
100 

2.70E+10 
4.25E+08 
4.00E+07 
3.50E+07 
1.52E+07 

1.90E+10 
4.10E+08   
4.00E+07 
    - 
 2.68E+07 

- 
2.50E+08 
3.20E+07 
2.30E+07 
1.20E+07 

 
 
 
 
 



 
Table-5: Estimated gamma dose rates in the Water Shield at 400 kW Operation 

          Along the depth above fuel position F-7 
  

Gamma Radiation Dose rates  (mR/hr) 
     Calculated (MCNP) QADCG 

                        

Depth of Water 
(cm)  

     F-7       D-4 F-7  D-4 

Measured  
(F-7) 

 (center) 
0 (Core surface)  

30 
50 
100 
200 
300 
400 
500 
600 

700 (air) 

      - 
2.50E+10 
      - 
      - 
1.85E+07 
1.96E+05 
2.58E+03 
2.35E+02 
1.36E+01 
0.72E+00 
    - 

 3.76E+10 
 
 
 
   2.15E+07 
   2.20E+05 
   2.95E+03 
   2.56E+02 
   1.36E+01 
   0.72E+00 
        - 

2.72E+10 
1.34E+10 
1.09E+09 
3.14E+08 
2.10E+07 
3.44E+05 
1.44E+04 
9.08E+02 
7.11E+01 
6.39E+00 
4.73E+00 

3.70E+10 
2.64E+10 
1.48E+09 
3.92E+08 
2.36E+07 
3.61E+05 
1.48E+03 
9.26E+02 
7.24E+01 
6.40E+00 
4.81E+00 

         - 
         - 
2.40E+08  
8.00E+07 
7.20E+06   
2.00E+05  
7.00E+03 
3.00E+03 
7.00E+02 
2.50E+02 
    - 

 
 

 
Table-6: Estimated gamma dose rates in the Water Shield at 400 kW Operation 

along length towards Shielding corner 
 

Gamma Radiation Dose rates  (mR/h) 
Calculated Measured 

Water thickness 
(cm)  

MCNP QADCG  
0 (core surface) 

35 
50 
120 
170 
175 
215 
300 
400 
500 
600 
700 

2.72E +10 
1.52E+09 
5.12E+08 
9.20E+06 
6.80E+05 
4.56E+05 
1.32E+05 
5.80E+03 
2.80E+02 
1.40E+01 
0.80E+00 
0.064 

2.33E+10
       - 
4.18E+08
1.45E+06
1.30E+06
6.96E+05
2.90E+05
1.48E+04
9.02E+02
7.50E+01
6.30E+00
0.5700 

 

         - 
         - 
    1.70E+08 
    6.00E+06 
    7.00E+05 
    5.00E+05 
   1.80E+05 
   8.00E+03 
   5.00E+02 
   9.00E+01 
   3.00E+01 
   1.00E+02 

        
 
 
 



 
              Table-7: Estimated gamma dose rates in the Water Shield at 400 kW Operation 
                             along length towards thermal column 
 

Gamma Radiation Dose rates  (mR/h) 
Calculated Measured 

Water thickness 
(cm)  

MCNP QADCG  
0 (core surface) 

50 
90 
100 
115 
200 
300 
400 

 

2.30E+10 
4.03E+08 
3.20E+07 
1.92E+07 
8.96E+06 
2.70E+05 
1.08E+04 
5.60E+02  
 

1.60E+10 
4.12E+08 
4.14E+07 
3.04E+07 
1.80E+07 
3.51E+05 
1.45E+04 
8.97E+02 
 

         - 
- 
 - 
- 
- 

6.00E+05 
1.40E+04 
8.00E+02     

 
 
 
 

Gamma dose rates in the Water Shield at 400 KW Operation along length 
towards Shielding corner
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      Fig. 5 Gamma dose rates in the Water Shield at 400 KW Operation 
               along length towards Shielding corner 
 



Gamma dose rates in the Water Shield at 400 KW Operation along length 
towards thermal Column
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            Fig. 6: Gamma dose rates in the Water Shield at 400 kW Operation 
                        along length towards thermal column 
 
 
 
 

Gamma dose rates in the Water Shield at 400 KW Operation along length 
towards graphite workshop
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              Fig. 7: Gamma dose rates in the Water Shield at 400 KW Operation 
                          along length towards graphite workshop 
 



Gamma dose rates above the F-7 fuel position of APSARA core in the Water 
Shield at 400 KW Operation 
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         Fig. 8: Gamma dose rates in the Water Shield above the F-7 fuel position of  
                    APSARA core at 400 KW Operation 
 
 
 
 

Gamma dose rates above the central axis of APSARA core in the Water 
Shield at 400 KW Operation 
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            Fig. 9: Gamma dose rates in the Water Shield above the centre of APSARA  
                       core at 400 kW Operation 
 



Gamma fluence spectrum at various heights above position F-7 of 
APSARA core - 1 MW
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Fig. 10: Gamma photon fluence spectrum in the Water Shield above the F-7 fuel position of  
            APSARA core normalized to 1 MW power. 

 
 

Gamma fluence spectrum at  the thermal column of Apsara core - power 1 MW
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        Fig. 11: Gamma photon fluence spectrum at various distances in the water Shield  
                     towards the thermal column of APSARA core normalized to 1 MW power. 



Gamma Fluence spectrum along the central axis above the APSARA core - 1 MW
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    Fig. 12: Gamma photon fluence spectrum at various distances in the water Shield above   
the centre of APSARA core normalized to 1 MW power. 

 
Gamma Photon fluence spectrum at various distances from shielding corner of the 

Apsara Core- power 1 MW
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Fig. 13 Gamma photon fluence spectrum at various distances in the water Shield towards   
the shielding corner of APSARA core normalized to 1 MW power. 



Conclusion 
 
Theoretical simulation of the radiation transport occurring in the APSARA core and bulk shield 
was carried out using two different radiation transport codes, MCNP and QADCG. The MCNP is 
a Monte Carlo based statistical method solving Boltzmann transport equation, where as the latter 
code QADCG is a ‘point kernel’ based deterministic method with build-up factor correction. The 
aim of the simulation was to estimate the expected value of gamma dose rates at various 
locations where experimental measurements were made.  
 
Details regarding the simulation techniques employed in both the MCNP and QADCG software 
with reference to the APSARA core and shield geometry and source gamma energy distribution 
in the fuel plates are presented in this report. Methods adopted for requesting useful quantities 
from the simulation i.e. different types of particle tallies in MCNP and QADCG are also 
discussed. Details of variance reduction methods employed in reducing the statistical uncertainty 
of Monte Carlo simulation are mentioned in the report. The statistical errors associated with 
Monte Carlo based simulation varied between 3 – 6 % in most of the energy bins that contribute 
to the total fluence and hence to the dose rates. 
 
It was observed that the experimental values and the theoretically simulated values match with 
each other closely following a similar trend except for certain experimental locations which had 
photon flux contributions from extraneous sources like N-16 activity present in water, beam 
tubes and activated pool liner towards shielding corner. In general the theoretical values are 
found to be larger than experimental values by factors ranging from 1.1 to 3 depending on the 
water shield thickness. 
 
This study served in validation of the experimental measurements conducted using GM counter 
based teletector and diode based detectors. In addition, the comparison provided a confirmation 
of the accuracy of the radiation transport simulation techniques used for dose rate evaluation in 
case of complex source geometries and large shield materials present. The experimental 
measurements thus served in bench marking the simulation methods adopted for radiation 
transport used to arrive at reactor physics and radiological safety parameters of interest 
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