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Abstract 

 
In the present paper modelling calculations with the Monte Carlo (MCNP4C) code 

were performed for the optimisation of the FNGT - Fast Neutron and Gamma-ray 

Transmission set-up, used for the humidity measurement of the coke.  

The optimisation was focused on maximising the sensitivity of neutron flux to 

humidity changes and on lowering neutron-counting error  which lead both to improving of 

the accuracy of coke moisture determination. Different materials used for the source shielding 

and neutron collimation, together with different dimensions of the neutron collimators were 

studied.    
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1.  Introduction 

 

In iron making process, coke is used in blast furnace where iron is obtained from the 

ore. The metallurgical coke shows a significant moisture content variation, both spatial and 

temporary. Also the bulk density is variable both ways.  

The FNGT � Fast Neutron and Gamma Ray Transmission technique, first used by 

Tominaga et al. (1983), gives more precise results than the simple neutron slowing down 

gauge. The FNGT permits precise moisture determination, which is approximately 

independent of the variation of the density and of the coke stream thickness. In this technique 

the fast neutron transmission depends predominantly on hydrogen concentration in coke and 

on the coke mass per unit area. The hard gamma ray transmission depends mainly on the mass 

per unit area of coke. Thus, the influence of density variation may be  eliminated by the 

combination of both methods. 

 

2.  The FNGT technique 

 

In a good-geometry transmission experiment (Miller, 1963), where monoenergetic 

narrow neutron beam is used, the exponential decrease of the neutron flux φφφφn transmitted 

through the sample of thickness z and density ρρρρ is obtained as:             

)exp(0 znnn ρρρρµµµµφφφφφφφφ −−−−====                                                                                          (1) 

where   φφφφn0  -   neutron flux with no sample present, 

           
A

N A
n

σσσσµµµµ ⋅⋅⋅⋅====   -   neutron mass attenuation coefficient [cm2/g], 

σ - total microscopic neutron cross section [b], 

                            NA   - Avogadro�s number, 

                             A  - atomic weight. 

 In industrial applications, where hopper moisture gauges are usually installed across a 

thick (80-90cm) throat of a feed hopper and a neutron source emits a broad energy spectrum, 

significant departure from a good-geometry transmission experiment is found. Thus, it is 

useful to define  for a particular neutron gauge, the apparent neutron mass absorption 

coefficient µµµµna (Tominaga et al., 1983), (Sowerby et al., 1988) which depends not only on 

sample thickness z, density ρ, sample composition and the energy spectrum of the neutron 
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source, but also on the experimental set-up configuration.  It depends particularly on neutron 

collimator size and its elemental composition.   

)/ln(1
0nnna z

φφφφφφφφ
ρρρρ

µµµµ −−−−====                                                                                                   (2) 

where   ρz = m  -  mass per unit area in [g/cm2]. 

 In the simplified model the coke is considered as a mixture of two components: the 

moisture (m1  in g/cm2) and  the dry matrix (m2  in g/cm2) where the moisture weight fraction 

equals  
21

1

mm
mw
++++

====    and   mmm ====++++ 21   is the total mass per unit area.  

In this case the apparent neutron mass absorption coefficient µµµµna consists of µna1 and µna2  

for  the moisture and  the dry matrix, respectively:               

221 )( nananana w µµµµµµµµµµµµµµµµ ++++−−−−====                                                                                                 (3) 

Corresponding γ-ray mass absorption coefficient is  

221 )( gggg w µµµµµµµµµµµµµµµµ ++++−−−−====                                                                                             (4) 

In this context neutron and gamma ray fluxes are approximated by the formulae: 

[[[[ ]]]]{{{{ }}}}mw nananann 2210 )(exp µµµµµµµµµµµµφφφφφφφφ ++++−−−−−−−−====                                                                     (5) 

[[[[ ]]]]{{{{ }}}}mw ggggg 2210 )(exp µµµµµµµµµµµµφφφφφφφφ ++++−−−−−−−−====                                                                         (6) 

The moisture weight fraction w can be easily derived from the equations (5)÷(6):   
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====                                                                          (7) 

where           )/ln(/)/ln( 00 ggnnR φφφφφφφφφφφφφφφφ====                                                                    (8) 

with the standard deviation:  
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where  δδδδw ∼∼∼∼  δδδδR  

In a rough approximation, the errors in φn0 and φg0  may be neglected as being small in 

comparison with errors in φn   and φg.  As can be seen from the equation (9), in order to minimise 

the error in R and thus in w, a large number of neutron and gamma counts is desirable.  The 

values of δφn  and  δφg  are proportional to the statistical errors of neutron and γ counts.  Also, a 

large apparent neutron mass absorption coefficient µµµµna  depending on the difference µna1 -µna2   
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and on set-up configuration  is required.  For hard γ-rays the values of µg1 and µg2  are similar for 

many materials. The increasing coke thickness is augmenting δR through an increase of the 

statistical errors and of the number of multiple scattered neutrons. Their number is rising in the 

primary beam and causes a decrease of  µµµµna.    

  

3. Computer modelling  

The aim of the optimisation of the FNGT set-up was to obtain a high sensitivity of the 

transmitted neutron flux to coke moisture changes and a high neutron flux at the detector.  

The high sensitivity to moisture changes means a fast change of the measured neutron flux 

with the change of water content. A high neutron flux means a lower relative statistical error.  

Both these goals lead to higher precision of the moisture measurement. 

Modelling calculations were performed using the MCNP4C code (Briesmeister, 2000) 

and were run on HP S2000 computer.   Track length estimate of the neutron flux  (Tally F4) 

in units (n/cm2) per one source neutron was used.  The number of histories calculated in every 

problem was  20x106, which assures  the estimated statistical relative error of the neutron flux 

to be less than  10%.  In many cases it was less than 4%. 

Standard data libraries supplied with MCNP were used, which based on ENDFB-V 

and ENDFB-VI files. 

The Am-Be neutron source was favored because of its long half-life and higher 

neutron energy  (average energy ≈ 4.5 MeV), when compared to 252Cf.   The use of Am-Be 

neutron source assures minimization of the influence of dry matrix composition variations on 

the accuracy of moisture content determination.  The variation of the matrix chemical 

composition is an important problem in the case of a 252Cf neutron source. Bartle (1995) 

reported the need for separate calibrations for every kind of measured samples, whilst for 

Am-Be neutron source a common calibration was sufficient.  

The complete setup introduced as the MCNP4C input is shown in Fig.1 and the input 

sheet example is shown in the Appendix. 

The common detector of both neutrons and gamma rays was simulated by a regular air 

cylinder of 50-mm diameter and of 130-mm length, which is corresponding to realistic size of 

the NE213 liquid scintillator. The samples of simulated coke consisted of carbon, moisture 

and silicium dioxide (SiO2) acting for ash.   The maximum thickness of the sample was taken 
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to be 92 cm and the density of coke was constant (0.6 g/cm3). �Coke� samples were situated 

in a steel  vessel of 1-cm cover and bottom thickness.    

It was mentioned earlier that two goals are to be reached � a high neutron flux at the 

detector and a high sensitivity of the transmitted  flux to the moisture changes.    As the 

accuracy of the coke moisture measurement depends on the neutron count rate, which in turns 

is proportional to the neutron flux, a measure of goodness MGw was introduced for coke with 

�w� water weight fraction by dividing the sensitivity by the relative error of the detected 

neutron flux: 

          

nw

nw

w
w

S
MG

φφφφ
δφδφδφδφ

====                                                                                                    (10) 

where   Sw -  �sensitivity� factor for a considered set-up   [1/g] 
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φφφφnw -  neutron flux transmitted through the coke containing ∆Mw   grams of water   

          (index    �w� indicates water weight fraction,   100w  gives  wt%), 

φφφφn0  - neutron flux transmitted through the empty vessel, 

        ∆Mw  - moisture change  [g]. 

Additionally the  �signal-to-noise� ratio has been introduced as the ratio of the neutron 

flux at the detector to the flux of scattered neutrons on the 90-cm diameter ring of air  (13 cm 

thick) positioned around the detector (Fig.1). In an ideal transmission experiment the detector 

registers only these neutrons which pass unscattered through the sample (Miller, 1963), thus 

the �signal-to-noise� ratio is an indicator of a beam deterioration caused by neutrons scattered 

forward.  These neutrons increase the neutron transmission and a decrease of the apparent 

neutron mass absorption coefficient µµµµna  is observed.  The discrepancy between the real and 

the measured moisture content is thus enlarged.  

To choose an optimal FNGT set-up, the calculated values of: MGw, Sw, µµµµna  and �signal-

to-noise� ratio have been examined for different materials used for the source shielding and 

for neutron collimator construction.  Also different dimensions of the neutron collimators of 

cylindrical shape were studied.   

First calculations dealt with the such choice of shielding of the Am-Be neutron source, 

which will allow to improve the beam collimation. Two materials were studied for the source 
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housing: graphite and lead.  Calculations were performed for the neutron cylindrical 

collimator made of borated polyethylene (3 wt%B) of length h and of inside diameter φ5. The 

dimensions of collimator were h = 10 cm and φ5 = 3 cm  (Fig.1).  The shielding vessel was 

filled with paraffin with 3 wt% B.  As there was no coke in the steel container,  the influence 

of the shielding and collimating materials on a beam quality was better visible. 

However, the presence of quite thick (1-cm) bottom and top of the steel container (Fig. 1) 

causes approximately 38% decrease of neutron flux at the detector and 6% worsening of the 

�signal-to-noise� ratio in comparison with situation without the steel container.        

The values of the �signal-to-noise� ratio for studied materials are:    

Source housing        signal-to-noise 

  Graphite                      1.770 

  Lead                            1.804      

 The �signal-to-noise� ratio for lead is higher than for graphite. Though the difference 

between them is not significant.     It is well known that lead has good properties for fast 

neutron reflection and is an effective gamma rays absorber. Thus lead was proposed for 

source housing. 

Next the influence of the neutron shielding material, positioned outside the source, on the 

neutron beam was checked. Three shielding materials were studied: water, pure paraffin and 

borated paraffin (3 wt% B).  Calculations were performed for the lead source housing and for 

the neutron cylindrical collimator made of borated polyethylene (3 wt% B) of length h and 

diameter φ5 as previously used. The obtained results showed the lowest signal-to-noise ratio 

for water:  

Shielding material             signal-to-noise 

Water                                    1.740 

Paraffin                                 1.803 

Paraffin + 3 wt% B               1.804 

Pure paraffin and borated paraffin have better neutron slowing down and absorbing 

properties and are more effective for neutron source shielding than water.  Thus lead and 

borated paraffin were taken as the source housing and shielding materials. 
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4. The search for best geometry and arrangement of materials 

 

The simplified �coke� model consisted of carbon (74-wt%), moisture and ash. Ash 

was simulated by silicium dioxide (SiO2).  The sum of ash and water content was kept 

constant at 26% of weight.   Two �coke� compositions were formed.  They are labeled  �a�  

and  �b�: 

�a�:   74wt% C, 2wt%H2O, 24wt% SiO2 

�b�:   74wt% C, 10wt%H2O, 16wt% SiO2 

It was mentioned earlier that the maximum thickness of the sample was taken to be 92 

cm and the density of coke was regarded  as constant (0.6 g/cm3). 

Among materials studied with the MCNP for neutron collimators were: graphite, Plexiglas 

(C5H8O2), polyethylene (CH2)n  and borated polyethylene (with 3 wt% B). In Table 1  the 

calculated values of:   S2, µµµµna  and �signal-to-noise� ratio are presented for collimator  length  

and diameter amounted to  20 cm  and  3 cm respectively.    

For the results reported in Table 1 the linear correlation was examined for particular 

relationships. The obtained linear correlation coefficients are presented in Table 2. 

As can be seen from the Table 1 and Table 2 the �signal-to-noise� ratio is a good 

indicator of the material collimating properties and is well correlated with µµµµna of the sample 

being investigated (r=0.9765).  Neutron collimators made of borated polyethylene, 

polyethylene or paraffin show higher �signal to noise� ratio and  µµµµna  than these made of 

graphite or Plexiglas and  therefore assure  better beam  collimating and higher sensitivity S2 .  

The �signal-to-noise� ratio and the neutron flux transmission value φn2 /φn0 show a high 

negative correlation  (r = -0.9988).  Also sensitivity and neutron flux transmission value are 

negatively correlated.  These facts are the indication of the real difficulty in optimising the 

experimental arrangement. 

 For the same sample a higher  �signal-to-noise� ratio may be attributed to a better 

collimation of the neutron beam and will mean a lower number of scattered neutrons at the 

detector.   High linear correlation coefficients between sensitivity S2  and µµµµna  (r=0.9906) and  

between  S2  and φn2 /φn0  (r = -0.9956)  show  that to improve  sensitivity  of  the neutron 

gauge to the coke moisture changes, the proper choice of the material  for  the neutron 

collimator is of  high importance.  The neutron collimator made of borated polyethylene 

(PEB) assures an optimal collimation and thus the highest sensitivity.  Also paraffin shows a 

good collimating properties and is cheap and easily obtainable. 



 

 8 

Next the dimensions of the collimator were optimised.   For this purpose the influence 

of different configurations of PEB collimator lengths and diameters on the neutron flux 

transmitted through the   �a� and �b� coke samples was studied.  The results are presented in 

Table 3.    In Fig.2 and Fig.3 the dependencies of calculated values of S2  and  S10  on different 

length of  collimator  are  shown.  The dependence of a measure of goodness MG2  and  MG10  

on collimator length are included in these figures. 

It can be seen in Fig.2 and in Table 3 that calculated value of S2  rises for  the collimator 

length in the range below 20 cm.  For higher collimator lengths S2  approaches its saturation.  

The similar tendency is observed for S10 (Fig.3).  

The MG2 and MG10   parameters decrease significantly with rising collimator length as 

the relative error of  the neutron flux  increases, which is not totally compensated by the rise 

in sensitivity. The influence of higher fluctuation of the neutron flux, for 10wt% moisture 

content, on MG10 is visible in Fig.3. 

The sensitivity Sw  and neutron flux transmission value are contradictory parameters.  

Thus to reach a compromise between the rising sensitivity Sw of a neutron gauge and the 

worsening of flux transmission value (which leads to a larger relative error) the proper choice 

should be the collimator length of 15 cm, which shows an optimal MGw  value.  It assures the 

slight departure of the sensitivities S2 and S10  (5.7% and 3.6% respectively) from its 

maximum value for 30-cm long collimator.  The corresponding values of MG2 and MG10   

increase by 66% and 83%  respectively, which is significant.    

The collimator length of 15 cm permits an optimal compromise between sensitivity of 

the neutron gauge Sw and the neutron count rate, which is shown by highest values of the 

compound variable MGw . 

Also the influence of collimator diameters on calculated values of φnw/φn0,  MGw, Sw 

and µna   was studied. The results obtained for the PEB collimator of length 20-cm are shown 

in Table 4. 

As can be seen from Table 4, the increase of collimator inside diameter from 2.3 to 5 

cm will cause a significant increase  (about 31%) of the measure of goodness MG2   and MG10.    

The corresponding values of sensitivities S2 and S10 show the slight decrease amounting to 2% 

and 1.5% respectively and are attributed to the neutron scattering in the sample. Also the 

decrease of the apparent neutron absorption coefficient µµµµna  (9.3% and 7.7% respectively) is 

visible. 



 

 9 

The above results show that, the improvement of the measure of goodness MGw, 

amounted to about 31% can be obtained for the collimator diameter of 5 cm with a slight 

reduction of sensitivity Sw (2 % and 1.5 % for 100w = 2 wt% and 10 wt% water content 

respectively).   Therefore the collimator diameter of 5 cm should be a good compromise 

between Sw and the transmitted flux for a thick (92 cm) coke sample. And allows the neutron 

statistical error to be reduced. 

Fig.4 compares the dependence of the measure of goodness MGw on moisture content 

of coke  for two PEB collimators.  One of them is an optimal  PEB collimator with inner 

diameter of 5 cm and length  of 15 cm,  the other one has inner diameter of 3 cm and length  

of 20 cm.  

The improvement of  MGw, for the coke moisture content ranging from 2 wt% to 10 

wt% amounted to 36 % in  average and was obtained for an optimal PEB collimator   when 

compared  to this with inner diameter of 3 cm and length  of 20 cm.   

 

5. Summary  

 

The aim of modelling calculations performed using the Monte Carlo (MCNP4C) code 

was the optimisation of the FNGT - Fast Neutron and Gamma-ray Transmission set-up.  This 

set-up should be used for the humidity measurement of the coke in a hopper gauge for a 

metallurgical blast furnace.  Here significant departures from a good-transmission geometry 

are expected. 

The optimisation was focused on a maximising the sensitivity of neutron flux to the 

humidity changes, and on lowering of the relative error of registered neutron flux (through 

maximising of the MGw value).   

The values of: µµµµna, MGw, Sw, and of  �signal-to-noise� ratio, in the sense mentioned  in 

Chapter 3, were discussed in the process  of choosing the  optimal  FNGT set-up.   

As material for the source housing and shielding  the lead and borated paraffin were 

chosen.  As mentioned lead has good reflection properties  for fast neutrons and is an 

effective gamma rays absorber, borated paraffin has high neutron slowing down and 

absorbing properties and shows  higher �signal-to-noise� ratio than water. 

The obtained results, presented in Table 1 and 2, indicate that borated polyethylene 

(PEB), polyethylene (PE) and paraffin are appropriate materials for neutron collimator.  These 

materials show high  �signal to noise� ratios  (4.000, 3.851 and 3.654 respectively), which are 

well correlated with µµµµna  (r=0.9765) and assure better beam collimation than graphite and 
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Plexiglas.  In comparison with the graphite results the improvement in the sensitivity S2   was 

∼ 5% and was correlated with the increase of  µµµµna  of ∼ 20%.  Such a remarkable increase of the 

apparent neutron mass absorption coefficient is caused by the reduction of the number of 

forward-scattered neutrons for the  PEB collimator. 

As it concerns the influence of the collimator length on the sensitivity Sw and on the 

measure of goodness MGw   the obtained results indicate  that the 15-cm collimator permits an 

optimal  compromise  between contradictory factors.  These factors are  the sensitivity of the 

neutron gauge Sw  and  the transmitted neutron flux through the use of the measure of 

goodness MGw, which contains both these factors.  Such a choice assures the slight departure 

of sensitivity S2    and S10  (by 5.7% and 3.6% respectively) from its maximum value (for 30-

cm long collimator) but shows significant gain in the values of  MG2  and MG10   ( 66%  and  

83%  respectively).   

The results of modelling of the experimental set-up for different inner diameters of the 

collimator show that an improvement of the measure of goodness MGw, of about 31%, can be 

obtained for the 5-cm diameter of the collimator. Only a slight reduction of the sensitivity Sw  

is observed (2% and 1.5% for 100w = 2 wt% and 10 wt% of water content respectively).  

Therefore the collimator  inner diameter of 5 cm should be a good choice for a thick  coke 

sample and will allow reducing the relative neutron counting error.  

The  improvement of the measure of goodness MGw, for the coke moisture content 

ranging  from 2 wt% to 10 wt%   amounted to  36 % in average   is obtained for an optimal  

PEB collimator   when compared  to this with inner diameter of 3 cm and length  of 20 cm.  

Acknowledgements  

The present paper is the result of work done under Research Contract (POL-9613)  of 

the IAEA (Cywicka-Jakiel et al., 2001), Vienna.  The calculations were performed at ACK 

Cyfronet AGH, Krakow.   

References 

Bartle C.M., 1995.  Features of the Measurement of Fat in Meat Using Neutron/Gamma    

              Transmission (NEUGAT) Method.  Applied Radiation and  Isotopes  46(5), 741-750. 

Briesmeister J. F., 2000.  MCNP4C (CCC-700) � A General Monte Carlo N-Particle   

                Transport   Code, Los  Alamos National Laboratory, Los Alamos, New Mexico. 

Cywicka-Jakiel T., J. Łoskiewicz J., Tracz G., 2001.  Report of the third RCM  Meeting of the  

                International Atomic Energy Agency on Bulk Hydrogen Analysis, using Neutrons,   

                Cape Town, South Africa. 



 

 11 

Miller D. W., 1963. Fast Neutron Physics, Part 2 (Eds Marion J.B., Fowler J.L.) Interscience,    

              New York. 

Sowerby B.D., Millen M. J., Rafter P. T., 1988. Fast-neutron and Gamma-ray   Transmission   

            Technique for the  On-line Determination of Moisture in Coal and Coke. Nucl.  

            Geophys. 2(1), 55-68. 

Tominaga H., Wada N., Tachikawa N., Kuramochi Y., Horiuchi S., Sase Y., Amano H., 

           Okubo N., Nisikawa H., 1983. Simultaneous Utilization of Neutrons and γ-rays from  

          252Cf for  Measurement of  Moisture and Density.  Int. J. Appl. Radiat. Isot.  34(1), 429- 

          436. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 12 

Table 1. Summary of MCNP results for different materials for neutron collimators of 20-cm 
length (inner diameter 3 cm).  Coke �a� with 100w= 2wt% H2O. 
 

 
Collimator 

 
material 

 
φn2 / φn0 

 
�signal to  noise� 

ratio 
for empty vessel 

 
S2 

[1/g] 
 

10-4x 

 

naµµµµ  
for 2wt%H2O 

[cm2/g] 

Graphite                    (1.6g/cm3) 0.108 2.317 1.27 0.0404 

Plexiglas                    (1.18 g/cm3) 0.080 3.208 1.31 0.0458 

Paraffin                      (0.88 g/cm3) 0.075 3.654 1.32 0.0468 

Polyethylene  (PE)    (0.96 g/cm3) 0.072 3.851 1.32 0.0477 

Polyethylene + 3 wt% B (PEB)   (0.99 g/cm3) 0.070 4.000 1.33 0.0483 

 
Table 2.  Correlation coefficients  r  for the values in Table 1. 
  

 

Dependent  parameter 

 

 

Independent variable 

 

Correlation coeff.  r 

� signal-to-noise� ratio µµµµna  [cm2/g]   for 2 wt% H2O  0.9765 

µµµµna  [cm2/g]  for 2 wt% H2O  φn2 / φn0 -0.9988 

� signal-to-noise� ratio φn2 / φn0 -0.9777 

� signal-to-noise� ratio S2  [1/g] 0.9842 

S2  [1/g] µµµµna  [cm2/g]   for 2 wt% H2O  0.9906 

S2  [1/g] φn2 / φn0 -0.9956 

 
Table 3. Summary of the MCNP results for different lengths of the PEB collimator    (inner 
diameter 3 cm) for coke samples with 100w = 2wt% and 100w = 10 wt%H2O. 
 
 

  Collimator 
length [cm] 

 
φn2 / φn0 

 
 

 
φn10 / φn0 

 
 

 
S2  [1/g] 

 
10-4x 

 
MG2  [1/g] 

 
10-3x 

 

 
S10  [1/g] 

 
10-4x 

 

 
MG10  [1/g] 

 
10-3x 

10 0.138 0.092 1.227 3.030 0.258 0.605 

15 0.100 0.068 1.281 3.227 0.265 0.616 

20 0.070 0.051 1.325 2.714 0.270 0.466 

25 0.053 0.041 1.348 2.207 0.273 0.447 

30 0.046 0.033 1.358 1.945 0.275 0.336 
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Table 4.  Summary of the MCNP results for different inner diameters of the PEB collimator of 
20-cm length, for coke sample with 100w= 2wt% and 100w=10 wt%H2O. 
 

PEB 
collimator 

inside 
diameter 

[cm] 

 
φn2 / φn0 

 
φn10 / φn0 

 
S2 

 
[1/g] 

 
10-4x 

 
S10 

 
[1/g] 

 
10-4x 

 

 
MG2 

 
[1/g] 

 
10-3x 

 

 
MG10 

 
[1/g] 

 
10-3x 

 

 
naµµµµ  
 

[cm2/g
] 
 

for 2wt% 
H2O 

 
naµµµµ  
 

[cm2/g] 
 

for 10wt% 
H2O 

2.3 0.070 0.049 1.325 0.271 2.417 0.454 0.0483 0.0547 

3 0.070 0.051 1.325 0.270 2.714 0.466 0.0483 0.0540 

4 0.082 0.054 1.307 0.269 2.905 0.539 0.0453 0.0528 

5 0.087 0.060 1.300 0.267 3.155 0.593 0.0442 0.0508 

 
 
 
Appendix  

Input file for  the MCNP 

c     inp=n155w2/out=n155w2a  03.10.01 
c     coke (z=92cm)/density:0.6g/cm3 (74%C,24%SiO2,2%H2O) 
c     collimator PEB/h=15cm/dia=5cm 
c     shielding vessel-to-sample:  10cm 
c     sample-to-detector:   10cm 
c    CELL CARDS 
1    4  -0.880       1 -4       -3       $ 1 segment of paraffin 
2    4  -0.880       4 -6    7  -3      $ 2 segment of paraffin 
3    4  -0.880       6 -2   10  -3     $ 3 segment of paraffin 
4    2  -11.35       4 -5       -7       $ 1 segment of lead 
5    2  -11.35       5 -6   8   -7      $ 2 segment of lead 
6    1  -0.0013      5 -6   -8          $ hole for source 
7    3  -0.99          6 -9   11  -10  $ PEB collimator 
8    1  -0.0013      6 -2      -11      $ air in central hole of PEB collimator 
9    1  -0.0013      9 -2  11  -10    $ air gap (0.01cm) below PEB collimator 
10   1  -0.0013      2 -12   -3        $ air between shielding "vessel" and sample 
11   5  -7.875       12 -13   -3       $ iron sheet 
12   6  -0.6           13 -14   -3       $ coke sample 
13   5  -7.875       14 -15   -3       $ iron sheet 
14   1  -0.0013      15 -16   -3      $ air between sample and detector 
15   7  -0.0013      16 -17   -18    $ detector = air cylinder 
16   1  -0.0013      16 -17  18 -3  $ air around detector 
17   0  -1:17:3 
 
c     SURFACE  CARDS 
1     pz  0      $ base (0)/  top of source shielding 
2     pz  85       $ bottom of shielding 
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3     cz  45        $ diameter 1 
4     pz  64.3    $ top of Pb housing 
5     pz  65.0    $ inner top of source hole 
6     pz  70.0    $ bottom of source hole 
7     cz   2.0      $ outer source housing radius 
8     cz  1.15     $ inner source housing radius 
9     pz   84.99  $ bottom of collimator 
10    cz   9.9     $ outer radius of PEB collimator 
11    cz   2.5     $ inner radius of PEB collimator 
c     COKE SAMPLE between iron sheets 
12    pz  95      $ outer iron sheet  1 
13    pz  96      $ inner iron sheet  1 
14    pz  188    $ inner iron sheet  2 
15    pz  189    $ outer iron sheet  2 
c     DETECTOR 
16    pz  199    $ top of detector 
17    pz  212    $ bottom of detector 
18    cz  2.5      $ radius of detector 
 
c    DATA  CARDS 
mode  n p 
c    MATERIAL SPECIFICATION 
m1    8016.50c -0.000301   7014.50c -0.000976    $ air 
m2    82000.50c   -11.35                   $Pb source housing 
m3    1001.50c  -0.137  6000.50c -0.823  5010.50c -0.006 
      5011.55c -0.024                      $PEB collimator 
m4    1001.50c  -0.126    6000.50c -0.728 
      5010.50c -0.0051  5011.55c -0.0209   $paraffin +3 wt% B 
m5    26000.55c  -7.875                    $iron 
m6    8016.50c -0.08747   6000.50c -0.444  14000.51c -0.0672 
      1001.50c -1.333e-3                   $coke/2wt%water 
m7    8016.50c -0.000301   7014.50c -0.000976    $air 
c     SOURCE SPECIFICATION 
sdef  cel 6 rad d3 erg d1 pos 0.0 0.0 67.5  vec 0.0 0.0 1.0 ext=d4 
      wgt=1   dir=d2   axs 0.0 0.0 1.0  par=1 
si1  0.0 0.1 0.2 48i 10.0 
sp1  0.00 0.82 1.82 1.94 1.62 1.18 1.03 0.93 0.85 0.70 0.75 0.96 1.13 
     1.08 1.14 1.55 2.13 2.62 2.78 2.62 2.28 2.28 2.05 2.17 1.90 2.17 
     2.10 2.10 2.00 1.82 1.57 1.39 1.25 1.25 1.27 1.40 1.40 1.30 1.32 
     1.51 1.57 1.50 1.08 0.70 0.55 0.33 0.35 0.29 0.30 0.23 0.18 0.12 
sb2  -31 2 
si3  0.0  1.12 
si4        2.425 
c    TALLY SPECIFICATION 
f4:p 15 
fc4  photon density flux at the detector 
e4   0.5e-06  10e-03  0.5  1 2 3 4 5 6 7 8 9 10 
f104:n  15 
fc104  neutron density flux at the detector 
e104   0.5e-06  10e-03  0.5  1 2 3 4 5 6 7 8 9 10 
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f14:p 10 
fc14  photon density flux - above coke sample 
e14   0.5e-06  10e-03  0.5  1 2 3 4 5 6 7 8 9 10 
f114:n 10 
fc114  neutron density flux - above coke sample 
e114   0.5e-06  10e-03  0.5  1 2 3 4 5 6 7 8 9 10 
f24:p 16 
fc24  photon density flux  - around  the detector 
e24   0.5e-06  10e-03  0.5  1 2 3 4 5 6 7 8 9 10 
f124:n 16 
fc124  neutron density flux - around the detector 
e124   0.5e-06  10e-03  0.5  1 2 3 4 5 6 7 8 9 10 
print  -85  -86  -160 -162 
c    WEIGHT WINDOWS 
imp:n   1.0 15r  0 
imp:p   1.0 15r  0 
c           wwg:n     104  6  0  0  205.5 
c           wwg:p         4  6  0  0  205.5 
c           wwn1:n    1.0  15r  -1.0 
c           wwn1:p    1.0  15r  -1.0 
nps    20e+6 
c      END OF INPUT 
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                            Fig 1.  Geometry configuration for the MCNP input file. 
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Fig 2. Calculated values of S2  and MG2  vs. the length of the PEB collimator (inner diameter:  
3 cm) for  the �a� model of coke with 100w = 2wt% H2O. 

Fig 3.   Calculated values of S10  and MG10  vs. the length of the PEB collimator  (inner 
diameter: 3 cm)  for the �b�  model of coke with 100w = 10wt% H2O. 
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Fig 4.  The comparison of  the dependence of measure of goodness MGw  on   coke  moisture 
content for two PEB collimators, where one of them is  optimal with  inner diameter of 5 cm 
and length of 15 cm. 
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