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G. A depletion code: ORIGEN-S 

G.1 Introduction 

In this master thesis depletion calculations have been computed with ORIGEN-S. 

It  is a decay and depletion code that is included in the SCALE code package. ORIGEN-S is  used 

primarily for analysis of nuclide compositions, decay heat, and radiation sources from spent 

nuclear fuel. This  code is used worldwide to analyse problems related to the characterization of 

spent nuclear fuel from light-water reactors and other reactor designs for disposal, storage, and 

transportation. 

The ORIGEN-S calculations, in general, consist of determining the isotopic compositions of the various 

spent fuel materials and activated materials present in the problem as a function of time, which 

subsequently enable the determination of the decay heat generation and radiation source terms.  

For this project ORIGEN-S has been used specifically to: 

 Calculate fuel composition during irradiation and refuelling time 

 Calculate neutron spectra generated by FA  at each refuelling operation, with a CT equal to 

1.5 days 

 Calculate gamma spectra generated by FA  at each refuelling operation, with a CT equal to 

1.5 days 

In this annex you will be reported a description of the ORIGEN-S code and the results about the 

characterization of nuclear fuel burnup: isotopic composition analyses and gamma-neutron spectral 

study 
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G.2 Description 

Accurate and problem-dependent nuclear fuel depletion analyses are typically performed using 

complex computational systems that couple reactor physics transport codes with BU codes that solve 

the neutron transmutation and decay equations that define the time-dependent nuclide 

concentrations. The  transport codes are used to calculate reaction rates in the system from which 

effective cross sections are derived. These cross sections are, in turn, passed to the BU code to 

calculate the change in nuclide  compositions in the material with time. At intervals throughout an 

irradiation simulation, the reactor physics code must recalculate cross sections for the BU phase of 

the analysis to reflect the changes in nuclide concentrations and other reactor operating conditions 

with time. These code systems are  complex, require significant computer resources, are slow to 

execute whereas ORIGEN-S is a SCALE analytical sequence that serves as a much faster and easier-to-

use alternative to traditional BU analyses while preserving the accuracy of more complex systems 1. 

In the analysis  scheme, time-dependent material concentrations are solved using the ORIGEN-S 

isotope depletion and decay code. Cross-sections for the ORIGEN-S analysis are created in advance of 

the burnup analysis using a reactor physics transport code to model the fuel assembly design and 

reactor type. The cross sections are then parameterized for a range of initial fuel compositions and 

irradiation conditions. Cross sections for a user-defined fuel type and analysis conditions are 

generated by interpolation. Within  SCALE this function is performed using the Automatic Rapid 

Processing (ARP) module. ARP reads the prepared libraries and interpolates a problem-dependent 

library for ORIGEN-S using the fuel and reactor  parameters specified in the input. This procedure 

eliminates the need to perform complex reactor physics calculations during the burnup simulation, 

since the cross sections are developed in advance, parameterized, and saved for later use  2. Because 

the time required to perform a neutron transport calculation typically represents the majority of time 

in a traditional BU simulation, ORIGEN-S runs in a small fraction of the time required by other 

systems (i.e. 20 seconds) , while maintaining the full accuracy of a coupled reactor physics calculation. 

The cross-section interpolation by ARP is performed for all nuclides in the ORIGEN-S library 

(approximately 1400), rather than just a subset of the most important actinides. Cross sections for 

uranium-based fuels are interpolated with BU, enrichment, and, optionally, moderator density. An 

interpolation option for mixed-oxide (MOX) fuel has been added using interpolation parameters of 

plutonium content, the plutonium isotopic vector, and water moderator density. Options are also 

available when performing activation calculations to interpolate on neutron fluency.  
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The ORIGEN-S code is used worldwide to analyse problems related to the characterization of spent 

nuclear fuel from light-water reactors and other reactor designs for disposal, storage, and 

transportation. 

The ORIGEN-S calculations, in general, consist of determining the isotopic compositions of the various 

spent fuel materials and activated materials present in the problem as a function of time, which 

subsequently enable the determination of the decay heat generation and radiation source terms.  

The ORIGEN Windows graphical user interface (GUI) 3 provides an easy-to-use input processor for the 

ORIGEN-S depletion analysis sequence that provides menus, toolbars, and forms that help a user set 

up a SCALE input file to execute ARP and ORIGEN. ORIGEN-S is coupled with the OPUS Windows 

plotting program that plots calculated results from ORIGEN and allows to export automatically some 

parts of ORGEN output text-files . Running ORIGEN-S will automatically call the SCALE driver to 

immediately execute these modules on a Windows PC, or the text-format input file can be 

transferred to another computer for execution or modified for a next use. 

G.2.1 Matrix Exponential Method 

To determine the time dependence of nuclide concentration, ORIGEN-S applies the following 

equation for each nuclide  1: 

                   
    

  
                                                                                 

Especifically you obtain 1: 

  
    

  
 ∑        

 

                       
                                                     

where:  

 ∑              is the yield rate of Ni due to fission of al nuclides Nj 

               is the rate of transmutation into Ni due to radioactive neutron capture by 

nuclide Ni-1 

    
  is the rate of formation Ni due to the radioactive decay of the nuclides Ni’ 

          is the destruction rate of Ni due to fission 
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           is the destruction rate of Ni due to all forms of neutron absorption other than 

fission (n,g,n,a,n,p,n,2n,3n) 

     is the radioactive decay rate of Ni 

Eq.1 is written for a homogeneous medium containing a space-energy-averaged neutron  flux, Φ, 

with flux-weighted average cross sections, σf and σc, representing the reaction probabilities. The flux 

is a function of space, energy, and time is dependent upon the nuclide concentrations. The 

mathematical treatment in ORIGEN-S assumes that the space-energy-averaged flux can be 

considered constant over a sufficiently small time interval, Δt.  

Similarly, it is assumed that a single set of flux-weighted neutron cross sections can be used over the 

same time step. For a given time step, these assumptions are necessary if Eq. 1 is to be treated as a 

first-order, linear differential equation. The time-dependent changes in the flux and weighted cross 

sections are simulated in ORIGEN-S by providing a capability of updating the values for the space-

energy-averaged flux and, therefore, for the weighted cross sections for each successive time step, 

Δtk, Δtk+1, ..., Δtn. These values are derived from lattice cell analyses using physics transport methods 

available in SCALE to update cross sections that represent the lattice geometry, conditions, and the 

nuclide concentrations. 

Considering i=1,2,..,n elements coupled set of linear, homogeneous, first order differential equation 

with constant coefficients and using matrix notation you obtain:  

                                                                      ̇                                                                                                                                                          

where  is a vector of nuclide concentrations and   is the transition matrix containing the rate 

coefficients for radioactive decay and neutron absorption. Eq.2 has the known solution: 

                                                                                 
                                                                      

where   is a vector of initial nuclide “i” concentration.  You can apply a series expansion  for       

resulting: 

                                                       
(   )

 

 
    ∑

(   )
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With   being the identity matrix. Coupling Eq.3 and Eq.4 you obtain matrix exponential method, 

which yields a complete solution for the homogeneous problem. However sometimes Bateman 

equation 4 or Gauss-Seidel iterative procedure are applied to improve efficiency. 

Using a recursion relation such as for example  an ulterior development in series of transition 

element’s matrix allows to avoid the storage of the complete transition matrix and so an excessive 

memory storage requirements.  

Besides, once applied a recursion relation, nuclides with a large decay constants are removed from 

transition matrix and treated separately. For example, in the decay chain A → B → C, if the decay 

constant for B is large, a new rate constant is inserted in the matrix for A → C. This technique was 

firstly employed by Ball and Adams 5. 

In order to define which elements have to be exported from  , you have to calculate the its norm. 

The norm used in ORIGEN-S was originally defined by Lapidus and Luus 6. That norm is given by: 

                                                    [ ]     {   ∑|    | 

 

    ∑|    |

 

}                                   

In ORIGEN-S, all nuclides for which  exp(- d t ) < 0.001 (where –d is the diagonal element for the 

nuclide) are removed from   and must be handled by alternative procedures. Changing the this 

restriction value would result in more computer time and possibly other problems.  

Moreover, in order to maintain precision in performing the summations recursion relation, the 

matrix norm is used to balance the user-specified time step, t, with the precision associated with the 

word length employed in the machine calculation and to limit the maximum term inside series. 

Finally, the norm of   is also used to determine the number of terms required for convergence in the 

recursion relation. 

G.2.1.1  Solution to the nuclide chain equation 

As discussed before, the nuclide with a short half-time are removed from the transition matrix and 

treated separately to not damage the accuracy of the solution and the speed of the code. A nuclide is 

considerate short-lived if their effective half-lives are less than about   10% of the time interval, Δt . 

Next you have reported the nuclide chain equation developed by Vondy 7 which is used in ORIGEN-S: 
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where     is the initial concentration of the first precursor  and     is the initial concentration of the 

second precursor, etc.  In this way Eq.6 considers several chains back to the last preceding long-lives 

precursor. The queue is formed by the short-lived precursors of each long-lived isotope.  

The solution given by Eq. 6 is applied to calculate all contributions to the “queue end-of-interval 

concentrations” of each short-lived nuclide from initial concentrations of all others in the queue 

described above. Besides, Eq.6 is applied to calculate the contributions from the initial concentrations 

of all short-lived nuclides in the queue to the long-lived nuclide that follows the queue in addition to 

the total contribution to its daughter products. These values are appropriately applied in the 

program, either before or after the matrix expansion calculation is performed, to make the 

concentration of the long-lived nuclide or the total of its daughters the correctly computed quantity.  

Moreover, Eq.6 is applied in making adjustments to certain elements of the final transition matrix, 

which now excludes the short-lived nuclides. The value of the element must be determined for the 

new transition between the long-lived precursor and the long-lived daughter of a short-lived queue. 

The element is adjusted such that the end-of-interval concentration of the long-lived daughter 

calculated from the single link between the two long-lived nuclides (using the new element) is the 

same as what would be determined from the chain including all short-lived nuclides. The method 

assumes zero concentrations for precursors to the long-lived precursor. The computed values 

asymptotically approach the correct value with time as successive time intervals are executed.  

G .2.1.2 The nonhomogeneous case 

The homogeneous equation, Eq.1, is useful to determine fuel BU and decay calculation. However the 

nonhomogeneous equation allows the user to impose externally time rate-of-change for nuclide 

concentration. This capability is important for fuel reprocessing phases or for some situations which 

involves an external feed or removal processes with a constant rate. Next the nonhomogeneous 

equation is reported.  

                                                               

                                                                ̇                                                            
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As before, the matrix exponential method is used for the long-lived nuclides and secular 

equilibrium is assumed for the short-lived nuclides. 

 

The Gauss-Seidel iterative method is applied to determine the solution. The complete solution to 

the system of Eq. 7 is given by the sum of the homogeneous solutions described earlier and the 

particular solutions given by nonhomogeneous case. 

G.2.1.3 Time dependence of the neutron flux 

ORIGEN-S has two basic options: 

 Specify the neutron flux obtaining the BU and the fuel composition 

 Introduce the BU, and so the specific power finding: 

o Fuel composition 

o Neutron Flux during irradiation 

o Gamma and neutron passive emission flux during decay period 

ORIGEN-ARP allows only to perform the second options which is needed in this final thesis project.  

Introducing a specific constant power level, the flux begins only a function of time and of the 

concentration of the fissionable nuclides. It is determine as follow in each time step 1: 

                                                                     

                                                              ( )    
 

∑( )
                                                                         

where: 

‒ Macroscopic cross-section [1/cm : ∑( )  ∑   ( )       

‒ Average energy per fission in the correspondent time step [MJ/fission]:    

‒ Neutron flux [neutrons/s /cm2]   ( ) 

‒ Power generated [MW/cm3]: P 

The factor F is computed automatically 1 by the depletion code in each time step as reported next: 

                                                                 ∑                                                                       

   

 

where: 
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      is the total thermal energy from neutron absorption. It is the sum of the recoverable 

energy from fission and capture for nuclides i and reaction types j (fission, radiative capture, 

etc.) weighted by their probability of occurrence. It is is considered to be constant over each 

time step interval. 

      is the microscopic fission cross section of nuclide i 

 G is the conversion factor to pass from  eV  to MJ. It is equal to 1.6 *10-13 

Moreover, ORIGEN-S performs a predictor-corrector calculation using the start of interval flux to 

obtain a best estimate of the average flux over the irradiation time interval, t. An explicit 

depletion calculation is first carried out using the flux determined for the start-of-interval 

compositions to estimate the end of interval compositions. A second depletion calculation is then 

performed using the average interval flux determined from the average of the starting and ending 

interval flux.  

During a typical BU cycle in a LWR, the average energy per fission may change by several percent 

as neutron absorbing fission products build up and the higher mass number actinides become 

more important to fission. However, these changes are generally small over a typical depletion 

time step and for this reason and for not slows the code speed is considered constant in each 

time step. 

G.2.1.4 Spectra dependence of the neutron cross-sections 

ORIGEN-S nuclear data libraries contain cross sections for three neutron energy groups:  

 A thermal group below 0.625 eV 

 A resonance energy group extending up to 1 MeV 

 A fast energy group above 1 MeV. 

The thermal cross section is stored as the effective 2200-m/s values (value at 0.0253 eV). The 

resonance and fast group cross sections are the flux weighted values for the respective groups. When 

running ORIGEN-S as a stand-alone module, the user specifies the cross-section weighting factors 

THERM, RES, and FAST whereas in ORIGEN-ARP are automatically computed from binary library.  

THERM is used to adjust the 2200-m/s cross sections in the library for a thermal neutron spectrum 

for the system. RES and FAST are used to weight the resonance and fast group cross sections in 

forming effective one-group values.  The average thermal group cross section is determined as the 
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product of the factor THERM and the 2200-m/s cross-section value. THERM is therefore entirely 

dependent on the thermal flux spectrum of the application. THERM is defined as the average thermal 

group cross section for a 1/v absorber σ(1/v) with a cross-section value of 1 barn at 2200 m/s, (σ0 = 1 

barn) : 

                                                      √   ∫
  ( )

√ 

  

   
 

        

 

                                         

where:  

                                                                     ∫   ( )  
        

 

                                                     

If the thermal neutron spectra is not available , Westscott’s model 8 can be useful to determine 

THERM factor as reported next: 

                                                            √
 

 
 
  
 

                                                          

RES factor is determined as follow 1: 

                                                                     ∑
   ( )

   ( )

         

            

                                                     

while FAST factor 1: 

                                                                        ∑
   ( )

   ( )
         

                                                     

Both in Eq.13 and Eq.14    are group wise fluxes. 

Once obtained THERM, FAST and RES ORIGEN-S reaches to calculate       as 1: 

                                                                                                         

 

Where: 
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    is the 2200 m/s fission cross sections 

      is the average resonance  fission group cross sections from 0.625 eV to 1 MeV 

      is the average fast group fission cross sections 

The effective microscopic cross section determined by Eq.15 is employed in the calculation of 

reaction rates. 

G.2.1.5 Neutron source strengths and spectra 

The neutron source strengths computed by ORIGEN-S is constituted by: 

 Spontaneous fission 

  (α,n) reactions 

 Delayed (β−,n) neutron emission.  

The neutron spectra are generated in an arbitrary energy-group structure or that of a SCALE cross-

section library specified by input. 

ORIGEN-S adopts computational methods from  Los Alamos code SOURCES 4B 9,10 for an 

homogeneous medium. 

G.2.1.5.1 Spontaneous Fission Neutrons 

As discussed before, spontaneous fission neutrons are the most important source of neutron spectra 

during refuelling operation. They are calculated using the half-life, spontaneous fission branching 

fraction, number of neutrons emitted per fission or ν, and Watt fission spectrum parameter for 43 

fissioning actinides such as for instance  242Cm and 244Cm. Most of those data belong to ORIGEN-S 

ENDF/B decay data library. ORIGEN-S implements Watt correlation to evaluate the spontaneous 

fission neutron energy spectrum reported next: 

                                                             ( )               √                                                          

where: 

 E is the neutron energy 

 C is a normalization constant 

 A and B are special parameters. 
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G.2.1.5.2 (alpha, neutron) reaction 

The (α,n) neutron source and spectra are strongly dependent on the constituent and light 

element content of the medium containing the α-emitting nuclides. For oxide fuels, a significant 

(α,n)  neutron source can be produced from 17O (α,n) and 18O (α,n) reactions in the oxygen 

compounds of the fuel.  Determination of  (alpha, neutron) reaction rate requires an precise 

knowledge of the of the stopping power and the linear energy transfer of α particles. ORIGEN-S 

models FA as an homogeneous mixture in which the α-emitting nuclides are uniformly intermixed 

with the target. 

 

The neutron yield of  (alpha, neutron) reaction can be determined as follow: 

                                                     
  

 
 ∫

  ( )

  ( )

  

 

                                                                

where: 

   ( ) is the stopping power for the medium at alpha energy E 

   ( ) is the microscopic cross section of target i for (alpha, neutron) reaction got as 

parametric fits to evaluated data 

    alpha’s particle energy emitted by nuclide k 

 Total atom number density N of the computed homogeneous mixture 

 Target nuclide atom density Ni 

Eq.17 is used by ORIGEN-S to calculate the neutron yield for each target nuclide and from each 

discrete-energy alpha particle emitted by all alpha-emitting nuclides in the material while Bragg-

Kleeman 11 rule is applied to compute stopping power. Eq.17 is solved discretizing the energy integral  

in a sum.  The yield, Yi,k,  is determined for each discrete bin using the average mid-point energy of the 

bin. The total neutron source is determined by multiplying the total alpha source strength for each 

alpha energy bin times the respective (alpha, n) yield value. This calculation is performed for each 

alpha particle and target nuclide in the medium. The amount of each nuclide is calculate at each 

time-step by ORGINE-S. 

H.2.1.5.3 Delayed (β−,n) neutron emission  

Short-lived fission products are the major source of delayed neutrons. Delayed neutrons are only 

important as a neutron source for times of about 10 seconds. ORIGEN-S calculates delayed neutron 

sources and spectra using an evaluated library of 105 precursor nuclides.  
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Delayed neutrons are not important in typical spent fuel applications due to the very short hal-lives 

of the parent nuclides.  

G.2.1.6 Photon sources and spectra 

The gamma source strengths computed by ORIGEN-S is constituted by: 

 Photon arising from X-rays 

 Gamma-rays 

 Bremsstrahlung 

 Spontaneous fission gamma rays 

 Gamma rays generated during (alpha,n) reaction in oxide fuel 

In a photon library, as line-energy and intensity data, are stored the gamma source strengths emitted 

by every nuclide for all decay modes. ORIGEN-S has the skill to convert line-energy data in any user 

specified energy group structure directly adjusting the value ensure conservation of the phoaston 

energy release rates.  The adjusted  group intensity is given by: 

                                                                           (
  

  
)                                                                          

When:  

 Ia : actual photon intensity from the Photon Data Base (photons per disintegration), 

 Ea : actual photon energy (MeV), 

 Eg : mean energy of the group (MeV), and 

 Ig : group photon intensity (photons per disintegration). 

Moreover if the actual photon energy Ea is near the group boundary, the energy range may be split 

between two group. 

G.2.2  Library employed  

The ORIGEN-ARP libraries in SCALE include a large number of fuel assembly designs. All light water 

reactor (LWR) libraries and VVER libraries are based on TRITON/NEWT 2-D depletion models. The 

available libraries include 3: 

 BWR: 

o GE 7x7, 8x8 , 9x9, 10x10 
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o ABB 8x8 

o ATRIUM-9 and ATRIUM-10 

o SVEA-64 and SVEA-100 

 PWR 

o Siemens 14x14 

o Westinghouse CE 14x14 and 16x16 

o Westinghouse 14x14, 15x15, 17x17, 17x17 OFA 

 CANDU reactor fuel (28- and 37-element bundle designs) 

 MAGNOX graphite reactor fuel 

 Advanced Gas Cooled (AGR) fuel 

 VVER-440 flat enrichment (1.6% - 3.6%) and profiled enrichment (average 3.82%, 4.25%, 

4.38% ) 

 VVER-1000 

 MOX  

o BWR 8×8-2, 9×9-1, 9×9-9, 10×10-9 

o  PWR 14×14, 15×15, 16×16, 17×17, 18×18 

 

During this project ENDF/B-VI nuclear data libraries relative to PWR 17x17 FA have been used.  The 

gamma and neutron energy spectra have been computed using 44 bins ENDF/B-V energy group 

for neutrons and 41 ENDF/B-V energy group for neutrons. These energy group choice is 

consequent to the analysis of a “Burn-up Credit Criticality Safety Benchmark” study 12 when were 

mostly applied and knowing that the accuracy of the ORIGEN-S results is largely  dependent on 

the quality of the nuclear data used for  the calculations. However during the group of simulation 

related to the  neutron emission in function of IE and BU a different select was performed. In fact 

in order to obtain a more precise and discretize gamma-ray emission spectra you have applied a 

141 bins ENDF/B-V user defined energy group. The results accuracy obtained did not vary thanks 

to the unchanged nuclear library employed. This operation allows to insert more exact  gamma-

ray spectra in MCNP simulation and so a more truly detector response is got . Unfortunately  

ORIGEN-ARP do not consent to input gamma-spectral emission defined in more than 100 group. 

For this reason the 141 bins ENDF/B-V user defined energy group has been split in three smaller 

groups. 
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Group one typology simulation has been run in succession with E1, E2 and E3. The complete  gamma-

ray emitted spectra was obtained joining by MatLab those got by the three simulation.  

G.2.3  Fuel assembly 17x17 PWR Westinghouse   

In the next table, you are resumed the characteristics of the FA utilized along over the final project 

thesis. 

 

 

The following scheme shows the disposition of fuel (green boxed) and unfuelled pins (red boxes) for a 

FA 17x17 PWR. 

Table G-1: FA 17x17 PWR  Westinghouse (Ref. 14-15) 
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The total volume of sintered UO2 fuel pin can be computed as follow: 

                                      [   ]  
     

 

 
                                                              

The mass of FA can be determined using the density of solid UO2
2 and the percentage of density in 

respect to the theoretical density, you have obtained: 

       [   ]           
[

 

   
]        

                                            

All over this master thesis you have considered that the variation of IE does not change the FA mass. 

By the atomic weight of the element which compose the fuel you can found the mass of Oxygen and 

Uranium, as follow. 
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Table G-2: FA 17x17 PWR  Westinghouse scheme (Ref. 16-17) 
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The results are stored in the next  table. 

 

 nmoles Atomic Mass wi Mass [ton] 

Element [#] [g/mol] [%]  

U 1 238,03 88,16 0.4912 

O 2 15,99 11,84 0.06601 

 Total           270,01 [g/mol] 100 %  0.5528 

Finally, you have compared the mass of elements to reference 15 to look for any error, but no one 

have been found out. 

Furthermore, the quantity of Gadolinium Oxide (i.e. burnable poison) is neglected all over the project 

because it has not been considered important in relation of BU. In fact, it allows only to change the 

BU profile during fuel cycle but not the final BU value.  

 

 

  

                     Table G-2: Composition of FA 17x17 PWR 
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G.3 Characterization of nuclear fuel burnup with ORIGEN-S  

Once ORIGEN-S simulations has been done, all data have been elaborated by MatLab. For  the main 

results also a Best Fit function has been determined thanks to the Curve Fitting MatLab Control Box 

(Annex F). In this sub-charter the results no reported in the thesis will be showed. Specifically this 

analysis will contain a deep parameter sensitiveness for: 

- The neutron emitters (242 Cm, 244 Cm ..) and some important elements (i.e. 134Cs, 137Cs..)  

involved in the IAEA correlations (Chapter 1-thesis) 

- All Plutonium isotopes 

- 134Cs/137Cs  vs. BU correlation 

- 134Cs/137Cs  vs. total fissile materials correlation 

- 154Eu/137Cs  vs. BU correlation 

The results have been reported as the following scheme: 

 

Moreover the gamma and the neutron spectrum energy discretized generated by ORGEN-S will be 

commented. 

Finally it is worth reminding that all the analysis will be referred to a CT equal to 1.5 days after each 

shut-down, therefore at planned for the out-core measurement.  

It is not interest of this project to analyse the behaviour of FA, such as for instance the element 

compositions and the gamma and neutron spectra, in function of a bigger CT. 

IE parameter 

variation

FCL parameter 

variation

IH parameter  

variation

FPD parameter 

variation

Table G-1: Scheme of the results 
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G.3.1  Uranium-235 

In the next scheme the relation between 235U and the BU for the various parameter sensitiveness is 

shown. 

 

All IE follow the next correlation: 

         

where: 

- y is the per cent amount  of 235U respect to the initial HM mass 

- x is the BU 

The parameter sensitiveness has shown that the 235U: 

- Of course is strongly dependent on the IE 

- Decreases due to BU increment, more for smaller BU than bigger due to the formation of 

new fissile elements as 239Pu and 241Pu as consequence of irradiation 

- It is not altered by variation of the IH, the FPP and FCL 

- All the simulations respect the tendency of IE group very well 

To conclude, you can affirm that knowing the IE, it is possible to determine the 235U amount by 

the indirect BU measure. 

Figure G-0-1: Uranium-235 
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G.3.2  Plutonium isotopes 

As discussed in the thesis, having a very accurate Plutonium isotopes inventory for the SFP is very 

important for the utility and also for IAEA inspectors. For this reason in this sub-charter all the 

Plutonium isotopes  will be analysed with the exception of 242Pu due to its very low and negligible 

mass. 

Moreover the study of the parameters sensitiveness of these elements  are very important because 

they are the precursor of 242Cm and 244Cm which are the main neutron sources for short cooling time 

as for the case  of interest. Do not forget that also the 240Pu is the third neutron producer, after the 

two Curium isotopes, and its importance increases with the CT due to its enormous half-time, 6 650 

years, compared with the Samarium ones, 0.4456  years for the 242Cm and 18.099 years for the 244Cm. 

In the following table, it is reported the production chains form the transuranic isotopes from 235U 

and 238U feed material with the typology of radioactive decay. 

 

Plutonium is formed when the nucleus of an Uranium atom captures one or more neutrons, changing 

the atomic structure and creating a new element. In this way the amount of Plutonium isotope 

increases with the BU and so with the irradiation time. The 239Pu is more present in the irradiated FA 

Figure G-0-2: Production chains form the transuranic isotopes (Ref 13)  
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whereas the 242Pu is the less present. Anyway the 239Pu  does not pass the 0.7%  of the initial HM 

mass equivalent  more or less to 3000g.  Considering the large amount of FA storage in the SFP, the 

overall mass of Plutonium isotopes is not negligible and it has to be supervised and of course 

protected in order to avoid terrorist attacks and nuclear proliferation. 

G.3.2.1 Plutonium-238 

In the next figure the relations of 238Pu in function of some parameters are shown. 

 

The analysis has highlighted that : 

- the 238Pu  is exponential function of the BU 

- It slightly depends from the IE 

- It is barely affected by IH for high BU 

- Its amount is not altered by FPD and FCL 

- Its mass does not pass the 200 grams/FA inside spent fuel 

- Its amount increases with BU but not with greater  IE 

Figure G-3: Plutonium-238 
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G.3.2.2 Plutonium-239 

In the next figure study of 239Pu is reported. 

 

The parameter sensitiveness has shown that: 

- 239Pu  is exponential function of the BU 

- It significantly depends on the IE for BU bigger than 20000 MWd/tU whereas for smaller 

ones is not true. 

- It is slightly altered only to the FPD whereas it is not influenced by IH and FCL 

- Its mass is the biggest inside all the Plutonium isotope and can reach 3000 grams/FA inside 

the spent FA 

- 239Pu is the most dangerous Plutonium  isotopes due to is fissile characteristic and its elevate 

amount. It is used to produce nuclear weapons 

- Its amount tends to an asymptotic behavior  for quite elevated BU.  This behavior  is 

displaced to a more elevated BU value for greater IE.  

Figure G-4: Plutonium-239 



STUDY OF  A SYSTEM FOR PWR FUEL ASSEMBLY CHARACTERIZATION DURING REFUELLING OPERATIONS    Page  25 

 

 

G.3.2.3 Plutonium-240 

Plutonium-240 is formed when plutonium-239 captures a neutron. About 62% to 73% of the time 

when Pu-239 captures a neutron it undergoes fission; the rest of the time it forms Pu-240. Due to its 

quite elevated mass amount, up to 1400 grams/FA in spent fuel, and its high spontaneous 

microscopic cross section, 9.09 barns 13, it is the third neutron emitter for importance and the most 

important one inside Plutonium isotopes.  

In the next figure the relations of 240Pu in function of parameter sensitiveness are shown. 

 

 

 

 

Figure G-5: Plutonium-240 

http://en.wikipedia.org/wiki/Plutonium-239
http://en.wikipedia.org/wiki/Neutron
http://en.wikipedia.org/wiki/Nuclear_fission


Page 26  ANNEXES G-H-I-J-K 

     

 

Thanks to the ORIGEN-S simulations analysis you can affirm: 

- 240Pu  is power function of the BU 

- It is not affected by FPD, FCL and IH 

- It is significantly dependent on the IE at low and high BU 

- It is not affected from down-time periods 

Finally the amount of 240Pu  in function of the NE can be plotted  with only one BF with good accuracy 

as result per the next graph. 

 

 

  

Figure G-6: Plutonium-240 unique BF 
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G.3.2.4 Plutonium-241 

It is worth reminding that 241Pu is formed when 240Pu captures a neutron. Like 239Pu but 

unlike 240Pu, 241Pu is fissile, with a neutron absorption cross section about 1/3 greater than 239Pu, and 

a similar probability of fissioning on neutron absorption, around 73%. In the non-fission case, neutron 

capture produces 242Pu.  

In the next figure the analysis of 241Pu is reported. 

 

Thanks to the analysis you can affirm: 

- 241Pu is a linear function of the BU 

- It is slightly dependent on the IE. Its behaviour is very particular in fact the difference 

between IE tends to increase for high and low BU whereas for BU equal to 40000 MWd/tU 

tends to be zero 

- It is unaffected by FPD and FCL 

- It is quite influenced by shut-down periods and so IH. However the gap from the nominal 

case tends to increase for  form greater IE 

Figure G-7: Plutonium-241 

http://en.wikipedia.org/wiki/Neutron
http://en.wikipedia.org/wiki/Pu-239
http://en.wikipedia.org/wiki/Fissile
http://en.wikipedia.org/wiki/Neutron_absorption
http://en.wikipedia.org/wiki/Neutron_cross-section
http://en.wikipedia.org/wiki/Pu-239
http://en.wikipedia.org/wiki/Pu-239
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G.3.2.5 Plutonium-242 

In the next figure the analysis of 242Pu is resumed. 

 

The parameter sensitiveness has shown: 

- 242Pu is an exponential of the BU 

- It is not affected by FCP, FPP and IH 

- It is very dependent on IE, especially at high BU 

- Its amount increase with the IE, but it not pass the 450 grams/FA inside spent fuel 

  

Figure G-8: Plutonium-242 
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G.3.3 Cesium-134 

Cesium-134 is produced primarily by the neutron activation of 133Cs  that comes from 133I through 

133Xe; activation is primarily in resonance absorption. It is relative independent the fission source. 

Analysing 134Cs behaviour to parameter sensitiveness is fundamental to understand 134Cs/137Cs 

characteristics correlations. The results are reported in the next figure. 

 

Thanks to the study you can affirm: 

- 134Cs  is an exponential function of the BU. This nonlinearity can be explained by the 

mechanism that produces this isotope. 

- Its amount depends on the IE, especially a BU greater than 30000MWd/tU 

- 134Cs is more sensitive to IE than 137Cs 

- It is deeply affected by  shut-down time, and so by IH, due to his very short half-life which is 

equal to 2.062 years 

- It is slightly influenced by FCL but only for high IE 

- It is unaffected  by FPD 

- At same BU’s amount is more or less ten times less than 137Cs one 

Figure G-9: Cesium-134 
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G.3.4 Cesium-137 

Cesium-147 has been investigated more than any other fission product during the last years because 

of its easily resolvable gamma-ray, only one gamma of 0.6617MeV each disintegration, and of its long 

half-life, 30.17 years. 

The following figure shows the results about this very interesting isotope. 

 

The parameter sensitiveness has shown: 

- Cesium-137 and BU are connected by a linear dependency which is not affected by IE 

- With a  bigger IE there is correspondence greater amount of  137Cs  

- It is relatively insensitive to FCL, FPP and IH due to its long half-live 

- 137Cs  amount inside spent fuel can reach the 1000 grams/FA  

Thanks to the described characteristics it will be utilized to determine the typology of FA, fresh or 

irradiated. For this reason the BF equation will be extrapolated up to zero MWd/tU. 

  

Figure G-10: Cesium-137 



STUDY OF  A SYSTEM FOR PWR FUEL ASSEMBLY CHARACTERIZATION DURING REFUELLING OPERATIONS    Page  31 

 

 

G.3.5 Americium-241 

Sixteen radioactive isotopes of Americium are produced as a by-product of Plutonium production 

activities and results from the successive  capture of neutrons by Plutonium. The most important 

for this project is 241Am, due to its elevated neutron emissions.  241Am is a decay  product of 241Pu. 

In fact when 239Pu absorbs two neutrons it produces 241Pu, which decays by emitting a beta 

particle with a fairly short half-life of fourteen years to generate 241Am.  

 

The ORIGEN-S simulation results are reported in the next figure. 

 

The analysis has shown: 

- The amount of  241Am  is power function of the BU, but a possible BF will have a very poor 

goodness. The problem is the very bad connectivity between  the three successive  refuelling 

operations which look like independents. 

- It is strongly dependent on IE at high BU 

- 241Am is quite affected by FPD and FCL 

Figure G-11: Americium-241 
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- Its amount is strongly dependent on IH. The divergence from the default cause increases 

with the IE and the number of additional shut-down periods but decrease with the time 

spent passed from  the additional stop. 

To conclude you can affirm that a correlation between 241Am and BU is not suggested by to the 

elevated sensitivity of the elements to operational conditions. Moreover, due to its very low 

gamma ray emitted during the decay, 0.033MeV, it is also impossible to be determined  by a 

gamma spectrometry because the intensity of this photon at the LaBr3 detector would be  useless. 

For this reason the unique solution to measure the 241Am amount is an active neutron method which 

does not need to be implemented in this innovative device not to modify the APS significantly.  
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G.3.6 Curium-242 

Curium-242 does not occur naturally; it is typically  produced artificially in nuclear reactors 

through successive neutron captures by Plutonium and Americium isotopes. It is one of the 

sixteen isotopes of Curium are known to exist, and all are radioactive.  

At discussed before  242Cm is the first neutron emitter  for short cooling time.  It  is worth reminding 

that its half-life is very short, 0.4456  years, compared with the average of transuranic isotopes. The 

analysis results are shown in the next figure.  

 

Thanks to the analysis we can affirm: 

- The amount of  242Cm  is power function of the BU 

- It is dependent on IE 

- It is strongly influenced by IH as its precursor 241Am. Due to its short half-time, it  is deeply 

affected by additional shut-down periods. In fact if a double additional shut-down periods is 

applied the 242Cm will be reduced one hundred and seven times 

- It is insignificantly affected by FCL and FPD 

- The 242Cm amount inside spent fuel is around 15 grams/FA.  

Figure G-12: Curium-242 
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Comparing the analysis with Los Alamos publications and in particular ref. 13 , the results are 

supported by the necessity of more simulations. For IH, it is evident in order to clarify the exactly 

behaviour. 
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G.3.7 Curium-244 

For CT up to fifteen months 13, the 244Cm is the second main neutron emitter whereas for larger CT it 

becomes the first due to it is enormous half-life, 18 years, compared with 242Cm. In fact the ratio 

between this parameter is thirty-six.  Basically 244Cm is created by successive neutron capture of 

242Cm and by a beta decay from 244Am.  

The following figure indicates the sensitivity  of 244Cm to various reactor parameters. 

 

The analysis has highlighted: 

- The amount of  244Cm  is power function of the BU 

- It is dependent on IE 

- It is not influenced by FCL and FPD 

- Unlike 242Cm, 244Cm is insignificantly affected by IH thanks to the its elevated half-time 

compared with the shut-down periods which do not exceed the 3 year 

- A very good BF correlation can be built due to the high connectivity between successive 

refueling operations 

Figure G-13: Curium-244 
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- The amount of 244Cm inside spent fuel is bigger than 242Cm. In fact for a IE5  and 

52000MWd/tU, 244Cm mass is around 51 grams/FA, more or less three times more the 242Cm 

one. 
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G.3.8 Europium-154 

The Europium-154 mass inside irradiated fuel is very low and so for this reason it needs a very 

accurate study to decrease the relative uncertainly respect to the nominal behaviour.  

The build-up of this isotope is the most complex of the overall elements examined in this chapter. In 

fact, it is produced directly from fission only to a small extent. From the Uranium loaded in the core, a 

total of twenty reaction chain lead to the formation of 154Eu. 

In the next study the analysis results are reported. 

 

Thanks to the study you can affirm: 

- The amount of  154Eu  is power function of the BU and it can be represented quite well by a 

quadratic BF correlation 

- It is deeply affected by IH 

- It is not influenced by FPD and FCL 

- 154Eu quantity depends on the IE,  mainly for high IE 

  

Figure G-14: Europium-254 
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G.3.9 Cerium-144 

During the years Cerium-144 has been investigated as a potential BU monitor because if its long half-

life, 284.5 years, and its very energetic gamma ray which reach 2.186MeV. Moreover it has a relative 

chemical inertness. However for long irradiations periods, the half-time becomes a distinct 

disadvantage because the 144Ce atomic density reflects the more recent BU of the FA. Nowadays  

144Ce is utilized in CANDU reactor as BU monitor. 

The next figure shows the ORGINE-S results. 

 

Thanks to the analysis you can affirm: 

- The amount of  144Ce is power function of the BU 

- It depends on IE especially at medium BU 

- Its quantity is not altered by FCL whereas by FPD is slightly affected 

- 144Ce is strongly influenced by IH  only at high IE after the additional shut-down periods  

  

Figure G-15: Cerium-144 
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G.3.10 134Cs/137Cs  vs. BU correlation 

Once all elements have been studied the analysis of correlations which involve two isotopes have 

been examined. The following figure shows the relation between 134Cs/137Cs  ratio vs. BU. 

 

As commented before this correlation has be applied to the out-core innovative device thanks to his 

accuracy for CT up to ninety days. 

Of course combining two elements, the consequent correlation will be a combination of the 

behaviour of the involved isotopes characteristics.  

For this reason the study has highlighted: 

- The 134Cs/137Cs  ratio is power function of the BU 

- It increases with the BU but not with the IE 

- It is very dependent on the IH due to the 134Cs characteristic  which is very sensitive to shut-

down periods  because of its  very short half-time life (2.06 years)  

- The 134Cs/137Cs  ratio is significantly dependent on the IE 

- It is not influenced by the fuel pellet density 

- It is slightly affected by the FCL due to the very short half-time life of 134Cs (2.06 years)  

Finally the 134Cs/137Cs  ratio can be used to determine CT ,  BU and total fissile material amount. 

Figure G-16: 134Cs/137Cs  ratio vs. BU 
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G.3.11 134Cs/137Cs  vs. total fissile materials correlation 

As said before 134Cs/137Cs  ratio can be used  also to determine  total fissile material mass. For this 

reason 134Cs/137Cs  vs. total fissile materials correlation has been analysed and the results are 

reported in the next figure. 

 

Thanks to the study you can affirm: 

- The 134Cs/137Cs  ratio is linear function of the total fissile material with a negative slope 

- The 134Cs/137Cs  ratio increases with the irradiation periods and so with the BU 

- It is strongly affected by the IH due to the 134Cs characteristic  which is very sensitive to shut-

down periods  because of its  very short half-time life (2.06 years)  

- The 134Cs/137Cs  ratio  is significantly dependent on the IE 

- The correlation is slightly perturbed by the FCL and FPD  

 

 

 

Figure G-17: 134Cs/137Cs  ratio vs. total fissile material 
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G.3.12 154Eu/137Cs  vs. BU correlation 

The last isotope ratio correlation studied is the 154Eu/137Cs  vs. BU one. 

The results are reported in the following figure. 

 

This correlation compared to the similar 144Cs/137Cs  vs. BU one is: 

- Greatly more stable for changes in IH thanks to the more elevated half-time of 154Eu, 8.5 

years,  compared with 134Cs 

- Insensitiveness to FPD and FCL 

- Less unaffected by IE 

- Has the same behaviour in function  of the BU 

Thanks to its characteristics if the CT is greater than five thousands days the 154Eu/137Cs  vs. BU 

correlation has to be preferred to the 144Cs/137Cs  vs. BU one. 

  

Figure G-18: 154Eu/137Cs  ratio vs. BU 
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G.3.13 Total fissile materials  

The last correlation studied involves the per cent mass of fissile material per initial HM mass vs. the 

BU. 

The results are reported in the next figure. 

 

The analysis indicated: 

- The total fissile mass is linear function of BU with a negative slope 

- It is very dependent on the IE, of course 

- It is unaffected by FCL, FPP and IH 

- The amount of fissile material in spent fuel for BU equal to 52000MWd/tU  is around 8000 

grams per FA  

Thanks to the total fissile material vs. Bu correlation characteristics the amount of total fissile 

materials, composed by 239Pu, 241Pu and 235U, can be indirectly determined once the BU is calculated 

by NE vs. BU correlation. 

  

Figure G-19: total fissile material vs. BU 
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G.3.14 Neutron Flux 

As commented in the annex G, when ORIGEN-S receives an input a BU and it has to determine  the 

composition of a FA, it calculates automatically a neutron flux averaged over the energy, equ. G.10. 

This value is in function of: 

‒ The number and the duration of irradiation periods 

‒ The number and the duration of outage operations 

‒ The typology of FA 

‒ The BU 

‒ The initial composition of the FA 

The following illustration shows the behaviour of the average energy flux for an IE equal to 2.11% 

(IE1) changing only the BU. Besides the neutron fluxes of successive fuel cycle periods have been 

highlighted by different colours. It is worth reminding that the total amount of BU has been divided in 

three equal parts, one for each power cycle period. 

 

You can note that: 

- Inside the same recharge, the neutron core  flux  increases with the BU 

- The neutron core flux is linear function of the BU. The angular coefficient of the BF 

correlation increases with successive fuel cycle period 

- The computer flux is more or less the same in the first and in the second power cycle 

whereas it increases in the last period due to the necessity to compensate the smaller 

presence of total fissile material 

Figure G-20: ORIGEN-S computed neutron flux vs. BU 
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H. A Monte Carlo code: MCNP 

H.1 Introduction 

In this annex it has been reported: 

- A description of  MCNP 

- A small review about the Monte Carlo techniques and its comparison to discrete ordinates 

- The composition of the materials used during in the Monte Carlo simulations 

- The MCNP input 

9.4.1 The determination of BF3 and LaBr3 count rates from MCNP results 

H.2 What is MCNP? 

MCNP is the acronym of Monte Carlo N-Particle. It was produced under a U.S. Government by Los 

Alamos National Laboratory. It can be used in several transport modes: neutron only, photon only, 

electron only, combined neutron/photon transport where the photons are produced by neutron 

interactions, neutron/photon/electron, photon/electron, or electron/photon. The code treats an 

arbitrary three-dimensional configuration of materials in geometric cells bounded.  

Point wise cross-section data are used. For neutrons, all reactions given in a particular cross-section 

evaluation (such as ENDF/B-VI) are accounted for. For photons, the code accounts for incoherent and 

coherent scattering, the possibility of fluorescent emission after photoelectric absorption, and 

absorption in electron-positron pair production. Electron/positron transport processes account for 

angular deflection through multiple Coulomb scattering, collisional energy loss with optional 

straggling, and the production of secondary particles including K x-rays, knock-on and Auger 

electrons, bremsstrahlung, and annihilation gamma rays from positron annihilation at rest. Electron 

transport does not include the effects of external or self-induced electromagnetic fields. 

Photonuclear physics is available for a limited number of isotopes. 

Succeeding, the “Mundus Operandi” of the use of this useful programme has been resumed. 

The user creates an input file that is subsequently read by MCNP. This file contains information 
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about the problem in areas such as: 

o the geometry specification, 

o the description of materials and selection of cross-section evaluations, 

o the location and characteristics of the neutron, photon, or electron source, 

o the type of answers or tallies desired, 

o any variance reduction techniques used to improve efficiency. 

Finally, MCNP has particle limitations in energy: the neutron energy regime is from 10-11 MeV to 20 

MeV for all isotopes and up to 150 MeV for some isotopes, the photon energy regime is from 1 keV 

to 100 GeV, and the electron energy regime is from 1 KeV to 1 GeV.  

H.3 Differences between a Monte Carlo technique  and a 

deterministic method 

Monte Carlo methods are very different from deterministic transport methods. Deterministic 

methods, the most common of which is the discrete ordinates method, solve the transport equation 

for the average particle behaviour. By contrast, Monte Carlo obtains answers by simulating individual 

particles and recording some aspects (there are called tallies by the software) of their average 

behaviour. The average behaviour of particles in the physical system is then inferred (using the 

central limit theorem) from the average behaviour of the simulated particles. Not only are Monte 

Carlo and deterministic methods very different ways of solving a problem, even what constitutes a 

solution is different. Deterministic methods typically give fairly complete information (for example, 

flux) throughout the phase space of the problem. Monte Carlo supplies information only about 

specific tallies requested by the user in the input file. 

When Monte Carlo and discrete ordinates methods are compared, it is often said that Monte Carlo 

solves the integral transport equation, whereas discrete ordinates solves the integral-differential 

transport equation. Two things are misleading about this statement. At first, the integral and integral 

differential transport equations are two different forms of the same equation; if one is solved, the 

other is solved. At second, Monte Carlo “solves” a transport problem by simulating particle histories. 

A transport equation need not be written to solve a problem by Monte Carlo. Nonetheless, one can 
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derive an equation that describes the probability density of particles in phase space; this equation 

turns out to be the same as the integral transport equation. 

Without deriving the integral transport equation, it is instructive to investigate why the discrete 

ordinates method is associated with the integral-differential equation and Monte Carlo with the 

integral equation. The discrete ordinates method visualizes the phase space to be divided into many 

small boxes, and the particles move from one box to another. In the limit, as the boxes get 

progressively smaller, particles moving from box to box take a differential amount of time to move a 

differential distance in space. In the limit, this approaches the integral-differential transport  

equation, which has derivatives in space and time. By contrast, Monte Carlo transports particles 

between events (for example, collisions) that are separated in space and time. Neither differential 

space nor time are inherent parameters of Monte Carlo transport. The integral equation does not 

have terms involving time or space derivatives. 

Monte Carlo is well suited to solving complicated three-dimensional, time-dependent problems. 

Because the Monte Carlo method does not use phase space boxes, there are no averaging 

approximations required in space, energy, and time. This is especially important in allowing detailed 

representation of all aspects of physical data. 

H.4 The Monte Carlo Method  

Monte Carlo can be used to duplicate theoretically a statistical process (such as the interaction of 

nuclear particles with materials) and is particularly useful for complex problems that cannot be 

modelled by computer codes that use deterministic methods. The individual probabilistic events that 

comprise a process are simulated sequentially. The probability distributions governing these events 

are statistically sampled to describe the total phenomenon. In general, the simulation is performed 

on a digital computer because the number of trials necessary to adequately describe the 

phenomenon is usually quite large. The statistical sampling process is based on the selection of 

random numbers—analogous to throwing dice in a gambling casino—hence the name “Monte 

Carlo.” In particle transport, the Monte Carlo technique is pre-eminently realistic (a numerical 

experiment). It consists of actually following each of many particles from a source throughout its life 

to its death in some terminal category (absorption, escape, etc.). Probability distributions are 

randomly sampled using transport data to determine the outcome at each step of its life.  
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For example, the next figure represents the random history of a neutron incident on a slab of 

material that can undergo fission.  

 

 

Numbers between 0 and 1 are selected randomly to determine what (if any) and where interaction 

takes place, based on the rules (physics) and probabilities (transport data) governing the processes 

and materials involved. In this particular example, a neutron collision occurs at event 1. The neutron 

is scattered in the direction shown, which is selected randomly from the physical scattering 

distribution. A photon is also produced and is temporarily stored, or banked, for later analysis. At 

event 2, fission occurs, resulting in the termination of the incoming neutron and the birth of two 

outgoing neutrons and one photon. One neutron and the photon are banked for later analysis. The 

first fission neutron is captured at event 3 and terminated. The banked neutron is now retrieved and, 

by random sampling, leaks out of the slab at event 4. The fission-produced photon has a collision at 

event 5 and leaks out at event 6. The remaining photon generated at event 1 is now followed with a 

capture at event 7. Note that MCNP retrieves banked particles such that the last particle stored in the 

bank is the first particle taken out. 

Figure H-0-3: example of a neutron random history (Ref.1) 
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This neutron history is now complete. As more and more such histories are followed, the neutron 

and photon distributions become better known. The quantities of interest (whatever the user 

requests) are tallied, along with estimates of the statistical precision (uncertainty) of the results. 

H.5 MCNP  Materials 

The composition if material the material used along the simulation of MCNP-X are reported 

following: 

- Borated Water 

- Concrete 

- SS 316 

- Zircaloy-4 

- UO2 

- Helium 

- Air  

- FA homogenized 

- Lead  

- Borosilicate Glass 

- Al 

- Brillance 580 

- PVC 

- BF3 

- Bialkali 

If the density of the material has not been met in any references it has calculated as follow: 

                                                                    
      

∑       
 
   

                                                              

And 

                                                                   ∑    

 

   

                                                               

Where: 

-   [
     

    
]  is the density of the component i 

-    is the atomic mass fraction of the component i  

-      [
     

   
] is the atomic weight of the component i 
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-    is the number of moles of the component i in the material 

-   is the number of component of the material 

H.5.1 Borated Water 

 

 

The density of borated water has been computed as follow: 

                                        
 

  
                                          

                                             [
     

    
]       (    )                                        

  

Material

Borated 

Water

MCNP-X Card m1

Density [g/cm3] 1,0018

Element Wt. Fraction

H 0,11164087

O 0,88575913

B 0,0026

Table H-0-2: Borated water 
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H.5.2 Concrete 

The concrete reference composition has been taken from the ref.3.  

 

 

H.5.3 SS 316 

The SS316 reference composition has been taken from the ref.3. 

 

 

Material Concrete

MCNP-X Card m2

Density [g/cm3] 7,263

Element Wt. Fraction

H 0,00453

O 0,51260

Si 0,36036

Al 0,03555

Na 0,01527

Ca 0,05791

Fe 0,01378

Material SS 316

MCNP-X Card m3

Density [g/cm3] 7,92

Element Wt. Fraction

Fe 0,6550

Cr 0,1700

Ni 0,1200

Mo 0,0250

Mn 0,0200

Si 0,0100

Table H-2: Concrete (Ref.3) 

Table H-3: SS 316 (Ref.3) 
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H.5.4 Zircaloy-4 

The Zircaloy-4 reference composition has been taken from the ref.3. 

 

H.5.5 UO2 

The UO2 theoretical has been taken from the ref.4 and confronted to ref.5, obtaining the same value. 

 

 

 

 

Material Zirocaloy-4

MCNP-X Card m4

Density [g/cm3] 6,56

Element Wt. Fraction

Zr 0,9823

Sn 0,0145

Cr 0,0010

Fe 0,0021

Hf 0,0001

Material UO2

MCNP-X Card m5

Element Wt. Fraction

Density [g/cm3] 10,95

U 0,8816

O 0,1184

Table H-4: Zircaloy-4 (Ref.3) 

Table H-5: UO2 (Ref.5) 
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H.5.6 Helium 

To determine the He density at 15 bar (the nominal initial pressure in PWR FA) and 300°C it has been 

applied the following equation (ref.6): 

                                                                
 

 
 (        

 

    
)                                                  

where: 

-   is the Helium density in kg/m3 

-   is the pressure in bar 

-   is the temperature in K 

 

H.5.7  Air 

 

   

Material Helium

MCNP-X Card m6

Density [g/cm3] 0,000985615

Element Wt. Fraction

He 1,0000

Material Air

MCNP-X Card m7

Density [g/cm3] 0,00118

Element Wt. Fraction

N 0,7564

O 0,2436

Table H-6: Helium (Ref.6) 

Table H-7: Air  
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H.5.8 Fuel assembly Homogenized 

A special treatment has been reserved for this “derived” material which has been obtained from the 

heterogeneous FA.  Basically the FA is composed by two zone: 

- The fuel zone constituted by the fuel pellet, the cladding and the He 

- The moderator zone: constituted by the borated water 

You have homogenised separately the two zone in the following way: 

                                                                  ∑    

 

   

                                         

                                                       
    

          
                                                     

                                                                                                         

                                                                         
          

∑   
 
   

                       

                                                                          ∑    

 

   

                        

Where: 

-   [
     

    
]  is the density of the component i 

-    is the atomic mass fraction of the component i in the original compound  

-   is the number of component of the fuel zone 

-                    is the atomic mass fraction of the component i in the homogenized FA 

Maintaining constant the FA height  the equivalent FA homogenised radius is equal to: 

                              √
          

     
 √

              

              
                               

 

The results are listed below. 
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Due to the very small atomic mass fraction of the Helium in the homogenized FA has been neglected.  

As you can note from the table each IE group has a different FA homogenized composition due to a 

different IE. 

Moreover it is worth reminding that the FA simulated is relative to the initial composition and do not 

take into account the composition change due to irradiation.  

 

H.5.9 Lead 

 

 

 

Material FA Homogenized 

MCNP-X Card m8

Density [g/cm3] 9,4107

Element Wt. Fraction

U-238 0,744975-IE

U-235 IE

O 0,1009

Zr 0,15219

Sn 0,002247

Cr 0,000155

Fe 0,000352

Hf 0,0000155

Material Lead

MCNP-X Card m9

Density [g/cm3] 11,34

Element Wt. Fraction

Pb 1,0000

Table H-8: Homogenized Fuel Assembly 

Table H-9: Lead 
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H.5.10 Borosilicate Glass 

The Borosilicate Glass reference composition has been taken from the NERG-UPC research group. 

 

H.5.11 Aluminium 

 

H.5.12 Brillance 580 

 

Material Borosilicate Glass

MCNP-X Card m10

Density [g/cm3] 2,23

Element Wt. Fraction

B 0,0400

O 0,5395

Na 0,0281

Al 0,0116

Si 0,3772

K 0,0036

Material Al

MCNP-X Card m11

Density [g/cm3] 2,702

Element Wt. Fraction

Al 1,0000

Material Brillance 580

MCNP-X Card m12

Density [g/cm3] 2,23

Element Wt. Fraction

La 0,36668291

Br 0,63281709

Ce 0,0005

Table H-10: Borosilicate Glass 

Table H-11: Aluminium 

Table H-12: Brillance 580 (Ref.1) 
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H.5.13 PVC 

The Borosilicate Glass reference composition has been taken from ref.4 . 

 

H.5.14 BF3 

 

The density of BF3,assumed  at 650 torr and 25K,  has been calculated in two ways: 

- Ideal gas model 

- Van der Waal’s equation  

Utilizing the ideal gas model and so a rude approximation for a polar molecule you obtain: 

                              
 

      
           

 

   
                                      

Where: 

-   is the pressure equal to 650 torr o 0.8665953 bar 

Material PVC

MCNP-X Card m13

Density [g/cm3] 1,36

Element Wt. Fraction

Mg 0,0599

Cl 0,7022

H 0,2379

Material BF3

MCNP-X Card m14

Density [g/cm3] 0,002369

Element Wt. Fraction

B-nat 0,0064

B-10 0,1531

F 0,8405

Table H-13: PVC (Ref.4) 

Table H-14: BF3 
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-    is the specific gas costant equal to 8.31444 N *m/(mol*K) 

-   is the temperature equal to 298 K 

-    is the molar mass equal to 67.78 g/mol 

Instead taking account of the intermolecular forces present in a real gas, you can apply the the van 

der Waal’s model1 as follow: 

 

                                                          
   

    
 

  
 

                                                 

Where: 

-   is the pressure equal to 650 torr o 0.8665953 bar 

-    is the universal gas costant equal to 0.0821 L *atm/(mol*K) 

-   is the temperature equal to 298 K 

- a and b are temperature-independent constants called the van der Waal’s coefficients 222 

o a is equal to 3.98 bar/L2 mol 

o b is equal to 0.0543 L/mol 

- Vm is the molar volume  

Knowing that the molar volume is equal to:  

                                                                        
  

  
                                                                         

You can obtain a density equal to            

   .  

Comparing the two densities determined in the different models the relative density is 13.81% . 

Because of the more accuracy of the van der Waal’s model you will be used a     equal to 

           

    in the MCNP simulation 
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H.5.15 Bialkali 

The Borosilicate Glass reference composition has been taken from the NERG-UPC research group. 

 

 

H.6 Input 

As commented in the memory some MCNP simulation has used to understand and applied some 

advanced geometry function such as for instance the fill one. 

The following programs will be reported and analysed: 

- FA 2x2_E.i 

- FA 17x17_E.i 

- Test dispositive.i 

H.6.1 FA 2x2_E 

FA 2x2_E.i 

C----------------------------- Cell ------------------------------ 

C Fuel Pin 1 

1 4 -6.56 +4:+7:-2                     u=1 imp:n=1              $Cladding+Plugs FP 

2 5 -10.95 +2 -3 -6                    u=1 imp:n=1              $Fuel pellet   

Material Bialkali

MCNP-X Card m15

Density [g/cm3] 3,336

Element Wt. Fraction

K 0,2349

Cs 0,3993

Sb 0,3658

Table H-15: Bialkali 
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3 6 -0.001748 (+3 -4 -7):(+2 -3 +6 -7) u=1 imp:n=1     $He 

4 0 -5 -8 +1                        fill=1 imp:n=1                    $Universe-1 

C Fuel Pin 2 

5 like 4 but trcl (1.25984 0 0) imp:n=1                     

C Fuel Pin 3 

6 like 4 but trcl (0 0 1.25984) imp:n=1                     

C Fuel Pin 4 

7 like 4 but trcl (1.25984 0 1.25984)     imp:n=1               

8 1 -1  1 -5 +9 -10 +11 -12  #4 #5 #6 #7 imp:n=1           $Borated Water 

9 0 -1:+5:(1 -5 +10):(1 -5 -9):(1 -5 +12):(1 -5 -11) imp:n=0  

 

C ---------------------------Surfaces---------------------------- 

C 

C Fuel Pin 

1 PY 0 

2 PY 1.5 

3 PY 367.8 

4 PY 383.7 

5 PY 385.2 

6 CY 0.4095                          $ Fuel Pellet 

7 CY 0.418                            $ Innner diameter cladding-Fuel Pin 

8 CY 0.475                            $ Outer  diameter cladding-Fuel Pin 
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9 PX -0.62992                      $ Water cell FR 

10 PX +1.88976                    $ Water cell FR 

11 PZ -0.62992                     $ Water cell FR 

12 PZ +1.88976                    $ Water cell FR 

13 PX 4.40804 

 

C -------------------------Source------------------------------------- 

mode n 

sdef x=d1 y=d2 z=d3 erg=d4 cell=d5 part=1 

si1  -0.62992  4.4084 

sp1  0         1 

si2  0         385.2 

sp2  0         1 

si3  -0.62992  +1.88976 

sp3  0         1 

si4 H 0.1 0.3 0.5 

sp4 D 0   0.4 0.5 

si5 L 5 6 7 

sp5   1 1 1 

c sp5 1 1  

C -----------------------Materials------------------------------------- 

C 
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m1 1000 -0.1116 8000 -0.8858 5000 -0.0026                              $Borated Water-2600 ppm    

m2 1000 -0.00453 8000 -0.5126 14000 -0.36036 13000 -0.03555 11000 -0.01527 & 

20000 -0.05791 26000 -0.01378                                           $Concrete  

m3 26000 -0.655 24000 -0.17 28000 -0.12 42000 -0.025 25000 -0.02 14000 -0.01      $SS 316     

m4 40000 -0.9823 50000 -0.01450 24000 -0.001 26000 -0.00210 72000 -0.00010        $Zircoalloy 4-

Cladding            

m5 92000 -0.88156 8000 -0.11844                                     $Oxide Uraniun-Fuel pellet     

m6 2000 -1                                                                          $Helium 298.16K 15 bar           

m7 16000 -0.75638 8000 -0.24362                                     $Air                          

nps 1e3 

print 

H.6.2 FA 17x17_E 

FA 17x17_E.i 

C -----------------Cells-------------------------------------------- 

C Row 1  

C Fuel Pin 1 

1 5 -10.95 +2 -3 -6                    u=1 imp:p=1 $Fuel pellet   

2 4 -6.56 +4:+7:-2                     u=1 imp:p=1 $Cladding+Plugs FP 

3 6 -0.001748 (+3 -4 -7):(+2 -3 +6 -7) u=1 imp:p=1 $He   

C Row 1  

C Fuel Pin 1 

4 0 -5 -8 +1                        fill=1 imp:p=1 $Fuel cell u=1 

C Fuel Pin 2 
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5 like 4 but  trcl (1.25984 0 0) imp:p=1         

C Fuel Pin 3 

6 like 4 but  trcl (2.51968 0 0) imp:p=1         

C Fuel Pin 4 

7 like 4 but trcl (3.77952 0 0) imp:p=1        

C Fuel Pin 5 

8 like 4 but trcl (5.03936 0 0) imp:p=1        

C Fuel Pin 6 

9 like 4 but trcl (6.29920 0 0) imp:p=1        

C Fuel Pin 7 

10 like 4 but trcl (7.55904 0 0) imp:p=1        

C Fuel Pin 8 

11 like 4 but trcl (8.81888 0 0) imp:p=1        

C Fuel Pin 9 

12 like 4 but trcl (10.07872 0 0) imp:p=1       

C Fuel Pin 10 

13 like 4 but trcl (11.33856 0 0) imp:p=1       

C Fuel Pin 11 

14 like 4 but trcl (12.5984 0 0) imp:p=1        

C Fuel Pin 12 

15 like 4 but trcl (13.85824 0 0) imp:p=1       

C Fuel Pin 13 
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16 like 4 but trcl (15.11808 0 0) imp:p=1       

C Fuel Pin 14 

17 like 4 but trcl (16.37792 0 0) imp:p=1       

C Fuel Pin 15 

18 like 4 but trcl (17.63776 0 0) imp:p=1       

C Fuel Pin 16 

19 like 4 but trcl (18.8976 0 0) imp:p=1        

C Fuel Pin 17 

20 like 4 but trcl (20.15744 0 0) imp:p=1       

C Row 2  

C Fuel Pin 1 

21 like 4 but trcl (0 0 1.25984) imp:p=1       

C Fuel Pin 2 

22 like 4 but trcl (1.25984 0 1.25984) imp:p=1         

C Fuel Pin 3 

23 like 4 but trcl (2.51968 0 1.25984) imp:p=1         

C Fuel Pin 4 

24 like 4 but trcl (3.77952 0 1.25984) imp:p=1        

C Fuel Pin 5 

25 like 4 but trcl (5.03936 0 1.25984) imp:p=1        

C Fuel Pin 6 

26 like 4 but trcl (6.29920 0 1.25984) imp:p=1        
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C Fuel Pin 7 

27 like 4 but trcl (7.55904 0 1.25984) imp:p=1        

C Fuel Pin 8 

28 like 4 but trcl (8.81888 0 1.259840) imp:p=1        

C Fuel Pin 9 

29 like 4 but trcl (10.07872 0 1.25984) imp:p=1       

C Fuel Pin 10 

30 like 4 but trcl (11.33856 0 1.25984) imp:p=1       

C Fuel Pin 11 

31 like 4 but trcl (12.5984 0 1.25984) imp:p=1        

C Fuel Pin 12 

32 like 4 but trcl (13.85824 0 1.25984) imp:p=1       

C Fuel Pin 13 

33 like 4 but trcl (15.11808 0 1.25984) imp:p=1       

C Fuel Pin 14 

34 like 4 but trcl (16.37792 0 1.25984) imp:p=1       

C Fuel Pin 15 

35 like 4 but trcl (17.63776 0 1.25984) imp:p=1       

C Fuel Pin 16 

36 like 4 but trcl (18.8976 0 1.25984) imp:p=1        

C Fuel Pin 17 

37 like 4 but trcl (20.15744 0 1.25984) imp:p=1       
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C Row 3  

C Fuel Pin 1 

38 like 4 but trcl (0 0 2.51968) imp:p=1       

C Fuel Pin 2 

40 like 4 but trcl (1.25984 0 2.51968) imp:p=1         

C Fuel Pin 3 

41 like 4 but trcl (2.51968 0 2.51968) imp:p=1         

C Fuel Pin 4 

42 like 4 but trcl (3.77952 0 2.51968) imp:p=1        

C Fuel Pin 5 

43 like 4 but trcl (5.03936 0 2.51968) imp:p=1        

C Unfueled Pin 6 

44 1 -1.00177 -9 +109 -5 u=2     imp:p=1               $Water inside 

45 4 -6.56 +9 +109 -5    u=2     imp:p=1               $infite cladding  

46 0 -10 +109 -5      fill=2     imp:p=1               $Unfuelled Fuel cell u=2 

C Fuel Pin 7 

47 like 4 but trcl (7.55904 0 2.51968) imp:p=1        

C Fuel Pin 8 

48 like 4 but trcl (8.81888 0 2.51968) imp:p=1        

C Fuel Pin 9 

49 like 46 but trcl (3.77952 0 0) imp:p=1             

C Fuel Pin 10 
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50 like 4 but trcl (11.33856 0 2.51968) imp:p=1       

C Fuel Pin 11 

51 like 4 but trcl (12.5984 0 2.51968) imp:p=1        

C Unfueled Pin 12 

53 like 46 but trcl (7.55904 0 0) imp:p=1             

C Fuel Pin 13 

54 like 4 but trcl (15.11808 0 2.51968) imp:p=1       

C Fuel Pin 14 

55 like 4 but trcl (16.37792 0 2.51968) imp:p=1       

C Fuel Pin 15 

56 like 4 but trcl (17.63776 0 2.51968) imp:p=1       

C Fuel Pin 16 

57 like 4 but trcl (18.8976 0 2.51968) imp:p=1        

C Fuel Pin 17 

58 like 4 but trcl (20.15744 0 2.51968) imp:p=1       

C Row 4  

C Fuel Pin 1 

59 like 4 but trcl (0 0 3.77952) imp:p=1       

C Fuel Pin 2 

60 like 4 but trcl (1.25984 0 3.77952) imp:p=1         

C Fuel Pin 3 

61 like 4 but trcl (2.51968 0 3.77952) imp:p=1         
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C Unfueled Pin 4 

62 like 46 but trcl (-2.51968 0 1.25974) imp:p=1              

C Fuel Pin 5 

63 like 4 but trcl (5.03936 0 3.77952) imp:p=1        

C Unfueled Pin 6 

64 like 4 but trcl (6.29920 0 3.77952) imp:p=1        

C Fuel Pin 7 

65 like 4 but trcl (7.55904 0 3.77952) imp:p=1        

C Fuel Pin 8 

66 like 4 but trcl (8.81888 0 3.77952) imp:p=1        

C Fuel Pin 9 

67 like 4 but trcl (10.074864 0 3.77952) imp:p=1        

C Fuel Pin 10 

68 like 4 but trcl (11.33856 0 3.77952) imp:p=1       

C Fuel Pin 11 

69 like 4 but trcl (12.5984 0 3.77952) imp:p=1        

C fuel Pin 12 

70 like 4 but trcl (13.85824 0 3.77952) imp:p=1        

C Fuel Pin 13 

71 like 4 but trcl (15.11808 0 3.77952) imp:p=1       

C Unfueled Pin 14 

72 like 46 but trcl (10.07872 0 1.25974 ) imp:p=1              
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C Fuel Pin 15 

73 like 4 but trcl (17.63776 0 3.77952) imp:p=1       

C fuel Pin 16 

74 like 4 but trcl (18.8976 0 3.77952) imp:p=1        

C Fuel Pin 17 

75 like 4 but trcl (20.15744 0 3.77952) imp:p=1       

C Row 5  

C Fuel Pin 1 

76 like 4 but trcl (0 0 5.03936) imp:p=1       

C Fuel Pin 2 

77 like 4 but trcl (1.25984 0 5.03936) imp:p=1         

C Fuel Pin 3 

78 like 4 but trcl (2.51968 0 5.03936) imp:p=1         

C Fuel Pin 4 

79 like 4 but trcl (3.77952 0 5.03936) imp:p=1        

C Fuel Pin 5 

80 like 4 but trcl (5.03936 0 5.03936) imp:p=1        

C Fuel Pin 6 

81 like 4 but trcl (6.29920 0 5.03936) imp:p=1        

C Fuel Pin 7 

82 like 4 but trcl (7.55904 0 5.03936) imp:p=1        

C Fuel Pin 8 
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83 like 4 but trcl (8.81888 0 5.03936) imp:p=1        

C Fuel Pin 9 

84 like 4 but trcl (10.07872 0 5.03936) imp:p=1       

C Fuel Pin 10 

85 like 4 but trcl (11.33856 0 5.03936) imp:p=1       

C Fuel Pin 11 

86 like 4 but trcl (12.5984 0 5.03936) imp:p=1        

C Fuel Pin 12 

87 like 4 but trcl (13.85824 0 5.03936) imp:p=1       

C Fuel Pin 13 

88 like 4 but trcl (15.11808 0 5.03936) imp:p=1       

C Fuel Pin 14 

89 like 4 but trcl (16.37792 0 5.03936) imp:p=1       

C Fuel Pin 15 

90 like 4 but trcl (17.63776 0 5.03936) imp:p=1       

C Fuel Pin 16 

91 like 4 but trcl (18.8976 0 5.03936) imp:p=1        

C Fuel Pin 17 

92 like 4 but trcl (20.15744 0 5.03936) imp:p=1       

C Row 6  

C Fuel Pin 1 

93 like 4 but trcl (0 0 6.29920) imp:p=1       
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C Fuel Pin 2 

94 like 4 but trcl (1.25984 0 6.29920) imp:p=1         

C Unfueled Pin 3 

95 like 46 but trcl (-3.77952 0 3.77952) imp:p=1              

C Fuel Pin 4 

96 like 4 but trcl (3.77952 0 6.29920) imp:p=1        

C Fuel Pin 5 

97 like 4 but trcl (5.03936 0 6.29920) imp:p=1        

C Unfueled Pin 6 

98 like 46 but trcl (0 0 3.77952) imp:p=1              

C Fuel Pin 7 

99 like 4 but trcl (7.55904 0 6.29920) imp:p=1        

C Fuel Pin 8 

101 like 4 but trcl (8.81888 0 6.29920) imp:p=1        

C Unfueled Pin 9 

102 like 46 but trcl (3.77952 0 3.77952) imp:p=1             

C Fuel Pin 10 

103 like 4 but trcl (11.33856 0 6.29920) imp:p=1       

C Fuel Pin 11 

104 like 4 but trcl (12.5984 0 6.29920) imp:p=1        

C Unfueled Pin 12 

105 like 46 but trcl (7.55904 0 3.77952) imp:p=1             
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C Fuel Pin 13 

106 like 4 but trcl (15.11808 0 6.29920) imp:p=1       

C Fuel Pin 14 

107 like 4 but trcl (16.37792 0 6.29920) imp:p=1       

C Unfueled Pin 15 

108 like 46 but trcl (11.33856 0 3.77952) imp:p=1             

C Fuel Pin 16 

109 like 4 but trcl (18.8976 0 6.29920) imp:p=1        

C Fuel Pin 17 

110 like 4 but trcl (20.15744 0 6.29920) imp:p=1       

C Row 7  

C Fuel Pin 1 

111 like 4 but trcl (0 0 7.55904) imp:p=1       

C Fuel Pin 2 

112 like 4 but trcl (1.25984 0 7.55904) imp:p=1         

C Fuel Pin 3 

113 like 4 but trcl (2.51968 0 7.55904) imp:p=1         

C Fuel Pin 4 

114 like 4 but trcl (3.77952 0 7.55904) imp:p=1        

C Fuel Pin 5 

115 like 4 but trcl (5.03936 0 7.55904) imp:p=1        

C Fuel Pin 6 
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116 like 4 but trcl (6.29920 0 7.55904) imp:p=1        

C Fuel Pin 7 

117 like 4 but trcl (7.55904 0 7.55904) imp:p=1        

C Fuel Pin 8 

118 like 4 but trcl (8.81888 0 7.55904) imp:p=1        

C Fuel Pin 9 

119 like 4 but trcl (10.07872 0 7.55904) imp:p=1       

C Fuel Pin 10 

120 like 4 but trcl (11.33856 0 7.55904) imp:p=1       

C Fuel Pin 11 

121 like 4 but trcl (12.5984 0 7.55904) imp:p=1        

C Fuel Pin 12 

122 like 4 but trcl (13.85824 0 7.55904) imp:p=1       

C Fuel Pin 13 

123 like 4 but trcl (15.11808 0 7.55904) imp:p=1       

C Fuel Pin 14 

124 like 4 but trcl (16.37792 0 7.55904) imp:p=1       

C Fuel Pin 15 

125 like 4 but trcl (17.63776 0 7.55904) imp:p=1       

C Fuel Pin 16 

126 like 4 but trcl (18.8976 0 7.55904) imp:p=1        

C Fuel Pin 17 
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127 like 4 but trcl (20.15744 0 7.55904) imp:p=1       

C Row 8  

C Fuel Pin 1 

128 like 4 but trcl (0 0 8.81888) imp:p=1       

C Fuel Pin 2 

129 like 4 but trcl (1.25984 0 8.81888) imp:p=1         

C Fuel Pin 3 

130 like 4 but trcl (2.51968 0 8.81888) imp:p=1         

C Fuel Pin 4 

131 like 4 but trcl (3.77952 0 8.81888) imp:p=1        

C Fuel Pin 5 

132 like 4 but trcl (5.03936 0 8.81888) imp:p=1        

C Fuel Pin 6 

133 like 4 but trcl (6.29920 0 8.81888) imp:p=1        

C Fuel Pin 7 

134 like 4 but trcl (7.55904 0 8.81888) imp:p=1        

C Fuel Pin 8 

135 like 4 but trcl (8.81888 0 8.81888) imp:p=1        

C Fuel Pin 9 

136 like 4 but trcl (10.07872 0 8.81888) imp:p=1       

C Fuel Pin 10 

137 like 4 but trcl (11.33856 0 8.81888) imp:p=1       
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C Fuel Pin 11 

138 like 4 but trcl (12.5984 0 8.81888) imp:p=1        

C Fuel Pin 12 

139 like 4 but trcl (13.85824 0 8.81888) imp:p=1       

C Fuel Pin 13 

140 like 4 but trcl (15.11808 0 8.81888) imp:p=1       

C Fuel Pin 14 

141 like 4 but trcl (16.37792 0 8.81888) imp:p=1       

C Fuel Pin 15 

142 like 4 but trcl (17.63776 0 8.81888) imp:p=1       

C Fuel Pin 16 

143 like 4 but trcl (18.8976 0 8.81888) imp:p=1        

C Fuel Pin 17 

144 like 4 but trcl (20.15744 0 8.81888) imp:p=1       

C Row 9  

C Fuel Pin 1 

145 like 4 but trcl (0 0 10.07872) imp:p=1       

C Fuel Pin 2 

146 like 4 but trcl (1.25984 0 10.07872) imp:p=1         

C Unfueled Pin 3 

147 like 46 but trcl (-3.77952 0 7.55904) imp:p=1              

C Fuel Pin 4 
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148 like 4 but trcl (3.77952 0 10.07872) imp:p=1        

C Fuel Pin 5 

149 like 4 but trcl (5.03936 0 10.07872) imp:p=1        

C Unfueled Pin 6 

150 like 46 but trcl (0 0 7.55904) imp:p=1              

C Fuel Pin 7 

151 like 4 but trcl (7.55904 0 10.07872) imp:p=1        

C Fuel Pin 8 

152 like 4 but trcl (8.81888 0 10.07872) imp:p=1        

C Unfueled Pin 9 

153 like 46 but trcl (3.77952 0 7.55904) imp:p=1             

C Fuel Pin 10 

154 like 4 but trcl (11.33856 0 10.07872) imp:p=1       

C Fuel Pin 11 

155 like 4 but trcl (12.5984 0 10.07872) imp:p=1        

C Unfueled Pin 12 

156 like 46 but trcl (7.55904 0 7.55904) imp:p=1             

C Fuel Pin 13 

157 like 4 but trcl (15.11808 0 10.07872) imp:p=1       

C Fuel Pin 14 

158 like 4 but trcl (16.37792 0 10.07872) imp:p=1       

C Unfueled Pin 15 
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159 like 46 but trcl (11.33856 0 7.55904) imp:p=1             

C Fuel Pin 16 

160 like 4 but trcl (18.8976 0 10.07872) imp:p=1        

C Fuel Pin 17 

161 like 4 but trcl (20.15744 0 10.07872) imp:p=1       

C Row 10  

C Fuel Pin 1 

162 like 4 but trcl (0 0 11.33856) imp:p=1       

C Fuel Pin 2 

163 like 4 but trcl (1.25984 0 11.33856) imp:p=1         

C Fuel Pin 3 

164 like 4 but trcl (2.51968 0 11.33856) imp:p=1         

C Fuel Pin 4 

165 like 4 but trcl (3.77952 0 11.33856) imp:p=1        

C Fuel Pin 5 

166 like 4 but trcl (5.03936 0 11.33856) imp:p=1        

C Fuel Pin 6 

167 like 4 but trcl (6.29920 0 11.33856) imp:p=1        

C Fuel Pin 7 

168 like 4 but trcl (7.55904 0 11.33856) imp:p=1        

C Fuel Pin 8 

169 like 4 but trcl (8.8188 0 11.33856) imp:p=1        
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C Fuel Pin 9 

170 like 4 but trcl (10.07872 0 11.33856) imp:p=1       

C Fuel Pin 10 

171 like 4 but trcl (11.33856 0 11.33856) imp:p=1       

C Fuel Pin 11 

172 like 4 but trcl (12.5984 0 11.33856) imp:p=1        

C Fuel Pin 12 

173 like 4 but trcl (13.85824 0 11.33856) imp:p=1       

C Fuel Pin 13 

174 like 4 but trcl (15.11808 0 11.33856) imp:p=1       

C Fuel Pin 14 

175 like 4 but trcl (16.37792 0 11.33856) imp:p=1       

C Fuel Pin 15 

176 like 4 but trcl (17.63776 0 11.33856) imp:p=1       

C Fuel Pin 16 

177 like 4 but trcl (18.8976 0 11.33856) imp:p=1        

C Fuel Pin 17 

178 like 4 but trcl (20.15744 0 11.33856) imp:p=1       

C Row 11  

C Fuel Pin 1 

179 like 4 but trcl (0 0 12.5984) imp:p=1       

C Fuel Pin 2 
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180 like 4 but trcl (1.25984 0 12.5984) imp:p=1         

C Fuel Pin 3 

181 like 4 but trcl (2.51968 0 12.5984) imp:p=1         

C Fuel Pin 4 

182 like 4 but trcl (3.77952 0 12.5984) imp:p=1        

C Fuel Pin 5 

183 like 4 but trcl (5.03936 0 12.5984) imp:p=1        

C Fuel Pin 6 

184 like 4 but trcl (6.29920 0 12.5984) imp:p=1        

C Fuel Pin 7 

185 like 4 but trcl (7.55904 0 12.5984) imp:p=1        

C Fuel Pin 8 

186 like 4 but trcl (8.8188 0 12.5984) imp:p=1        

C Fuel Pin 9 

187 like 4 but trcl (10.07872 0 12.5984) imp:p=1       

C Fuel Pin 10 

188 like 4 but trcl (11.33856 0 12.5984) imp:p=1       

C Fuel Pin 11 

189 like 4 but trcl (12.5984 0 12.5984) imp:p=1        

C Fuel Pin 12 

190 like 4 but trcl (13.85824 0 12.5984) imp:p=1       

C Fuel Pin 13 
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191 like 4 but trcl (15.11808 0 12.5984) imp:p=1       

C Fuel Pin 14 

192 like 4 but trcl (16.37792 0 12.5984) imp:p=1       

C Fuel Pin 15 

193 like 4 but trcl (17.63776 0 12.5984) imp:p=1       

C Fuel Pin 16 

194 like 4 but trcl (18.8976 0 12.5984) imp:p=1        

C Fuel Pin 17 

195 like 4 but trcl (20.15744 0 12.5984) imp:p=1       

C Row 12  

C Fuel Pin 1 

196 like 4 but trcl (0 0 13.85824) imp:p=1       

C Fuel Pin 2 

197 like 4 but trcl (1.25984 0 13.85824) imp:p=1         

C Unfueled Pin 3 

198 like 46 but trcl (-3.77952 0 11.33856) imp:p=1              

C Fuel Pin 4 

199 like 4 but trcl (3.77952 0 13.85824) imp:p=1        

C Fuel Pin 5 

200 like 4 but trcl (5.03936 0 13.85824) imp:p=1        

C Unfueled Pin 6 

201 like 46 but trcl (0 0 11.33856) imp:p=1              
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C Fuel Pin 7 

202 like 4 but trcl (7.55904 0 13.85824) imp:p=1        

C Fuel Pin 8 

203 like 4 but trcl (8.81888 0 13.85824) imp:p=1        

C Unfueled Pin 9 

204 like 46 but trcl (3.77952 0 11.33856) imp:p=1             

C Fuel Pin 10 

205 like 4 but trcl (11.33856 0 13.85824) imp:p=1       

C Fuel Pin 11 

206 like 4 but trcl (12.5984 0 13.85824) imp:p=1        

C Unfueled Pin 12 

207 like 46 but trcl (7.55904 0 11.33856) imp:p=1             

C Fuel Pin 13 

208 like 4 but trcl (15.11808 0 13.85824) imp:p=1       

C Fuel Pin 14 

209 like 4 but trcl (16.37792 0 13.85824) imp:p=1       

C Unfueled Pin 15 

210 like 46 but trcl (11.33856 0 11.33856) imp:p=1             

C Fuel Pin 16 

211 like 4 but trcl (18.8976 0 13.85824) imp:p=1        

C Fuel Pin 17 

212 like 4 but trcl (20.15744 0 13.85824) imp:p=1       
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C Row 13  

C Fuel Pin 1 

213 like 4 but trcl (0 0 15.11808) imp:p=1       

C Fuel Pin 2 

214 like 4 but trcl (1.25984 0 15.11808) imp:p=1         

C Fuel Pin 3 

215 like 4 but trcl (2.51968 0 15.11808) imp:p=1         

C Fuel Pin 4 

216 like 4 but trcl (3.77952 0 15.11808) imp:p=1        

C Fuel Pin 5 

217 like 4 but trcl (5.03936 0 15.11808) imp:p=1        

C Fuel Pin 6 

218 like 4 but trcl (6.29920 0 15.11808) imp:p=1        

C Fuel Pin 7 

219 like 4 but trcl (7.55904 0 15.11808) imp:p=1        

C Fuel Pin 8 

220 like 4 but trcl (8.8188 0 15.11808) imp:p=1        

C Fuel Pin 9 

221 like 4 but trcl (10.07872 0 15.11808) imp:p=1       

C Fuel Pin 10 

222 like 4 but trcl (11.33856 0 15.11808) imp:p=1       

C Fuel Pin 11 
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223 like 4 but trcl (12.5984 0 15.11808) imp:p=1        

C Fuel Pin 12 

224 like 4 but trcl (13.85824 0 15.11808) imp:p=1       

C Fuel Pin 13 

225 like 4 but trcl (15.11808 0 15.11808) imp:p=1       

C Fuel Pin 14 

226 like 4 but trcl (16.37792 0 15.11808) imp:p=1       

C Fuel Pin 15 

227 like 4 but trcl (17.63776 0 15.11808) imp:p=1       

C Fuel Pin 16 

228 like 4 but trcl (18.8976 0 15.11808) imp:p=1        

C Fuel Pin 17 

229 like 4 but trcl (20.15744 0 15.11808) imp:p=1       

C Row 14  

C Fuel Pin 1 

230 like 4 but trcl (0 0 16.37792) imp:p=1       

C Fuel Pin 2 

231 like 4 but trcl (1.25984 0 16.37792) imp:p=1         

C Fuel Pin 3 

232 like 4 but trcl (2.51968 0 16.37792) imp:p=1         

C Unfueled Pin 4 

233 like 46 but trcl (-2.51968 0 13.85824) imp:p=1              
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C Fuel Pin 5 

234 like 4 but trcl (5.03936 0 16.37792) imp:p=1        

C Unfueled Pin 6 

235 like 4 but trcl (6.29920 0 16.37792) imp:p=1        

C Fuel Pin 7 

236 like 4 but trcl (7.55904 0 16.37792) imp:p=1        

C Fuel Pin 8 

237 like 4 but trcl (8.81888 0 16.37792) imp:p=1        

C Fuel Pin 9 

238 like 4 but trcl (10.074864 0 16.37792) imp:p=1        

C Fuel Pin 10 

239 like 4 but trcl (11.33856 0 16.37792) imp:p=1       

C Fuel Pin 11 

240 like 4 but trcl (12.5984 0 16.37792) imp:p=1        

C Fuel Pin 12 

241 like 4 but trcl (13.85824 0 16.37792) imp:p=1        

C Fuel Pin 13 

242 like 4 but trcl (15.11808 0 16.37792) imp:p=1       

C Unfueled Pin 14 

243 like 46 but trcl (10.07872 0 13.85824) imp:p=1              

C Fuel Pin 15 

244 like 4 but trcl (17.63776 0 16.37792) imp:p=1       
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C Fuel Pin 16 

245 like 4 but trcl (18.8976 0 16.37792) imp:p=1        

C Fuel Pin 17 

246 like 4 but trcl (20.15744 0 16.37792) imp:p=1       

C Row 15  

C Fuel Pin 1 

247 like 4 but trcl (0 0 17.63776) imp:p=1       

C Fuel Pin 2 

248 like 4 but trcl (1.25984 0 17.63776) imp:p=1         

C Fuel Pin 3 

249 like 4 but trcl (2.51968 0 17.63776) imp:p=1         

C Fuel Pin 4 

250 like 4 but trcl (3.77952 0 17.63776) imp:p=1        

C Fuel Pin 5 

251 like 4 but trcl (5.03936 0 17.63776) imp:p=1        

C Unfueled Pin 6 

252 like 46 but trcl (0 0 15.11808) imp:p=1                                

C Fuel Pin 7 

253 like 4 but trcl (7.55904 0 17.63776) imp:p=1        

C Fuel Pin 8 

254 like 4 but trcl (8.81888 0 17.63776) imp:p=1        

C Fuel Pin 9 
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255 like 46 but trcl (3.77952 0 15.11808) imp:p=1             

C Fuel Pin 10 

256 like 4 but trcl (11.33856 0 17.63776) imp:p=1       

C Fuel Pin 11 

257 like 4 but trcl (12.5984 0 17.63776) imp:p=1        

C Unfueled Pin 12 

258 like 46 but trcl (7.55904 0 15.11808) imp:p=1             

C Fuel Pin 13 

259 like 4 but trcl (15.11808 0 17.63776) imp:p=1       

C Fuel Pin 14 

260 like 4 but trcl (16.37792 0 17.63776) imp:p=1       

C Fuel Pin 15 

261 like 4 but trcl (17.63776 0 17.63776) imp:p=1       

C Fuel Pin 16 

262 like 4 but trcl (18.8976 0 17.63776) imp:p=1        

C Fuel Pin 17 

263 like 4 but trcl (20.15744 0 17.63776) imp:p=1       

C Row 16  

C Fuel Pin 1 

264 like 4 but trcl (0 0 18.8976) imp:p=1       

C Fuel Pin 2 

265 like 4 but trcl (1.25984 0 18.8976) imp:p=1         
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C Fuel Pin 3 

266 like 4 but trcl (2.51968 0 18.8976) imp:p=1         

C Fuel Pin 4 

267 like 4 but trcl (3.77952 0 18.8976) imp:p=1        

C Fuel Pin 5 

268 like 4 but trcl (5.03936 0 18.8976) imp:p=1        

C Fuel Pin 6 

269 like 4 but trcl (6.29920 0 18.8976) imp:p=1        

C Fuel Pin 7 

270 like 4 but trcl (7.55904 0 18.8976) imp:p=1        

C Fuel Pin 8 

271 like 4 but trcl (8.8188 0 18.8976) imp:p=1        

C Fuel Pin 9 

272 like 4 but trcl (10.07872 0 18.8976) imp:p=1       

C Fuel Pin 10 

273 like 4 but trcl (11.33856 0 18.8976) imp:p=1       

C Fuel Pin 11 

274 like 4 but trcl (12.5984 0 18.8976) imp:p=1        

C Fuel Pin 12 

275 like 4 but trcl (13.85824 0 18.8976) imp:p=1       

C Fuel Pin 13 

276 like 4 but trcl (15.11808 0 18.8976) imp:p=1       
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C Fuel Pin 14 

277 like 4 but trcl (16.37792 0 18.8976) imp:p=1       

C Fuel Pin 15 

278 like 4 but trcl (17.63776 0 18.8976) imp:p=1       

C Fuel Pin 16 

279 like 4 but trcl (18.8976 0 18.8976) imp:p=1        

C Fuel Pin 17 

280 like 4 but trcl (20.15744 0 18.8976) imp:p=1       

C Row 17  

C Fuel Pin 1 

281 like 4 but trcl (0 0 20.15744) imp:p=1       

C Fuel Pin 2 

282 like 4 but trcl (1.25984 0 20.15744) imp:p=1         

C Fuel Pin 3 

283 like 4 but trcl (2.51968 0 20.15744) imp:p=1         

C Fuel Pin 4 

284 like 4 but trcl (3.77952 0 20.15744) imp:p=1        

C Fuel Pin 5 

285 like 4 but trcl (5.03936 0 20.15744) imp:p=1        

C Fuel Pin 6 

286 like 4 but trcl (6.29920 0 20.15744) imp:p=1        

C Fuel Pin 7 
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287 like 4 but trcl (7.55904 0 20.15744) imp:p=1        

C Fuel Pin 8 

288 like 4 but trcl (8.8188 0 20.15744) imp:p=1        

C Fuel Pin 9 

289 like 4 but trcl (10.07872 0 20.15744) imp:p=1       

C Fuel Pin 10 

290 like 4 but trcl (11.33856 0 20.15744) imp:p=1       

C Fuel Pin 11 

291 like 4 but trcl (12.5984 0 20.15744) imp:p=1        

C Fuel Pin 12 

292 like 4 but trcl (13.85824 0 20.15744) imp:p=1       

C Fuel Pin 13 

293 like 4 but trcl (15.11808 0 20.15744) imp:p=1       

C Fuel )Pin 14 

294 like 4 but trcl (16.37792 0 20.15744) imp:p=1       

C Fuel Pin 15 

295 like 4 but trcl (17.63776 0 20.15744) imp:p=1       

C Fuel Pin 16 

296 like 4 but trcl (18.8976 0 20.15744) imp:p=1        

C Fuel Pin 17 

297 like 4 but trcl (20.15744 0 20.15744) imp:p=1       

C Water inside FA 
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298 1 -1.00177 +109 -5  +102 +100 -104 -23   & 

#4    #5  #6   #7   #8   #9  #10  #11  #12 & 

#13  #14  #15  #16  #17  #18  #19  #20 & 

#21  #22  #23  #24  #25  #26  #27  #28  #29 & 

#30  #31  #32  #33  #34  #35  #36  #37 & 

#38  #40  #41  #42  #43  #46  #47  #48  #49 & 

#50  #51  #53  #54  #55  #56  #57  #58 imp:p=1 $ Water inside 

299 1 -1.00177 +109 -5  -24 +100 -104 +23   & 

#59  #60  #61  #62  #63  #64  #65  #66  #67 & 

#68  #69  #70  #71  #72  #73  #74  #75 &  

#76  #77  #78  #79  #80  #81  #82  #83  #84 &   

#85  #86  #87  #88  #89  #90  #91  #92 & 

#93  #94  #95  #96  #97  #98  #99 #101 #102 & 

#103 #104 #105 #106 #107 #108 #109 #110 imp:p=1 $ Water inside 

300 1 -1.00177 +109 -5  +24 +100 -104 -25   & 

#111 #112 #113 #114 #115 #116 #117 #118 #119 &  

#120 #121 #122 #123 #124 #125 #126 #127 & 

#128 #129 #130 #131 #132 #133 #134 #135 #136 & 

#137 #138 #139 #140 #141 #142 #143 #144 &  

#145 #146 #147 #148 #149 #150 #151 #152 #153 & 

#154 #155 #156 #157 #158 #159 #160 #161 imp:p=1 $ Water inside FA 

301 1 -1.00177 +109 -5  +25 +100 -104 -26 & 
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#162 #163 #164 #165 #166 #167 #168 #169 #170 & 

#171 #172 #173 #174 #175 #176 #177 #178 & 

#179 #180 #181 #182 #183 #184 #185 #186 #187 & 

#188 #189 #190 #191 #192 #193 #194 #195 & 

#196 #197 #198 #199 #200 #201 #202 #203 #204 &  

#205 #206 #207 #208 #209 #210 #211 #212 imp:p=1 $ Water inside FA 

302 1 -1.00177 +109 -5  +26 +100 -104 -27 & 

#213 #214 #215 #216 #217 #218 #219 #220 #221 &  

#222 #223 #224 #225 #226 #227 #228 #229 &  

#230 #231 #232 #233 #234 #235 #236 #237 #238 &  

#239 #240 #241 #242 #243 #244 #245 #246 & 

#247 #248 #249 #250 #251 #252 #253 #254 #255 &  

#256 #257 #258 #259 #260 #261 #262 #263 imp:p=1 $ Water inside FA 

303 1 -1.00177 +109 -5  +27 +100 -104 -106 & 

#264 #265 #266 #267 #268 #269 #270 #271 #272 &  

#273 #274 #275 #276 #277 #278 #279 #280 & 

#281 #282 #283 #284 #285 #286 #287 #288 #289 & 

#290 #291 #292 #293 #294 #295 #296 #297 imp:p=1 $ Water inside  

C Container FA 

400 3 -7.92 (101 103 -107 -105 108 -109) imp:p=1 $ Container FA 

401 3 -7.92 (109 -5 104 -105 102 -106)   imp:p=1 $ Container FA 

402 3 -7.92 (109 -5 103 -102 101 -105)   imp:p=1 $ Container FA 
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403 3 -7.92 (109 -5 102 -106 101 -100)   imp:p=1 $ Container FA 

404 3 -7.92 (109 -5 101 -105 106 -107)   imp:p=1 $ Container FA 

C universe 

800 0 (-108):(+5):(+108 -5 +105):(+108 -5 -103) & 

:(+108 -5 -101 +103 -105):(+108 -5 107 -105 +103) imp:p=0 $ Universe 

 

C ---------------------Surfaces--------------------------------- 

C 

C Fuel Pin 

1 py 0 

2 py 1.5 

3 py 367.8 

4 py 383.7 

5 py 385.2 

6 cy 0.4095                         $ Fuel Pellet 

7 cy 0.418                          $ Innner diameter cladding-Fuel Pin 

8 cy 0.475                          $ Outer  diameter cladding-Fuel Pin 

C Unfueled Pin 

9 C/Y 6.2992 2.51968 0.5555              $ Innner diameter cladding-unfueled Pin 

10 C/Y 6.2992 2.51968 0.6255             $ Outer diameter cladding-unfueled Pin 

11 PX 0.62992                            $ Water cell FR 

12 PX -0.62992                           $ Water cell FR 
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13 PZ 0.62992                            $ Water cell FR 

14 PZ -0.62992                           $ Water cell FR 

15 px 6.92912                             $ Water cell UFR 

16 px 5.66928                             $ Water cell UFR 

17 pz 3.1496                              $ Water cell UFR 

18 pz 1.88976                             $ Water cell UFR 

19 px 20.78736                           $ Box FA 

20 pz 20.78736                           $ Box FA 

21 px 10.07684                           $ Half Box 

22 pz 8.18896                             $ Half Box 

23 pz 3.22 

24 pz 6.9982 

25 pz 10.7784 

26 pz 14.5596 

27 pz 18.3328 

100 px -0.975 

101 px -1.475 

102 pz -0.975 

103 pz -1.475 

104 px 21.132 

105 px 21.632 

106 pz 21.132 
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107 pz 21.632 

108 py -9 

109 py -3 

 

C ---------------------------------------Source---------------------------------------------------- 

mode n 

sdef x=d1 y=d2 z=d3 erg=d4 cell=d5 part=1 

si1  -0.62992  21.132 

sp1  0         1 

si2  0         367.8 

sp2  0         1 

si3  -0.62992  0.57 

sp3  0         1 

si4 H 0.1 0.3 0.5 

sp4 D 0   0.4 0.5 

si5 L 4   5   6   7   8  9   10  11  12  13  14  15  16  17  18  19  20 

sp5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

C "Materials" 

C 

m1 1000 -0.1116 8000 -0.8858 5000 -0.0026                                         $Borated Water-2600 ppm                                                                    

m2 1000 -0.00453 8000 -0.5126 14000 -0.36036                       $Concrete  

m3 26000 -0.655 24000 -0.17 28000 -0.12 42000 -0.025 25000 -0.02 14000 -0.01      $SS 316                        
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m4 40000 -0.9823 50000 -0.01450 24000 -0.001 26000 -0.00210  

72000 -0.00010                                                                   $Zircoalloy 4-Cladding                               

m5 92000 -0.88156 8000 -0.11844                                    $Oxide Uraniun-Fuel pellet                                                                           

m6 2000 -1                                                                         $Helium 298.16K 15 bar                                                                     

m7 16000 -0.75638 8000 -0.24362                                    $Air                                                                             

nps 1e4 

print 

 

H.6.3 Test_device.i 

Test_device  

C "Cells"  

1 8 -9.410653 (-50 1 -5 )                  imp:p=1   imp:n=1 $ FA HOMOGENIZADO 

2 1 -1.00177 (+50 +1 -5 102 -106 +100 -104): & 

(102 -106 +100 -104 -1 +109)           imp:p=1   imp:n=1 $ Borated Water FA 

C Container FA 

400 3 -7.92 (101 103 -107 -105 108 -109) : & 

(109 -5 104 -105 102 -106) : & 

(109 -5 103 -102 101 -105) : & 

(109 -5 102 -106 101 -100) : & 

(109 -5 101 -105 106 -107)               imp:n=1 imp:p=1   $ Container FA 

C ----------------------------------------------------------------------------- 

C BF3 Neutrones 
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C Exterior Shielding  

500 11 -2.702 (+250 -251 -285) :(+251 -252 +283 -285) : & 

              (+252 -261 +283 -284):(+261 -262 -284)       imp:p=1   imp:n=1 

C Detector House 

510 11 -2.702 (+253 -254 -282) :(+256 -257 -282) : &  

(+254 -256 +281 -282) : (+257 -258 -282) : (+258 -259 +281 -282) : & 

(+259 -260 -282)                                           imp:p=1   imp:n=1 

C BF3 

540 14 -0.002815 +258 -281 -259                    imp:p=1   imp:n=1 

C PVC Support 

550 13 -1.36 (+251 -253 +280 -283):(+253 -255 +282 -283) & 

                                                                   imp:p=1   imp:n=1 

C Air 

560 7 -0.001180 (+251 -253 -280):(+255 -260 +282 -283) & 

               :(+260 -261 -283):(+254 -256 -281)        imp:p=1   imp:n=1    

C Amplificator Box BF3 Detector 

580 11 -2.702     +451 -450   imp:p=1   imp:n=1 

581 9  -11.34    -452         imp:p=1   imp:n=1 

582 7  -0.001180 -451 +452    imp:p=1   imp:n=1 

C ----------------------------------------------------------------------------- 

C LaBr3- Detector Gamma Spectrometry 

C Exterior Shielding 
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600 11 -2.702 +350 -351 -412                           imp:p=1  imp:n=1 

601 11 -2.702 (+351 -355 -412 +410):(+355 -360 +410 -411): & 

              (+360 -361 -411 +403):(+361 -366 +403 -404): & 

              (+366 -367 -404)                                imp:p=1   imp:n=1 

C Detector House  

610 11 -2.702 (+353 -354 -406):(+354 -356 +405 -406): & 

              (+356 -357 -406):(+357 -364 +401 -402): & 

              (+364 -365 -402)                         imp:p=1   imp:n=1 

C Photomultiplier glass cover 

620 10 -2.23 (+357 -358 -401): & 

             (+358 +400 -401 -362):(+362 -363 -401)    imp:p=1   imp:n=1 

C Photomultiplier photocathode 

630 15 -3.336 +413 -362 -400          imp:p=1    imp:n=1 

C Air  

640 7 -0.001180 +358 -413 -400        imp:p=1    imp:n=1   $Air inside Photomultiplier 

641 7 -0.001180 +354 -356 -405        imp:p=1    imp:n=1   $Air inside Pre-Amplifier 

642 7 -0.001180 (+351 -352 -410):(+352 -353 -407): & 

                (+352 -360 +409 -410):(+359 -360 +403 -409): & 

                (+357 -365 +402 -403):(+365 -366 -403)  & 

                 imp:p=1  imp:n=1 $Air between Detector House 

C LaBr3 

650 12 -5.08 +363 -364 -401           imp:p=1   imp:n=1  
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C Pre-Amplifier support 

660 13 -1.36 (+352 -353 +407 -409):(+353 -357 +406 -409): & 

             (+357 -359 +403 -409)    imp:p=1   imp:n=1 

C ----------------------------------------------------------------------------- 

C Concrete 

700 2 -2.25  (+110 -111 -114 +117 +127 -123) : & 

             (+127 -126 +111 -151 -180 +117) : & 

             (+111 -120 +122 -123 +117 -180) : & 

             (+120 -118 +122 -124 +117 -180) : & 

             (+124 -125 +120 -121 +117 -180) : & 

             (-121 +119 +123 -124 +117 -180) : & 

             (+122 -123 -151 +119 +117 -180) : &  

             (+111 -151 -122 +126 -116 +117) : & 

             (-119 +118 +117 -116 -124 +122) : & 

             (+119 -151 +116 -114 +126 -122) : & 

             (-111 +110 -126 +127 +114 -180) : & 

             (-111 +110 +122 -123 +114 -180)  #750 #760       imp:n=1   imp:p=1   $ Concrete Walls 

C GATE SPENT FUEL POOL 

750 1 -1.00177 (+170 -182 +181 -180 +122 -123)       imp:n=1   imp:p=1   $ Water Inside Gate Open 

C CONCRETE BELOW NEUTRON DETECTOR 

760 2 -2.25 +117 -116 -119 +118 +126 -122            imp:n=1   imp:p=1   $ Concrete Walls below neutron 

detector 

C WATER  
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800 1 -1.00177  (+116 -119 +111 -114 +126 -122): & 

                (+116 -180 -124 +122 +118 -119): & 

                (+114 -103 +126 -122 -151 +110): & 

                (+262 -101 +110 -151 +103 -107): & 

                (+460 -180 +110 -151 +126 -262 +412): & 

                (+262 -122 +110 -151 +107 -180 +412): & 

                (+367 -412 -122): &  

                (+361 -367 -412 +404): & 

                (-361 +355 +411 -412):  &              

                (-122 +105 +110 -151 +103 -107 ) : & 

                (-108 +110 +103 -107 -105 +101): & 

                (+5   -151 +103 -107 -105 +101): & 

                (+126 -262 +110 -151 +103 -460 +450 +285): & 

                (+252 -262 +284 -285)    imp:n=1 imp:p=1    

c Air 

c 850 7 -0.001254 (+116 +180 -180 -124 +122 +118 -119)   imp:n=1 imp:p=1   $ Air FA elevator 

c 851 7 -0.001254  +110 -151 +180 -180 +126 -122         imp:n=1 imp:p=1   $ Air TC 

c UNIVERSE  

900 0 (-117):(+180):(+117 -180 +151): & 

      (+117 -180 -110):(+117 -180 -127): & 

      (+117 -180 +110 +123 -120 -125): & 

      (+117 -180 -151 +123 +121 -125):(+117 -180 +125)    imp:n=0 imp:p=0 $ Universe 
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C ----------------------------------------------------------------------------- 

C "Planes" 

C Fuel Pin 

1 py 0 

2 py 1.5 

3 py 367.8 

4 py 383.7 

5 py 385.2 

6 cy 0.4095                         $ Fuel Pellet 

7 cy 0.418                          $ Innner diameter cladding-Fuel Pin 

8 cy 0.475                          $ Outer  diameter cladding-Fuel Pin 

C Unfueled Pin 

9 c/y 6.2992 2.51968 0.5555              $ Innner diameter cladding-unfueled Pin 

10 c/y 6.2992 2.51968 0.6255             $ Outer diameter cladding-unfueled Pin 

11 PX 0.62992                            $ Water cell FR 

12 PX -0.62992                           $ Water cell FR 

13 PZ 0.62992                            $ Water cell FR 

14 PZ -0.62992                           $ Water cell FR 

15 px 6.92912                            $ Water cell UFR 

16 px 5.66928                            $ Water cell UFR 

17 pz 3.1496                             $ Water cell UFR 
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18 pz 1.88976                            $ Water cell UFR 

19 px 20.78736                           $ Box FA 

20 pz 20.78736                           $ Box FA 

21 px 10.07684                           $ Half Box 

22 pz 8.18896                            $ Half Box 

23 pz 3.22 

24 pz 6.9982 

25 pz 10.7784 

26 pz 14.5596 

27 pz 18.3328 

50 c/y 10.20372 10.20372 7.72486 

100 px -0.975 

101 px -1.475 

102 pz -0.975 

103 pz -1.475 

104 px 21.132 

105 px 21.632 

106 pz 21.132 

107 pz 21.632 

108 py -9 

109 py -3 

C CONCRETE WALLS 
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110 PY -60.6 

111 PY -24.6 

112 PY -260.9 

113 PY -296.9 

114 PZ -60.24 

115 PZ -96.24 

116 PZ -210.274 

117 PZ -248.47 

118 PY +89.2 

119 PY +192.6 

120 PY +53.2 

121 PY +228.6 

122 PX +87.75 

123 PX +123.75 

124 PX +128.75 

125 PX +164.75 

126 PX -66.25 

127 PX -102.25 

128 PZ 1068.1 $ Floor Level 

129 PZ 1018.1 $ Standard level of water 

C BOUNDARY NEUTRON SIMULATION 

150 PZ 48.925 $ Upper above FA 
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151 PY 416.2  $ Right side FA 

C GATE SPENT FUEL POOL 

170 PZ 147.96 

180 PZ 155   $ New line water first desplacement 

181 PY 279.5 

182 PY 371 

C -------------------------------------------------------- 

C Neutron detector 

C 250 PX -66.25 

C 251 PX -65.25 

C 252 PX -64.55 

C 253 PX -62.55 

C 254 PX -62.49 

C 255 PX -61.05 

C 256 PX -55.1 

C 257 PX -55.01 

C 258 PX -54.92 

C 259 PX -49.84 

C 260 PX -49.75 

C 261 PX -49.42 

C 262 PX -49.22 

250 PX -46.25 
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251 PX -45.25 

252 PX -44.55 

253 PX -42.55 

254 PX -42.49 

255 PX -41.05 

256 PX -35.1 

257 PX -35.01 

258 PX -34.92 

259 PX -29.84 

260 PX -29.75 

261 PX -29.42 

262 PX -29.22 

280 C/X 184.65 10.07872 0.8 

281 C/X 184.65 10.07872 1.18 

282 C/X 184.65 10.07872 1.27 

283 C/X 184.65 10.07872 1.8 

284 C/X 184.65 10.07872 2 

285 C/X 184.65 10.07872 5 

C ---------------------------------------------------------- 

C Gamma detector 

350 PX -66.25 

351 PX -65.25 
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352 PX -64.95 

353 PX -64.75 

354 PX -64.5 

355 PX -64.25 

356 PX -57 

357 PX -56.75 

358 PX -56.6 

359 PX -55.75 

360 PX -55.24 

361 PX -55.05 

362 PX -45.46 

363 PX -45.31 

364 PX -42.7 

365 PX -42.55 

366 PX -41.67 

367 PX -41.47 

413 PX -45.56 

C -------45 45 POSITION----------- 

400 C/X 184.65 76.328 1.12 

401 C/X 184.65 76.328 1.27 

402 C/X 184.65 76.328 1.52 

403 C/X 184.65 76.328 2.3 
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404 C/X 184.65 76.328 2.5 

405 C/X 184.65 76.328 3.15 

406 C/X 184.65 76.328 3.4 

407 C/X 184.65 76.328 2.85 

408 C/X 184.65 76.328 2.225 

409 C/X 184.65 76.328 4.2 

410 C/X 184.65 76.328 5.3 

411 C/X 184.65 76.328 5.5 

412 C/X 184.65 76.328 7 

C Box Pre-Amplifier BF3 

C 450 RPP -66.25 -54.25 +176.5 +191.5 +18 +33   $External 

C 451 RPP -65.25 -55.25 +177.5 +190.5 +19 +32   $Internal 

450 RPP -66.25 -46.25 +174.65 +194.65 +0.078 +20.078   $External 

451 RPP -63.25 -49.25 +177.65 +191.65 +3.078 +17.078   $Internal 

452 RPP -61.25 -51.25 +179.65 +189.65 +5.078 +15.078   $Internal 

460 PZ 48 

 

C ----------------------------------------------------------------------------- 

C "Source" 

mode p n 

sdef part=d3 erg=fpart d4 rad=d1 axs=0 1 0 dir=d5 vec=-1 0 0 ext=d2 cel=1 & 

pos=10.20372 0 10.20372 
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si1 7.72486 

si2 385.2 

si3 L p    n 

sp3 D 1.0  1.0 

ds4 S 10   11  

si5 h  -1  0  +1 

sp5 d 0  0.5  0.5 

sc10 CE Gamma spectra 

si10 H 0 & 

6.0000000e-002 7.2500000e-002  8.5000000e-002  9.7500000e-002  1.1000000e-001 & 

1.2300000e-001 1.3500000e-001  1.4800000e-001  1.6000000e-001  1.7300000e-001 & 

1.8500000e-001 1.9800000e-001  2.1000000e-001  2.2300000e-001  2.3500000e-001 & 

2.4800000e-001 2.6000000e-001  2.7300000e-001  2.8500000e-001  2.9800000e-001 & 

3.1100000e-001 3.2300000e-001  3.3500000e-001  3.4800000e-001  3.6000000e-001 & 

3.7300000e-001 3.8500000e-001  3.9800000e-001  4.1000000e-001  4.2300000e-001 & 

4.3500000e-001 4.4800000e-001  4.6000000e-001  4.7300000e-001  4.8500000e-001 & 

4.9800000e-001 5.1000000e-001  5.2300000e-001  5.3500000e-001  5.4800000e-001 & 

5.6000000e-001 5.6500000e-001  5.7000000e-001  5.7500000e-001  5.8000000e-001 & 

5.8500000e-001 5.9000000e-001  5.9500000e-001  6.0000000e-001  6.0400000e-001 & 

6.0600000e-001 6.1500000e-001  6.2000000e-001  6.2500000e-001  6.3000000e-001 & 

6.3500000e-001 6.4000000e-001  6.4500000e-001  6.5000000e-001  6.5500000e-001 & 

6.5900000e-001 6.6000000e-001  6.6100000e-001  6.6200000e-001  6.6500000e-001 & 
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6.6700000e-001 6.7000000e-001  6.7200000e-001  6.7500000e-001  6.8000000e-001 & 

6.8500000e-001 6.9000000e-001  6.9500000e-001  7.0000000e-001  7.0500000e-001 & 

7.1000000e-001 7.1500000e-001  7.2000000e-001  7.2500000e-001  7.3000000e-001 & 

7.3500000e-001 7.4000000e-001  7.4500000e-001  7.5000000e-001  7.5500000e-001 & 

7.6000000e-001 7.6500000e-001  7.7000000e-001  7.7500000e-001  7.8000000e-001 & 

7.8500000e-001 7.9400000e-001  7.9600000e-001  8.0200000e-001  8.0700000e-001 & 

8.1200000e-001 8.1700000e-001  8.2200000e-001  8.2700000e-001  8.3200000e-001 & 

9.9870000e-001 1.1650000e+000  1.3300000e+000  1.4900000e+000  1.6600000e+000 & 

1.8300000e+000 1.9900000e+000  2.1600000e+000  2.3300000e+000  2.4900000e+000 & 

2.6600000e+000 2.8300000e+000  2.9900000e+000  3.1600000e+000  3.3300000e+000 & 

3.4900000e+000 3.6600000e+000  3.8300000e+000  3.9900000e+000  4.1600000e+000 & 

4.3300000e+000 4.4900000e+000  4.6600000e+000  4.8300000e+000  4.9900000e+000 & 

5.1600000e+000 5.3300000e+000  5.5000000e+000  5.6600000e+000  5.8330000e+000 & 

6.0000000e+000 6.1600000e+000  6.3300000e+000  6.5000000e+000  6.6600000e+000 & 

6.8300000e+000 7.0000000e+000  7.1600000e+000  7.3300000e+000  7.5000000e+000 $ Gamma-

energy MeV 

sp10 D 0 & 

8.9640000e+017 1.2690000e+018  7.1050000e+017  1.2410000e+019  2.4620000e+018 & 

2.2040000e+017 2.4770000e+018  1.4030000e+017  2.4250000e+017  2.9330000e+017 & 

1.9780000e+016 8.4510000e+017  2.8660000e+017  3.2720000e+018  4.4940000e+016 & 

4.5200000e+017 1.7180000e+017  2.7040000e+018  5.2820000e+017  1.3350000e+017 & 

6.2880000e+017 8.6900000e+017  9.5120000e+016  5.1930000e+016  8.9690000e+017 & 

1.0400000e+017 2.5010000e+016  1.6620000e+016  3.7980000e+016  1.5580000e+017 & 
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1.4520000e+017 2.0070000e+016  2.5860000e+016  3.2220000e+016  2.7330000e+018 & 

1.7720000e+017 3.0780000e+017  9.2070000e+017  4.9200000e+017  1.8780000e+017 & 

8.3370000e+016 1.6230000e+017  1.3760000e+015  1.4720000e+016  1.3630000e+015 & 

2.5730000e+016 1.1800000e+016  1.1260000e+017  1.3080000e+017  2.2990000e+018 & 

1.9040000e+017 6.1000000e+016  2.9990000e+017  7.6280000e+016  5.1230000e+017 & 

2.2110000e+017 6.0870000e+015  7.6980000e+016  1.1650000e+017  1.5480000e+018 & 

3.7450000e+014 1.5120000e+015  2.5290000e+018  2.0950000e+017  3.8180000e+016 & 

5.6590000e+018 4.3780000e+017  1.5520000e+014  1.3460000e+016  1.6060000e+016 & 

1.0710000e+017 4.4670000e+015  1.1580000e+017  5.0810000e+016  4.4730000e+016 & 

9.0270000e+015 1.8250000e+016  2.3200000e+018  2.6400000e+017  5.0590000e+014 & 

4.8380000e+017 1.1230000e+018  5.9030000e+016  2.2800000e+017  2.5650000e+018 & 

5.5260000e+015 4.7930000e+018  2.5980000e+018  1.8110000e+017  1.1000000e+017 & 

1.5100000e+016 2.0540000e+018  7.7190000e+016  5.1960000e+016  1.9920000e+017 & 

1.3870000e+018 2.6370000e+017  2.5400000e+016  4.6790000e+015  7.5710000e+016 & 

4.2170000e+016 1.9570000e+016  1.8280000e+016  1.4970000e+017  2.1920000e+015 & 

4.5160000e+015 3.8950000e+015  3.6230000e+015  1.6780000e+015  5.3630000e+015 & 

2.1250000e+013 1.1170000e+014  4.1070000e+013  7.0930000e+012  8.0390000e+010 & 

1.0360000e+010 2.2360000e+008  2.7620000e+007  2.8380000e+009  1.1130000e+008 & 

3.7400000e-006 0.0000000e+000  1.2550000e+010  8.2250000e+008  1.8550000e+008 & 

3.7400000e+007 0.0000000e+000  0.0000000e+000  2.1300000e+007  0.0000000e+000 & 

0.0000000e+000 1.2570000e+007  0.0000000e+000  0.0000000e+000  7.2840000e+006 & 

0.0000000e+000 0.0000000e+000  4.2230000e+006  0.0000000e+000  0.0000000e+000 $ Gamma-

intensity n/s 
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sc11 CE Neutron Spectra 

si11 H 0 & 

1.0000000e-011 3.0000000e-009  7.5000000e-009  1.0000000e-008  2.5300000e-008 & 

3.0000000e-008 4.0000000e-008  5.0000000e-008  7.0000000e-008  1.0000000e-007 & 

1.5000000e-007 2.0000000e-007  2.2500000e-007  2.5000000e-007  2.7500000e-007 & 

3.2500000e-007 3.5000000e-007  3.7500000e-007  4.0000000e-007  6.2500000e-007 & 

1.0000000e-006 1.7700000e-006  3.0000000e-006  4.7500000e-006  6.0000000e-006 & 

8.1000000e-006 1.0000000e-005  3.0000000e-005  1.0000000e-004  5.5000000e-004 & 

3.0000000e-003 1.7000000e-002  2.5000000e-002  1.0000000e-001  4.0000000e-001 & 

9.0000000e-001 1.4000000e+000  1.8500000e+000  2.3540000e+000  2.4790000e+000 & 

3.0000000e+000 4.8000000e+000  6.4340000e+000  8.1870000e+000  2.0000000e+001 $ Neutron-

energy MeV 

sp11 D 0 & 

8.6040000e+004 2.6510000e+005  1.3490000e+005  1.2030000e+005  1.1650000e+005 & 

1.2020000e+005 1.2500000e+005  1.3200000e+005  1.4270000e+005  1.5950000e+005 & 

1.8380000e+005 2.1090000e+005  2.2920000e+005  2.4050000e+005  2.5140000e+005 & 

2.6680000e+005 2.8150000e+005  2.9080000e+005  3.0670000e+005  3.4790000e+005 & 

4.3140000e+005 5.5610000e+005  7.2450000e+005  9.1980000e+005  1.0820000e+006 & 

1.2370000e+006 1.4010000e+006  2.0670000e+006  3.7650000e+006  8.3220000e+006 & 

1.9380000e+007 4.5890000e+007  6.7740000e+007  1.1260000e+008  2.0330000e+008 & 

2.6600000e+008 2.6740000e+008  2.4130000e+008  2.0770000e+008  1.8450000e+008 & 

1.6060000e+008 8.4800000e+007  2.4120000e+007  7.0670000e+006  3.5920000e+005 $ Neutron-

intensity n/s 
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phys:p j 1                            $ turn off electron production 

C cut:p  j 0.2                        $ gamma energy lower than 200 KeV no taken into account 

C -------------------------------------------------------------------------------------------------------- 

C "Materials" 

m1 1000 -0.1116 8000 -0.8858  5000 -0.0026                                    $Borated Water 2600 ppm                    

m2 1000 -0.00453 8000 -0.5126 14000 -0.36036 13000 & 

   -0.03555 11000 -0.01527                                                    $Concrete  

m3 26000 -0.655 24000 -0.17 28000 -0.12 42000 -0.025 & 

   25000 -0.02 14000 -0.01                                                    $SS 316                        

m4 40000 -0.9823 50000 -0.01450 24000 -0.001 26000 -0.00210 72000 -0.00010    $Zircoalloy 4-

Cladding                               

m5 92000 -0.88156 8000 -0.11844                                               $Oxide Uraniun-Fuel pellet   

m6 2000 -1                                                                    $Helium 298.16K 15 bar 

m7 16000 -0.75638 8000 -0.24362                                               $Air              

m8 92238.66c -0.7111153 92235.66c -0.033821 8000 -0.10009 40000 & 

             -0.15219 50000 -0.002247 24000 -0.000155 26000 -0.000325 & 

                      72000 -1.55E-5                                          $FA Homogenizado   

m9 82000 -1                                                                   $Lead 

m10 5000 -0.04 8000 -0.5395 11000 -0.02811 13000  & 

             -0.01164 14000 -0.3772 19000 -0.00355                                $Borosilicate Glass 

m11 13000 -1                                                                  $Al    

m12 57000 -0.36668 35000 -0.63282 58000 -0.0005                               $BriLance 580       

m13 12000 -0.059897 17000 -0.702205 1000 -0.237898                            $PVC 
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m14 5011.66c -0.00638 5010.70c -0.15312 9000 -0.84050                             $BF3 

m15 19000 -0.2349 55000 -0.3993 51000 -0.3658                                 $Bialkali (photocathode) 

C --------------------------------------------------------------------------------------------------------- 

C Tally 

f14:n 540 

*f24:n 540 

f34:p 650 

*f44:p 650 

f18:p 650 

ft18 geb 0.00110427 0.019853251 0.0940758 

e18 0 1e-3 989999i 1 

nps 1e8 

prdmp j j -1 

print 

H.7 Determination of neutron mean free path 

H.7.1 Neutron Mean Free Path 

The neutron m.f.p. is in function of its energy and of the materials which it crosses. In order to 

simplify the calculations,  it has been determined the neutron m.f.p. for the average energy of the 

E5O1 neutron spectra which is equal to 2.05 MeV. The microscopic cross section has been taken from 

the JANIS NEA database. 

The mean free path is computed as follow: 

        
 

∑( )
 

 

∑ ( )  
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Where: 

 ∑( ) [    ] is the macroscopic cross section of the material in function of the neutron 

energy 

  ( ) [    ]  is the microscopic cross section of the component i in function of the neutron 

energy 

     [
     

    
]  is the atomic density of the component i 

          [  ] is the neutron mean free path in the material 

The atomic density has been determined as follow: 

                       
        

    
                                                                   

Where: 

     [
     

    
]  is the atomic density of the component i 

    is the atomic mass fraction of the component i  

    [
     

   
] is the Avogadro number 

    [
     

    
] is the density of component i 

      [
     

   
] is the atomic weight of the component i 

In the next table the results are resumed, whereas in the next two subchapters all the data used are 

reported. 

 

m.f.p

[cm]

Borated Water 4,648

Concrete 7,263

Material

Table H-15: m.f.p. 
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H.7.1.1 Borated Water 

The data are listed in the next table. 

 

 The density of borated water has been computed as follow: 

                                                         
 

  
                                                      

                                               [
     

    
]       (    )                                             

The density of water has been assumed equal to 0.9982 g/cm3  12 (50°C, 1 atm). 

9.4.2  

H.7.1.2 Concrete 

The concrete composition is listed in the next table 13 :  

 

Mass 

fraction

Density 

[g/cm3]

Atomic 

weight 

[g/mol]

N [atoms/cm3]
 σ tot ,i 

[barns] 

Macroscopic cross 

section, Si [1/cm]

H 0,11164 0,9804 1,0079E+00 6,7792E+22 2,500 0,16948

O 0,88576 0,9804 1,5997E+01 3,3889E+22 1,339 0,04538

B 0,00260 2,3700 1,0811E+01 1,4720E+20 1,850 0,00027

Tot 1,00000 1,0018 1,0183E+23 0,21513

Mass 

fraction

Density 

[g/cm3]
Atomic weight [g/mol] N [atoms/cm3]

 σ tot ,i 

[barns] 

Macroscopic cross 

section, Si [1/cm]

H 0,00453 0,0001 1,0079E+00 6,2898E+21 2,500 0,01572

O 0,51260 0,0014 1,5997E+01 4,4844E+22 1,339 0,06005

Si 0,36036 2,3300 2,8086E+01 1,7957E+22 2,606 0,04680

Al 0,03555 2,7020 2,6982E+01 1,8439E+21 2,858 0,00527

Na 0,01527 0,9710 2,2990E+01 9,2956E+20 2,826 0,00263

Ca 0,05791 1,5500 4,0078E+01 2,0222E+21 3,088 0,00624

Fe 0,01378 7,8600 5,5845E+01 3,4533E+20 2,829 0,00098

Tot 1,00000 7,2630 7,4231E+22 0,13768

Table H-16: Borated Water 

Table H-17: Concrete 
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H.8 Determination of detector counts from MCNP output 

H.8.1 Determination of neutron detector counts 

Once all the MCNP simulations have been done you have proceeded to determine the neutron 

detector counts by the following process. 

Basically the counts derive from the ionizations produced in BF3 gas by alpha y 7Li generated by slow 

neutron captures of 10B. The following two different reactions can occur when the neutron is 

captured: 

1.   
     

     
               

                       

2.   
     

     
              

                      

where: 

-     is the probability of the reaction, for thermal neutrons 

-    is the reaction energy due to mass defect 

Moreover the branching indicates that the reaction product     
 may be left either in its ground state 

or in its first reaction state. You remember that the      
  quickly returns (half-life of ~ 1013  s) to its 

ground state with the emission of a 0.48 MeV gamma ray, but you will be negligible  because you 

assume that this photon always escapes and does not contribute to the response of the detector.  

Due to the large amount of reaction energy and the very low incoming kinetic energy of the neutron, 

the two reaction products must be emitted in exactly opposite directions. The energy of the reaction 

will be shared in the same manner between them. The individual energies of alpha particles and 

Lithium nucleus can be calculated simply by the conservation of energy and the momentum by the 

following system of equations: 

 

The following values have been obtained: 
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In this next approximate calculates, it will be assumed that the Li has the same behaviour of the 

alpha, therefore you have two alphas.  

The range of alpha particles in air depends on their energies and they can be determined by the 

following experimental correlation 22:  

                                                                                                                         

where: 

-   is the range in air (1 atm, 15 °C) of alpha particle in cm 

-   is the energy of alpha particle in MeV 

Thanks to the Bragg-Kleeman Rule 22  you can estimate the range of alpha in the BF3 gas: 

                                                            
  

  
 √

  

  
                                                       

 

when: 

-   [  ] is the range of alpha in BF3  

-   [  ] is the range of alpha in air before computed 

-    is the density of BF3 equal to 2.815  mg/cm3 computed by van der Waal’s model23  inside 

annex H.5.14 

-    is the density of air equal to 1.293 mg/cm3 

-    is the effective atomic number of BF3 

-    is the effective atomic number of air 

LI energy Alpha Energy

[MeV] [MeV]

1 1,015 1,776

2 0,840 1,470

Reaction 

Table H-18: radiative capture 10B 
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The effective atomic number a compound can be computed by the next equation: 

                                                                     ∑    

 

   

                                                

where: 

-    is the atomic number of the element i  

-    is the molar fraction of the element i  

The result obtained from equation                       are listed in the next table: 

 

When an alpha is produced inside the detector, it can create ionization and so counts only if it is 

placed a distance bigger than the correspondent range from any detector walls. Results that, you 

obtain a volume where the alpha cannot produce counts, Vi.  Due to the presence of two different 

alphas with different energy you have obtained a volume Vi  for the reaction one, V1, and another for 

the reaction two, V2. V2 is smaller than V1 because the alpha emitted in the reaction one has more 

elevated energy than the one emitted in the second equation. 

Moreover knowing that the reaction products are emitted in exactly opposite directions the 

geometry factor results equal to 0.5,  
  

  
.  

Assuming that each alpha generated produces a count the yield the total amount of neutron detector 

count generated per second is equal to: 

                     [   (
  
    

    
  

    
   )   ]                                 

 

Enegy R in air R in BF3

[MeV] [cm] [cm]

1 1,776 0,731 0,2828

2 1,470 0,550 0,2122

Reaction 

Table H-19: Alpha range 
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where: 

-    is the geometrical factor 

-    is the amount of alpha generated per second 

-   is the enrichment of 10B equal to 96% 

-   is the volume of BF3 equal to 22.25 cm3 

-    is the normalized possibility of reaction i 

-   is the factor which take into account the presence of “two alphas”; it is equal to two 

The number of alpha generated per second can be computed in the following way: 

                                                              ∫  ( )                                                   

where: 

-       is the total number of collisions in the BF3 per history done. This value can be 

obtained from the MNCP output inside table 126 

-   ( ) is the neutron flux per unit of energy obtain by ORIGEN-S simulation 

-   is the fraction of (n, ) reactions over the total number of reaction 

The fraction of (n,α) reactions over the total number of reaction, neglecting the 11B support, has be 

computed in the next way: 

                              
    ( ) 

    ( ) 
 

   
   

   
    

 
    ( )

    ( )
                                              

where: 

-       ( ) [1/cm] is the macroscopic cross section in function of energy 

-     ( )  [1/cm]  is the total  macroscopic cross section in function of energy  

-   [neutrons/cm2/s] is the neutron flux 

-     ( ) [cm2] is the (n,a) microscopic cross section in function of energy 

-     ( ) [cm2] is the total  microscopic cross section in function of energy  

The average energy of the neutron flux in BF3 has been computed dividing the *F4 tally 18, surface 

current per unit of energy [MeV/cm2 per neutron history], by the F4 tally 18, Surface current [ 

neutrons/cm2 per neutron history]. A different value has been obtained in each MNCP simulation. 
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The microscopic cross sections, and so the    have been obtained by the JANIS-3 OECD database; 

theirs behaviour are shown next.   

 

Combining the equation H.25 with H.24 the final formula to determining the number of count per 

second from the number of MCNP collision in BF3 cell is: 

     [   (
  
    

    
  

    
   )   ]             ∫  ( )      

    ( )

    ( )
                

Because the only factors which change in each simulation are          ( )     
    ( )

    ( )
 , equation 

     can be reduced to: 

 

                                                     ∫  ( )      
    ( )

    ( )
                                          

Finally you have determined the sensitivity SE ,number of neutron detector counts per unit of 

flux, in simulation E5O1, where   is equal to 0.5, obtaining 79 cps in the neutron detector . 

Comparing the value obtained with the datasheet value (SED = 0.83) , 38.6 cps,  you can 

appreciate the goodness of the assumptions done. 

Table H-20: microscopic cross section of Boron-10 
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To conclude, the effective number of counts have been determined by averaging the value 

calculated in this project, which is suited for a specific average energy flux, that presents in the 

datasheet which takes into account a wider energy range. Numerically it results: 

       (                ∫  ( )      
    ( )

    ( )
        )                              

where   [neutrons/cm2 /s ],  is the neutron flux at the detector which is calculated in the following 

way: 

                                                              ∫  ( )                                                    

H.8.2 Determination of LaBr3 detector counts 

Thanks to the application of a detector spectrum tally, F8, the LaBr3 detector counts per second can 

be easily determined by the following equation: 

                                              ∫  ( )                                                                     

Where: 

- C is the number of LaBr3 detector counts per second [cps] 

-       is the capture rate per history done relative to the peak of interest. It is determined 

directly by the tally F8 

-   ( ) is the gamma flux per unit of energy obtain by ORIGEN-S simulation 

To know the energy bin in which the peaks of interest, 0.795 MeV of 134Cs and 0.6617MeV of 137Cs, an 

energy MCNP calibration has to be done.  The energy of 134Cs is equal to 0.0496MeV whereas 137Cs 

one can be encountered due to the very low detector efficiency for computational limitations as 

discussed in the MNCP results. 
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I. Scintillator detector and pulse processing 

I.1 Introduction 

In this annex, the scintillator detectors will be concisely described. Moreover, a briefly description of 

the electronic component will be reported. 

I.2 Scintillator detector 

Scintillator are materials that produce sparks or scintillation of light when ionizing radiation passes 

thought them. In the history the first detector used was a scintillator.  Many different kinds of 

materials have the ability to scintillate, however all scintillator have a low average atomic number.  

It is common divide the scintillator detectors in organics  and inorganics. The first ones function with 

a single molecular process and the be liquid or crystal whereas the inorganic scintillators require a 

crystal lattice and they be solid or powder. 

Use the liquid scintillation is advantageous in that the material to be counted or measured is 

immersed in the cocktail containing the scintillating material. The detection geometry factor is greatly 

increased. This type of detector are commonly used to detect charged particles such as alpha and 

beta particle. In some case, they are also used to detect conversion particles. However liquid 

scintillators are not efficient in counting high energy gamma ray. On the other hand, solid scintillator 

are used to detect efficiently gamma and X-rays.  

Scintillation detectors measure radiation by analysing the effects of the excitation of  the detector 

material by the incident radiation. Scintillation is the process by which a material emits light when 

excited. In a scintillation detector, this emitted light is collected and measured to provide an 

indication of the amount of incident radiation. Numerous materials scintillate - liquids, solids, and 

gases. A common example is a television picture tube. The coating on the screen is excited by the 

electron beam, and emits light. A material which scintillates is commonly called a phosphor or a fluor. 

The scintillations are commonly detected by a photomultiplier tube (PMT). 
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It is common divide the scintillator detectors in organics  and inorganics. The first ones function with 

a single molecular process and the be liquid or crystal whereas the inorganic scintillators require a 

crystal lattice and they be solid or powder. 

Use the liquid scintillation is advantageous in that the material to be counted or measured is 

immersed in the cocktail containing the scintillating material. The detection geometry factor is greatly 

increased. This type of detector are commonly used to detect charged particles such as alpha and 

beta particle. In some case, they are also used to detect conversion particles. However liquid 

scintillators are not efficient in counting high energy gamma ray. On the other hand, solid scintillator 

are used to detect efficiently gamma and X-rays.  

I.3 LaBr3 scintillation detectors 

LaBr3 scintillation detectors are commonly used in applications where high gamma sensitivity and a 

high energy resolution is desired. The solid nature of the crystal "offers" more targets to a photon 

than does a GM detector. For this reason, gamma scintillators typically have higher yields than 

equivalently sized GM detectors. The light output of the crystal is a function of the incident photon 

energy. The output signal of the photomultiplier tube is a function of the light input, and therefore is 

proportional to the energy of the incident radiation. This characteristic allows scintillators to be used 

to perform pulse height analysis for radiation energy. The LaBr3scintillator has a higher energy 

resolution than a proportional counter, allowing for more accurate energy determinations. 

Resolution is the characteristic of a detector to be able to differentiate between two close radiation 

energies. The higher the resolution, the closer the radiation energies can be to each other and still be 

differentiated. It should be noted that recent advances with semiconductor detectors have provided 

detectors with even better resolution than LaBr3. 

In conclusion, the Advantages and the disadvantages of scintillation detectors are listed as follow 

 

Advantages  

‒ Ability to discriminate between alpha, beta, gamma radiations and between different 

radiation energies with a moderate resolution. 

‒ LaBr3: high gamma sensitivity. 

‒ Liquid :extremely low energy response. 

‒ ZnS(Ag): most advantageous alpha detector. 
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‒ HPGe: the best resolution 3 

 

Disadvantages 

‒ LaBr3: quite high cost due to the low number of companies which produce it 

‒ Liquid: relatively cumbersome. Solution is one time use only.  

‒ Requires a regulated power supply for pulse height analysis. 

‒ NaI(Tl) and ZnS(Ag): detector is not a solid state device, needs to be handled with care.  

‒ HPGe: very expensive, need cryogenic state to  operate 

I.4 Functioning 

Inorganic crystals operate as follows: 

 An incident photon interacts with the crystal atoms exciting the atom and raising valence 

band electrons to the conductance band, leaving a "hole" in the valence band. 

 Some of these electrons and holes recombine to form an "exciton." The excitons, free holes, 

and free electrons drift through the crystal. 

 The impurity centres (T1) capture the excitons, free holes, and free electrons. This capture 

raises the impurity centre to an excited state. 

 The impurity centre will decay back to the ground state, and in doing so, emits a light 

photon, which is proportional to the energy of the incident. 

I.5 Detector structure 

Anyway, each scintillation detector is comprised of two major components, the phosphor or fluor, 

and the photomultiplier tube. Various different phosphors and photomultiplier tubes are 

available, and numerous combinations of these are possible. The combination chosen is selected 

to achieve the desired response to radiation and other requirements of a particular application. 

 

The purpose of the photomultiplier tube is to detect the scintillations and to provide an output 

signal proportional to the amount of scintillations. In doing this, photomultiplier tubes can 

provide amplifications of 106 and higher. 
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Construction details vary from design to design, however, all photomultipliers have typical 

components. These common components are: the photocathode, the dynode assembly, an anode, 

voltage divider network, and shell. These components perform as follows 2:  

 Photocathode - made of an Antimony - Cesium composite. The purpose of the 

photocathode is to convert the light photons to electrons (called photoelectrons). 

 Dynode Assembly:  a series of electrodes used to amplify the signal. Each successive dynode 

has a higher voltage potential. The voltage gradient along  the tube accelerates the electrons 

towards the anode. This works as follows: the photoelectron strikes the first dynode freeing 

one or more electrons. These electrons are drawn towards the second dynode. At the 

second dynode  each electron frees one or more additional electrons. This process continues 

until the electron cascade reaches the anode. Through this process, the initial photoelectron 

is amplified, up to 106 times and higher. For an amplification | of 106 an average of 4 

electrons is freed by each incident electron reacting with each dynode (10 dynodes - 410 to  

106). 

 Anode - The anode collects the electrons and generates an output pulse. 

 Voltage Divider Network : splits the high voltage supply into the various potentials required 

by the dynodes. 

 Shell - Supports the other components and seals the tube from stray light and stray 

electric/magnetic fields. 

The photomultiplier tube provides an output pulse which is proportional to the incident photons. The 

size of the pulse is a function of the energy of the light photon, and of the electron multiplication. 

Varying the HV to the photomultiplier varies the pulse height. It is possible for stray electrons to be 

amplified by the dynode, creating an output pulse while no photon entered the tube. Those electrons 

can be spontaneously emitted from the photocathode or by the dynodes themselves. This output 

signal is commonly called dark current. Dark current increases with photomultiplier tube 

temperature, hence, temperature changes may cause the detector to drift. 
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I.6  Pulse processing 

Most radiation detectors require pulse (or signal) processing electronics so that energy or time 

information involved with radiation interactions can be properly extracted.  It has become common 

practice to manufacture most pulse processing electronics in standard modules so that they can fit 

into a housing called a bin or crate, which occupies 19 inch width. Most popular standards are the 

Nuclear Instrument Module (NIM) and Computer Automated Measurement and Control (CAMAC). 

Commercial modular electronics are usually manufactured according to one of these standards. The 

convenient features of these standards are: 

‒ The basic dimensions for the bin and modules are specified. 

‒ Only the bin is connected to the ac power and generates all the dc supply voltages required 

by modules contained within that bin. 

‒  The connector interface between the module and bin is standardized both electrically and 

mechanically.  

Figure I-1: Photomultiplier tube “PMT”, Ref.1 
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‒ Specifications are included for the polarity and span of both linear and logic pulses. 

I.6.1 Preamplifier 

The preamplifier is the first component in a signal processing chain of a radiation detector. The  

charge created within a detector is collected by the preamp. In spite of its name, the preamplifier  

does not act as an amplifier (just means “before”, i.e. “pre” the amplifier), but acts as an interface 

between the detector and the pulse processing electronics that follow. The main function of a 

preamplifier is to extract the signal from the detector without significantly degrading the intrinsic 

signal-to-noise ratio. Therefore, the   preamplifier is located as close as possible to the detector, 

and the input circuits are designed to match the characteristics of the detector. Two important 

requirements of the preamplifier are: 

‒ To terminate the capacitance quickly to maximize the signal-to-noise ratio. The cable 

length between the preamp and the detector is maintained at minimum as well due to the 

same reason. 

‒ To have a low output impedance: i.e. to provide a low impedance source for the amplifier. 

Of course, it should provide a high impedance load for the detector. The detector high  

voltage bias is fed through the preamp in general except for scintillation detectors 

I.6.2 Detector bias supply and pulse generators 

Radiation detectors require the application of an external high voltage for proper operation and high 

voltage supplies used for this purpose are conventionally called detector bias supplies. The important 

characteristics of detector bias supplies are:  

‒ The maximum voltage level and its polarity 

‒ The maximum current available from the supply 

‒ The degree of regulation against long-term drifts due to changes in temperature or line 

voltage 

‒ The degree of filtering to eliminate ripple at power line frequency or other sources. 

In the case of PMTs connected to scintillation detectors, bias supplies should cover up to 3 kV with a 

current of a few mA. The high voltage output must also be well regulated to prevent gain shift in the 

PMT. High voltage supplies for germanium semiconductor detectors may cover up to 5 kV for large 

size models. 
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An electronic pulse generator (or pulses) is always required in the initial setup and calibration of 

radiation spectroscopy systems. A tail pulse generator with adjustable rise and decay times is the 

most common and its output is fed to the test input on preamps so that the purser output can be 

used for adjusting and testing shaping or timing parameters. If the output amplitude is constant with 

a high accuracy, the amplitude distribution measured by a pulse analysis system gives the electronic 

noise level present in the system. For normal pursers, the interval between pulses is uniform and 

periodic. However, some tests require random generation of pulses. Randomly spaced pulses can be 

generated using either the noise signal from an internal component or an external trigger pulse 

derived from a random signal source like another radiation detector. 

I.6.3  Single channel analyser SCA 

A single channel analyser (SCA) produces a logic output pulse only when the linear input pulse height 

lies between two independent discriminator levels. In some units, the lower level discriminator (LLD) 

and upper level discriminator (ULD) are independently adjustable while in other units, the LLD is 

labelled the E level and the window width or difference  between levels is labelled  E. 

 

In normal SCAs, the time of appearance of the logic pulse is not closely coupled to the actual event 

timing, and therefore these logic pulses will give imprecise results when used for timing 

measurements. Timing SCAs are made so that the logic pulse can be much more closely correlated 

with the actual arrival time of the linear pulse by incorporating the time pick-off . 

Figure I-4: Single-channel-amplifier SCA 
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I.6.4 Counter and timer 

As the final step in a counting system, the logic pulses must be accumulated and their number 

recorded over a period of time. A counter is used for this purpose and increments one count each 

time a logic pulse is presented to its input. 

Counters are operated in one of two modes usually: preset time or preset count. In the  reset time 

mode, the counting period is controlled by an internal or external timer. In the preset count mode, 

the counter accumulates pulses until the total number of counts reaches the preset value of counts. 

The function of a timer is simply to start and stop the accumulation period for an electronic counter 

or other recording device. 

I.6.5 Multichannel Analyser  MCA 

The voltage pulse produced by the detector (or by the photomultiplier in a scintillation detector) is 

shaped by a multichannel analysers (MCA). The multichannel analysers takes the very small voltage 

signal produced by the detector, reshapes it into a Gaussian or trapezoidal shape, and converts that 

signal into a digital signal. In some systems, the analogic-to-digital conversion is performed before the 

peak is reshaped. The analogic-to-digital converter (ADC) also sorts the pulses by their height. ADCs 

have specific numbers of "bins" into which the pulses can be sorted; these bins represent 

the channels in the spectrum. The number of channels can be changed in most modern gamma 

spectroscopy systems by modifying software or hardware settings. The number of channels is 

typically a power of two; common values include 512, 1024, 2048, 4096, 8192, or 16384 channels. 

The choice of number of channels depends on the resolution of the system and the energy range 

being studied. 

The multichannel analysers output is sent to a computer, which stores, displays, and analyses the 

data. A variety of software packages are available from several manufacturers, and generally include 

spectrum analysis tools such as energy calibration, peak area and net area calculation, and resolution 

calculation. 

http://en.wikipedia.org/wiki/Photomultiplier
http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Analog-to-digital_converter
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J. Determination of LaBr3 detector position 

In order to determine a possible initial position of g-detector to insert in MCNP a deterministic 

iterative approach has been used. The placement has to allow  the detector a maximum of one signal 

per nanosecond as available for  the modern technology.  In this process each gamma which reaches 

the crystal will be approximated as a signal and the borated water will be considered as normal 

water. 

The calculations are basically composed by three parts: 

- Determination of a position with the average flux when the detector can work 

- Verification of Cs peaks intensity at that placement 

 Following the complete process will be reported.  

It is necessary to remember to determine the 134Cs/34Cs  mass ratio– BU correlation chose to be used 

in the next two peaks: 

Isotope 

Decay yield Energy 

[%] [MeV] 

137Cs 99.9 0.6617 

134Cs 85.5 0.795 

 

All the magnitude of  g -ray flux and its average energy are referred to E5O1 simulation at outage 

operation one. 

Finally, the overall useful ORIGEN-S simulation data for this calculates have been listed in  next table: 

Table J-3: Cesium peaks selected 
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Isotope 

Energy Intensity 

[MeV] [g/s] 

137Cs 0.6617 3.464*1017 

134Cs 0.795 9.708*1016 

Total emission from 

the FA 
3 5.045*1019 

J.1 Determination of a position with the average flux 

A first basic model point-point with water shielding has been applied to determine the distance x of 

the first try, x’ . 

The intensity at distance  1 x’ will be: 

                                                              (  )    
             

   
                                                                   

where:  

-   (  ) is the gamma ray intensity at the detector  measured in [g /s] 

-     is the gamma ray intensity at the FA  measured in [g /s] 

-   is the buildup factor 

-    is the linear attenuation coefficient of water [1/cm] 

The linear attenuation coefficient of water for 3 MeV is 0.0396 cm-1 1.   

The gamma ray intensity at the detector has to be imposed equal to 1*109 if you want to process one 

signal each nanosecond.  

Table J-2: Cesium peaks intensity 
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However  the build-up can be computed directly because the function of the distance x’ is unknown. 

For this reason first    will be determined without B, afterward the exact value will be encountered 

by Eq.J.1 by a hand-made iterative procedure.  

Also for the first try you need an iterative method because x’ cannot be explicit: 

                                                                 √
           

  (  )
                                                        

Now with this value B can be calculated by the Berger function  1 as follow : 

                                                                                                                                               

where: 

- a is a coefficient is function of material and energy equal to 0.76 

- b is a coefficient is function of material and energy equal to 0.004 

Specifically for the water and an energy equal to 3 MeV it results: 

- a : 0.76 

- b : 0.004 

 B obtained by Eq. 1.3 is equal to 38.17. 

Introducing this value in the  next equation: 

                                                                               √    
            

  (   )
                                                     

you obtain a x’’ equal to 410.3 cm.  

Now applying the following  iterative scheme the true value of x will be obtained: 
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The data of the iterative procedure are reported in the next table: 

Try 

number 
B 

X 

[cm] 

1 64.61 422.00 

2 69.69 426.96 

3 70.77 424.29 

 

Finally the x value of this point-point shielded model is 424.29 cm. 

Figure J-0-5: Iterative procedure scheme 

Table J-4: Iterative values 
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Once this first value has been obtained a more sophisticated model in which the fuel assembly is a 

line source and the detector is a point has been applied. The model used is illustrated in the next 

figure.  

The point of interest is P2. 

At that point the flux can be determined as follows: 

                                                                       
  

   
  (

 

 
   )                                                     

 

where: 

- B is the buildup factor 

-    is the specific strength of the line source [photons/s/cm] 

-   is the distance between detector and  FA 

-   is the thickness of the shielding 

The build-up factor for a linear source can be computed by eq.1.3 computing     as follow: 

9.4.3                                                         (
 (   )

 (     )
)                                                          

where   (     ) is the Sievert function calculating     as a   degree which can be found yet 

resolved in ref.1. Introducing the concept of equivalent attenuation length,       you can apply the 

Berger equation to source even if it is not a point source. 

   has been determined in the following way: 

Figure J-0-6:Geometry for line source with slab shield (Ref 1) 
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             [   ]                                    

where: 

-     is the intensity of the FA [ /s] 

Finally a and b have been considered equal because there is only water shielding between the 

detector and the FA. 

Once the flux has been calculated the number of counts  at the detector can be approximated in the 

following way: 

                                                                                                                                         

where: 

-     is the detector effective external area of the crystal equal to 9.3 cm2 

-   is the number of count per seconds 

-     is the flux at P2 and so at the detector 

As the previous model, this one is iterative as well. The input value of the distance is the one 

calculated with the previous model. 

The process of iteration is showed in the figure below: 
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The data of the iterative procedure are reported in the next table: 

 

X Theta I

[CM] [°] [photons/s]

424,29 75,29 24,25 1,00E-08 17,90 2,60E+09

420 65,55 24,13 4,00E-08 16,81 1,28E+09

425 73,82 24,38 2,00E-08 17,50 6,69E+08

422 71,28 24,53 3,00E-08 16,71 9,76E+08

B F µ l

Figure J-3: Iterative process scheme 

Table J-3: Iterative values 
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Finally the x value of this line source-point shielded model is 422 cm. 

Now at the distance of 422 cm you want to verify the intensity of the selected peaks of 134Cs and  

137Cs with the same model. 

The procedure in this case is not iterative but the equation applied will be the same. 

The results have been reported in the next table. 

   

At this distance the measurement with spectrometry of these isotopes of Cs could be possible but it 

requires a big time. For instance, in order to have a small peak of 1000 counts you need to wait for 

about around 23 minutes.  

J.2 References 

[1]  R.G. Jager, E.P. Blizar, Engineering compendium on radiation shielding, Springer-Verlag, 1968 

  

µ I

[1/cm] a b µ l B [photons/s]

134 0,07887 0,04533 1,73950 38,920 144,15 1,00E-18 0,7350

137 0,08614 0,05404 1,96510 38,920 170,45 1,00E-18 0,7350

F
Berger Formula

Cs peak

Table J-4: Cesium peaks intensity at the detector position 
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K. Drawings and Product Datasheets 

Basically, in this annex for all components modelled in MCNO has been reported: 

- The planes definition 

- The technical drawing  

In the drawing the axes utilized in MCNP input will be indicated. Also GD indicated the LaBr3 detector 

whereas ND represents the BF3 detector. 

It is worth reminding that all dimensions are  reals. The information has been taken from “informe de 

Seguridad” of Asco-I nuclear power plant  1  and the product  datasheets  2  . 

K.1 MNCP planes definition 

K.1.1 LaBr3 detector 

Figure K-1: LaBr3 surfaces definition 
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K.1.2 BF3 detector 

 

 

 

Figure K-2:BF3 surfaces definition 
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K.1.3 Transfer channel and fuel assembly  

 

 

Figure K-3: Transfer channel and fuel assembly surfaces definition - front view 

Figure K-4: Transfer channel and fuel assembly surfaces definition - 

top view 
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K.2 Technical drawing 

The quote are in cm whereas the scale of the drawings has been varied  to allow the vision of all the 

details. For the same reason, the section lines are not reported even if the pieces are sectioned.  

K.2.1 LaBr3 detector 

 

  

Figure K-5: Technical drawing of the LaBr3 detector 
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K.2.2 BF3 detector 

 

 

Figure K-6: Technical drawing of the BF3 detector 
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K.2.3 Transfer channel and fuel assembly  

 

  

Figure K-7: Technical drawing of transfer channel and fuel assembly 



Page 146  ANNEXES G-H-I-J-K 

     

 

K.3 Product datasheets 

The product datasheets of the selected commercials components which compose the innovative out-

core device are reported at the end of this annex.   

They have been reported in the following order: 

- 1  Pre-amplifier: 142 IH ORTEC  

- 2  Amplifier: 590 A ORTEC 

- 3  Pre-amplifier: AS2612 SAINT-GOBAIN 

- 4  Amplifier: 572 A ORTEC  

- 5  Multichannel analyser: ASPEC-927A ORTEC  

- 6  BF3 detector: 2021 LND  

- 7  LaBr3 detector 1’’x1’’ ORTEC 

- 8  S40-35 Underwater light 

- 9 R150 remote control camera (left side), P150R Camera control unit  

- 10 N71Z underwater camera 

- 11 High voltage supply: 660 ORTEC 

- 12 NIM case: 4002E ORTEC 

 

K.4 References 

[1]       ANAV, Informe seguridad final de la central de Asco, 1988 

[2]       Product datasheets, annex i 
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