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Abstract 

 

Neutron Standards Laboratory (LPN) of CIEMAT in Spain is a brand new 

irradiation facility, with 
241

Am-Be (185 GBq) and 
252

Cf (5 GBq) calibrated neutron 

sources which are stored in a water pool with a concrete cover. From this storage 

place an automated system is able to take the selected source and place it in the 

irradiation position, 4 m over the ground level and in the geometrical center of the 

Irradiation Room with 9 m (length) x 7.5 m (width) x 8 m (height). For calibration 

or irradiation purposes, detectors or materials can be placed on a bench but it is 

possible to use the pool (1.0 m x 1.5 m and more than 1.0 m depth) for long time 

irradiations in thermal neutron fields. For this reason it is essential to characterize 

the pool itself in terms of neutron spectrum. In this document, the main features of 

this facility are presented and the characterization of the storage pool in terms of 
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neutron fluence rate and neutron spectrum has been carried out using simulations 

with MCNPX-2.7.e code. The MCNPX-2.7.e model has been validated using 

experimental measurements outside the pool (Berthold LB6411).  Inside the pool, 

the fluence rate decreases and the spectra is thermalized with the distance to the 

252
Cf source. This source predominates and the effect of the 

241
Am-Be source in 

these magnitudes is not shown until positions closer than 20 cm from it. 

 

Keywords: Irradiation facilities characterization; neutron sources; Monte Carlo 

simulations, gold foil activation. 

 

 

1.- INTRODUCTION 

 

Neutron Standards Laboratory of Energetic, Environmental and Technologic Research 

Center (LPN-CIEMAT) in Spain is a brand new irradiation facility with two calibrated 

neutron sources, a 185 GBq 
241

Am-Be and a 5 GBq 
252

Cf. The facility is a bunker-type 

room with large dimensions (9.0 m length x 7.5 m width x 8.0 m height) and 125 cm 

thick concrete walls. The neutron sources are stored in a water pool (1.5 m length x 1.0 

m width x 1.1 m depth) with a 23 cm thick concrete cover. From this storage place an 

automated system is able to take the selected source and place it in the irradiation 

position, 4 m over the ground level and in the geometrical center of the irradiation 

room, 3.5 m from the closest wall. The irradiation facility has been designed taking into 

account the recommendations of the International Organization for Standardization 

(ISO) 8529 [ISO 2000; ISO 2001]. It is shown in Figure 1. 

 

For calibration or irradiation purposes, detectors or materials can be placed on an 

irradiation bench aligned with the source irradiation position, but it is possible to use 

the pool for long time irradiations in thermal neutron fields. For this reason it is 

essential to characterize the pool itself in terms of neutron spectrum. This laboratory is 

in process of becoming the reference laboratory in Spain for providing national 

standards of neutron fluence , neutron ambient dose equivalent H*(10) and neutron 

personal dose equivalent Hp(10). The only other facility with neutron sources in Spain 

is the neutron dosimetry research facility of the Laboratory of the Nuclear Engineering 
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Department of the Polytechnic University of Madrid (DIN-UPN) [Gallego et al., 2002; 

Gallego et al., 2004]. 

 

 

 

Figure 1.- a) The storage pool with the remote manipulators, b) experimental 

measurements outside the storage pool with the LB6411 neutron monitor and d) a 

general view of the facility with the irradiation bench, manipulators and the launcher. 

 

The first aim of this work is to validate a detailed MCNP model of the storage pool 

with experimental measurements outside it in reference points. The second objective is 

to characterize the spectrum and the total fluence rate of the neutron fields at the 

storage pool in reference points around the 
252

Cf source.  
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2.- MATERIALS AND METHODS 

 

The determination of the neutron spectrum and the total neutron fluence rate inside the 

pool was performed by simulations with MCNPX-2.7.e. [Pelowitz, 2011]. Laboratory 

modeling validation was performed by measurements of the neutron ambient dose 

equivalent rate H*(10) outside the pool with a neutron monitor LB 6411. 

 

2.1.- Monte-Carlo simulations 

 

In order to perform a numerical characterization, a detailed model was prepared for the 

MCNPX-2.7.e code. The model was centered on the geometric center of the surface of 

the pool, with all details about the pool: the source, its capsule, the cover and the 

launcher that places the source in the irradiation position. A simplified version if the 

irradiation room were utilized: no bench and nor the manipulators were simulated, 

since the main objective is the characterization inside the pool. The elemental 

compositions of the materials are mainly taken from the technical specifications of the 

facility. The pool walls have a layer of polyethylene shielding and the cover has a steel 

layer with structural purposes. During calculations the sources’ active zones were 

described as the cylindrical shell of the cells were the sources were located. The source 

term was taken from the ISO standard 8529 [ISO, 2000], that represents the neutron 

energy distribution of a lightly encapsulated 
252

Cf source and 
241

Am-Be source.  

 

A set of two calculations was performed: the first one to validate the modeling of the 

laboratory with the experimental measurements outside the pool, and the second one to 

perform the numerical characterization of the laboratory inside the pool. The number of 

stories ran was large enough so that statistical uncertainties in the MCNPX-2.7.e 

calculated ambient dose equivalent rate outside the pool and in the total neutron fluence 

rate inside the pool were less than 12%. 

 

2.2.- Experimental measurements 

 

Neutron ambient dose equivalent in reference positions outside the pool was obtained 

with a neutron monitor from Berthold Technologies, model LB 6411 [Burgkhardt et al., 
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1997], with a cylindrical 
3
He counter tube (40 mm Ø x 100 mm) as thermal neutron 

detector and a polyethylene moderator sphere (0.95 g/cm
3
, 250 mm Ø). Since the 

sources are inside the pool, measurements will result near the background of the 

monitor, and uncertainties up to 30% can be expected. 

 

 

3.- RESULTS 

 

3.1.- Validation of the modeling 

 

The measured values of H*(10) at the reference positions outside the pool with the 

LB6411 area monitor and the MCNPX calculated values are shown in Table 1.  

 

Table 1.- Measured (Berthold LB6411) and calculated (MCNPX) neutron ambient dose 

equivalent rate at the reference points outside the pool. Uncertainties are relative. 

Relative differences between both methods are shown in the last column. 

# Reference position 
6411LB)10(*H



  

[µSv/h] 

MCNPX)10(*H


  

[µSv/h] 
6411LB

MCNPX

)10(*H

)10(*H




 

1 40 cm from pool edge 0.023±16.5% 0.021±12% 0.92 

2 70 cm from pool edge 0.015±8.9% 0.013±10% 0.84 

3 100 cm from pool edge 0.010±15.3% 0.008±11% 0.84 

4 150 cm from pool edge 0.007±23.3% 0.005±12% 0.67 

5 Irradiation bench, beside launcher 0.015±14.7% 0.014±6% 0.93 

6 Irradiation bench, 30 cm from launcher 0.012±30.3% 0.013±6% 1.08 

7 Irradiation bench, 60 cm from launcher 0.013±13.7% 0.011±6% 0.89 

 

 

For the calculated values, the sources intensities were determined from the calibration 

certificates [Roberts et al., 2011]. According to them, on 20
th

 May, 2012, the
 252

Cf 

source emitted 5.471 × 10
8
 ± 2.6% s

-1
, and on 28

th
 February, 2012, the 

241
Am-Be source 

emitted 1.11 × 10
7
 ± 1.4% s

-1
. These values have been corrected by decay to the date of 

the experimental measurements (20
th

 May, 2013). 
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The relative comparison between measured and calculated values is shown in the last 

column of Table 1 and in Figure 1. According to the uncertainties considered, maximum 

differences can be expected up to the 33% at the reference points, mainly due to the 

high uncertainties of the LB6411 when measuring doses near the background of the 

monitor. 

 

As it is show in Table 1, the differences between the measured values of  at the 

reference positions outside the pool with the LB6411 area monitor and the MCNPX-

2.7.e calculated values are well below the 33% expected. 

 

 

Figure 1.- Berthold LB6411 measured and MCNPX calculated neutron ambient dose 

equivalent at the reference points outside the pool: 40 cm, 70 cm, 100 cm and 150 cm 

from the pool edge and at the irradiation bench beside the launcher, 30 cm and 60 cm 

from the launcher. 

 

As it is shown in Figure 1, the model reproduces the behavior of the ambient dose 

equivalent dose equivalent, generally underestimating the measured values.  This could 

be explained because of the difficulties to reproduce accurately the installation with 

MCNPX: several approximations and simplifications have been considered in the 

simulation; also, there are uncertainties in the position of the monitor and the level of 

water (that fluctuates 1 cm). Despite this, the small disagreements between the 

measured and the calculated values at each reference positions overlap each other when 

their uncertainties are considered. 
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Therefore, the model is validated in terms of the experimental measurements of the 

neutron ambient dose in reference positions outside the pool. 

 

3.2.- Characterization of the pool 

 

The MCNPX calculated values of the neutron fluence rate are shown in Figure 2. These 

values are calculated at reference points aligned with the 
252

Cf source along the pool’s 

width (second column), height (third column) and length (fourth column). More 

reference points are taken along pool’s length since this is the biggest dimension of the 

pool and since the sources are aligned in this direction. 

 

 

Figure 2.- MCNPX calculated neutron fluence rate at the reference points inside the 

pool, along its width, height and length. 

 

The MCNPX calculated neutron spectra at reference points inside the pool along its 

width, length and height are shown in Figure 3. 

 

The behavior of the total neutron fluence rate and the neutron spectra up to 30 cm from 

the 
252

Cf source is analog along pool’s width, length and height, as it seen in Figure 2 

and in Figures 3a, and 3c. The differences in the behavior between the three dimensions 

are statistical. This behavior is coherent with that expected for neutrons emitted by 

sources in a moderator material, which is the case. This behavior has different 

characteristic in terms of the distance to the 
252

Cf source. Up to 10 cm the total neutron 

fluence rate decreases, from the maximum found of 1.5×10
7
 cm

-2
-s

-1
 to 1.4×10

6
 cm

-2
-s

-1
, 
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and the neutron spectra is thermalized, mainly due to the effect of the distance and the 

moderation and thermalization of the fast neutrons emitted by the sources.  

 

 

Figure 3.- MCNPX calculated neutron spectra at reference points inside the pool at 

different distances from the 
252

Cf source: a) 2 cm; b) 8 cm; c) 30 cm; d) 35 cm. 

 

However, up to 4 cm the spectra is thermalized, we are close enough to the source so 

that the fast neutron region is dominant in the spectra (see Figure 3a), and the fast peak 

is analog to than shown for the corresponding source in the norm ISO 8529. From 4 cm 

to 10, the thermal region has become dominant in the spectra (see Figure 3b). From 10 

cm to 30 cm, the total neutron fluence rate keeps decreasing but the spectra is no longer 

thermalized, and only decreases in amplitude (see Figure 3c), mainly due to the effect of 

attenuation and absorption of neutrons. To 30 cm the total neutron fluence rate has 

decreased down to 1.4×10
4
 cm

-2
-s

-1
. The behavior of the total neutron fluence rate and 

the neutron spectra at distances bigger than 30 cm from the 
252

Cf source differs along 

pool’s length from along the other two dimensions, than remains analog, as it seen in 

Figure 2 and in Figures 3c and 3d. The differences in the behavior between the length 

dimension and the other two dimensions are because of the presence of the 
241

Am-Be 
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source, which is aligned with the 
252

Cf source in this direction at 52.5 cm from it. The 

effect of the 
241

Am-Be source can be noticed in to aspects. The first one, in the region 

between the sources, from 30 to 44.5 cm from the 
252

Cf, the fluence rate along pool’s 

length is larger than along the other dimensions (see Figure 2): at a distance of 35 cm, 

neutron fluence rate along pool’s length is 60% bigger, increasing from 5.5 × 10
3
 cm-2-

s-1 to 8.7 × 10
3
 cm

-2
-s

-1
. The spectra at these distances show a difference in the thermal 

region that also is larger along pool’s length (see Figures 3c and 3d). The second one, is 

the presence of a small total neutron fluence rate peak from 44.5 to 60.5 cm from the 

252
Cf source (that means a region of 8 cm around the 

241
Am-Be source), in which 

fluence rate increases from 3.0×10
3
 cm

-2
-s

-1
 to 1.5·10

4
 cm

-2
-s

-1
 (see Figure 2). 

 

The spectra near the 
241

Am-Be show the same kind of behavior than near the 
252

Cf 

source (see Figure 4), although the spectra amplitude is smaller and that the shape of the 

fast neutron peak is much degenerated because of the distance when compared with the 

corresponding spectra in the norm ISO 8529.  

 

 

Figure 4.- MCNPX calculated neutron spectra at 2 cm from the Cf source and at 2 cm 

from the Am-Be source (54.5 cm from the Cf source). 
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This is due to the great difference between both sources intensities (
241

Am-Be source 

intensity is approximately 40 times smaller than the 
252

Cf source, which is the main 

source). 

 

 

5.- CONCLUSIONS 

 

In an investigation to characterize the neutron fields of the storage pool if a new 

irradiation facility with two sources (
252

Cf and 
241

Am-Be), detailed MCNP model and 

calculations have been performed to identify the behavior of the total neutron fluence 

rate and spectra in terms of the distance to the main source (
252

Cf) and the effect of the 

secondary source (
241

Am-Be). 

 

The MCNP model has been validated with experimental measurements of neutron 

ambient dose equivalent rate outside the pool. When comparing both values differences 

well below the 30% were found, according with the high experimental measurements 

uncertainties, due to measuring near the monitor background. 

 

 At distances up to 30 cm from the 
252

Cf  source, the total neutron fluence rate decreases 

and the neutron spectra thermalizes, according with the expected behavior of neutrons 

emitted by sources surrounded by a moderator material, as it is the water. A maximum 

fluence rate of 1.5·× 10
7
 cm-2-s-1 and a minimum of 1.4·× 10

4
 cm-2-s-1 is found.  

 

At distances bigger than 30 cm the effect of the 
241

Am-Be source is felt along pool’s 

length, dimension in which both sources are aligned. Total neutron fluence rate is 

notoriously bigger than along the other dimensions of the pool and a peak is found in 

the position in the region around 
241

Am-Be source. Near this source, the spectra shows 

and increased thermal region also. 

 

This characterization of the storage pool NSL-CIEMAT enables the possibility of long-

term irradiation of materials in thermalized neutron fields, by placing these materials in 

the high thermal fluence rate area found between 4 and 6 cm of distance to de 
252

Cf 
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source, where thermal fluence on the order of 10
6
 cm-2-s-1. For example, golden foils 

are going to be irradiated inside the pool, as a future continuation of the present study.  

 

Future collaborations with the National Fusion Laboratory (CIEMAT) and with the 

Energy Engineering Department of the National University of Distance Education 

(UNED) are expected for using this capability of the NSL-CIEMAT for the research of 

materials resistant to high neutron irradiation damage. 
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