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Abstract 
 
A new source facility (241Am-Be) has been installed in a large size bunker-type room. 
To characterize the neutron fields in the facility, detailed calculations have been 
made with MCNP-4C, showing the different components of the neutron radiation 
reaching the reference points (direct, in scattered, backscattered). The contribution 
from neutrons scattered in the walls to the total ambient dose equivalent remains 
reasonably low (< 10%) in the reference points. Additionally, spectra measurements 
have been performed with a Bonner spheres spectrometer with a 6LiI(Eu) scintillator 
(0.4 cm ∅  x 0.4 cm), UTA4 response matrix and BUNKIUT unfolding code. The 
calculated and experimentally obtained spectra are compared, with small differences 
found in the epithermal and thermal region, attributable to the concrete composition 
used in the calculations. The H*(10) rate has been determined from the spectra, and 
then compared to the reading of an active dosemeter (LB 6411), with differences 
found lower than 8%. 
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1.- Introduction 
 
The Laboratory of the Nuclear Engineering Department of the Polytechnic University 
of Madrid (DIN-UPM) owns a facility for neutron dosimetry research with two isotopic 
sources of 241Am-Be of 74 and 111 GBq. Recently, the facility was modified and 
more adequately prepared to research and testing of neutron dosimetry techniques 
and instruments, calibration and controlled irradiation with neutron fields. The facility 
is in a bunker-type room with large dimensions (9 x 16 x 8 m3) and 50 cm-thick 
concrete walls. The neutron source is placed 3 m above the ground, 4.5 m from the 
closest walls. An irradiation bench with a high precision positioning system, a 
pneumatic transfer system with automated control system and additional safety 
measures have been designed and installed. The irradiation facility has been 
designed taking into account the recommendations and prescriptions of the 
International Organization for Standardization (ISO) 8529 standard[1,2], looking for 
conditions equivalent to those at calibration laboratories. Being the only one available 
in Spain[3], the laboratory is in the process of becoming secondary calibration 
laboratory for neutron dosimetry. In the aim to characterize the neutron field 
produced by an 241AmBe in a calibrating room several Monte Carlo calculations were 
carried out. To benchmark the calculations several experimental determinations were 
performed using a multisphere spectrometer and a neutron dosimeter.  
 
 
2.- Materials and methods 
 
One objective of this work was to characterise the spectrum resulting from the 
neutrons emitted by the 111 GBq 241Am-Be source at different points along the 
irradiation bench. Then, with the spectral information, the second objective was to 
determine the dosimetric characteristics of these fields. These tasks were performed 
by calculations and by measurements. The calculations were done with the Monte-
Carlo code MCNP-4C[4], while the measurements were carried out, firstly, with a 
Bonner spheres spectrometer (BSS) and then with an active dose meter. BSS, also 
known as multi-sphere spectrometer, has been extensively utilized[5] since its design 
in 1960[6].  
 
 
Monte-Carlo calculations 
 
In order to perform a numerical characterization, a detailed model was prepared for 
the MCNP-4C code. The model was centred in the source, with all details about the 
facility: the source, its capsule and the pneumatic tube surrounding it. A simplified 
model of the bench structure and the platform to hold the detectors were utilized. The 
elemental composition of materials close to the source was mainly taken from Seltzer 
and Berger[7], while the surrounding walls, floor and ceiling's concrete composition 
was a typical one (density 2.35 g/cm3; percents in mass: O-50%, Ca-22.4%, Si-
16.7%, C-6%, Al-2%, Fe-1.0%, K-1.0%, H-0.52 %, Mn-0.2%, Ti-0.1%, Na-0.06%, Cr-
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0.01%). Room ceiling has some rectangular cavities shielded with 5%-borated 
polyethylene; it was modelled as continuous layers of borated polyethylene and 
concrete. During calculations the source's active zone was described as a singe cell 
with 241Am and Be where the source term was located. This source term was taken 
from ISO[1], that represents the neutron energy distribution of a lightly encapsulated 
241Am-Be source. 
 
A set of five calculations (H0 to H4) was performed, to study the different 
components of the neutron radiation: direct from the source, in scattered by the 
source capsule and the pneumatic tube, the surrounding structures and the air in the 
room, as well as backscattered by the walls, floor and ceiling. The objective was to 
determine the effect of the different materials on the neutron spectrum and on the 
ambient dose equivalent (H*(10)) at reference points. In each run, the number of 
histories was large enough to obtain an uncertainty ≤ 5% in each energy bin of the 
spectra. Statistical uncertainties in the MCNP calculated integral quantities, total 
neutron fluence and H*(10), were less than 1%. 
 
 
Experimental measurements 
 
Neutron spectra were obtained with a BSS from Ludlum Measurements, model 42-5 
with a cylindrical shape 6LiI(Eu) scintillation (0.4 Ø x 0.4 cm2) as thermal neutron 
detector. This was inserted in the centre of six high density (0.95 g-cm-3) 
polyethylene spheres of different diameters, 0, 5.08, 7.62, 12.7, 20.32, 25.4 and 
30.48 cm. The detector pulse height spectra were registered with the help of a 
multichannel analyzer; only the counts within the alpha peak, from the reaction n(6Li, 
4He)3H, were taken into account. No specific dead-time corrections were required 
because the maximum count rate measured was less than 50 counts/second 
obtained in live-time mode. The counting time was different for each detector and 
distance, but always long enough to reach a statistical uncertainty lower than 2%. 
The net count rates were used to unfold the neutron spectra with the BUNKIUT 
code[8] and the UTA4 response matrix[9]. This unfolding procedure has been used in 
different situations obtaining an uncertainty of about 2.5% for neutron fluence rate 
and about 2.0% for neutron doses[10, 11]. The ICRP74[12] fluence-to-ambient-dose 
equivalent coefficients (h*(10,E)) were used with neutron spectra to calculate H*(10), 
that was also directly measured with a commercial Berthold LB6411[13] area monitor. 
 
 
3.- Results 
 
 Monte-Carlo calculations 
 
Calculated spectra at 50, 100, 115 and 150 cm source-to-detector distance are 
shown in Figures 1 to 4. The ambient dose equivalent rate was obtained as 
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where )E(EΦ  is the energy spectrum calculated with MCNP-4C, and h*(10,E) are the neutron 
fluence-to-ambient-dose equivalent conversion coefficients. The source intensity was determined from 
the factory certificate: according to it, on February 5th 1969, the source emitted 6.64 x 106 s-1. This 
value has been corrected by decay to the date of the experimental measurements (March 2003). 
Unfortunately, uncertainty in this value was not specified. An experiment was performed to determine 
the uncertainty due to anisotropic emission when the source is rotated, with a result of ± 4.4%. 
Therefore, a conservative uncertainty of ± 10% was assumed in the total neutron emission rate.  
 
 
 
 

 
 

 
 
 

 
 
 

 

Source-to-detector distance: 50 cm
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Fig. 1. MCNP calculated and BSS 
measured spectra at 50 cm 

Source-to-detector distance: 100 cm
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Fig. 2. MCNP calculated and BSS 
measured spectra at 100 cm 

Source-to-detector distance: 115 cm
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Fig. 4. MCNP calculated and BSS 
measured spectra at 150 cm 

Fig. 3. MCNP calculated and BSS 
measured spectra at 115 cm 

Source-to-detector distance: 150 cm
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The results in terms of total neutron fluence rate and )10(*H  are indicated in Tables 
1 and 2, respectively, these values have a 10% uncertainty due only to source 
strength, because the statistical uncertainties of neutron total fluence and dose, 
calculated with MCNP, were less than 1%. The different columns indicate the results 
when more physical elements are incorporated into the model, starting from a point-
like, lightly encapsulated 241Am-Be source in the void, the neutron fluence rate 
closely follows the r-2 attenuation law (column H0 in Tables 1 and 2). In the void, the 
influence of the actual source size (1.48 Ø x 4.64 cm2), its three layers capsule made 
of 0.21 cm-thickness stainless steel, 0.1 cm-thickness lead and 0.2 cm-thickness 
aluminium, as well as the holding tube surrounding it 0.15 cm-thick stainless steel, 
can be observed in column H1. This causes an increase of approximately 13.5% in 
neutron fluence and up to 13% in neutron dose due to in scattered neutrons. The 
influence of adding the Al-made bench structures, column H2, is rather small, these 
goes from 0 to 1.8% when column H2 values are compared with those in column H1. 
Air with 50% relative humidity was added to this model, its effect (column H3) is also 
small, from 0 to 4%. However, the backscattered neutrons form the walls, floor and 
ceiling (column H4) represents a relative increase of 3.5, 13.8, 18.2 and 26.9% in the 
neutron fluence rate at 50, 100, 110 and 150 cm respectively. The corresponding 
increase in terms of )10(*H  is 1.3, 4.9, 6.6, 11.1% at the same reference points (with 
20% at 198 cm). This contribution is rather constant at all distances: about 8 
neutron·cm-2·s-1, and 4 µSv·h-1. 
 
 
 
Table 1. Total fluence rate calculated (MCNP-4C) with the different components of the model for 
the irradiation facility at different distances from the source. Meaning of each column here and 
in Table 2: H0-point-like source in a spherical void space; H1-real source size (including its 
capsule) in a void space; H2-real source with the irradiation bench in a void space; H3-real 
source with the irradiation bench in air (50% relative humidity); H4-real source with the 
irradiation bench, in air, inside the irradiation room. The maximum uncertainty here is due to 
the source strength, which here was assumed 10%. 
 

Distance 
[cm] 

H0 
[cm-2·s-1] 

H1 
[cm-2·s-1] 

H2 
[cm-2·s-1] 

H3 
[cm-2·s-1] 

H4 
[cm-2·s-1] 

50 200 227 229 230 238 
100 50 57 58 58 66 
115 38 43 43 44 52 
150 22 25 25 26 33 
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Table 2. Total ambient dose equivalent rate calculated (MCNP-4C) with the different 
components of the model for the irradiation facility, at different distances from the source. 
Shadowed distances are taken as reference points. The maximum uncertainty is due to source 
strength (assumed value 10%), no uncertainties due to neutron fluence-to-ambient dose 
equivalent coefficients were taken into account. 
 

Distance 
[cm] 

H0 
[µSv·h-1] 

H1 
[µSv·h-1] 

H2 
[µSv·h-1] 

H3 
[µSv·h-1] 

H4 
[µSv·h-1] 

15 3140 3378 3387 3390 3393 
17 2444 2633 2641 2644 2647 
25 1130 1223 1229 1231 1235 
35 577 630 634 638 641 
50 283 314 317 318 322 

100 71 79 80 81 85 
115 53 59 60 61 65 
150 31 35 35 36 40 
198 18 20 20 20 24 

 
 
 Experimental results 
 
Bonner spheres spectrometry 
 
BSS count rates on the irradiation bench at different distances are shown in Table 3, 
these were utilized to unfold the neutron spectra. Experimental procedure was highly 
reproducible in the count rates as well in the unfolded spectra. 
 
Table 3. At the reference points on the irradiation bench: the first part of the table is the 
corrected count rate (in counts per second and uncertainties in percent), obtained with the 
spectrometer system of Bonner spheres (BSS); the last two rows indicate the mean total 
neutron fluence rate and the ambient dose equivalent rate at the same points, obtained from 
the spectra measured with the BSS. The neutron fluence and ambient dose equivalent rates 
uncertainties are around 3%. 
 

Sphere diameter 
[cm] 

50 cm 
[cps] 

100 cm 
[cps] 

115 cm 
[cps] 

150 cm 
[cps] 

0 1.131 ± 1.496 0.605 ± 1.476 0.552 ± 1.122 0.511 ± 0.952 
5.08 2.865 ± 1.392 1.344 ± 1.108 1.215 ±1.066 1.024 ± 0.951 
7.62 10.278 ± 1.395 3.651 ± 1.674 2.989 ± 0.747 2.243 ± 1.113 
12.70 32.139 ± 0.822 9.695 ± 1.356 7.502 ± 1.373 5.160 ± 1.038 
20.32 45.304 ± 1.104 12.232 ± 1.520 9.567 ± 1.379 6.050 ± 1.174 
25.40 41.107 ± 1.273 10.900 ± 1.381 8.450 ± 1.369 5.183 ± 1.268 
30.48 33.495 ± 1.260 8.968 ± 1.310 6.763 ± 0.648 4.201 ± 0.895 

Total neutron fluence rate 
[cm-2·seg-1] 250 72 56 37 

H*(10) rate 
[µSv·h-1] 323 89 68 42 
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In Figure 1 the neutron spectrum measured at 50 cm is shown with the spectrum 
calculated at the same source-to-detector distance. Here, a notorious difference in 
neutrons with E ≤ 0.4 eV (thermal) is observed between both spectra. Figure 2 has 
calculated and measured spectra at 100 cm, in this case the difference for thermal 
neutrons is smaller than at 50 cm but a larger difference is noticed in the epithermal 
region. Figures 3 and 4 have the calculated and measured neutron spectra for 115 
and 150 cm respectively. As the source-to-detector distance is increased the 
difference between calculated and measured spectra in the thermal region is 
reduced. In each case a Chi-square test was applied. Calculated values are 7.7690, 
2.5105, 1.6689 and 13.1821 that are smaller than the critical value, 14.6114 for 25 
degrees of freedom and � = 95%. Although these differences are not statistically 
significant, they could be due to the composition of the walls considered in the 
calculations, and further research is deserved. 
 
Measured spectra were used to assess the total fluence rate as well as )10(*H , 
according to equation (1), with the results in the last two rows of Table 3. By 
comparing the total neutron fluence rates with those in column H4 in Table 1, the 
measured values are approximately 5, 9, 8 and 12 % larger than those calculated 
with MCNP for 50, 100, 115 and 150 cm respectively. The difference is attributed to 
the elemental composition given to the room concrete during MCNP calculations. 
 
Active moderated dose mete 
r  
The measured values of )10(*H  with the LB6411 area monitor are indicated in the 
second column of Table 4, compared with the previously discussed results of the 
calculations and the BSS measurements. The relative comparisons between the 
mean )10(*H  values, obtained by the three methods discussed are displayed in the 
last three columns of Table 4. According to it, maximum differences can be expected 
to be well below 8% at the reference points. 
 
Table 4. Measured (Berthold LB6411 and Bonner sphere spectrometer), uncertainties are 
absolute, and calculated (MCNP-4C) ambient dose equivalent rate at the reference points on 
the irradiation bench. Relative differences between the mean values are shown in the last 
columns. 
 

Distance 
[cm] 

6411LB)10(*H  

[µSv/h] 
BSS)10(*H  

[µSv/h] 
MCNP)10(*H  

[µSv/h] 6411LB

BSS

)10(*H
)10(*H  

6411LB

MCNP

)10(*H
)10(*H  

MCNP

BSS

)10(*H
)10(*H  

50 317 ± 2 323 ± 10 322 ± 32 1.02 1.02 1.00 
100 83 ± 1 89 ± 3 85 ± 9 1.07 1.02 1.05 
115 64 ± 1 68 ± 2 65 ± 7 1.06 1.02 1.05 
150 40 ± 1 42 ± 1 40 ± 4 1.05 1.00 1.05 
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4.- Conclusions 
 
In an investigation to characterize the neutron fields of a new irradiation facility with a 
241Am-Be neutron source installed in a bunker-type room, detailed MCNP model 
(except for concrete composition) and calculations have been performed to identify 
the importance of each contributor to the total neutron fluence rate and )10(*H  at 
50, 100, 115 and 150 cm source-to detector distances. 
 
Calculated results show that there are two factors that strongly influence the total 
neutron fluence: one is the source geometry and its enclosing materials; the other is 
the room wall. A minor effect is due to air presence and the aluminium bench. Thus, 
source capsule produce, for any source-to-detector distance, a relative increase of 
about 13.5% with respect to point-like bare source, probably due to inscattered 
neutrons. Room walls produce a larger fluence rate than the point-like bare source, 
as the source-to-detector distance increases. Keeping all conditions the same but the 
presence of the room walls, the neutron fluence rate varies from 3.5 to 26.9% as the 
source-to-detector distance is increased. This is probable due to the room return 
effect, which produce backscattered neutrons reaching the irradiation points at an 
almost constant rate of about 8 cm-2·s-1 (4 µSv·h-1 in terms of )10(*H ). The dose 
contribution of those walls-scattered neutrons is between 1.2 up to 11% at the 
reference points.  
 
A comparison of the calculated spectra and those measured with a BSS indicates 
differences in the thermal and epithermal region attributed to the composition of the 
walls used in the calculations. However the observed differences are not statistically 
significant. 
 
The mean )10(*H  obtained through LB6411 remmeter measurements, calculated 
using the BSS neutron spectra and evaluated by MCNP show results that are quite 
consistent, the largest difference observed was 7%. However, the measured and 
calculated fluence rates are within a maximum difference of 15%, while the 
differences between the measured and calculated ambient dose equivalent are 
always less than 8%. 
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