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Resumen 
 
 

Using Monte Carlo methods the spectrum, dose equivalent and ambient dose 

equivalent of a 239PuBe at several distances has been determined. Spectrum and 

both doses, at 100 cm, were determined experimentally using a Bonner sphere 

spectrometer. These quantities were obtained by unfolding the spectrometer count 

rates using artificial neural networks. The dose equivalent, based in the ICRP 21 

criteria, was measured with the area neutron dosemeter Eberline model NRD, at 

100, 200 and 300 cm. All measurements were carried out in an open space to avoid 

the room return. With these results it was found that this source has a yield of 

8.41E(6) n/s.  
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1. INTRODUCTION 

 
In 1932, Chadwick did show the existence of neutron [1, 2]; since then neutrons have been 
widely utilized in science and technology. 
 
Neutrons are artificially produced by nuclear fission and nuclear fusion in reactors, using 
accelerating devices that induce nuclear reactions involving charged particles and gamma-rays, 
and with alpha and gamma radiations from radioactive nuclides. Also, neutrons can be found in 
the environment, those produced by the nuclear reactions between the cosmic rays and the nuclei 
present in the atmosphere, and those induced by nuclear reactions occurring between alpha 
particles and environmental materials; the alpha particles come from naturally-occurring heavy 
nuclei decay. [3, 4] 
 
Depending of how neutrons are produced its energy distribution, also named spectrum, ranges 
from few tenths of eV to several GeV. The knowledge of neutron spectrum is vital for dosimetry, 
which it is carried out by any of the following categories: time of flight, nuclear reaction, recoil 
protons and integral systems. 
 
The isotopic neutron sources are small, compact, portable, easy to handle and do not require of 
high voltage. In these sources neutrons are produced by (γ, n) or (α, n) exoenergetic nuclear 
reactions. In this group are also those neutron sources produced during the spontaneous fission of 
some heavy nuclei. [5] 
 
Photoneutron sources are those that produce neutrons using the (γ, n) reaction. During its decay 
some radioisotopes produce γ-rays that collide with D or Be producing neutrons. The threshold 
energy for this reaction is 1.67 MeV for Be and 2.33 MeV for D; involved nuclear reactions are 
9Be(γ, n)8Be and 2H(γ, n)1H. In these sources the γ-emitters are surrounding with a thick layer of 
the target nuclei. Nevertheless the photons are monoenergetic the resulting neutron spectrum is 
spread in energy due to the angle between incident photon and emitted neutron and due to the 
thickness of target. Some of the radionuclides used to produce such photons are 24Na, 88Y, 124Sb 
and 140La. 
 
Alphaneutron sources produce neutrons through the (α, n) reaction. When an alpha particle 
collides with 9Be it is produced following nuclear reaction: 4He+9Be → 1n + 12C* + Q. The Q-
value is 5.7 MeV that is shared between the reaction products. The intermediate state of this 
reaction is the formation of 13C compound nucleus. Neutrons are produced through different 
channels; those with higher probability are shown in figure 1. 
 
The alphaneutron sources are produced by mixing the 9Be with the α-emitter radioisotope. 
Nevertheless 9Be is widely used there are other target nuclei that are suitable to produce these 
neutron sources such as 10B, 7Li, 19F, 13C and 18O. Between those α-emitting nuclei are 210Po, 
226Ra, 227Ac, 228Th, 238Pu, 239Pu, 241Am, 242Cm, 244Cm, etc. 
 
Spontaneous fission sources are those neutron sources produced when heavy nuclei disintegrate 
by spontaneous fission releasing several neutrons in the process. Nevertheless many transuranium 
elements, like 242Pu, 238U, 244Cm, 252Cf, etc undergo α-decay and suffer spontaneous fission. One 
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of the widely used spontaneous fission neutron source is the 252Cf, which is used bare or 
moderated with D2O. During 252Cf decay only 3.2% goes through spontaneous fission shown in 
figure 2. 
 

 
 

Figure 1. Neutron production during (α, n) reaction in 9Be. 
 
 

 
 

Figure 2. Spontaneous fission of 252Cf. 
 
Isotopic neutrons sources are widely utilized in several activities including neutron activation [6], 
teaching [7], and monitor calibration [8]. For calibration the International Organization for 
Standarization (ISO), recommend to use 241AmBe, 241AmB, 252Cf and D2O-moderated 252Cf 
sources [9]. However, worldwide other isotopic sources are utilized with different purposes. 
 
Calibration, safety protocols and potential applications of neutron sources require knowing the 
physical features of neutron source, its strength (neutron yield), spectrum, and the effect of 
laboratory conditions upon neutron spectrum and dosimetric quantities. This information is also 
useful to design the storage and handling procedures of neutron sources. 
 
The 239PuBe sources containing small quantities of 241Pu tend to increase the source’s neutron 
yield because 241Pu decays to 241Am that also emits alpha particles. Thus the neutron source will 
tend to increase its neutron yield with time. The neutron yield of 239PuBe sources with impurities 
of 241Pu can be estimated using equation 1 [10]. 
 

Q = Qo – 7.4E(6) m f [ Exp(-λ1 t) - Exp(-λ2 t)]    (1) 
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Here, Qo is the neutron emission rate, in neutrons/second, at time of fabrication, m is the mass of 
Pu in the source, f is the mass fraction of 241Pu present at fabrication, λ1 = 5.25E(-2) y-1 and λ1 = 
1.60E(-3) y-1. 
 
The aim of this work was to use Monte Carlo methods to determine the yield, fluence rate, 
neutron spectrum, dose equivalent and the ambient equivalent dose due to neutrons of a 239PuBe 
neutron source; and to compare these results with those obtained with measurements.  
 
 
 

2.- MATERIALS AND METHODS 
 
In our facility we have a 239PuBe source that is part of a subcritical nuclear reactor. The nominal 
original activity of 239Pu was 185 GBq and consists in 3 cylindrical pellets. It was manufactured 
at 1968 having 79.979 grams of Pu, no information is available about the amount of 241Pu and 
the source strength. 
 
The cylindrical pellets are together inside an aluminium container, which is handled with a long 
solid cylindrical-shape piece of lucite. 
 
 
2.1.- Calculations 
 
A model of the neutron source was built and neutron transport calculations were carried out with 
MCNP 4C code [11]. The source term used for calculations was obtained from the International 
Atomic Energy Agency, IAEA, [12]. Neutron spectrum, ΦE(E), at 50, 100, 200 and 300 cm from 
the source, in air, was calculated. 
 
With the neutron spectra the dose equivalent, H, and the ambient dose equivalent, H*(10), were 
determined using equation 2. 
 

( ) ( )∫ δΦ=∆
maxE

minE
E dEEE      (2) 

 
Here, ∆ is the dose (H or H*(10)), δ(E) is the fluence-to-dose conversion coefficients for H or 
H*(10). H and H*(10) were determined under the ICRP21 [13] and ICRP74 criteria [14] 
respectively. 
 
 
2.2.- Experiments 
 
Using a Bonner sphere spectrometer (BSS) with a 0.4 Ø × 0.4 cm2 6LiI(Eu) scintillator, the 
neutron spectra, at 100 cm form the source, was obtained. Polyethylene spheres utilized during 
measurements were 0, 2, 3, 5, 8, 10 and 12 inches-diameter. From the count rates measured with 
the BSS the neutron spectrum, total fluence rate, H, and H*(10) were estimated using artificial 
neural networks technology. [15-17]. 
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H was measured using the area neutron dosemeter (old term neutron remmeter) EBERLINE 
model NRD. 
 
All measurements were carried out in an open space, with no walls, and at a height above ground 
of 200 cm in order to avoid the neutron room return [18, 19]. 
 
Spectrum, total fluence rate and the dose equivalent obtained experimentally were compared 
with calculated results. In the aim to match those quantities a correction factor due to the 
presence of 241Pu was estimated. 
 
 
 

3. RESULTS AND DISCUSSION 
 
The neutron spectrum of 239PuBe in air, obtained with the Monte Carlo calculations, is shown in 
figure 3. Here can be noticed that the in-scatter effect due to the air presence in negligible and 
neutron spectrum only reduces, following the 1/r2 rule, as the source-to-detector distance 
increases. 
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Figure 3. Neutron spectrum of 239PuBe at different distances in air. 
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In figure 4 are the measured and calculated neutron spectra at 100 cm. Both spectra are alike. 
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Figure 4. Measured and calculated neutron spectrum of 239PuBe at 100 cm. 
 
 
From Monte Carlo calculation, at 100 cm the source strength is 1 n/s, Φ = 9.53883E(-6) n/cm2-s, 
H = 1.26996E(-6) rem/h and H*(10) = 1.36801E(-5) µSv/h. The corresponding dose-to-fluence 
conversion factors for 239PuBe are 398 pSv-cm2 for H*(10) and 3.70E(-8) rem-cm2 for H. Both 
factors are in agreement, in 6% [8] and 4% [20] respectively, with coefficients reported in the 
literature. 
 
Using the mass of 239Pu and its half life, 24110 ± 30 y [21], the original activity of 239Pu is 
1.84E(11) Bq, thirty five years latter this activity is reduced in 0.1% due decay. Using the 
specific yield factors for 239PuBe sources given by IAEA [22] and the NCRP [10], the neutron 
source strength of 239PuBe is 7.95E(6) and 7.94E(6) n/s respectively. This neutron yield was 
utilized with the Monte Carlo results to obtain the neutron fluence rate, H and H*(10) being 76 
n/cm2-s, 10.0 mrem/h and 108.6 µSv/h respectively. 
 
At 100 cm the neutron fluence rate, H and H*(10), obtained from the BSS are 81 ± 4 n/cm2-s, 
10.6 ± 0.5 mrem/h, and 114.2 ± 5.7 µSv/h respectively; while the H measured at 100 cm with the 
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area neutron dosemeter Eberline NRD is 10.5 ± 0.4 mrem/h. Comparing these results with those 
derived from Monte Carlo calculation significant differences are noticed.  
 
Probable explanation of the differences is attributed to neutron yield increase due to the presence 
of 241Pu. To estimate the amount of this isotope we used equation 1 obtaining that a 0.1% mass 
fraction allows matching these quantities. Doing the proper corrections the source strength is 
(8.41 ± 0.84)E(6) n/s, at 100 cm the neutron fluence rate is 80 ± 8 n/cm2-s, H is 10.7 ± 1.1 
mrem/h and H*(10) is 115 ± 12 µSv/h. 
 
The corrected source strength was also tested by using the Monte Carlo calculation for H and the 
corresponding experimental values measured at 200 and 300 cm, this comparison is shown in 
figure 5, where an overall 10% uncertainty was given to quantities derived from Monte Carlo 
calculations. 
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Figure 5. Calculated and measured dose equivalent of 239PuBe at 100, 200 and 300 cm. 
 
 
By comparing the dose equivalent calculated at 100, 200 and 300 cm with those measured can be 
noticed that they agree well, therefore the source strength is is 8.41E(6) n/s. With this value any 
other Monte Carlo calculation, where the neutron source can be perturbed by materials around it, 
can be performed. 
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4. CONCLUSIONS 

 
Quantities like source strength, spectrum, fluence rate and ambient dose equivalent are required 
to characterize a neutron source. Those quantities have been determined for a 239PuBe neutron 
source by means of Monte Carlo calculations and experiments. 
 
During manufacturing alphaneutron sources could have impurities that along its radioactive 
decay might end in α-emitter isotopes that are added to the main α-emitter radionuclide. In the 
case o a 239PuBe source the presence of small amounts of 241Pu isotope decaying by β-emission 
ends in 241Am that decays emitting α particles. The build up of 241Am produce an increase in the 
239PuBe source. 
 
By Monte Carlo calculations, where a detail model of the neutron source was utilized, the 
neutron spectrum, fluence rate, H and H*(10) were determined. From this calculations the dose-
to-fluence conversion factors are 3.70E(-8) rem-cm2 and 398 pSv-cm2. 
 
The 239PuBe neutron spectra at 50, 100, 200, and 300 cm were calculated using MCNP 4C. 
Calculated neutron spectrum at 100 cm agrees well with the spectrum obtained with BSS. 
 
The dose equivalent was measured at 100 cm with an area neutron dosemeter being 10.5 ± 0.4 
mrem/h. This was utilized with the Monte Carlo results to obtain the neutron yield, from this it 
was estimated that this source had 0.1% mass fraction of 241Pu. 
 
Corrections due to the 241Pu presence were carried out and corrected values for source strength, 
fluence rate, H and H*(10) were estimated. These quantities compares well with those measured 
with BSS. Thus the neutron yield is 8.41E(6) n/s. At 100 cm the neutron fluence is 80 n/cm2-s, H 
is 10.7 mrem/h and H*(10) is 115 µSv/h that compare well with 81 n/cm2-s, 10.6 mrem/h and 
114.2 µSv/h obtained with BSS. 
 
Verification was extended by comparing the Monte Carlo derived values for H at 200 and 300 cm 
with those measured with the area neutron dosemeter. 
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