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The installed neutron irradiation cell at the USB-Laboratory is employed frequently for applications where the neutron field should be
monitored. The ratio of epithermal and thermal neutron flux were determined by the cadmium difference method in three different irradiation
locations of a graphite thermalized252Cf source. Monte Carlo simulation provided the expected thermal neutron field inside the irradiation
cell and the NTD sensitivity. The passive device is a Kodak-Pathè LR-115 externally coated with a thin (0,1mm) binary glass metal strip
Fe75B25 where the10B(n,α)7Li reaction converts free neutrons into alpha particles that are registered as etched tracks. The results allow to
determine the neutron flux in an easy, reproducible and effective way, with the advantage of a low self-absorption effect due to the converter
material. Improved etching process of the LR-115 nuclear track detectors and the software parameters for track analysis are included.

Keywords:LR-115 detector; binary glass metal; thermal neutron flux; Monte Carlo simulations.

La celda de irradiación neutŕonica instalada en el Laboratorio de la USB es frecuentemente utilizada para aplicaciones donde el campo de
neutrones debe ser monitoreado. La relación entre el flujo de neutrones térmicos y epit́ermicos fue determinada por el Método de Diferencia
de Cadmio en tres posiciones de irradiación diferentes dentro de la fuente252Cf. El campo de neutrones térmicos esperado dentro de la celda
de irradiacíon y la sensibilidad de los detectores fueron obtenidos por simulación mediante Ḿetodo de Monte Carlo. Los detectores pasivos
usados en este trabajo son los detectores de trazas nucleares LR 115 Kodak-Pathè cubiertos con una delgada tira de metal vı́treo binario
Fe75B25convierten los neutrones libres en partı́culas alfa por medio la reacción nuclear10B(n,α)7Li, las cuales son registradas como trazas
grabadas. La técnica desarrollada en este trabajo permite determinar el flujo de neutrones de una manera fácil, reproducible y efectiva, con
la ventaja de reducir los efectos de autoabsorción debido al material conversor. Se incluye el proceso mejorado de revelado quı́mico de los
detectores de trazas nucleares LR 115 y la descripción del software para el análisis de trazas.

Descriptores:Detector LR-115; metal v́ıtreo binario; flujo de neutrones térmicos; simulaciones de Monte Carlo.

PACS: 29.30.Hs; 29.40.-n; 29.40.Wk

1. Introduction

In the last couple of years, an interest about nuclear energy
around the world was reopened because the public opinion
became more favorable toward energy production by nuclear
reactions. At present, Venezuela, as oil producer, posses a
strong energetic independence and wants to maintain it in the
near future, so that the development of a nuclear energy pro-
gram is an option. Several institutions could participate in
this program and at Universidad Simón Boĺıvar our group
expressed its interest to be involved in training future pro-
fessionals in the nuclear field. In this frame, we have the
initiative to develop methodologies to determine the neutron
field produced by radioisotopic sources and around accelera-
tors driven systems. This work is based on the development
of an improved method to determine the neutron flux of the
252Cf source available at the USB.

2. Experimental Setup

The graphite-moderated radioisotope neutron source is a
20 µg 252Cf supplied by the IAEA [1-3]. The encapsu-

lated n-source is shielded by 7 cm thick lead surrounded by a
nuclear-grade graphite moderator (80cm×80cm×60cm) and
a 15 cm thick biological shielding of Li-loaded polyethylene.
Figure 1 shows a top view layout of the irradiator includ-
ing the sample feeding channel where the passive detector
system is housed. The (n,α) converter material, the binary
glass metal Fe75B25 strip (150µm thick and 1 mm wide,
with density of 7.27 g/cm3 [4,5]), is superposed to the al-
pha particle detecting side of the LR-115 Type 2 film, pur-
chased from DOSIRAD, France and wrapped in a 1mm thick
cadmium sheet [6]. These sets are assembled in a stack on
acrylic support as shown in Fig. 2. A set of 112 of these
detectors was employed in this experiment, each with size of
14.0×15.7 mm2. After the determination of the alpha track
density for each set, the thermal neutron flux is deduced by
the well-known equation:

fnt =
W (ρ− ρCd)

KρFe75B25
NAfσe−ΣxBtirr

(1)

whereK is the calibration coefficient,W the atomic weight
of boron,ρ andρCd are the track densities without and with
cadmium cover, respectively,ρFe75B25 is the binary glass
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metal density,NA the Avogadro’s number,f the 10B iso-
topic abundance in the Fe75B25, σ the cross section of the
reaction10B(n,α)7Li for thermal neutrons,e−Σx the neutron
average attenuation in the Fe75B25, B the yield quotient of
the reaction andtirr the irradiation time.

The K−parameter is obtained by Monte Carlo simula-
tions. The assembled set of NTD were introduced at three
different locations inside the irradiator (indicated asA, B
andC in Fig. 1), having different orientations respect to the
channel axis. The exposure times were 3h, 6h and 9h. The
irradiation was repeated for another set of NTD without the
cadmium covers. The detectors were etched in a solution
of 2.5 N NaOH at 60± 1◦C and rinsed with magnetic stir-
rer (4 rpm) in two steps: first for 30 min in distilled water and

FIGURE 1. Top layout of the irradiator, with the252Cf source, in-
dicating the sample locations.

FIGURE 2. Detector support layout.

FIGURE 3. Cadmium ratio of the252Cf source measured with NTD
in three different positions of the irradiator.

FIGURE 4. Thermal neutron flux of the252Cf source measured
with NTD and activation foils in three different positions of the
irradiator. Exposure time is indicated.

second in distilled water with alcohol (50:50) for 5 min. Af-
ter drying, the LR 115 films were analyzed under a light
transmission optical microscope with integrated camera con-
nected to an image monitor and a personal computer. Digi-
talized images were analyzed with a purpose made software,
MORFOL, developed by the AEKI-KFKI Budapest, Hun-
gary. The software provides the track densityρ and produces
histograms of parameters such as area, diameter, eccentricity,
roundness and convexity.

The bulk-etch ratevb(t) of the NTD was experimentally
determined by a variant of the gravimetric method. The re-
moved layer of cellulose nitrate for a given etching timet is:

∆z = zinc − zfnc =
(

zinc + zp
ρp

ρnc

)[
1− Mf

Mi

]
(2)

where zinc = 12 µm is the initial cellulose nitrate thick-
ness, the final iszfnc, zp = 100 µm the polyester support
thickness,ρnc = 1.48 g/cm3 the cellulose nitrate density and
ρp=1.39 g/cm3 the polyester density.∆z is given by the dif-
ference ofMi the initial mass andMf the final mass of the
detector after the etching.

The average neutron attenuation in the Fe75B25 was ob-
tained assuming as macroscopically cross section for the
Fe75B25 the value ofΣ = 20 cm−1 [7] and x as the aver-
age distance traveled by neutrons within the n-converter. The
following values were assumed: isotopic abundance of10B
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in the Fe75B25f = 0.049, cross section for the10B(n,α)7Li
reactionσ = 3843± 3 b [8], and the yield quotientB = 0.94.

To obtain the calibration coefficientK via Monte Carlo
simulation it was required:

a) Range-energy curve for alpha particles in Fe75B25

from SRIM 2008 [9].

b) Visible tracks produced by alpha particles: To simu-
late the parameters of the tracks it was considered the
track growth model proposed by Nikezic and Yu, im-
plemented on the program TRACKTEST [10]. Sev-
eral values of major and minor axes and eccentric-
ity of the tracks were determined by simulation and
then the energy and the incidence angle intervals of
the visible tracks were deduced. In the analysis, over-
lapping tracks within the NTD were assumed as visi-
ble tracks. Major axis and eccentricity histograms of
etched tracks were produced by simulation too. Sim-
ilar histograms were draw from the experimental data
obtained analysing etched tracks with MORFOL. We
observed that most of the visible tracks had major axis
between 11-12µm and excentricity of 1,0-1,1. The
bestV function derived from our results corresponds
to the function proposed by Durrani and Green [11],

V = 1 +
(
a1e

−a2R + a3e
−a4R

) (
1− e−R

)
(3)

with the constants proposed by Leung and Nikezic
a1 = 14.5, a2 = 0.5, a3 = 3.9, a4 = 0.066 [12]. This
function for the track growth simulation is assumed in
our study.

c) Critical angle-energy for alpha particles at the de-
tector: Taking the previousV function and using
TRACK TEST, the critical angle of the visible tracks
on the LR 115 detectors was obtained.

d) Effective volume calculationVeff : The effective vol-
ume is defined as the volume in front of the detector
from which the emitted alpha particles have non-zero
detection probabilities, and was calculated as the sum
of effective volumes of all points on the detector.

The steps for the Monte Carlo simulation [13] include:
sampling of random points insideVeff ; sampling of the ran-
dom direction in a space delimited by the azimuth and po-
lar angle; assuming for the impinging alpha particle a direc-
tion towards the detector; assuming the detection efficiency
as the ratio between the number of registered and emitted al-
pha particles. Under these set of conditions and values we
interpreted our data.

3. Results

The experimental bulk-etch rate value wasvb=3.7±0.1µm/h.
The neutron attenuation in the Fe75B25 at 150µm was 25%,
Veff = 1.37×104 cm3 andK = 1.38×10−6 cm. The differ-
ence in nuclear track density for detectors with and without
cadmium cover is∆ρ = (ρ – ρCd)/ρ≈ 70%. This is expected
since cadmium absorbs all thermal neutrons and it is almost
transparent to epithermal neutrons. The error associated to
the track density is 13%, pointing to the fact that a higher
number of measurements is required. Figure 3 shows the ra-
tio of epithermal and thermal neutron flux as obtained from
calculation. The cadmium ratio value is between 7±2 and
10±2 as reflected also by the difference∆ρ between track
densities. The results of thermal neutron flux has a strong de-
pendence of the position changing with a variation between
1000 and 2400 n/cm2 per s, as shown in Fig. 4.

4. Conclusions

The anisotropy of the thermal neutron flux of the252Cf ra-
dioisotopic source graphite moderated was determined by the
cadmium difference method using nuclear track detection,
and a new converter (n,α) material: Fe75B25. The bulk-etch
rate of the visible nuclear tracks on the LR 115 films was
determined with a variant of the gravimetric method. The
sensitivity of the NTD was obtained by Monte Carlo simu-
lations. The original part of this work is based on the use
of binary glass metal Fe75B25, due to its low thickness and
to a high neutron absorption cross section, solid physic com-
position that do not alters the NTD and presents a reduced
thermal neutron self-absorption effect.

The ratio of epithermal and thermal neutron flux was also
determined by the binary glass metal method, indicating that
a strong thermal neutron gradient exist in the irradiator cell.
The results of thermal neutron flux agree with the values ob-
tained with indium foils using NAA and those obtained by
Monte Carlo simulation. The error associated to the thermal
neutron flux is 13% making this method suitable for neutron
flux measurements.
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