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H I G H L I G H T S
� Monodirectional neutron beam (o1 eV, �2�103 cm�2 s�1) was tuned up in a 3 MV tandem.

� Reproducibility of the thermal neutron field at test point was estimated in 74%.
� New setup represents a good tool for stability control of neutron detectors.
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a b s t r a c t

Active thermal neutron detectors are used in a wide range of measuring devices in medicine, industry
and research. For many applications, the long-term stability of these devices is crucial, so that very well
controlled neutron fields are needed to perform calibrations and repeatability tests. A way to achieve
such reference neutron fields, relying on a 3 MV Tandem Pelletron accelerator available at the CNA
(Seville, Spain), is reported here. This paper shows thermal neutron field production and reproducibility
characteristics over few days.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Achieving stable thermal neutron beams for calibrating and testing
thermal neutron detectors is an important challenge in a number of
fields where ionizing radiations are employed. Traditionally, metrol-
ogy-grade thermal neutron fields are obtained by moderating radio-
nuclide sources of 252Cf or 241Am–Be, with large polyethylene or gra-
phite blocks. An example is the SIGMA facility of IRSN France (Muller
et al., 2003; Lacoste, 2007). However, most of the existing facilities
were decommissioned because their internal sources were too old to
guarantee a safe operation. In addition, achieving large radionuclide
siología Médica y Biofísica,
sources for new facilities has became unfeasible for both economical
and safety reasons. As a consequence, the scientific community is
searching for alternative sources of thermal neutron fields. Exploiting
the 7Li(p,n) reaction at near-threshold proton energies is a good option
because established nuclear data are available and very low-energy
neutrons can be achieved, thus requiring very reduced amount of
additional thermalizing material.

The 3 MV Tandem Pelletron1 accelerator (Praena et al., 2013) at
CNA (Centro Nacional de Aceleradores, Sevilla, Spain) was used for
this purpose. Some sheets of lead were added to reduce the
photon field and a few cm of thick polyethylene moderator was
adopted as moderator.
1 http://www.pelletron.com/negion.htm
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The field was monitored, over three days of operation, using
(a) a proton current integrator connected to the target backing,
and (b) the active thermal neutron detector called TNRD (Thermal
Neutron Rate Detector) (Bedogni et al., 2014), used in medical
physics (Irazola et al., 2014; 2015b) to estimate neutron equivalent
doses to peripheral organs for oncological patients treated with
medical accelerators (Expósito et al., 2013), using the methodology
established by Sánchez-Doblado et al., 2012, Gómez et al., 2010
and Romero-Expósito et al., 2015.
laser

TNRD 
setup
2. Material and method

2.1. TNRD neutron detector

Fig. 1 shows the TNRD detector, developed by INFN-LNF, Italy
(Bedogni et al., 2014). This detector is based on a low-cost com-
mercial solid-state device sensitized to thermal neutrons through
a customized physical–chemical treatment. Its active area is 1 cm2

and the overall dimensions are approximately 1.5�1�0.4 cm3. It
linearly responds in terms of thermal neutron fluence rate from
102 up to 106 cm�2 s�1. TNRD signal is amplified in a low-voltage
electronics module and sent to a PC-controlled programmable
ADC. Control software was developed in LabView© (2010 National
Instruments). TNRD output is a DC voltage directly proportional to
the thermal neutron fluence rate. Every TNRD is individually cali-
brated. The accuracy of the detector is within 75%, or better, for
the fluence rate interval from 500 up to 106 cm�2 s�1 (Bedogni
et al., 2014). Additional uncertainty terms should be added, in
practical measurements, if the neutron field has unknown direc-
tion distribution and is superposed to an intense gamma compo-
nent. The parasitic response of TNRD to photons has been ad-
ditionally evaluated (Terrón et al., 2015; Irazola et al., 2015a,c). The
reproducibility of TNRD, previously assessed using a constant
thermal field from a moderated 241Am–Be source, is 71.2% over a
time interval of days.

2.2. Neutron spectrum determination

The 7Li(p,n)7Be reaction has been studied in terms of total neutron
yield, energy and angle distribution of the secondary neutrons as a
function of the target thickness and projectile energy (Yu et al., 1998;
Lederer et al., 2012). A FORTRAN code was written to generate the
Fig. 1. One of the TNRD detectors (marked with a white box) and associated six
electronics channels.
angle – and energy – distribution of neutrons based on analytical
description of experimental data (Lee and Zhou, 1999). MCNPX (v2.5)
(Pelowitz, 2005) was used for their transport. ENDF/B-VII.0 and ENDF/
B-VI were used for particle-production and transport data and pho-
toatomic data, respectively. The neutron spectra generated by
7Li(p,n)7Be at 1912 keV, which is used in the present experiment, was
successfully modeled previously by Praena et al. (2013). The method of
modelization, FORTRAN code for generation and MCNPX for transport,
was also checked with neutron spectra emitted at different angles by
the 7Li(p,n)7Be reaction near-threshold, Praena et al. (2014). MCNPX
was also used to determine the optimal thickness of lead needed to
reduce the parasitic photon field, due to the 477 keV photons from
7Li(p,n)7Be reaction. This value was fixed to 2.55 cm (17 lead sheets of
1.5 mm each), located 0.4 cm after the target. To thermalize the field,
an optimized 2.2 cm thick polyethylene sheet was added immediately
after the lead. Lateral size of both pieces was 20�20 cm2. TNRD de-
tector was then placed in an aluminum support 3.5 cm after the
polyethylene block (Praena et al., 2015). This is the conventional point
of test. The complete setup is shown in Fig. 2.

Fig. 3a shows simulated angle-integrated primary neutron
spectrum at source position while Fig. 3b displays the simulated
neutron spectrum at detector position. It can be noticed that only
neutrons of energy below 1 eV reach TNRD. Neutron spectra were
obtained with a MCNP tally 4 which calculates de flux (n/cm2)
averaged over the lithium target (a) TNRD detector (b) normalized
to total number of neutrons generated in the simulation.
TNRD 

Pb

Ply

Fig. 2. (a) Experimental setup aligned following the lithium target by using a fixed
laser. (b) Detail of TNRD setup consisting on: a 2.55 cm lead layer and a 2.2 cm
polyethylene (Ply) layer (both of 20�20 cm2) located between the lithium target
and the detector (distance of approximately 8.9 cm). Inset shows TNRD location in
the aluminum support.



Fig. 3. (a) Simulated neutron unitary spectrum: (a) at source position with 7Li(p,n)
reaction at Ep¼1912 keV and (b) at TNRD position using 2.2 cm polyethylene and
2.55 cm lead filters. Inset shows how the majority of neutrons below 1 keV have an
energy lower than 1 eV.

Fig. 4. (a) Experimental setup at the 3 MV Tandem Pelletron accelerator at CNA
(Seville), (b) copper-Teflons disc used to estimate the current directly reaching the
lithium target (blurred of the image is due to the fact that target has to be ma-
nipulated inside an Argon chamber to avoid lithium oxidation) and (c) monitor
screen detail of the neutron beam collimated in the ViewPort.

2 https://www.pfeiffer-vacuum.com/productPdfs/420GSG040.en.pdf
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2.3. Proton accelerator and target

The neutron beam was obtained from the CNA 3 MV Tandem
Pelletron accelerator at 917 kV nominal voltage. Fig. 4a shows the
final part of the Basic Nuclear Physics (FNB) Tandem accelerator
line, used in this experiment. It consists on a vacuum pipe housing
a copper backing as cooling system. This backing holds a 50 μm
thickness aluminum foil and the lithium target layer. The dimen-
sions of this piece are 3x3�0.8 cm3 with a centered cylinder hole
of 1 cm of diameter and 0.75 cm height, used to place the lithium
layer (380 μm thickness). To prevent target melting, the copper
support contains an internal cooling water circuit. Proton current
on the lithium target was measured by connecting the copper
backing to an Ortec Digital Current Integrator (Model 439). The
nominal reproducibility of the electrometer is 70.01%. Proton
current could be varied up to about 2 μA, corresponding to a
thermal neutron fluence of about 2500 cm�2 s�1 at the point of
test.

To prevent non-target contributions to the measured proton
current, a double collimator system consisting of two rings, one in
copper and the other in Teflons (connected through two ceramic
screws, as shown in Fig. 4b), was used. Collimators and target
holder have external diameter of 3 cm. Internal diameter is 1.1 cm
for copper ring and 1 cm for Lithium target and Teflons ring.
Beam focusing (Fig. 4c) was checked using a ViewPort2 (DN 40
CF) device coupled with a luminescent quartz screen.

https://www.pfeiffer-vacuum.com/productPdfs/420GSG040.en.pdf
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3. Measurement results

Measurements were performed during 3 different days. Every
day, the accelerator setup (focalization, energy and proton current
values) was fixed. In this phase, TNRD reading was observed as a
function of the nominal proton energy, allowing to identify the
reaction threshold (1880 keV) and to verify the energy calibration
of the accelerator. Energy was then increased to the project value
of 1912 keV. The proton current was tuned to achieve values of
thermal neutron fluence in the order of 2�103 cm�2 s�1. The
three series of 15 min measurements performed in this condition
are shown in Fig. 5. For every measurement, the 15 min-time-in-
tegrated reading of the TNRD (termed TNRD) and of the proton
current monitor (termed Q) were collected. The ratio between
these two quantities, termed TNRDn, is the normalized TNRD
reading. These quantities are reported in Table 1 for all measure-
ments. The column s% reports the standard deviation of the mea-
surements collected during each day. As expected, s% values for Q
are slightly lower than for TNRD, meaning that the proportionality
between proton current and thermal neutron fluence rate at the
point is slightly perturbed by other beam-related sources of in-
fluence (positioning, focus, energy constancy). The impact of these
sources of influence on the beam reproducibility may be estimated
from the values of s% for TNRDn. These values, 73.5%, 72.2% and
71.7%, have been corrected by subtracting in quadrature the TNRD
reproducibility (71.2%), obtaining 73.3%, 71.9% and 71.2%.
Every measurement day is characterized by a different average
value of TNRDn (1.24, 1.31 and 1.21), indicating that each time the
accelerator is turned on and regulated, a slightly different point of
work is achieved. Thus, the global inter-day uncertainty obtained
for the thermal neutron beam is 74.0%, taking into account TNRD
reproducibility. The availability of a reliable thermal neutron
monitor, in parallel to the proton current measuring device, will be
a mandatory condition to achieve reproducible irradiation condi-
tions on this thermal neutron field. When irradiating generic de-
vices in routine condition, the thermal neutron detector could be
permanently positioned at a given angle from the target (different
from 0°), or embedded in the moderating block, in order not to
perturb the device under test. This would allow providing the
exact value of thermal fluence delivered to a sample during a given
exposure, with uncertainties comparable with the TNRD
reproducibility.

Rough estimation of the thermal field homogeneity was per-
formed with additional acquisitions by shifting the TNRD, 3 mm
vertically and, successively, 3 mm laterally, from the conventional
point of test. This shift was much larger than the positioning un-
certainty guaranteed by the laser-based alignment system
(o1 mm). The corresponding TNRDn values differed by less than
1% from the value at the point of test.

An additional test was performed by rotating the TNRD of
about 720°. The observed decrease in the TNRDn value was about
7%, fully coherent with a cosine correction with angle 20°. this
indicates that the angular distribution of the emitted thermal
neutrons is nearly monodirectional. It is therefore clear that a good
detector orthogonality is crucial for reproducible irradiation
condition.
Fig. 5. On-line monitoring of the normalized ratio (signal in V s per accumulated
charge in C) due to thermal neutron fluence for each measurement. The number in
the right part of each graphic represents the global ratio among the whole
measurement.
4. Conclusions

A thermal neutron test facility was achieved at the 3 MV Tan-
dem Pelletron accelerator at CNA. A specific combination on pro-
ton energy, target thickness, lead shield and polyethylene mod-
erator was studied to achieve an almost pure, photon-free, thermal
field at the conventional point of test. Values of thermal neutron
fluence rate up to 2�103 cm�2 s�1 can be easily achieved. The
reproducibility of the thermal neutron beam was estimated in
74%, over three days of operation, using a proton current in-
tegrator fixed on the target backing, and a TNRD-type miniaturized
thermal neutron detector placed at the point of test. As expected,
the proportionality between the proton current and the thermal



Table 1
TNRD readings, accumulated charge (Q) and TNRDn values along the three mea-
surement days.

Day Measurement Q
(mC)

s% TNRD
(V s)

TNRDn
(V s/mC)(%)

1 1 15.3 19.8 1.29
2 13.6 9.7 16.7 13% 1.22 3.5%
3 12.7 15.3 1.21

2 1 15.9 21.4 1.35
2 13.9 18.5 1.33
3 13.3 7.9 17.2 10% 1.29 2.2%
4 13.6 17.4 1.28
5 13.2 17.1 1.30

3 1 14.9 18.3 1.23
2 14.2 2.5 16.9 3.9% 1.19 1.7%
3 14.8 17.8 1.20
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neutron fluence rate, is perturbed by a complex set of beam-de-
pendent factors of influence. These factors limit to about 73% the
reproducibility of the thermal field at the point of test. However,
this facility can still be used to deliver accurate values of thermal
neutron fluence, if a thermal neutron detector is permanently
adopted in parallel to the proton current monitor. Embedding this
detector in the moderator, in a peripheral position with respect to
the 0° direction, would constitute a convenient option. Additional
experiments are planned to (a) estimate the overall accuracy of the
delivered thermal neutron fluence with a couple of TNRDs, one
embedded in the moderator (monitor) and another at the point of
test, (b) evaluate the spatial homogeneity of the thermal field over
the whole area of the moderating plate, (c) measure the associated
photon field with a reference instrument calibrated in air-kerma,
and (d) establish metrologic traceability to a primary metrology
Institute, for the value of thermal neutron fluence rate. After
completing these actions, the studied field could be used in
practice as thermal neutron calibration facility. Main advantages of
this facility are:

– The spectral purity, meaning that the field is not contaminated
by fast neutrons;

– Absence of radioactive sources, with considerably less safety
problems with respect to radionuclide-based thermal fields.

– The installation of a continuous beam monitor will allow to use
the facility with both rate-meter type or integration-type
detectors.
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