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Abstract

The BEta-deLayEd Neutron detector (BELEN) is being developed for ex-
periments at the future FAIR facility within the DESPEC (DEcay SPEC-
troscopy) collaboration. The detector consist on a set of 3He tubes em-
bedded in a polyethylene matrix. Di�erent prototypes of the detector
have been employed at JYL and GSI facilities for the study of β-delayed
neutron emitters and in particular the determination of the neutron emis-
sion probability Pn. The detector concept is a modular one, which allows
an easy adaptation to di�erent experimental environments and the op-
timization of the detector e�ciency. The design of these detectors, has
served to develop a methodology to facilitate the process and assist in
obtaining the optimal design. The purpouse of this methodology is to
�nd the best combination of the position of the tubes in the polyethylene
matrix to obtain a maximum e�ciency and a �at response for a range of
initial neutron energy values.
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Chapter 1
Introduction

1.1 Motivation

Neutron detectors are widely used at almost every nuclear research fa-
cilities. Their range of application covers nearly all the topics in basic
and applied nuclear research: in nuclear structure, for decay studies; in
nuclear reactions, for the identi�cation of the reaction channels and re-
construction of the complete kinematics; in nuclear astrophysics, for de-
termining the neutron emission probabilities; in nuclear technology, for
nuclear data measurements, new requeriment on neutron cross sectios
data for the generation IV reactor concepts, and as monitors; in nuclear
medicine, as radiation monitors and dosimeters and in material science,
for neutron imaging techniques.

In the nuclear physics community, one topic of interest is improvement
of the accuracy of β-delayed neutron emission probabilities (Pn values),
which will help theoreticians to improve their models and, in turn, make
extrapolations to more neutron-rich isotopes more reliable. New mea-
surements in the heavier mass region A>150 are desired, and also more
measurements of multiple neutron emitters will become possible in the
next years. To study decay of neutron rich nuclei there are existing facil-
ities like IGISOL/JFLTRAP1, ALTO-Orsay2, FRS at GSI3, ISOLDE at
CERN4 and RIKEN5, and in the short term perspective, as soon as the
DESPEC experiment at FAIR6 (Germany), S3 and DESIR at SPIRAL27

(France), SPES at LNL (Italy)8 and FRIB at MSU9 (USA) become avail-
able, it will be possible to produce ion beams of very neutron rich isotopic

1Jyväskylä Ion Guide Isotope Separator On-Line (IGISOL) facility
2(Accélérateur Linéeaire auprès du Tandem d' Orsay
3FRS :FRagment Separator at GSI
4ISOLDE:On-Line Isotope Mass Separator
5RIKEN: Large research institute in Japan
6FAIR: Facility for Antiproton Ion Research
7SPIRAL2:Système de Production d'Ions Radioactifs en Ligne
8LNL:Labs of the Italian Institute of Nuclear Physics (INFN).
9Facility for Rare Isotope Beams from Michigan State University (MSU),

1
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1.2. OVERVIEW OF BELEN 2

species with unprecedent intensities, as high as several orders of magni-
tude larger than is possible nowadays.

The HISPEC/DESPEC experiments are intended to address questions
in nuclear structure, reactions and nuclear astrophysics by means of high-
resolution gamma-ray spectroscopy based on cutting edge germanium de-
tector technology. The 4π germanium detector arrays are complemented
by a suite of ancillary detector systems for charged particles and neu-
trons as well as devices dedicated to speci�c types of nuclear structure
observables such as decay or single-particle strengths or electromagnetic
moments, to name but a few.

In the DESPEC (DEcay SPECtroscopy) experiment, the radioactive
ions are slowed down and come to rest in a stack of a highly segmented
silicon-based, implantation and decay detector system (AIDA10 ). This
system will be surrounded by a compact high resolution Ge array, neu-
tron detectors, fast BaF2 detectors and/or a total absorption gamma ray
spectrometer. A magnet for isomeric moments measurements is an ad-
ditional option. Here, decay studies of dripline nuclei will be the core
interest, in particular towards the neutron-rich r-process lines. It will
also be possible to combine HISPEC and DESPEC for recoil decay stud-
ies, with the DESPEC detectors being placed at the end of the magnetic
spectrometer.

The device described in this thesis is the BEta-deLayEd Neutron de-
tector (BELEN) that is being developed for experiments at the future
FAIR facility [30] within the DESPEC (DEcay SPECtroscopy) collabo-
ration 11. Meanwhile di�erent prototypes of the detector have been em-
ployed at several installations for the study of β-delayed neutron emitters
and in particular the determination of the neutron emission probability
Pn.

1.2 Overview of BELEN

The DESPEC experiment at FAIR will perform high resolution and high
e�ciency spectroscopy with radioactive ion beams. The focus of the ex-
periment will be to address key questions in nuclear structure and astro-
physics for nuclei very far from the valley of stability. The radioactive
beams will be delivered by the energy buncher of the Low Energy Branch

10AIDA:Advanced Implantation Detector Array
11HISPEC/DESPEC technical design report
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1.2. OVERVIEW OF BELEN 3

Figure 1.1: Decay scheme of a β-delayed neutron emission.

(LEB)12 of the Super-FRS13 (Fragment Separator). These radioactive
beams will be formed of secondary reaction products following Coulomb
excitation, direct reactions, fragmentation or �ssion reactions of relativis-
tic radioactive ion beams.

DESPEC is conceived as a modular experiment where di�erent setups
can be coupled together in order to study di�erent aspects of decay spec-
troscopy. The ions of interest will be implanted on an array of a Double
Sided Silicon Strip Detector (DSSSD) called AIDA where their β-decay
will be measured. A variety of other detectors will be placed around this
DSSSD array according to the experimental needs, such as a compact Ge
array, neutron detectors, fast timing BaF2 detectors, a total absorption
spectrometer and equipment for g-factor measurements.

The detector BELEN has been designed to measure the probability
of neutron emission after β-decay (Pn), and of very neutron-rich nuclei.
The detector uses 3He proportional counters embedded in a polyethylene
neutron moderator matrix to detect neutrons. The detector concept is a
modular one, which allows an easy adaptation to di�erent experimental
environments and the optimization of the detector e�ciency by changing
the number of counters and their positions in polyethylene matrix.

The β-delayed neutron emission takes place when a precursor nucleus
beta-decays and the resulting daughter nucleus emits a neutron, see �gure
1.1. This neutron emission is energetically allowed if the excitation energy
of the state populated in the beta-decay, Qβ, is larger than the neutron
separation energy of the daughter-nucleus, Bn.

12LEB technical design report
13SuperFRS technical design report
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1.3. MONTE CARLO SIMULATION 4

The study of β-delayed neutron emission probabilities, Pn, is of interest
for di�erent �elds, such as nuclear structure, nuclear astrophysics and nu-
clear technology applications. In the astrophysical r-process, the delayed
neutron emission in�uences the r-process progenitor abundances along the
decay of neutron-rich nuclei back to stability during stellar nucleosynthe-
sis and constitutes a source of late neutrons during freeze-out [7, 12, 35].
Improved experimental data from delayed neutron emission represents an
important input for theoretical calculations since properties of nuclei on
the expected r-process path can only be predicted by extrapolation on
the basis of systematics of experimental T1/2 and Pn values.

Furthermore, in nuclear structure, β-delayed neutron emission consti-
tutes an important probe for the structure of neutron-rich nuclei far away
from the valley of stability where other measurements are not yet pos-
sible [15, 40, 44]. The probability of neutron emission after β-decay, Pn,
carries information on the β-strength above the neutron separation energy,
Bn. The technological interest of this type of study is related to nuclear
power generation. Research of such nuclei is, therefore, fundamental for
the design of safer and more e�cient nuclear reactors. In this sense in
year 2011, the IAEA (International Atomic Energy Agency) boosted the
creation of a Coordinated Research Project (CRP) on β-delayed neutron
emission evaluation [4] to study the need for Compilation and Evaluation
of β-delayed Neutron Probabilities, de�ne β-delayed neutron precursors as
"standards" for the purpose of data evaluation and measurements, and
elaborate a list of priorities for evaluation and new experiments for reactor
physics and nuclear structure/astrophysics.

Despite the high interest in accurate Pn data and the amount of ex-
perimental data available nowadays, its quality is not su�cient for the
various scienti�c and technical applications and it is necessary to perform
new high precision measurements. The new FAIR facility will contribute
to this quest for accurate data by granting access to very exotic nuclei
that could not be explored in the past.

1.3 Monte Carlo Simulation

Monte Carlo techniques provide essential assistance in design work by
closely modeling the actual geometry of a problem and by having imagi-
nary neutrons that simulate the motions and interactions of real ones. The
probability of a neutron interaction occurring is an important feature in
the description of neutrons traveling through matter. Calculational tech-
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1.4. DETECTOR CALIBRATION 5

niques that predict neutron events, with generation of random numbers
in a computer, are called Monte Carlo methods.The response of a detec-
tor can be calculated from the transport of many individual neutrons,
despite the inclusion of a few improbable neutron histories that deviate
drastically the average behavior. The Monte Carlo method can allow a
detailed geometrical model to be constructed mathematically to simulate
a physical situation. The modeling of BELEN detector have been per-
formed with two di�erent Monte-Carlo codes, GEANT4, and MCNPX
2.5.0.

GEANT4 is a toolkit for simulating the passage of particles through
matter. It includes a complete range of functionality including tracking,
geometry, physics models and hits. It has been created exploiting software
engineering and object-oriented technology and implemented in the C++
programming language [5].

MCNPX is a general-purpose Monte Carlo radiation transport code
for modeling the interaction of radiation with everything. MCNPX stands
for Monte Carlo N-Particle eXtended. MCNPX is written in Fortran 90,
runs on PC Windows, Linux, and unix platforms, and is fully parallel
(PVM and MPI). During the time we've done the work explained in
this thesis, have been used several versions of Geant4 from 9.2 to 10.1,
in early versions clear discrepancies between Geant4 and experimental
results found so the detectors design was based on simulations MCNPX.

1.4 Detector calibration

Calibration tests of BELEN detector, have to be done for each experi-
mental campaign to assure the correct operation of the detector before
starting the measurements. Calibration can be performed with isotropic
neutron sources such as 252Cf, Am-Be, etc., which produce neutrons in
a continuous spectrum and from speci�c reactions for neutron produc-
tions with narrower energy spread such as those that can be obtained at
PTB [27].

1.5 Objectives of the thesis

The BEta-deLayEd Neutron (BELEN) detector has been designed for
FAIR as part of the DESPEC setup. The purpose of this detector is the
measurement of neutron emission probabilities after β-decay. The BELEN
neutron detector will be used jointly with an implantation setup called
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AIDA that will be placed inside the beam hole. The beam of ions will
be implanted on the DSSSD where they will β-decay and the subsequent
neutrons will be detected by BELEN.

The main objective of this thesis is to design BELEN detector for
FAIR. The design of the detector has been developed using Monte Carlo
simulations with MCNPX and GEANT4 codes at UPC-SEN (Universitat
Politècnica de Catalunya - Secció d'Enginyeria Nuclear). The aim of the
simulations was to choose a positon of tubes to achieve the maximum neu-
tron detection e�ciency while keeping a �at e�ciency along the expected
energy range for the neutrons. Moderation is used by BELEN detector to
obtain a �at e�ciency. Di�erent aspects about the neutron moderation
in the polyethylene have been studied. A large simulation process has led
to the �nal decision on the design of the �nal detector.

Prior to FAIR detector design, we have developed several prototypes.
These prototypes have been calibrated and used to measure di�erent neu-
tron emissions from various nuclei after a β-decay at JYL and GSI facil-
ities. All this previous experience in the design of detectors, has served
to develop a tool to automate parts of the process and assist in obtaining
the optimal design.

1.6 Structure of the thesis

Chapter 2 describes the main elements of BELEN detector and also some
neutron detectors that employ the same technique to measure neutrons.
Chapter 3 describes the methodology to �nd the optimal con�guration
and details about the con�guration of the detector BELEN and the design
and construction of di�erent prototypes of the neutron detector. Chapter
4 covers the development of an application to facilitate �nding the best
con�guration of tubes and some approximations to reduce the number of
required simulations to �nd that con�guration. Chapter 5 describes the
calibration with a 252Cf source of BELEN-30 and BELEN-48 detector,
and another calibration for BELEN-48 detector done with some neutron
production reactions ( 51V(p,n)51Cr, 13C(p,n)13N and 13C(α,n)16O) at
PTB.
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Chapter 2
State of the art

2.1 Introduction

The neutrons are not directly detectable by most detectors, can be de-
tected through the interaction with an intermediate material. Such mate-
rial has to have a high cross section for the interaction of neutrons which
leads to the creation of a detectable secondary particle with an energy of
reaction (Q) high enough to allow a simple pulse height discrimination of
gamma rays which are usually present in neutron �elds.
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Figure 2.1: Some cross sections of most common materials used in neu-
tron detection

Some of the main technical factors that have to be considered when de-
signing a neutron detector are the neutron energy range and the e�ciency

7
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for each energy. The energy range is limited by the detector geometry and
materials, because the neutron can interact anywhere within the detec-
tor volume, good detection e�ciency requires covering a large solid angle
with bigger detectors to increase the neutron's probability of interaction.
There are trade-o�s between these factors, and designing the detector for
more than one experiment requires some of these factors to have a higher
priority than others.

The neutron energies can be roughly divided into two groups, slow
neutrons which have energy below so called cadmium cut o� (0.5 eV) and
fast neutrons with energy above this level [34]. The cross section for neu-
tron interactions in most materials strongly depends on neutron energy,
as shows �gure 2.1., and thus rather di�erent techniques have been devel-
oped for neutron detection in di�erent energy regions. A detector whose
counting e�ciency does not depend on the neutron energy (�at response)
is an useful device in many areas of neutron physics. The low detection
e�ciency for fast neutrons of any slow neutron detector can be somewhat
improved, as in BELEN detector, by surrounding the counters with few
centimeters of hydrogen-containing moderating material. The following
sections describe this moderator technique, and some other features of
the BELEN neutron detector.

2.2 Moderated neutron detectors with �at

response

The combination of a BF3 tube and cylindrical moderator was �rst sug-
gested as a �at response neutron detector by Hanson and McKibben [20].
A later design by McTaggart is shown in �gure 2.2 and has achieved farily
widespread acceptance as the standard long counter [34]. A number of
instruments have been developed using this technique and we describe
brie�y some of them in the next sections.

MAINZ LONG-COUNTER

Constructed by the group of K.-L. Kratz at Mainz (Germany) and used
in the European laboratories, including CERN-ISOLDE 5 (Switzerland),
GANIL (France) and GSI (Germany). It has High Density Polyethylene
(HDPE) housing, with a 100 mm diameter central hole, and a side hole
for insertion of a germanium counter perpendicular to the beam axis.
The latter opening reduces the number of usable 3He tubes to about 50.
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Figure 2.2: Cross secion of the McTaggart long counter (from Knoll 4
edition [34] [20])

These tubes, 3 feet long and 1� diameter, also operate at 10 atm gas
pressure [38].

LONIE

The new LOng-counter with ENergy Independant E�ciency (LOENIE)
[37] is an octagon (diameter of 42 cm face-to-face) with an axial hole.
Eighteen proportional counters �lled with 3He at 10 atm pressure embed-
ded in a polyethylene matrix in two concentric rings. The inner ring at
8 cm contains three 3He tubes whereas the outer one at 17cm contains
the �fteen remaining tubes. The detector e�ciency can be seen in �gure
2.4 The central hole is rectangular-shaped and wide enough (8.5 cm Ö 11
cm) to contain a vacuum chamber. A lateral hole was dug to house the
tape moving system in order to remove the long-lived activity far from
the detectors and to prevent them from increasing the beta and gamma
ray background. Around the detector, two layers of neutron shielding are
placed: a 5 mm-thick B4C layer surrounded by a 2.5 cm-thick borated
polyethylene layer.
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Figure 2.3: E�ciency for neutron detection as a function of energy from
MAINZ Long-counter detector [38]

Figure 2.4: E�ciency for neutron detection as a function of energy from
LONIE detector [37]

NERO

The Neutron Emission Ratio Observer (NERO) [13, 25] operated at the
National Superconducting Cyclotron Laboratory (NSCL) located at Michi-
gan State University, has an even larger central opening (22.4 cm diam-
eter) to accommodate the NSCL beta telescope. NERO consists of three
concentric rings of proportional counters (one inner 3He and two exter-
nal BF3 gas tubes rings) embedded in a 60 x 60 x 80 cm3 polyethylene
matrix, with a 22.4 cm diameter central cylindrical hole to hold the Beta
Counting System (BCS) inside [1]. In the �nal setup, layers of boron
carbide and water can be placed around the detector to minimize neu-
tron background mainly beam-induced and from cosmic rays. The sum
of e�ciencies of all three rings is the total e�ciency of the detector. It is
constant at a value of approx. 45% for 1keV up to 300 keV and decreases
to 42% at 1 MeV and to 26% at 5 MeV [14,22,24] as can be seen in �gure
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2.5. The NERO detector, together with the Beta Counting System, has
been employed in numerous r-process motivated experiments performed
at NSCL.

Figure 2.5: E�ciency for neutron detection as a function of energy from
NERO detector [1]

3HEN

3HEN is based on commercially available, 1� and 2� diameter tubes �lled
with 3He at 10 atm pressure. The 3He tubes will be embedded in an axi-
ally symmetric 2-foot long cylinder, made out of a High Density Polyethy-
lene (HDPE) moderator. By Monte-Carlo simulations was obtained a
nearly constant neutron detection e�ciency, around 75%, for low energy
neutrons (<2 MeV). The proposed counter is also very e�cient for count-
ing higher energy neutrons, with e�ciency above 50% at 5 MeV.

Beta detectors and X-ray or clover γ-counters will be placed in an ad-
justable opening along the detector axis. Such �exibility allow to optimize
the low-energy vs high-energy gamma counting without compromising the
detection e�ciency for emitted neutrons. Neutron transitions to excited
states will be identi�ed via neutron-γ correlations obtained with the X-
ray or γ-ray detector. To reduce background neutrons present at the
accelerator facilities, additional shielding plates of 1 mm cadmium sur-
rounded by the HDPE and para�n bricks are placed around the neutron
counter [19, 45].

The design criteria of the neutron detector included a high neutron
detection e�ciency with a �at response to low-energy neutrons, a small
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Figure 2.6: The e�ciency-per-ring for neutron detection as a function of
energy from proposal 3HEN [45]

outer diameter enabling it to easily �t inside existing support structures,
system portability and a �exible construction that would allow for the
use of auxiliary beta and gamma detectors.

2.3 BELEN detector

BELEN detector it is based on the moderator technique described before.
The detector combine an array of 3He proportional tubes with a neutron
energy moderator matrix made from polyethylene as can be seen in �gure
2.7. 3He tubes are embedded in a moderator matrix made of high density
polyethylene. The polyethylene block dimensions vary according to the
arrangement of the neutron source and the position of the other detectors
related to the experiment.

The detector BELEN has been designed to measure the probability of
neutron emission after β decay (Pn), and half-lives of very neutron-rich nu-
clei. β-delayed neutron emissor precursors are implanted on a tape placed
in the center hole of the BELEN detector and β detector is placed next to
the implantation point in the tape in order to detect the β decay and be
able to correlate this signal with the neutron detection from the BELEN.
The main di�culty to detect the correlation, is the long moderation time
of the neutron in the polyethylene (around 200 μs) as can be seen in �gure
2.9, which in a conventionally triggered system will require opening a long
time window for the correlation. Such a long correlation window would
cause a large dead time in the system. Therefore the BELEN detector
works with a purpose-built triggerless DACQ [32], developed at Insti-
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Figure 2.7: 3D view of the BELEN-48 prototype. It can be seen the tops
of the 3He tubes embedded in the polyethylene matrix and its connection by
wiring with the electronic module on its rigth.

tuto de Física Corpuscular (IFIC), Valencia (Spain), where for energy
signals above a certain threshold, time and energy pairs are registered
independently for every channel. The Gasi�cTL DACQ software builds
the β-neutron coincidence with the desired correlation time.
The following sections describe other BELEN neutron detector main ele-
ments and some details of the BELEN-20A the �rst prototype developed.

2.3.1 3He tubes

A typical tube detector consist of a gas-�lled tube with a high voltage
applied across the anode and cathode. A neutron passing through the
tube could interact with a 3He nuclei to produce tritium and a proton see
equation 2.1:

3He + n →1 H +3 H + 765 keV (2.1)

The proton ionizes the surrounding gas atoms to create charges, which in
turn ionize other gas atoms in an avalanche-like multiplication process.
The resulting charges are collected as measureable electrical pulses. A
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very important feature of the 3He gas is the fact that it has no lower
detection threshold for the neutron energy. Furthermore it has almost
negligible sensitivity to gamma-rays, which takes away the concern about
neutron-gamma discrimination. The energy released in the reaction will
be deposited in the gas and collected by the electronic chain. In the cases
that the reaction takes place close to the walls of the detector, one of the
particles could deposit part or all its energy in the wall and therefore the
collected energy will be reduced. This depends of course on the products
range which depends on the characteristics of the detector as its pressure
and density. If the range is comparable with the detector dimensions
they have higher probability to escape from the detector leaving only
part of its energy. This wall e�ect spreads the expected energy of the
neutron detection reaction from 191 keV to 765 keV, as it can be seen
in �gure 2.8The cross section for the reaction decreases with increasing
neutron energy, being more than 150 times smaller at 1 keV than at
thermal energies (0.025 eV). At higher neutron energies there are elastic
scattering of the neutrons from the helium nuclei; the resulting ionizing
nuclei may have su�cient kinetic energy to produce a recordable event in
the gas, the contributions of these events may be negligible, but in code
simulations can be accounted considering ionization energy deposited by
event in detection medium rather than only capture reactions. It must be
noted gamma rays also can produce secondary electrons within the walls
of the detector. However, the electrons have very long range within gas.
Thus, they only deposit a fraction of their energy within the proportional
gas. These parasitic pulses are therefore very small when compared to
the pulses due to the ionization caused by the reaction products.

2.3.2 Polyethylene matrix

The �rst step of the simulations of BELEN was to evaluate the neutron
moderation e�ect in a polyethylene matrix in order to determine where
3He tubes should be placed. When neutrons interact with nuclei by elastic
or inelastic scattering their energy is degraded. The number of interac-
tions to produce this degradation depends upon several factors including
the initial energy of the neutrons and the type of scattering (elastic or
inelastic). Inelastic scattering generally requires that the incoming (cap-
tured) neutron have su�cient energy to excite the nucleus to a level that
will result in the ejection of a neutron. Hence inelastic scattering occurs
only at high neutron energies and the resulting neutrons will have very
much lower energies. Elastic scattering, on the other hand, occurs at
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Figure 2.8: Simulation of a deposited energy in 3He tube (keV).

all neutron energies and may not necessarily degrade the neutron energy
very much. Hence most collisions are elastic.

The interaction length is depending on the energy of the neutrons ar-
riving to the shielding. For each neutron energy the interaction length
has been calculated using the relationship between the interaction length
and the inelastic cross section. Di�erent simulations were performed con-
sidering a polyethylene block of dimensions 4 x 4 x 4 m3 with an 8 cm
radius beam hole, and assuming monoenergetic neutrons emitted isotrop-
ically from the center of the beam hole. The results can be seen in �gure
2.9, where each �gure show the projection of the spread of the neutrons
through the polyethylene block. The rows shows di�erent initial neutron
energies and the columns shows the time elapsed from the moment of
the neutron emission. The colour shades indicate the density of neutrons
with an energy below 10-7 MeV, red showing the highest density (>200
neutrons/cm2) and light blue the lowest (<20 neutrons/cm2). As can
be seen in the �gures, the higher the initial energy of the neutron, the
longer time the neutron requires to be moderated inside the polyethylene
matrix and the further it scatters away from the center of the detector.
From this �gure it was concluded that the maximum spread away from
the origin of a 10 MeV neutron in the polyethylene block was around 30
cm whereas a 1 eV-neutron could only spread about 15 cm. This con�rms
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Figure 2.9: Summary table of neutron �ux in the polyethylene block for dif-
ferent source energies and neutron propagation times. The neutron source
is located at the center of the polyethilene block and the emission is isotropi-
cally. The �ux showed is the projection of the spread of the neutrons through
the polyethylene block. Dimensions of x and y-scale are in cm. The colour
shades indicate the density of neutrons with an energy below 10-7 MeV, red
shows the highest density (>200 neutrons/cm2) and light blue the lowest
(<20 neutrons/cm2)

that lower energy neutrons would be mainly detected in the ring with the
detectors closest to the beam hole, whereas higher energy neutrons would
be detected in the rings further away.

2.3.3 Gas pressure and tube length analysis

Monte Carlo simulations have been performed using GEANT4 to deter-
mine the optimum gas pressure and tube length. The setup of these
simulations is a single 3He tube, embedded in a 1 x 1 x 1 m3 polyethylene
block. This block has a cylindrical hole in the center where the neutron
point source is located. The dimensions of the tube are all �xed except its
e�ective gas length. This length (represented in the �gure 2.11 as L) in
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conjunction with the moderation distance D and the gas pressure are the
key factors to �nd the con�guration that optimizes the neutron detection.
It is signi�cantly important to estimate the optimal gas pressure in order
to avoid an overrun cost, since the cost of the 3He gas increases linearly
with the quantity, and a higher pressure directly means a higher density.
A simulation with the previous setup (�gure 2.11) has been carried out
changing the gas pressure from 2 atm to 20 atm for 9 di�erent initial neu-
tron energies (from 10-4 to 10 MeV). It is important to specify that the
moderation length (D in the �gure 2.11) is de�ned by the 1 MeV energy
neutrons at 65 mm. At the same time, the e�ective length of the tube
(variable L) is set at 600 mm.
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Figure 2.10: Single detector e�ciency for gas pressure at average of initial
energy

The results shows that it is possibly to assume that the e�ciency has
the same tendency for all initial energies. Thus, the average e�ciency for
energy from thermal to 5 MeV, has been calculated to �nd the optimal
pressure. Observing �gure 2.10, which represents the average e�ciency
for all the energy range, a pressure between 8 and 10 atm is considered
as the optimal pressure for the 3He gas inside the detector tubes due to
the fact that above this point the increase of the detection e�ciency is
lower than the increase of the 3He cost.
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Figure 2.11: Sketch of the simulation. The gas radius is Rg; the external
tube radius is Rw; the hole radius where the tube is inserted is Rh; D is
the distance from tube axis to the beam hole axis; L is the tube length. The
beam hole diameter is 110 mm

In order to determine the dependence of e�ective length of gas tubes
with e�ciency, di�erent GEANT4 simulations have been done ranging the
tube length from 300 to 900 mm and the distance from 90 to 180 mm (L
and D, �gure 2.11) for the whole energy spectrum. The gas pressure has
been set at 8 atm. It is easy to extract from there that the closer to the
center the tube is located, the higher is the e�ciency. At the same time,
increasing the length of the tube, the e�ciency enhances too. To see the
best coupling of L and D parameters is de�ned the Change of e�ciency.
That magnitud is calculated by dividing each value of e�ciency by the
e�ciency of a tube with a length of 30 cm and then plotted in function
of the change of this ratio with a increase of 100mm of tube lengths as
can be seen in �gure 2.12

The location of the tube has a great in�uence on the detection e�-
ciency regardless of tube length; limiting the tube length is important as
regard to the cost. Taking into account the di�erent increments of length,
an increment of length from 400 to 500 mm contributes with an e�ciency
gain higher than a 6%, while the next increments lead to an e�ciency
gain below the 3%.
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Figure 2.12: Ratio between e�ciency for a tube with an increase of 100
mm of tube lengths

2.4 BELEN-20A

BELEN-20A was the �rst prototype of the neutron detector BELEN. The
settings for the design of the detector BELEN-20A consisted on 20 3He
proportional tubes with an e�ective length of 60 cm, a diameter of 2.54
cm and a gas pressure of 20 atm and a polyethylene block of dimensions
90 Ö 90 Ö 80 cm3 with 11 cm diameter central hole. The experiment for
the characterization of BELEN-20 detector and its self-triggered acquisi-
tion system was performed in November 2009 at Cyclotron Laboratory
of the University of Jyväskylä (JYFL), to measure the β-delayed neutron
emission from the �ssion products 88Br, 94Rb,95Rb and 138I. Measure-
ments were performed for neutron rich isotopes with well known neutron
emission probability (Pn) values and with a 252Cf source. These measure-
ments were used to obtain the tube detection e�ciency and verify the
previous Monte Carlo simulations [18] , [17] table 2.1. Within the rela-
tively large uncertainty of the experimental value there is a fair agreement
with the simulations. The results of this experiment prove the suitability
of the BELEN-20 detector and the triggerless DACQ to perform these
measurements.
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Figure 2.13: E�ciency for BELEN-20a prototype (2009) obtained by
Monte Carlo simulations with MCNPX code

BELEN-20a E�ciency

Isotope Mean Energy Experimental MCNPX Geant4
94Rb 437 keV 0.302(8) 0.298 0.300
95Rb 525 keV 0.301(16) 0.296 0.298

Table 2.1: Experimental and theoretical (simulated) e�ciencies of
BELEN-20 for two neutron energies, corresponding to neutrons from 94Rb
and 95Rb
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Chapter 3
Design of BELEN detector for

DESPEC, GSI and JYL experiments

3.1 Introduction

The BELEN neutron detector is being developed within the DESPEC
(DEcay SPECtroscopy) collaboration1 for experiments at the future FAIR
facility2. The DESPEC experiment at FAIR will perform high resolution
and high e�ciency spectroscopy with radioactive ion beams. The de-
tector BELEN has been designed to measure the probability of neutron
emission after β-decay (Pn), and half-lives of very neutron-rich nuclei.
Di�erent prototypes of the detector have been developed and have been
employed at several installations for the study of β-delayed neutron emit-
ters. This prototyping model has allowed to �nd improvements in various
aspects of development as optimal pression of tubes, electronics and de-
sign, in order to achieve a better �nal system developed for the DESPEC
collaboration. With regard to the subject of this thesis, this model has
helped to de�ne a methodology to facilitate the design of such detectors.
The purpouse of this methodology is to �nd the best combination of the
position of the tubes in the polyethylene matrix (con�guration) to obtain
a maximum e�ciency and a �at response for a range of initial neutron
energy values. This chapter includes the details about that methodology
and its application to de�ne some BELEN detector prototypes.

3.2 BELEN con�guration design

3.2.1 De�nition of the problem

A con�guration is the set of positions of each tube in the polyethylene ma-
trix. The aim of the con�guration design, is to combine di�erent groups

1HISPEC/DESPEC technical design report
2FAIR: Facility for Antiproton Ion Research

21
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of tubes (forming a partition of the set of available tubes) at some posi-
tions in the polyethylene matrix that gives the best compromise between
high mean e�ciency and �at response for the neutrons of all energy range
de�ned for each experiment. The distribution of tubes also is made to
obtain maximum symmetry to give us a better statistics when analyzing
the results. One easy way to obtain that symmetry is distribute the tubes
in a ring around the central axis of the polyethylene matrix. Is important
to note that although the position of a tube where the e�ciency is maxi-
mum for a given neutron energy can be easily determined, the interaction
between di�erent tubes complicates the way to get it.

To choose between the con�gurations, we de�ne some quantitative
parameters that help quantify the con�gurations. These parameters are
de�ned according to the purpose of the experiment. The common feature
of the main experiments involving the detector, is both the not well known
energy spectrum of neutrons emitted by the source and the low intensity of
the neutron emission associated with a limited time of measurement. To
obtain the maximum information of the experiment, is necessary to design
the detector so that combines maximum e�ciency and, due to ignorance
of the initial neutron spectrum, constant e�ciency as constant as possible
in the range of expected source neutron energies (�at factor). These two
features are numerically represented by parameters: mean e�ciency and
planarity(�at factor). The value of these two parameters serve to choose
the best con�guration of the detector.

Mean detector e�ciency

The mean detector e�ciency (ηmean) is de�ned as the value of the
expression 3.1

ηmean =

∫
rang(E)

η(E)s(E)dE (3.1)

where η(E) is the detector e�ciency at energy E and s(E) is the function,
normalized to 1, describing the neutron spectrum of the experiment:∫

rang(E)

s(E) = 1 (3.2)

For Monte Carlo simulations, the e�ciency calculation is performed
with a numerical integration by choosing speci�c values for energy in or-
der to have a good estimate on the entire range of energy. The e�ciency
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generally behaves as a smooth function, so that the errors obtained are
small if the points selected for the calculation are distributed to the appro-
priate energy range. The expression for the mean detector e�ciency
is:

ηmean =
∑

i∈rang(E)

η(Ei)s(Ei) (3.3)

In order to get an accurate measure of the mean e�ciency of a
particular experiment would be necessary to have a priori the neutron
energy spectrum, but in most of the experiments with BELEN neutron
detector we don't have this information. To assign a parameter to give us
information about the mean e�ciency of our detector, are de�ned several
types of characteristics spectra to have a measure of the mean detector
e�ciency. The usual way to de�ne the e�ciency of a BELEN neutron
detector is with a �at spectrum, with the same value for all range of
experiment expected energies.

s(E) = u(E) =
1∫

rang(E)
dE

(3.4)

Another neutron spectra used is obtained from an experimental cali-
bration with the source 252Cf.

Flat factor

The �at factor, f, is the ratio between maximum e�ciency and minimum
value of the e�ciency in a range of energy :

f =
ηmax
ηmin

E ∈ rang(E) (3.5)

so that the minimum ratio corresponds to the best planarity which guar-
antees that the mean e�ciency calculated is a good measure for all
energies in the range.

3.2.2 Methodology to �nd the optimal detector con-

�guration

To choose the number and types of tubes for one group of them is nec-
essary a previous study of the e�ciency obtained for some basic con-
�gurations. As an example of this kind of study, in Figure 3.1 can be
seen the value of e�ciency versus energy for di�erent groups of tubes
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distributed in a ring at di�erent radius (8 cm to 13 cm with 0.5 cm inter-
vals) to the center of the block of polyethylene with a cylindrical central
hole of 5 cm. The labels of the plot gives the values of the di�erent
parameters to evaluate the con�guration: e is mean e�ciency, M is max-
imum e�ciency, m is minimum e�ciency for the range of energy de�ned
[e : ηmean, M : ηmax, m : ηmin]. As can be expected, the maximum
detection e�ciency is obtained at the lower distance to the center of the
ring (8 cm with a mean e�ciency of 31 %) . And the �atest one is the
ring at 11.5 cm, but with a mean e�ciency of only 18%.

Figure 3.1: E�ciency for the same number of tubes distributed in a ring
at di�erent radius (8 cm to 13 cm with 0.5 cm intervals) to the center of
the block of polyethylene for the range of energies below 5 MeV

The next step is to combine di�erent groups of tubes as it can be seen
in Figure 3.2 with a combination of three groups of tubes distributed in
three rings (G1 inner ring, G2 middle ring and G3 outer ring). The sum
of e�ciencies of each group can be seen also in this �gure. In the plot, the
horizontal axis shows the range of the energies de�ned by the experiment
and the vertical axis the percentatge of e�ciency for each group and its
sum. The total e�ciency seems relatively �at but is not optimal, there
are more con�gurations with a better combination of mean e�ciency and
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�at factor. Note that the e�ciency of each group is calculated with the
presence of the other ones and is not the same that we obtain for the
group isolated in the polyethylene matrix.

As has been explained, is important to note that the in�uence of the
presence of the other tubes complicates the way to get the total e�ciency
for the con�guration with the tubes of all groups, and it is necessary to
do a new simulation for each combination of groups. We can see this
in the �gure 3.3 that shows the e�ciency versus energy of two tubes at
di�erent distances to the center the polyethylene matrix (8 cm and 11
cm ) with a cylindrical central hole of 5 cm. In the same �gure can be
seen the e�ciency versus energy of the con�guration with the two tubes
in the polyethlene matrix at the same initial polar angle (aligned), and
with 15, 30 and 45 degrees polar angle between tubes. In the �gure 3.4 it
can be seen in percertatge the di�erence between this four con�gurations
in reference with the e�ciency sum of the two e�ciencies of the isolated
tubes. The in�uence of the presence of the other tubes is higher when
they are aligned, more than 15% for the overall energy range. The issue
of in�uence between the tubes e�ciency is discussed in more detail in the
next chapter.
Summarizing and adding some details, our basic steps of the methodology
for the con�guration design of BELEN neutron detector are:

1. Simulate some con�gurations of tubes to estimate the range of ex-
pected e�ciencies. For example, one con�guration with all the tubes
nearest to the central hole as can be possible, to obtain a maximum
e�ciency for low range energies and another with a �rst rough es-
timate value of e�ciency for the highest energy range.

2. A systematic study putting just one tube at di�erent distances from
the origin of neutrons to obtain an estimation of the pro�le of e�-
ciencies for di�erent energies (one time for each type of tube that
we have available). This result for an isolated tube will not be the
same for this tube into a con�guration with more tubes, because in-
terference between the tubes makes it change, however, it is a �rst
reference to de�ne combinations of rings for subsequent tests.

3. With the data obtained in the previous step, we calculed a �rst
approach of the e�ciency for the con�gurations distributed in two
rings. This e�ciency has been calculated using an approach of
e�ciency as a sum of individual tube e�ciency (obtained in the
previous step) adding a term that �xes in part the interference be-
tween tubes. This approaches will be explained in detail in the next
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Figure 3.2: Front view of a possible BELEN con�guration with a 10 cm
diameter central hole and three rings (G1 inner, G2 middle , G3 outer)
with 4,6,10 tubes respectively and an e�ciency plot for a range of energy
from 100 eV to 5 MeVs of that con�guration
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Figure 3.3: Schema of two tubes at distances of 8 cm and 11 cm aligned,
with an polar angle of 15, 30 and 45 degrees between them

chapter. This result serves as a reference for subsequent simulations
and save a great number of Monte Carlo simulations. Several areas
of parameters (the parameters used are the radius of the rings, and
the number and types of tubes for ring) are choosen with a good
combination of mean e�ciency and �at factor.

4. The e�ciency of the choosen con�gurations of last step are calcu-
lated by Monte Carlo simulations. Then a large number of simu-
lations are performed with minor modi�cations (number or type of
tubes and radius of rings) of those con�gurations.

We repeat whole process adding more rings until it is geometrically pos-
sible or there is no improvement in the result.

For the step 3 we need to de�ne a part of the space of parameters to
do a more accurate search of the optimal con�guration. In the case of a
large number of tubes, as in BELEN-48 or BRIKEN, there are a lot of
odds and it has been decided an alternative option, we choose a partition
of the set of tubes available and dedicate each of those elements of the
partition to obtain just one of the goals. The main idea is to subdivide
the searching of the best con�guration in a sequence of subproblems with
di�erent goals in several steps. For each step we use a number of tubes to
achieve the goal (or to get as close as possible to the goal). To describe
the goal, we de�ne a �gure of merit with di�erent weights of the following
list of variables:
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Figure 3.4: E�ciency relative to the sum of e�ciencies of two isolated
tubes at distances of 8 cm and 11 cm of the four con�gurations of these two
tubes aligned, with a polar angle of 15, 30 and 45 degrees between them.

� Flat factor (de�ned in di�erents range of energy)

� Mean e�ciency

� Symmetry of the ring tubes

The �rst and second parameter are the same as de�ned in this section.
The third is de�ned to impose symmetry to the �nal con�guration. The
detail of the computed process to obtain the goal for each group is ex-
plained in the chapter 4.

3.2.3 Simulation details

The modeling of BELEN detector have been performed with two di�er-
ent Monte Carlo codes, GEANT4, and MCNPX. Such an independent
cross check could reveal possible mistakes in the geometric model and
physics used. Monte Carlo calculations always have some errors which
arise from the nature of the calculations. These errors are, statistical
uncertainty, discrepancies in material composition and geometry, errors
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in nuclear data libraries and theoretical models. The statistical uncer-
tainty decreases with increasing computation time, the estimated relative
error, caused by the statistical uncertainty falls with the number of sim-
ulated particle histories, N, according to 1/

√
N . The error arising from

geometrical model was supposed to be small because geometry is not so
di�cult to represent. Material used in the experiment were well known
and relatively simple, the �nal error caused by di�erences between the
physical experiment and the simulation is expected small. We can not
calculate the error caused by nuclear data libraries, because the data in
the libraries often does not present its error. BELEN detector simulations
to search the �nal prototype con�guration have always been held with a
number greater than 1M (million) neutrons (for each simulated energy)
, only when we have wanted an approximate value of e�ciency we have
simulated with 0.1M neutrons.

The MCNPX code o�ers options based on physics packages. For neu-
tron transport the free gas model down to 4 eV is used and for lower ener-
gies the treatment takes into account the crystalline structure of materi-
als for thermal neutrons interactions. In this particular, we used poly.60t
(hydrogen in polyethylene at 293 degrees Kelvin) from ENDF/B6.0 [2].

The Geant4 simulation toolkit supports various physics models which
are assigned to a particle through processes. There are no default physics
models to deal with particle transport, which means that depending on
the application we can choose one physical model and also to assign cross-
section data libraries [3]. The BELEN simulation code are based on
GEANT4 release 9.5 but has been updated to later release and end up
with the release 10.1. The list of physical processes employed in the BE-
LEN detector simulation within GEANT4 toolkit is based on the standard
models of physics lists, modi�ed to include additional interactions of neu-
trons with polyethylene. Concerning the neutronc interactions, this pack-
age includes the data driven high precision neutron package (NeutronHP)
to transport neutrons below 20 MeV down to thermal energies. But it
is well known fact that the moderation of neutrons with kinetic energies
below 4 eV in polyethylene should be considered in a special way [39]. In
this low-energy region the scattering of neutrons on the hydrogen nuclei
in polyethylene cannot be treated as scattering on free protons due to the
possible excitation of vibrational modes in polyethylene molecules. Such
collective motion of molecules signi�cantly change the thermal neutron
scattering characteristics in polyethylene, so dedicated thermal scatter-
ing dataset and model should be included for neutron energies less then
4 eV to allow the correct treatment of neutron moderation and capture
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processes in the elements of BELEN. The complete list of the GEANT4
classes for neutrons is given in table 3.1. Another modi�cation used, is
the software tool for transforming any evaluated neutron cross section
library (ENDF/B, JEFF, JENDL, CENDL, BROND...) in the ENDF-6
format into the G4NDL format [39]. In this way, GEANT4 have access
to the complete list of standard evaluated neutron data libraries when
performing Monte Carlo simulations with GEANT4 since release 9.5.

Process
Model

Cross section data

Name Range

Elastic
G4NeutronHPThermalScattering <4 eV G4NeutronHPThermalScatteringData

G4NeutronHPElastic 4eV-20MeV G4NeutronHPElasticData

Inelastic
GBinaryCascade < 30 MeV G4NeutronHPThermalScatteringData

G4NeutronHPInelasticData

Capture G4NeutronHPCapture < 20 MeV G4NeutronHPCaptureData

Table 3.1: Physics list used for neutron interactions with GEANT4 in this
work (Fission process is in the soft but not used)

In order to model a 252Cf source, a customized Geant4 �ssion li-
brary developed by the Lawrence Livermore National Laboratory is used.
This customized library is not only capable of simulating neutron and
gamma-ray multiplicities of various spontaneous �ssion sources but also
of neutron-induced �ssion sources [33].

3.2.4 Con�guration design for some BELEN detector

prototypes

As you can see in Figure 3.5, the �rst two prototypes of BELEN con-
sisted on 20 tubes (BELEN-20) and were tested in two experiments at
JYFL3 in 2009 and 2010. The next prototype BELEN-30 was tested at
GSI in 2011 and was composed by 30 tubes. The BELEN-48 has been
designed for FAIR as part of the DESPEC setup. Meanwhile have been
designed also two prototypes BELEN48-M1 and BELEN48-M2 that have
been employed in JYFL in 2014. Previously BELEN48-M1 have been
tested at PTB in 2013. The last BELEN like neutron detector designed
is BRIKEN and in this work we show our proposed con�guration.

3Cyclotron Laboratory of the University of Jyväskylä
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Figure 3.5: Belen prototypes and its related experiments

The next sections includes the details about the methodology em-
ployed and the �nal con�guration for some prototypes of the BELEN
neutron detector. The settings have been made to meet the initial spec-
i�cations of each facility, the value of e�ciency per energy of neutron
source, and the �at response of that e�ciency.

3.3 BELEN-20B

3.3.1 Experiment setup

An update of the BELEN-20A prototype was designed, built and tested
in June 2010. A novelty in our setup is the introduction of a trigger-less
data acquisition system. Its use allows continuous control of data qual-
ity, which leads to greater accuracy, with a minimum acquisition dead
time [32]. The use of delayed-neutron precursors with di�erent neutron
emission windows allowed the study of the e�ect of energy dependency
on neutron, and -neutron rates. The BELEN prototype was validated at
JYFL using the pure beam delivered by the Penning trap where radioac-
tive species were produced by deuteron inducing �ssion on an uranium
target. Figure 3.6 shows the detection setup used at JYFL including a
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HPGe detector that was used to detect the gamma rays in coincidence
with the β-decay and the neutron emission. The isotopically pure beams
were directed inside a vacuum tube inserted to the centre of the BELEN
detector, where they were implanted on a movable tape. β-delayed neu-
tron emissor precursors were implanted on a this tape and a Si detector
was placed next to the implantation point in the tape in order to detect
the β-decay and be able to correlate this signal with the one from the BE-
LEN. This experiment was designed to mesure β-delayed neutron emission
of �ssion fragment of the elements 95Rb,88Br,85As,86As,85Ge,91Br,137I.

Figure 3.6: BELEN-20 and HPGe detector in the JYFLTRAP beam line.

3.3.2 BELEN-20B con�guration design

The settings for the design of the detector BELEN-20B consisted on 20
3He proportional tubes with an e�ective length of 60 cm, a diameter
of 2.54 cm and a gas pressure of 20 atm, and a polyethylene block of
dimensions 90 Ö 90 Ö 80 cm3and with 11 cm diameter central hole. The
methodology to design the detector was the same as described above.
Initially we did a simulation with a con�guration with all available tubes
nearest to the source of neutrons. This �rst result is far from the optimal
result because it will give us a very bad value of �at factor (maximum
e�ciency of the order 70% for 1 keV and 42% for 1 MeV) but good for
the mean e�ciency (over 50%). To study the best position of the tubes,
we simulated con�gurations with just one tube at di�erent distances from
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the origin of neutrons to obtain an estimation of the pro�le of e�ciencies
for di�erent energies. It can be seen in �gure 3.7 that 1 MeV e�ciency
is higher compared to the rest of energies when the tubes are located at
10.5-11 cm from the centre of the polyethylene matrix.
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Figure 3.7: E�ciency for one tube at distances of 8 cm to 12.5 cm

With the data obtained for individual tubes, we calculated a �rst
approach of the e�ciency of con�gurations for tubes distributed in two
rings. This e�ciency has been calculated as the sum of the e�ciency
of a single tube obtained in the previous step. This result serves as a
reference for subsequent simulations. Several solutions are choosen with
good e�ciency average and �at factor and are simulated by Monte Carlo
simulations. Then, a large number of simulations are performed with
minor modi�cations (in number or type of tubes and radius of rings) of
those con�gurations. Afterwards it was observed that we can improve
some con�gurations adding a small hole of 1 cm in the central block.

To ensure that the con�guration with two rings is optimal we have
splitted one of the ring in two rings in several ways obtaining some new
con�gurations of three rings. By Monte Carlo simulation we can see that
there is no improvement in e�ciency/�at factor in those new con�gura-
tions. For simplicity, in case of equality of results, we choose the solution
with the lowest number of rings.
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Figure 3.8: Flat factor and e�ciency for two rings from Monte Carlo
simulations

Finally the tubes are placed at a radius of 9.5 cm (8 tubes) and 14.5
cm (12 tubes) around a central longitudinal hole of 11 cm diameter with
a small slit of 1 cm in the central block of 10 cm polyethylene. Figure
3.10 illustrates the detection e�ciency for this prototype, nearly constant
below 1 MeV reaching 46% and decreases for higher energies. The �gures
3.11 shows the front view of the polyethilene matrix with the beam hole
of 10 cm and the 20 tubes around in two rings.
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Figure 3.9: Flat factor and e�ciency for two rings for BELEN-20B from
Monte Carlo simulations

BELEN-20B/Rings inner (G1) outer (G2)

Radius (mm) 95 145

Number of 3He tubes at 20 atm 8 12

Table 3.2: Positions and characteristics of groups of tubes for BELEN-20b

Table 3.3 shows e�ciency and �at factor for the energy range below 1
MeV and 2 MeV obtained with MCNPX simulation codes. That results
have been compared to the experimental ones using the ratio between
e�ciency of the inner ring and outer ring. In table 3.4 are compared the
experimental values with the values obtained by Monte Carlo simulation,
and we see a good agreement between these values.
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Figure 3.10: Contribution of each ring to the neutron detection e�ciency
and total e�ciency for the BELEN-20

BELEN-20b
MCNPX

e�ciency (%) �at factor

100eV-1MeV 46 1.07

100eV-2MeV 43 1.21

Table 3.3: E�ciency and e�ciency ratio of BELEN-30 detector

3.3.3 Experimental results and remarks

For the characterization of BELEN-20B detector setup we employed �s-
sion products which are delayed-neutron precursors with well known prop-
erties. The instrumentation includes BELEN-20B and a Si detector, a
fairly common arrangement. The observed e�ciency is well reproduced
by Monte Carlo simulations. We used a calibrated 252Cf source to mea-
sure the neutron detection e�ciency and obtained a value of 40.9(8)%
in very good agreement with the simulation made with MCNPX. The
ratio between the counts of the inner and the outer ring of 3He tubes is
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Figure 3.11: Front view from the BELEN-20B �nal con�guration design
with 8 tubes at 9.5 cm and 12 tubes at 14.5 cm from center of polyethylene
matrix

quite sensitive to the neutron energy distribution. The measured ratio is
1.499(3) in quite good agreement with the result of the simulations.

BELEN-20B Inn/out ratio e�ciency

Isotope Mean Energy (keV) Experimental MCNPX
88Br 247 3.04(2) 3.27
94Rb 437 2.51(2) 2.66
95Rb 525 2.52(3) 2.62
137I 625 2.20(2) 2.22
252Cf 2200 1.499(3) 1.56

Table 3.4: Experimental and simulation ratio between outer ring and in-
side ring e�ciency obtained for calibration sources with BELEN-20B
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Nuclei Implanted ions T1/2(s) Pn(%)
213Tl 1015 23.8±4.4 7.6±3.4
214Tl 598 11.1±2.5 27.4±10.9

Table 3.5: Summary of some results obtained for the measured thallium
isotopes with SIMBA and BELEN-30

3.4 BELEN-30

3.4.1 Experiment

In August 2011 a new BELEN prototype was used at GSI laboratory in
an experiment using the FRS (Fragment Separator) facility [26]. The aim
of the experiment was to determine for very exotic neutron-rich nuclei in
the region around N=126, half lifes (T1/2) and β-delayed neutron emis-
sion probability (Pn) , such data can be compared with some theoretical
models that have been developed on the basis of experimental data of
nuclei. [8,9,43]. An initial calibration measurements was performed with
252Cf source, as it can be in the table ?? the results are good enougth.
In order to determine the Pn value, all implant β-particles events in the
SIMBA silicon detectors have been analyzed by opening a window of 400
μs forward and backward (considered as background) in time to detect
correlation neutron events. This time window is determined according to
the expected neutron moderation time in polyehylene, to maximize the
neutron detection e�ciency.

Pn(%) =
100

ηn

N fwd −N bwd

N
(3.6)

where ηn is the BELEN neutron e�ciency, N fwd, N bkd are the number of
forward and backward correlated neutrons envents and Nβthe number of
parent β-decays.
The analysis of data con�rms the 213Tl as a neutron emiter and 214Tl
gives the largest value of Pn mesured of this experiment (Table 3.5).

The experiment was based on the fragmentation of a 238U beam accel-
erated up to 1 GeV/u with the linear accelerator UNILAC coupled to the
SIS-18 synchroton. Ions were tracked and identi�ed with tracking detec-
tors, such as plastic scintillators, MUlti Sampling Ionization Chambers
(MUSIC) and Time Projection Chambers (TPCs). They allow to obtain
the atomic number (Z), the mass-to-charge (A/Q) ratio and the position
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of ions along the FRS. Finally, at the �nal focal plane, a passive degrader
was located in order to adjust the energy of the ions of interest to im-
plant them in the central layers of an implantation detector. At the end
of the beamline the detection system comprised the Silicon IMplantation
Beta Absorber (SIMBA) [23, 47] detector, which is made with a stack
of silicon layers consisting of three highly segmented double-sided silicon
strip (DSSD) and 4 single-sided silicon strip (SSSD) detectors for mea-
sucrown ion-implants and β-decays [43]. The kinetic energy deposited in
the BELEN detector is collected and processed with a new Digital Data
Acquisition System (DDAS), developed at Instituto de Física Corpuscular
(IFIC), Valencia (Spain).

It was performed a measure with a calibration neutron source 252Cf
verifying the e�ciency results obtained in the Monte Carlo simulations
coincided, within a margin of error, with the experimental. The details
of this calibration are explained in Chapter 5.

3.4.2 BELEN-30 con�guration design

The BELEN-30 detector was used to measure the delayed neutrons pro-
duced after β-decays of very neutron-rich nuclei implanted in SIMBA. The
search of the optimal con�guration has been done by means of systematic
Monte Carlo (MC) simulations. There are 30 3He tubes available from
GSI and UPC, 10 tubes at a pressure of 10 atm (from GSI) and 20 tubes
at 20 atm (from UPC). The tubes were embedded in a polyethylene block
of dimensions 90 Ö 90 Ö 60 cm3 with additional 20 cm shielding against
room background and thus a total weight of 600 kg and with 23 cm di-
ameter central hole. An additional polyethylene wall with another 30 cm
shielding was installed before the setup in order to reduce the in-beam
neutrons produced by the S4-degrader. The steps performed to �nd the
best con�guration are similar to those of BELEN-20B but for this proto-
type we have two types of tubes and maximum neutron energy expected
range up to 2 MeV. We did a �rst simulation with a con�guration using
all availables tubes nearest to the source of neutrons. The maximum ef-
�ciency is of the order of 60% for an initial energy of neutrons of 1 keV
and 20% for 2MeV.

To study the best location of the tubes, we simulated con�gurations
with just one tube at di�erent distances to the origin of neutrons. We
obtained an estimation of the pro�le of e�ciencies for di�erent neutron
energies, and for the two types of tubes. This result for an isolated tube
will not be the same for this tube into a con�guration with more tubes
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Figure 3.12: E�ciency for one tube at 10 atm at distances to the matrix
center from 13.5 cm to 18.5 cm.

because interference between the tubes of the di�erent rings makes it
change, however, if it is a �rst reference to create combinations of rings
for the subsequent tests. In case of BELEN-30 it can be seen in �gures
3.12 the approximate distance of the maximum e�ciency for the energy
of 2 MeV appears at 17 cm from origin of neutrons. As seen in the �gures
refered before, the e�ciency obtained for tube at 20 atm is only slightly
higher than for the tube at 10 atm. This behavior of e�ciency, discussed
in chapter 2, is because of that we have to distribute the helium gas in
tubes with lower pressure.

As in the case of BELEN-20B, with the data obtained in the previous
step, we calculated a �rst approach of the e�ciency of con�gurations
with combinations of the the two types of tubes distributed in two rings.
This e�ciency has been calculated as the sum of the e�ciency of a single
tube obtained in the previous step. This analysis serves to detect in the
parameter space (radius of the rings, number of tubes per ring, ring type)
areas where we can �nd the best combinations of �at factor and mean
e�ciency saving us a large number of Monte Carlo simulations. When
analyzing those con�gurations, for simplicity we have chosen some in
which higher symmetries appear, for instance, tubes of the same type (at
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the same pressure) are grouped together in one ring. The �rst ring have
only tubes at less pressure. This was decided to compensate the higher
e�ciencies obtained at lower energies in the inner rings is better to put
in it less tubes (and at less pressure) than in the outer rings.

The e�ciency of the choosen con�gurations of last step are calculated
by Monte Carlo simulations. Then a large number of simulations are
performed with minor modi�cations (number or type of tubes and radius
of rings) of those con�gurations. In some con�gurations, we observe that
we can improve the result by rotating an initial angle the external ring
respect its axis and we decide to analize the results of simulations adding
this new parameter. We added a third ring and we did not signi�cantly
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Figure 3.13: Result of Monte Carlo e�ciency and �at factor simulations
for BELEN-30 with the better con�guration along inner and outer radious
since 2 MeV.

improve the results in e�ciency/�at factor. Finally we did a �nal selection
of the best combination of �at and e�ciency ratio and the simulations
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are performed with a large number of neutrons so that the end result is
con�rmed with high accuracy as possible to choose the �nal con�guration.

inner ring (G1) outer ring (G2)

Radius (mm) 145 185

Number of tubes3He at 10 atm 10 0

Number of tubes 3He at 20 atm 0 20

Table 3.6: Positions and characteristics of groups of tubes for BELEN-30.

BELEN-30
MCNPX GEANT4

e�ciency (%) ratio e�ciency (%) ratio

100eV-1MeV 40 1.10 41 1.10

100eV-2MeV 38 1.21 40 1.26

Table 3.7: E�ciency and �at factor of BELEN-30 detector.

The con�guration choosen for BELEN detector consisted of 30 3He
tubes distributed in two rings around the 23 cm diameter central hole.
The best con�guration found with those tubes available for maximum
e�ciency and up to 2 MeV �at factor was with an inner ring, with a
radius of 14.5 cm with 10 tubes at a pressure of 10 atm and with an outer
ring, with a radius of 18.5 cm formed by 20 tubes at 20 atm. Figure 3.15
shows the front view of the polyethylene matrix. Figure 3.14 illustrate
the detection e�ciency for this prototype, nearly constant below 2 MeV
reaching 40%. In table 3.7 can be seen the results of mean e�ciency and
�at factor for di�erent energy ranges obtained by MCNPX and GEANT4.
Also, the experimental results for a 252Cf calibration source, have been

BELEN-30 E�ciency Inn/out ratio e�ciency

Isotope Exp. MCNPX Geant4 Exp. MCNPX Geant4
252Cf 0.351(8) 0.348 0.350 0.726 0.758 0.764

Table 3.8: Experimental and simulation results for BELEN-30 with 252Cf
calibration source
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Figure 3.14: Contribution of each ring to the neutron detection e�ciency
and total e�ciency for the BELEN-30

compared to the results obtained with MCNPX and Geant4 simulations
(table 3.8) and are in fair agreement with the simulations.

3.5 BELEN-48

The BELEN-48 detector is the �nal prototype of BELEN detector in-
cluded in TDR [16] documentation designed for FAIR as part of the DE-
SPEC setup. The purpose of this detector is the measurement of neutron
emission probabilities after β-decay. The BELEN-48 for DESPEC will be
employed jointly with an implantation setup called AIDA [29] that will
be placed inside the beam hole. Meanwhile two prototypes ( BELEN-
48M1 and BELEN-48 M2) was designed for experiments at JYFL in 2014.
BELEN-48 M1 previously was calibrated at the PTB Braunschweig at
June 2013.

DESPEC is conceived as a modular experiment where di�erent setups
can be coupled together in order to study di�erent aspects of decay spec-
troscopy. The ions of interest will be implanted on an array of a Double
Sided Silicon Strip Detector (DSSSD) called AIDA where their β-decay
will be measured. This system will be surrounded by a compact high
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Figure 3.15: Schematic diagram of Belen-30

resolution HPGe array, by the neutron detectors, the fast BaF2 detectors
and/or a total absorption gamma ray spectrometer. The design of the
polyethylene moderator of the neutron detector matrix is adapted to this
conditions with a central hole of 16 cm.

The experiment at JYL consist in the �rst measurement of 2-neutron
β-delayed emission (β2n) emitters with the BELEN detector and thus an
important test for future measurements of more neutron-rich isotopes
at RIKEN and FAIR. This experiment is part of a Coordinated Research
Project (CRP) for a "Reference Database for Beta-Delayed Neutron Emis-
sion" from International Atomic Energy Agency (IAEA) . The aim of this
project is a careful evaluation of the existing data of Pn-values and also
a re-evaluation of important β-neutron emitters, half-lives, and a careful
investigation of β1n+β2n cases. Those new measurements could be done
at the new generation of radioactive-beam facilities which are able to pro-
duce neutron-rich isotopes. The beam will be implanted onto a movable
tape in vacuum at the center of the detector. In this way counting losses
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Figure 3.16: Front view of a single block of B48-AIDA.

due to the short half-lives are minimized. The beam tube contains a colli-
mation system to ensure proper implantation on the tape. Closely behind
the tape (also in vacuum) a Si detector (25.2 mm x 0.9 mm) acting as
β-tube with an e�ciency of about 25%.

3.5.1 BELEN-48 detector

The detector BELEN-48 consists on 48 high-pressure 3He proportional
tubes from GSI and UPC as can be seen in table 3.9 embedded in a
polyethylene matrix which acts as a neutron moderator. Additional polyethy-
lene shielding (20 cm thick) will be added on the lateral sides of the ma-
trix in order to reduce the level of detected neutron background signals
to about 1 n/s.

The polyethylene (high density 0.95 g/cm3) matrix is composed of 8
slices or blocks of 10 cm thickness that are assembled together to conform
the central block with dimensions 50 x 50 x 80 cm3. Except the �rst block
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Figure 3.17: Front and side views of the BELEN support structure.

Owner P (atm) Diam.(inch/cm) E� Length(inch/cm) #tubes

GSI 10 1/2.54 23.62/60 10

UPC 8 1/2.54 23.62/60 42

Table 3.9: Tubes available for the Belen-48

(A), that has only the beam hole, the next 6 blocks (B) are pierced also
with the holes for the tubes. The rear block (block C), is pierced like a
block B but the tube holes are threaded to screw caps. The caps are used
to �x the tubes inside the holes. The blocks are held together by two
stainless steel bars. A technical drawing of a block B of BELEN-48AIDA
detector is presented in �gure 3.16. The shielding consists of di�erent
polyethylene blocks adding 20 cm more of polyethylene thickness per side
to the matrix. Hence, the total dimensions of the polyethylene structure
are 90 x 90 x 80 cm3.

A mechanical test has been done at the UPC workshop to �nd the
minimum distance between the tube holes in order to prevent possible
problems during the manufacturing of the polyethylene matrix. Although
the drilling tool of GSI could be di�erent to that of UPC, a minimum
thickness between tubes of 3 mm has been set to avoid mechanical failures
of the polyethylene matrix. This aspect is considered as a constraint to
be taken into account to de�ne the distribution of tubes in the matrix.

A supporting structure for the polyethylene block is going to be de-
signed and constructed at the workshop of the UPC. This structure will
be adapted to the �nal design of BELEN-48 , the facility and the implan-
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tation detector. During the GSI experiment in 2011 at the FRS, such
a structure was not required since the full detector setup was placed on
the existing FRS rail structure and only slightly adjusted to the beamline
center of 198 cm. However, a possible structure is described below. It
consists of a mobile table with a sliding tray to place the detector on.
This sliding tray can be moved through a stirring wheel connected to a
worm gear system that allows moving the detector precisely in order to
center the detector respectively to the beam implantation spot. A techni-
cal draw of the possible support structure is presented in �gure 3.17 with
its main dimensions.

3.5.2 BELEN-48AIDA, BELEN-48M1, BELEN48M2

con�guration design

Three prototypes of BELEN-48 have been designed to obtain �at response
(�at factor near 1) and good e�ciency for the range of energy up to 2
MeV (but also with analysis up to 5MeV)

1. BELEN-48AIDA neutron detector will be used jointly with AIDA
placed inside the beam hole radius of 8 cm

2. BELEN-48M1: Matrix 1 (M1) with a beam hole of radius 5.5 cm

3. BELEN48M2: Matrix 2 (M2) with a beam hole of radius 3 cm

To design the three prototypes of BELEN-48 we followed a similar method-
ology that used in BELEN-20B and BELEN-30 but in this case due to the
large number of tubes it was necessary to �x some conditions to facilitate
searching of best con�guration. First is calculated a estimation of the
e�ciency expected for the three cases and then we do a lot simulations
with the three central hole of 16/22/6 cm with a single tube of the two
types at di�erent distances from the origin of neutrons to �nd the shape
of e�ciency along the range of energy up to 5 MeV.

As an exemple, it can be seen in Figure 3.18 for the energy of 5 MeV
the distance of the tube from the origin of neutrons where we obtained the
maximum relative e�ciency for this energy is 21 cm for BELEN-48AIDA,
the situation is similar for the other two prototypes. In a �rst approach, to
obtain a good �at factor we have to put a ring of tubes at a distance of 21
cm and another at 12-13 cm in order to compensate e�ciency at di�erent
energies of the range. In the next step we de�ned some con�gurations
with two rings and �nd an area of solutions with better combination of
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Figure 3.18: E�ciency for a tube at 10 atm at distances of 10.5 cm to
21 cm in BELEN-48AIDA.

�at factor and mean e�ciency using an approach of e�ciency as a sum of
individual tube e�ciency adding a term that �xes in part the interference
between tubes. This approaches are explained in detail in the next chapter
and it makes more important in this case than in the design of previous
prototypes because the great number of tubes of each con�guration. The
parameters used were the two radiuos of the rings (2) and the number
of tubes per ring (1). The type of the tubes is not considered in this
�rst approach. We analyzed the results for two rings as in the previous
prototypes, but we saw, due to the need to maintain planarity up to 2
MeV, that is necessary to use a third ring to obtain optimum results. We
repeated whole process for three rings. As an example, in �gure 3.19 it
can be seen one area of parameters with a good combination of e�ciency
and �at ratio obtained fom an approach for BELEN48-AIDA. Finally we
simulated all the areas of good parameters calculated in the previous step
with Monte Carlo and obtained the con�gurations choosen for the three
prototypes.
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Figure 3.19: Result of �at factor and e�ciency of best con�guration found
along ring 1,ring 2 radius for BELEN-48AIDA.

Con�guration BELEN-48AIDA with a 16 cm diameter central
hole

The �nal con�guration found for the BELEN-48AIDA detector for this
experiment can be seen in the table 3.10. A mean neutron detection
e�ciency of about 41% is obtained as can be seen in the e�ciency �gure
3.21. Also table 3.11 shows the results of mean e�ciency and �at factor
for di�erent energy ranges, obtained with Monte Carlo simulation codes
MCNPX and GEANT4.
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Figure 3.20: Result of �at factor and e�ciency of best con�guration found
along ring 1,ring 3 radious for BELEN-48AIDA.

BELEN-48 AIDA/Rings inner (G1) central (G2) outer (G3)

Radius (mm) 110 170 210

Number of 3He tubes at 10 atm 0 8 0

Number of 3He tubes at 8 atm 10 4 26

Table 3.10: Positions and characteristics of groups of tubes for Belen-48
(FAIR)
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BELEN-48 AIDA
MCNPX GEANT4

e�ciency �at factor e�ciency �at factor

100 eV-1 MeV 44 1.02 47 1.07

100 eV-2 MeV 44 1.07 46 1.12

100 eV-5 MeV 41 1.30 44 1.37

Table 3.11: E�ciency and �at factor of BELEN-48 detector

10
−4

10
−3

10
−2

10
−1

10
0

0

5

10

15

20

25

30

35

40

45

50

Energy (MeV)

N
eu

tr
on

 d
et

ec
tio

n 
ef

fic
ie

nc
y 

(%
)

 

 

MCNPX:[e:41,M:45,m:34,f:130]
GEANT:[e:44,M:47,m:34,f:137]

Figure 3.21: Contribution of each ring to the neutron detection e�ciency
and total e�ciency for the B-48AIDA detector

Con�guration M1 with a 22 cm diameter central hole

The design of the polyethylene matrix of the neutron detector to moderate
the neutrons will be adapted to the conditions at the IGISOL facility with
the HPGe gamma detector located at the center of BELEN-48 detector.
The better con�guration was obtained with the distribution of the tubes
in three rings around the central hole. The average neutron detection
e�ciency is about 40% with small energy dependence that can be seen in
the table 3.22 and �gure 3.22.
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BELEN-48 M1/ Rings inner centra outer

Radius (mm) 85 155 195

Number of 3He at 10 atm 0 8 0

Number of 3He at 8 atm 6 4 30

Table 3.12: Positions and characteristics of groups of tubes for Belen-48
(Matrix 1)

BELEN48-M1
MCNPX GEANT4

e�ciency (%) �at factor e�ciency (%) �at factor

100eV-1MeV 38 1.05 40 1.07

100eV-2MeV 39 1.05 41 1.07

100eV-5MeV 38 1.15 39 1.19

Table 3.13: E�ciency and �at factor of BELEN-48 Matrix 1 detector
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MCNPX:[e:38,M:39,m:34,f:115]
GEANT:[e:39,M:41,m:34,f:119]

Figure 3.22: Contribution of each ring to the neutron detection e�ciency
and total e�ciency for the B-48M1 detector
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Con�guration M2 with a 6cm diameter central hole

The con�guration was obtained with the tubes distributed in three rings
around the central hole as it can be seen in the table 3.14, maximizing
the e�ciency and optimizing �at factor for energy range from 100 eV to
2 MeV. The average neutron detection e�ciency is about 60% with small
energy dependence for this range, as can be seen in table 3.15 and �gure
3.15 .

BELEN-48 M2/Rings inner central outer

Radius (mm) 60 115 170

Number of 3He tubes at 10 atm 0 8 0

Number of 3He tubes at 8 atm 6 10 24

Table 3.14: Positions and characteristics of groups of tubes for Belen-48
(Matrix 2)

BELEN48-M2
MCNPX GEANT4

e�ciency (%) �at factor e�ciency (%) �at factor

100 eV-1 MeV 59 1.04 61 1.05

100 eV-2 MeV 59 1.06 61 1.10

100 eV-5 MeV 55 1.31 58 1.36

Table 3.15: E�ciency and �at factor of BELEN-48 Matrix 2 detector

3.6 BRIKEN

BRIKEN stands for β-delayed neutron emission measurements at RIKEN
[31]. This detector called BRIKEN (Beta-delayed neutron measurements
at RIKEN) [28] will consist of 174 3He tubes (from UPC+GSI+ORNL+RIKEN)
embedded in a large, high-density, polyethylene matrix. This new exper-
imental set-up aims for experimental campaigns to measure β-delayed
multiple neutron emission properties of a large amount of very neutron-
rich nuclei at the RIKEN Nishina Center. Such wealth of new information
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MCNPX:[e:55,M:60,m:46,f:131]
GEANT:[e:58,M:62,m:46,f:136]

Figure 3.23: Contribution of each ring to the neutron detection e�ciency
and total e�ciency for the B-48M2 detector

is expected to enhance greatly the understanding of β-strength distribu-
tion for neutron-rich nuclei, and provide an essential piece of information
for r-process model calculations.

Owner P(atm) Diam(inch/cm) E� Length(inch/mm) #tubes

GSI 10 1/2.54 23.62/600 10

JINR 4 1.18/3.0 19.69/500 20

ORNL 10 2/5.08 24/609.6 67

ORNL 10 1/2.54 24/609.6 17

RIKEN 5.13 1/2.54 118.1/300 26

UPC 8 1/2.54 23.62/600 42

Table 3.16: Tubes available within the BRIKEN collaboration
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3.6.1 BRIKEN detector

The detector is composed of an array of cylindrical proportional tubes
�lled with 3He gas, embedded in a high-density polyethylene matrix to
moderate the neutron energies. A total 174 3He tubes of six di�erent
types are available for the BRIKEN neutron detector. They are listed in
Table 3.16. Owing to the very large number of 3He tubes available, it
becomes possible to achieve a �at detection e�ciency over a broad initial
neutron energy range. The HDPE-moderator matrix has a square hole of
11 Ö11 cm2 size and an external size of 110Ö110Ö90 cm3. Mechanically,
the most challenging aspect concerns the drilling of holes, which in some
cases are as close as at 5 mm distance, between them. In order to achieve
a con�guration which is mechanically stable, a design based on 100 mm
thick polyethylene plates has been made.

The optimization of a system which combines such large number and
types of tubes represents a rather complex task, it has been done by
means of systematic Monte Carlo (MC) simulations.

3.6.2 BRIKEN con�guration design

The high number of counters (174) and the di�erent types of these coun-
ters (6) did us to use a di�erent strategy for detector design than in the
other prototypes. Initially, we simulated con�gurations with only one
tube of all diferent types at some distances from the source of neutrons.
With these simulations, we obtained the distances in which the relative
e�ciency (with respect to the other initial energies of neutrons) for dif-
ferent energies is maximized. Later, we simulated some con�gurations
de�ned to obtain an estimation of the maximum e�ciency at di�erent
energies regardless of the �at factor.

Then we focused to get a con�guration with the maximum relative
e�ciency for maximum energy spectrum (5 MeV). To do this, we try to
put the maximum possible space ocuped by detector material, choosing
the ORNL tubes because they have 2 inches diameter and there are many
of them, on the distance at which the e�ciency at 5 MeV, over 17 cm as
it can seen in �gure 3.24 is maximized respect the other energies. Due
to the large number of tubes, to get even better relative e�ciency we
decided to do some simulations to de�ne a con�guration that distribute
these tubes in two rings around these optimal distance.

Once optimized this result, we focus on adding tubes in inner rings
to adjust �at factor. In all the rings we try to keep some symmetry in
the con�guration putting tubes of the same type in the rings or at least
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Figure 3.24: E�ciency for one ORNL 2� tube distributed at di�erent
radius (15 cm to 25 cm with 2.0 cm intervals) to the center of the block of
polyethylene for the range of energies below 5 MeV

with a geometrical distribution as regularly as possible. This decision is
arbitrary but simpli�es the treatment of the problem and �nal solution
can overcome this choice if there is some near con�guration that optimize
the result.

After the outer tubes distributed, we proceed to distribute the more
inner tubes. Initially we placed those with less e�ciency (JINR with 5
atm) in a �rst inner ring taking advantage of the square hole and a second
ring as near as possible of hole with the ORNL tubes at 4 atm. We choose
the tubes with small e�ciency because one tube at a small distance of
the origin of neutron, add high relative e�ciency at low energies and this
is di�cult to compensate with the remaining tubes. From here another
intermediate ring with UPC tubes are de�ned, we choose this type of tube
because its e�ciency is not very di�erent from ORNL and GSI tubes. As
it can be see in �gure 3.25 the process to add a new ring implies a new
optimization of the parameters of the other rings. These parameters,
indicated in the axis x in the �gure, correspond to the radius of the rings
and the number of tubes per ring. These kind of �gures serve to identify
where are the best combinations of parameters and the expected range of
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Figure 3.25: Plot analysis of the result of simulations with radius of the
ring 3 versus 4 with all the other parameters implicit. The red rectangle is
located in the area of the proposed con�guration

the best result. We search an intermediate distance of the ring to the �at
factor for energies of the middle of the range. As in the previous step,
due to the large number of tubes we split into two intermediate rings that
were complemented by ORNL and GSI tubes. This same procedure was
again performed to add the JINR tubes and the RIKEN tubes.

The whole process needs to test again the radius of all the rings to
ensure that the e�ciency results remains the most optimal. For exam-
ple, in the case of external rings, an initial distance obtained in the �rst
optimization of the two rings at 17 cm and 22.5 cm, was changed to a
�nal distance of 27 and 35 cm for the proposed con�guration with seven
rings because the e�ective distance traveled by the average neutrons in
polyethylene is clearly less than the radius obtained without inner rings.
In table 3.18 it can be seen the results of mean e�ciency and �at fac-
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MCNPX:[e:66,M:68,m:60,f:115]
GEANT:[e:69,M:73,m:62,f:119]

Figure 3.26: Contribution of each ring to the neutron detection e�ciency
and total e�ciency for the BRIKEN detector

tor of the �nal proposed con�guration for di�erent energy ranges. The
number of tubes, the number and radius of rings, the type of tubes in
each ring, and the spacing between tubes and rings has been designed
to achieve the best compromise between high and �at e�ciency, while
keeping a relatively large e�ciency for high neutron-energies of 5 MeV.
This con�guration shows a good e�ciency ratio of 1.15 for the range of
neutron energies from 100 eV to 5 MeV, and an average neutron detec-
tion e�ciency of 66%. These con�guration comprises a total of 174 3He
tubes arranged in six rings. Its key parameters are reported in Table 3.17
and a plot with the total e�ciency for all range of neutron energies and
for each ring can be seen in �gure 3.26. As discussed before, multiple
neutron emission represents one of the main scienti�c topics within the
BRIKEN project. In this way, and owing to the very large detection
e�ciency and segmentation of the BRIKEN setup, the probability for
two-neutron detection becomes also quite large, over 40%. This is shown
in 3.28 where the two and three neutron detection e�ciency is shown as a
function of three neutron energy. In this case, as the available decay en-
ergy is shared between two neutrons, one can have con�dence that those
energies will be relatively small, thus being the low energy part of the
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Ring Radius(cm) #Tubes Pressure(atm) Institute

1 7.8 4 5 JINR

2 9.8 16 4 ORNL

3 13 24+2+2 5.13/10/8 RIKEN/GSI/UPC

4 17 8+16 10/8 GSI/UPC

5 21.5 12+24 8/4 UPC/JINR

6 27 26 10 ORNL

7 35 38 10 ORNL

Table 3.17: Con�guration of the BRIKEN neutron detector

e�ciency curve more relevant. Based on measurements performed at the
F11 area of RIBF, the neutron background is not expected to cause prob-
lems for counting ion and beta correlated neutron events. However, there
are several neutron shielding elements available. There are also several
plates made out of 1 inch thick HDPE and 1 mm Cd layer from ORNL
and two sheets 2Ö1 m of borated rubber (41% boron) from GSI. They
will serve as an e�cient passive shielding of BRIKEN.

energy range
1n 2n

MCNPX GEANT4 MCNPX GEANT4

e� (%) �at e� (%) �at e� (%) �at e� (%) �at

100 eV-1 MeV 68 1.02 71 1.09 46 1.03 50 1.19

100 eV-2 MeV 68 1.03 71 1.09 46 1.06 50 1.19

100 eV-5 MeV 66 1.15 69 1.19 44 1.32 48 1.41

Table 3.18: E�ciency (e�) and �at factor of BRIKEN detector
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Figure 3.27: BRIKEN frontal view (units mm)

Figure 3.28: BRIKEN detector mean e�ciency for 1 neutron, 2 neutron
and 3 neutron
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Chapter 4
Systematization algorithm for BELEN

detector con�guration design

4.1 Introduction

As seen in the previous chapter, a large simulation process has led to the
�nal decision on the choose of the �nal con�guration. The aim of these
Monte Carlo simulations is to achieve the maximum neutron detection
e�ciency for BELEN detector keeping a �at response e�ciency along the
neutron energy range. In order to decrease the number of required sim-
ulations, has been studied some strategies to �nd the optimal solution.
These strategies, di�erent for each design, have been implemented in a
computer code that helps in the search for the optimal con�guration. To
improve the time response of this code, we have also studied some alter-
natives to extrapolate e�ciency of some complex con�gurations through
the e�ciency obtained in more basic con�gurations.

4.2 Systematization algorithm

The main objective is to minimize the number of Monte Carlo simulations
needed to extrapolate the better con�guration, but if is possible, we also
try to establish a methodology to ensure that the results are close to op-
timal. To do this, we divide the problem of �nding the best con�guration
in a sequence of subproblems to solve partial objectives. We de�ne this
partial objectives through a merit �gure and some bonds. The bonds can
�x a number maximum of rings, a maxim number of tubes per ring and
an even number of tubes per ring. The merit �gure have de�ned weigths
for the following parameters:

� Flat factor close to 1.

� Increase mean e�ciency

� Increase a ratio of e�ciency between a de�ned energy and mean
e�ciency.

61
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So the strategy is to de�ne a sequence of subproblems by a �gure of merit
with an assigned group of tubes. For instance, with the BELEN-20 pro-
totype we can de�ne an easy strategy on two subproblems. The �rst one
assign 10 tubes to improve the mean e�ciency and the other 10 tubes in a
second subproblem to get a �at factor close to 1. The strategy obviously
is �nally to use all available tubes. The order in which these subprob-
lems are solved is very important, is not the same to improve the mean
e�ciency and later the �at factor than the other way around. It is also
important to de�ne which are the tubes that we designate to solve each
of these subproblems. Following previous studies can be interesting to
assign the tubes with less or more e�ciency to get some of the objectives.
It is also possible to de�ne a �xed initial con�guration and then add the
rest of the tubes to the �nal con�guration with some strategy.

To solve the subproblems, we have implemented a computer code mod-
ule named OPT (Optimization module). OPT is a part of an analysis
engine that is a set of modules that serves to run Monte Carlo simula-
tion script, plot the e�ciency results and do some other analysis. OPT
performs the task of searching the best con�guration based on the pa-
rameters passed to it , as shown in Figure 4.1. The parameters of the
OPT module are:

� Initial con�guration.

� The approach used to calculate the e�ciency

� Figure of merit

The module OPT �nds, from a given initial con�guration and adding
a number of tubes passed as a parameter, the best con�guration based
on a �gure of merit. Initially is de�ned a set of positions available for the
tubes in the polyethylene matrix. Given a con�guration, OPT adds at
each step a tube to this con�guration at the position where is obtained
the best value of the �gure of merit. OPT does not develop a technique in
the global solution space, since it is not based on a con�guration that pro-
gresses according to an evolution of all possible con�gurations. Instead,
it is a method based on local search path, since each iteration maintain
one candidate solution to the problem (analogous to the state of a phys-
ical system). The method has a merit associated function (similar to an
energy function of the system) for which it is intended to �nd the local
minimum (analogous to the more stable state of the system). The search
space is scanned by a transition operator (e�ciency of the new con�gu-
ration), which is incorporated in the objective function of the problem.
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Figure 4.1: Operating diagram of the application of analysis
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Note that the method developed could obtain a better combination of
parameters for a con�guration that doesn't employ all available tubes.
Therefore, the method is based on a signi�cant part in the goodness of
the choice of the initial con�guration and parameters that de�ne the �g-
ure of merit. The e�ciency for each new con�guration de�ned can be
calculated directly with Monte Carlo simulation or by an approach.

The algorithm makes calls with di�erent parameters to the module
OPT for each design. In section 4.4 we show some results of its use to
�nd the optimal con�guration of some of the BELEN prototypes. The
module OPT used in that section calculates the e�ciencies of the new
con�gurations making use of some approaches described in the following
section.

4.3 Approach of con�guration e�ciency

The main point is �nd a relation based on some geometrical parameters
that gives the e�ciency of a con�guration as a function of the e�ciency of
the isolated tubes that form part of that con�guration. In general, we can
de�ne that from two con�gurations, α and β with neutron detector e�-
ciencies ηα and ηβ respectively, the e�ciency sum of those con�gurations
ηα+β as the e�ciency obtained in a con�guration that contains all tubes
of each of the con�gurations. We can write the equation for e�ciency
sum as:

ηα+β = ηα + ηβ′ + εαβ (4.1)

where εα,β is a measure of the �interference� that occurs due to the pres-
ence of the tubes both with con�gurations together. For the OPT case,
the con�guration β always contain only one tube.

In the following sections we study the way to �nd some patterns that
help us to de�ne these generic variables and associated functions. In order
to estimate the interference value, it has been used some initial simulation
parameters. The calculation of the interference between tubes depend on
two main factors :

� Reduction of the number of moderated neutrons: The pres-
ence of tubes reduces the amount of polyethylene and therefore
reduces the capacity of the matrix to moderate neutrons.

� Intersection captures: Neutrons captured by a tube can not be
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captured by another tube, therefore there is an e�ciency loss due
to the presence of the other tubes.

Based on these two concepts, the main idea is to obtain a model of the
e�ciency interference to approximate the e�ciency of the new con�gu-
ration. The goal is to estimate the interference e�ciency as a function
of some natural variables (distance, angles, ..) and �nd parameterized
functions that model the behavior of the e�ciency with respect to these
variables. The geometrical variables involved are de�ned as the cilindrical
coordinates with origin of the axis at the center of polyethylene matrix,
with the axial coordinate z parallel to the axis of the tubes and whereρ
is the distance from any point to the origin and ϕ is the angle to the
x coordinate. To reference the positions of varios tubes, we de�ne the
variables, ρij and ϕij as the distance and angle between i and j tubes
respectively as can be seen in the �gure 4.2

Figure 4.2: Geometric parameters to characterizate the position of tubes
in the polyethylene matrix

To characterize the interference e�ciency, two variables are used, the
thermal �ux ratio to get a qualitative idea of thermal neutrons distribution
in the polyethylene matrix and e�ciency ratio which gives a value of the
ratio between a tube e�ciency when is part of a con�guration with more
tubes in polyethylene matrix, respect to the e�ciency of that same tube
at the same location but without any other tube in the matrix.
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E�ciency ratio of tubes

We need to de�ne a variable that shows the change of e�ciency between
a tube as a part of a con�guration with more tubes in the polyethylene
matrix respect to the isolated tube in the same position of the matrix.
Therefore the e�ciency ratio for neutron initial energy E , kE is de�ned
as:

kE =
ηE

ηE0
(4.2)

where ηE is the tube e�ciency in the con�guration and ηE0 is the tube
e�ciency in the same position without any other tube in the polyethylene
matrix. This ratio will serve to assess the interference that occurs in
relation to the other tubes of the con�guration studied.
The reduction of e�ciency for a tube in a con�guration α with n tubes,
is given as an approximation by the equation:

kjE =
n∏

i 6=j ε α

kiE (4.3)

where ktiE is the e�ciency ratio for neutron initial energy E for the tube
t by the presence of the tube i.

Thermal neutron �ux ratio

The distribution of thermal neutron �ux in the detector depends strongly
on the initial energy of the neutrons as can be seen in �gure 4.3. The plot
shows the distribution of thermal neutrons in the polyethylene according
to the distance to the central axis of the detector for three di�erent initial
neutron energies. To calculate the thermal neutron �uence respect to the
variable ρ we sum all the contributions of the z coordinate and angle ϕ.
It can be seen that, in all three cases, is similar to a plot of a di�usion
process, in which the di�usion coe�cient, as can be expected, is greater
at higher energies.

In order to observe the di�erence between the thermal neutron �ux
in the presence of tubes, is de�ned the thermal neutron �ux ratio, uE,
dividing the �ux in the polyethylene matrix with the presence of tubes
over the neutron �ux withouth tubes.

uE =
φE

φE0
(4.4)
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Figure 4.3: Distribution of thermal neutron �ux inside of a polyethylene
matrix for three neutron energies as a function of distance from the origin
of neutrons.

where φE is the �ux for neutron energy E for the con�guration and φE0
the thermal neutron �ux in the polyethylene matrix without any other
tube in the polyethylene matrix.This ratio is used to measure the change
of �ux in the presence of tubes respect to the original �ux and only have
a qualitative use in this work to visualize the distribution of neutrons in
the polyethylene.

Interference in e�ciency between the same ring tubes

In order to develop a model of interference e�ciency between tubes1 , we
start analyzing the simplest case for only two tubes. According to the
hypotheses raised above, we study the case of intersection captures. To
do this, we put the tubes at the same distance (ρ = ρr) from the origin
of the neutrons forming a ring. Then, varying the angle between them

1Tubes used in all studies are He3 at 20 atm with 60 cm length and diameter of 1
inch
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Figure 4.4: Ratio between thermal neutron and all neutron �ux with and
without a tube at 8 cm from origin of neutrons �ux for three di�ernt energies
(0.0001 MeV, 0.1 MeV, 2 MeV)

ϕ12 = ϕ1 − ϕ2 (distance between them is ρ12 = ρr
√

2(1− cos(ϕ12)) ), we
mesure the e�ciency ratio. As the tubes are at the same distance from
the neutron origin, the e�ciency when they are isolated is the same for
each tube, and changes in e�ciency ratio equally a�ects both tubes.

For the second case, we study the case where the tubes are located on
the same path of neutrons coming from the source at di�erent distances
from the origin of neutrons. In this case, the e�ciency ratio will be
di�erent for each tube and we establish some approximations in order to
have a reasonable estimation of the interference. In all studies the tubes
are embeded inside a polyethylene matrix, with a centered hole of 5 cm
radius and conserving the symmetry with respect to the z coordinate of
the distribution of neutrons.

In �gure 4.5 it can be seen the e�ciency ratio as a function of dis-
tance between two tubes (ρ12) located at di�erent distance from origin
(ρr). Although there is a small dependence on radii of ring, from a cer-
tain angle between tubes, the ratio is almost 1 as could be expected (no
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interference), but still having slight variations in part due to the neutrons
passing through the hole in the center of the matrix of polyethylene2. On
the behavior of ratio we can assume, with no big mistake, that the ratio
tends to 1 at large distances and calculate the �t to a function of type:

rη = a(1− e−bρ12) (4.5)

that allows to �nd a and b as parameters to approximate the dependence
of the sum of e�ciency according to the radius of the ring and the distance
between the ring tubes. We decided to keep the formula as a function
of the distance between the tubes and not the angular distance in order
to allow a more general formula not only applicable to the rings, the
dependence is practically the same for the two variables, and although it
loses sense for rings with small radius, the formula works well enough.
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Figure 4.5: CANVI E�ciency ratio at di�erent rings (ρ = 8..16) between
two tubes at di�erent distance ρ12

In order to generalize the calculation with more tubes, we establish a
way of adding new tubes to a ring, suposing that all tubes are distributed
at the same angular distance (isotropically distributed in a ring). If there

2Polyethylene used in all studies are HDPE with density 0.93 g/cm3
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are two tubes, the angular separation between them will be 180 degrees,
if there are 3 of them, angular separation will be 120 degrees and so on.
To obtain the ratio e�ciency of one tube, we have to apply the equation
4.5 for each pair of tubes at one ring and multiply among them.

Following this distribution of tubes in the ring, considering equation
4.3, it's easy to get a general equation that gives the e�ciency of all ring
for an energy E as 4.6:

ηn =
n k2

α...k
2s

mα

kn−1
0

with n > 2 (4.6)

where n is the number of tubes in the ring, kαis the e�ciency ratio for
one tube in presence of another tube at an angular distance of α = 360

n

(angular distance between tubes) and m corresponds to the module of
the division m = N mod 2 and s the remainder.
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Figure 4.6: CANVI Ratio between Monte Carlo and �t for a con�guration
with di�erent number of tubes

In the �gure 4.6 is seen the result of applying the above setting to
calculate the e�ciency of a ring with a certain number of tubes placed at
di�erent distances from the source. The plot shows the ratio between the
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result of the e�ciency for Monte Carlo simulation, divided by the result
of the previous function applied to all tubes of each ring. The approach
�ts relatively well although from a high number of rings, seems to always
give a lower estimate. One reason for this di�erence may be the e�ect
on the e�ciency of the neutrons passing through the central hole. In any
case, taking into account the purpose of the application, the adjustment
is good enough.

Interference e�ciency of tubes in di�erent rings.

We proceed to study the variation in the e�ciency ratio for two tubes at
di�erent distances from the source, oriented in the same direction with
respect the origin of neutrons. The analysis consider the variation of the
ratios as a function of neutron source energy, distance from origin of the
tubes ρ, and distance between tubes ρ12. In �gures 4.7 and 4.8 can be
seen the e�ciency ratio of the inner and outer tube for di�erent neutron
source energies. The interference in ratio e�ciency among tubes has a
clear dependence on this energy and on the distance from the origin and
between tubes. It can give some conclusions from previous studies:

1. Interference for an inner tube is only signi�cant for lower energies
and small distances between tubes.

2. For the outer tube, e�ciency ratio increases with increasing neutron
energy

3. Increasing distance from neutron origin reduces interference be-
tween tubes.

Two main causes can explain these e�ects

� Interference with the capture among tubes: neutrons captured on
a tube can not be captured in the other. The consequence is a
reduction in the e�ciency ratio of the two tubes.

� The neutron path in polyethylene is reduced when pass through
a tube. The thermal neutron �ux for all source neutron energies
changes in the region behind the tube (relative to the origin of the
neutrons). Depending on the neutron energy the e�ect may be
di�erent and may therefore increase or reduce e�ciency. This e�ect
on the ratio of the neutron thermal �ux can be seen in �gure 4.12
where we put an empty tube to avoid the neutron absortion, it can
be seen the increase of the ratio that occurs for all energies.
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Figure 4.7: Inner and outer tube e�ciency ratio at ρr=7-15 cm with outer
tube at ρ12= 3-9 cm



i
i

�thesis� � 2016/3/29 � 15:29 � page 73 � #88 i
i

i
i

i
i

4.3. APPROACH OF CONFIGURATION EFFICIENCY 73

E
ffi

ci
en

cy
 r

at
io

 fo
r 

di
ffe

re
nt

 d
is

ta
nc

es
 b

et
w

ee
n 

tu
be

s

D
is

ta
nc

e 
fr

om
 o

rig
in

 (
cm

)

Efficiency ratio

0.
4

0.
6

0.
8

1.
0

3
4

5
6

7
8

9

7X
5

8X
5

3
4

5
6

7
8

9

9X
5

10X
5

3
4

5
6

7
8

9

11X
5

12X
5

3
4

5
6

7
8

9

13X
5

14X
5

3
4

5
6

7
8

9

15X
5

7X
1

8X
1

9X
1

10X
1

11X
1

12X
1

13X
1

14X
1

0.
4

0.
6

0.
8

1.
0

15X
1

0.
4

0.
6

0.
8

1.
0

7
X

0.
1

8
X

0.
1

9
X

0.
1

10X
0.

1
11X
0.

1
12X
0.

1
13X
0.

1
14X
0.

1
15X
0.

1

7
X

0.
01

8
X

0.
01

9
X

0.
01

10
X

0.
01

11
X

0.
01

12
X

0.
01

13
X

0.
01

14
X

0.
01

0.
4

0.
6

0.
8

1.
0

15
X

0.
01

0.
4

0.
6

0.
8

1.
0

7
X

0.
00

1
8

X
0.

00
1

9
X

0.
00

1
10

X
0.

00
1

11
X

0.
00

1
12

X
0.

00
1

13
X

0.
00

1
14

X
0.

00
1

15
X

0.
00

1

7
X

0.
00

01

3
4

5
6

7
8

9

8
X

0.
00

01
9

X
0.

00
01

3
4

5
6

7
8

9

10
X

0.
00

01
11

X
0.

00
01

3
4

5
6

7
8

9

12
X

0.
00

01
13

X
0.

00
01

3
4

5
6

7
8

9

14
X

0.
00

01

0.
4

0.
6

0.
8

1.
0

15
X

0.
00

01

In
ne

r 
an

d 
ou

te
r 

tu
be

in
ne

r
ou

te
r

Figure 4.8: Inner and outer tube e�ciency ratio at ρ12= 3-9 cm with
inner tube at ρr=7-15 cm
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Figure 4.9: Thermal ratio �ux with one tube at r=8 cm for energies of
0.1 keV, 1 keV, 10 keV, 100 keV, 1 MeV and 5 MeV
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Figure 4.10: Thermal x ratio with two tubes one at r=8 cm and other at
11 cm for energies of 0.1 keV, 1 keV, 10 keV, 100 keV, 1 MeV and 5 MeV
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Figure 4.11: Thermal �ux ratio with two tubes one at r=8 cm and other
at 14 cm for energies of 0.1 keV, 1 keV, 10 keV, 100 keV, 1 MeV and 5
MeV
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Figure 4.12: Thermal �ux ratio with one tube at r=8 cm with aire for
energies of 0.1 keV, 1 keV, 10 keV, 100 keV, 1 MeV and 5 MeV



i
i

�thesis� � 2016/3/29 � 15:29 � page 78 � #93 i
i

i
i

i
i

4.3. APPROACH OF CONFIGURATION EFFICIENCY 78

Both e�ects depends on the distance between tubes and their position
regarding the origin of the neutrons. Although there is always some small
e�ect in the �ux throughout the matrix of polyethylene, in general, it can
be estimated that the higher e�ect for the e�ciency of the tubes is local
and decreases as a function of distance. There are notable exceptions,
such as when we put a tube at a distance from source of neutrons where
there is a clear reduction in the thermal neutron �uence for this energy,
a�ects higher distances (tube at 7 cm with energy of 0.1 keV). Something
similar happens with energy of 0.1 MeV and the tube at 10 cm or longer
distances in the case of 2 MeV.

Given the di�culty to �nd an easy function that can re�ect through
the main variables the results obtained in this study, we decided to adopt
a di�erent approach to this case. The aim of this analysis is to �nd a set of
values (simulations basis) in the space of parameters that characterizate
the behavior of ratio e�ciency. We make an statistical analysis of the data
shown in �gure 4.7 , where each column of a matrix represents a simulation
in which a row contains e�ciency ratio obtained by simulation, and the
other rows contain the parameters we have been used in the simulation:

� Distance from the neutron source

� Distance between tubes

� Initial energy of neutrons

Each parameter are treated as if was an isolated variable. The aim is
to study the relationship between di�erent variables (values in the range
of parameters) to quantify the relationship between them. If there is a
very high correlation between variables, we expect that are dependent
and therefore we can de�ne an only one representant for all that range of
variables with the same behaviour. We will do this process with the three
parameters and through the study of relations between their values, we
will de�ne some ranges in which the e�ciency ratio will be characterized
by only one value of the range.

In a �rst analysis, to �nd a range of energies with the same behav-
ior, we de�ne each energy value as a parameter (for example, value 0.1
keV de�ne the parameter �X0.1keV�). Then, we analyze the results of the
e�ciency ratio as a function of this variables to �nd a possible correla-
tion between them. In �gure 4.13 it can be seen the covariance matrix
between the energy parameters for the outer and inner tube. Below the
diagonal of the table it can be seen the value of correlation between the
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di�erent values of energy parameters and on top, a colored representa-
tion (color legend) of this value, in which a darker blue represents higher
correlation. We want to obtain a certain structure inside the covariance
matrix between the variables of energy. These structures may allow us
to de�ne relationships between variables that reduce the number of sim-
ulations required to explain the behavior of e�ciency ratio. The idea is
to choose di�erent ranges of parameters with only one representant that
characterize ratio e�ciency in that range. In �gure 4.14 it can be seen
again the correlation between variables represented by the same color as
the previous �gure and also added the results of a signi�cance test of this
relationship. The variables are grouped according to these correlations.
The con�dence interval is de�ned by the thickness of the bar inside the
cell, a greater thickness means less signi�cance and a if is marked with a
cross means no signi�cance. The groups are displayed through a blue box
which includes all values in the range. As it can be seen in the case of
the outer tube, there is a strong correlation between the results obtained
for energies greater than 1 MeV. Another group could be formed by the
energies from 1 keV to 100 keV. While 0.1 keV needs individual treatment.

In a second analysis, we do the same for the parameters that represents
the distance from the origin and distance between tubes. As can be seen
in the �gure 4.15 it can be made groups based on the values of correlation
between the values of the parameters. In case of distance with the origin,
there is a group with values between 10-15 cm, another with 8 and 9 cm
and 7 cm need individual group. In the case of distance between tubes,
there is a group with value 3 to 5 cm, another with 6, 7 cm and one with
8 and 9 cm.

Angular depence for the interference of the tubes.

As seen before, the main e�ect of interference e�ciency between the tubes
occurs in the direction of emission of the neutrons. We note that for
distances at 3 cm (high interference) and at 6 cm, as can be seen in �gure
4.16, the change in the ratio for the second tube is important from 40
degrees in case of 3 cm and about 30 degrees for the case of 6 cm. For
the �rst tube the in�uence is smaller and only below 30 degrees variation
exceeds 5%. The e�ect can be �tted on the tubes that are not in the same
direction using an exponential function that depends on the di�erence
between polar angle between tubes (ϕcc) (equation 4.7).

rη(ϕcc) = 1− [1− rη(ϕ0)]ae−bϕcc (4.7)



i
i

�thesis� � 2016/3/29 � 15:29 � page 80 � #95 i
i

i
i

i
i

4.3. APPROACH OF CONFIGURATION EFFICIENCY 80

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

X0.1.KeV

X1.KeV

X10.KeV

X100.KeV

X1.MeV

X2.MeV

X3.MeV

X4.MeV

X5.MeV

0.78

0.67

0.53

0.66

0.69

0.57

0.62

0.58

0.91

0.85

0.61

0.61

0.46

0.5

0.41

0.9

0.64

0.58

0.45

0.51

0.49

0.52

0.47

0.35

0.4

0.35

0.95

0.91

0.94

0.92

0.96

0.95

0.89

0.96

0.91 0.94

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

X0.1.KeV

X1.KeV

X10.KeV

X100.KeV

X1.MeV

X2.MeV

X3.MeV

X4.MeV

X5.MeV

−0.19

0.28

0.52

0.31

0.31

0.01

0.32

0.39

0.58

0.02

0.33

0.65

0.55

0.57

0.34

0.67

0.79

0.82

0.7

0.64

0.7

0.78

0.5

0.51

0.5

0.57

0.77

0.81

0.78

0.82

0.85

0.93

0.91

0.87

0.79 0.9

Figure 4.13: Energy variable correlation with the outer (left) and inner
(rigth) tubes

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

10
0 

ke
V

1 
ke

V

10
 k

eV

0.
1 

ke
V

4 
M

eV

2 
M

eV

3 
M

eV

1 
M

eV

5 
M

eV

100 keV

1 keV

10 keV

0.1 keV

4 MeV

2 MeV

3 MeV

1 MeV

5 MeV

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

0.
1 

ke
V

1 
ke

V

3 
M

eV

5 
M

eV

2 
M

eV

4 
M

eV

10
0 

ke
V

10
 k

eV

1 
M

eV
0.1 keV

1 keV

3 MeV

5 MeV

2 MeV

4 MeV

100 keV

10 keV

1 MeV

Figure 4.14: Energy variable correlation and signi�cant level for outer
(left) and inner (rigth) tubes



i
i

�thesis� � 2016/3/29 � 15:29 � page 81 � #96 i
i

i
i

i
i

4.4. APPLICATIONS OF THE ALGORITHM FOR THE
DESIGN OF THE BELEN PROTOTYPES 81

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 1
4 

cm

 1
5 

cm

 1
0 

cm

 1
3 

cm

 1
1 

cm

 1
2 

cm

7 
cm

 8
 c

m

 9
 c

m

 14 cm

 15 cm

 10 cm

 13 cm

 11 cm

 12 cm

7 cm

 8 cm

 9 cm

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 5
 c

m

3 
cm

 4
 c

m

 8
 c

m

 9
 c

m

 6
 c

m

 7
 c

m

 5 cm

3 cm

 4 cm

 8 cm

 9 cm

 6 cm

 7 cm

Figure 4.15: Correlation (colour) and signi�cant level range (upper and
lower bound) for distance from source of neutrons (left) and distance be-
tween tubes correlation (rigth)

We �t the initial approach for all initial neutron energies considering
that the variation is not too large. The function is �tted according to
the angle between tubes with an exponential relationship between the
e�ciency ratio for the case where the tubes are aligned ϕ = 0, with
respect to the ratio we get for any single angle ϕcc.

4.4 Applications of the algorithm for the de-

sign of the BELEN prototypes

As explained above, the e�ciency of the new con�guration is calculated
through the approximate formulas for tubes on the same ring and by
interpolation by adding the angular e�ect, for tubes in di�erent rings.
In this process we are assuming that the e�ect in the e�ciency ratio is
associative. Interpolation is performed with the result obtained in the
basic simulations for parameters that characterize the ranges obtained
previously in the statistical analysis. The result of the application, as we
have said before, give a �rst approach that helps us to �nd the optimum
con�guration, reducing the number of simulations required and de�nes a
strategy for organizing the search. The prototype detectors listed below
were designed as has been explained in chapter 3. The results of the
algorithm seeks similar objectives to compare the resulting con�gurations
but is not the more optimal con�guration although can give a set of good
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Figure 4.16: E�ciency ratio (outer tube) for di�erent angles with dis-
tances between tubes from 3 to 6 cm and distances to the origin from 11 to
19 cm

values of parameters to do a more accuracy search with Monte Carlo
simulations.

BELEN-20B

In this prototype were available 20 3He tubes with a pressure of 20 atm.
The radius of the beam hole was 5.5 cm. The aim proposed for the
application is to obtain maximum e�ciency with 2 MeV �at factor as
close to 1.0 as possible in the range of energies up to 1 MeV and less
than 1.25 in the range up to 2 MeV. There are two �les necessary for
the entry of OPT, one containing the values of e�ciency that gives us
results of Monte Carlo simulations of a single tube in the polyethylene
matrix at distances between 8 cm and 28 cm from the neutron source.and
another with the values of ratio e�ciency that gives results of Monte
Carlo simulations with two tubes. The �rst tube is at three distances
speci�ed in the e�ciency pro�le for various ranges discussed in the text.
The second tube is at distance from is at 4 cm, 7.5 cm, 8.5 cm from the
�rst one.with
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tubes con�guration approach MCNPX

#e� #�at radius(#tubes) e� �at e� �at

5 15 8.0(6) 11.0(3) 14.5(8) 17.5(3) 58 1.36 45 1.36

4 16 8.0(4) 11.0(2) 14.0(10) 17.0(4) 45 1.13 37 1.16

3 17 8.0(3) 11.0(1) 14.0(10) 17.0(4) 27.0(2) 36 1.05 31 1.04

2 18 8.0(2) 11.0(2) 14.0(7) 17.0(2) 27.0(7) 28 1.07 23 1.05

Table 4.1: Con�gurations and parameters obtained with OPT application
employing the 20 tubes of BELEN-20B distributed in two groups of tubes,
one to improve e�ciency and another to get a �at factor close to 1.

The table 4.1 shows the results of the con�gurations distributed in
two groups of tubes. The column #ce� are the number of tubes with the
OPT call to obtain higher e�ciency and #cratio are the number of tubes
used to the next OPT call to obtain a ratio as close as possible to 1.0 The
result of the run of OPT for a di�erent distributions of tubes in #�at and
#e�, is shown in the table 4.1.

In this table Con�guration column describes the con�guration indi-
cating position of the rings (radious from the origin of neutrons) and the
number of tubes in this ring, e� column gives the e�ciency estimated
by application, the column factor shows �at �at factor estimated by the
application and Monte Carlo column shows the results for the same con-
�guration by Monte Carlo simulation code, where the variable e corre-
sponds to the e�ciency and r is the �at factor. Accepting miscalculated
both e�ciency and the ratio compared with the Monte Carlo solution,
the result gives us con�gurations that meet the requested speci�cations
and serve as a starting point to �nd an optimal solution. For example,
Figure 4.17 corresponds to the con�guration in which 16 tubes are used
for best �at factor, in this case the �at factor is somewhat better but the
e�ciency of the �nal prototype e�ciency is slightly lower. It must be
considered that they have not taken into account issues of symmetry in
the arrangement of tubes, that would be done in a second step in which
we �nd a more optimal solution by small variations of the tube positions.

BELEN-30

The design goal for the BELEN-30 detector was to achieve maximum
e�ciency for neutrons of energy less than 2 MeV with 10 tubes of He3 at
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Figure 4.17: OPT con�guration e�ciency for BELEN-20

10 atm and 20 tubes of He3at 20 atm. The radius of the beam hole was
11.5 cm. The data required for the application with the simulation basis
is in three �les, one containing the values of e�ciency that gives us results
of Monte Carlo simulations with a single tube at 20 atm in polyethylene
matrix at distances between 14 cm and 28 cm from the neutron source, a
second �le containing the values of e�ciency that gives us results of Monte
Carlo simulations with a single tube at 10 atm in polyethylene matrix at
distances between 14 cm and 28 cm from the neutron source and another
�le with the values of ratio e�ciency that gives results of Monte Carlo
simulations with two tubes. The �rst tube is at three distances that
represents all the ranges of distances between 14 cm and 28 cm. The
second tube is at 4,7.5,8.5 cm distances from the �rst one. With these
speci�cations, OPT runs distributing a group of tubes to obtain higher
mean e�ciency and another group to obtain a value of �at factor closer
to 1.0. The result of the run of OPT for a range of di�erent distributions
tubes is shown in the following table 4.2:

In this case, we obtain the con�guration with two steps, an initial step
in which we seek with 10 tubes the maximum e�ciency (�be� column with
value 1) and the next step, with 20 tubes, seeks the minimum �at factor
(�bf� column value 1). �e�� column and �at column shows the estimated
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step be bf #tubes tubes e� �at MCNPX

1 1 0 10[10] 14.0(10)

2 0 1 20[20] 18.0(11)21(9) 46 1.22 37 1.27

Table 4.2: Con�gurations and parameters obtained with OPT application
employing the 30 tubes of BELEN-30 in two steps, one to improve e�ciency
and another to get a �at factor close to 1.

e�ciency and ��at� ratio obtained by application, and in the column
MCNPX, the results obtained by simulation for the e�ciency and �at
factor.

The results with this distribution (�gure 4.18) are quite similar to
those obtained in the prototype that was done to the BELEN-30 that
results could be a good starting point to optimize the solution.
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Figure 4.18: OPT con�guration e�ciency for BELEN-30

BELEN-48

The design goal for the BELEN-48 detector is to achieve maximum e�-
ciency for neutrons of energy less than 5 MeV with 40 tubes of He3 at 8
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atm and 8 tubes of He3at 10 atm. The radius of the beam hole is 5.5 cm.
For the OPT call is necessary to pass three �les, one �le containing the
values of e�ciency that gives results of Monte Carlo simulations with a
single tube at 8 atm in the polyethylene matrix at distances between 8
cm to 28 cm from the neutron source, a second �le containing the values
of e�ciency that gives results of Monte Carlo simulations with a single
tube at 10 atm in the polyethylene matrix at distances between 8 cm to
28 cm from the neutron source and another �le with the values of ratio
e�ciency that gives results of Monte Carlo simulations with two tubes.
The �rst tube is at three distances that represents all the ranges of dis-
tances between 14 cm and 28 cm. The second tube is at 4.5 cm, 7.5 cm,
and 8.5 cm distances from the �rst one. In the table 4.3 are displayed
two solutions directly with the 48 tubes searching for high e�ciency and
�at factor close to 1 in the �rst and second adding conditions to the
maximization of energy e�ciency at 5 MeV.
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Figure 4.19: E�ciency for OPT con�guration for BELEN-48

In this case we run OPT twice with di�erent parameters In the �rst
case we seek the maximum e�ciency and �at factor close to 1 (�be�
columns and �bf� with value 1) and in the second case also seek max-
imum e�ciency for neutron initial energy of 5 MeV. �e�� column and
��at� column show the estimated e�ciency and �at ratio obtained by ap-
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be bf be5 con�guration e� ratio MCNPX

1 1 0 8(2) 11.5(10) 18(9) 21(6) 24(4) 27(17) 38 1.14 34 1.16

1 1 1 8.5(4) 11.5(11) 19(16) 22(17) 46 1.16 43 1.12

Table 4.3: Con�gurations and parameters obtained with OPT application
employing the 48 tubes of BELEN-48 in two cases. One call to improve
e�ciency and to get a �at factor close to 1 and the second case also to seek
maximum e�ciency for neutron initial energy of 5 MeV.

plication, and in the column MCNPX, the results obtained by simulation
for the e�ciency and �at factor with the same con�guration.

The result of the second row shown in Figure 4.19, is similar to the �nal
con�guration for the prototype, however in the prototype the rings have
an even number of tubes providing better symmetry to analyze results .
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Chapter 5
Calibrations of neutron detector

This chapter shows the results of the BELEN detector calibration, specif-
ically the prototypes BELEN-30 with a 252Cf source at GSI and BE-
LEN48M1 at PTB (the Physikalisch- Technische Bundesanstalt Braun-
schweig, the german metrology laboratory) .

Calibration tests have to be done for each experimental campaign
to assure the correct operation of the detector before starting the mea-
surements. Calibration of the BELEN detector can be performed with
isotropic neutron sources such as 252Cf, Am-Be, etc., which produce neu-
trons in a continuous spectrum as can be seen in �gure 5.1 or with known
neutron �elds produced by some reactions. In this chapter we describe
techniques that we have employed to calibrate the neutron detector with
a set of reactions that produce neutron monoenergetic sources at PTB.

The PTB is the German National Metrology Institute which major
tasks of research and development are the improvement of the national
measurement standards, e.g. by exploitation of quantum e�ects for realiz-
ing the SI units, and the precise determination of fundamental constants
and material properties. Division 6 "Ionising Radiation" deals with ra-
dioactivity as well as photon and neutron metrology and dosimetry. A
great variety of well characterised radiation reference �elds is available for
experiments. PTB took part in international key comparisons for the de-
termination of the �uence of monoenergetic neutrons in the energy range
from 144 keV to 14.8 MeV.

5.1 Calibration with 252Cf source

Spontaneous �ssion 252Cf neutron sources are commonly used to calibrate
the detector neutron for e�ciency and to test the simulations perfor-
mance. Due to its availability in macroscopic quantities, 252Cf has been
one of the most extensively studied transplutonium isotopes. The major-
ity (96.9%) 252Cf decays are through alpha decay, but due to the nature of
encapsulation, these 4He nuclei do not escape the con�nes of the source.
A small (3.092%) but signi�cant proportion of decays via spontaneous

88
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Figure 5.1: Neutron energy spectrum from 252Cf.

�ssion wich produces �ssion fragments, as well as a neutron yield of 3.768
neutrons/�ssion (2.31434 1012neutrons/s/g of 252Cf). The neutron energy
spectrum is shown in �gure 5.1 and have a mean energy of 2.1-2.2 MeV.
These neutrons have an energy spectrum which can be modelled as either
a Maxwellian or a Watt �ssion spectrum. In our case we use Watt �ssion
spectrum with the parameters set according to the literature.

For all the 252Cf source, it could be found impurities of 249Cf, 251Cf,
that have a negligibly small spontaneous �ssion branch. Therefore, only
the 250Cf and 252Cf isotopes had to be considered. The alpha decay of
252Cf produces 248Cm, with neutron emission branching ratio of 8.39%,
but the long half-life of this radioisotope (3.51 years) made its contribution
negligible. At the time of the measurement the total activity of the source
was due to 250Cf, whose contribution to the neutron activity was less than
1% of neutron emission. In the table 5.1 are detailed the values of the
mass and activity of nuclides for the source used for calibration at the
GSI and PTB.

The 252Cf calibration source used for calibration measurements had an
inital activity of 5 mCi (185 kBq) (1/08/2010) with an active diameter
of 3.18 mm. That source is incorporated in ceramic material, and it
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Nuclide Mass % (15/10/2010) Activity % Half life (y)
249Cf 9.936 0.1495 350.6
250Cf 30.643 12.266 13.08
251Cf 15.053 0.0877 898
252Cf 44.368 87.497 2.645

Table 5.1: Composition of 252Cf source at 15/10/2010

was encapsulated according to the standard capsule design. This model
consists on a double-encapsulation of stainless steel (ISO rating: C66545),
a schema of the source is shown in �gure 5.2.

Figure 5.2: Detail of 252Cf source encapsulation with its dimensions

The experimental results were compared to those generated by the
Monte Carlo simulations code of the BELEN detector. The simulations
were performed with all the geometry and materials of the 252Cf neutron
source located at the center of the BELEN detector symmetry axis. De-
tails of the experimental and Monte Carlo simulation results are discussed
in the next sections.

5.2 Calibration at GSI

The calibration measurements were done at GSI laboratory at October
2011. Calibration measurements was performed with 252Cf calibration
source described in section 5.1. The detailed results are shown in the
table 5.2

The e�ciency result with Monte Carlo simulation of the BELEN-
30 neutron detector with the 252Cf source is 33.5±0.2%. At GSI the
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GSI results/Group of counters 03/10/11 [%] Simulation [%]

inner ring 14.6±0.3 14.1±0.1

outer ring 20.3±0.4 19.4±0.1

Total 34.9±0.7 33.5±0.2

Table 5.2: Experimental and simulated neutron e�ciency of BELEN-30
for the 252Cf neutron source at GSI

experimental e�ciency measured was 34.9±0.7%. The experimental and
simulated values agree within the margin of uncertainly.

5.3 Calibration at PTB

All the calibration measurements were done at the PTB facility at June
2013. Initially was performed a calibration with the 252Cf source to allow
to check only one integrated (mean) e�ciency value. And later, using
PTB Ion Accelerator Facility (PIAF), was performed a calibration with a
set of reactions that produce neutron monoenergetic sources. A scheme of
PIAF is shown in �gure 5.3. The particles, protons, deuterons and alpha
are accelerated by means of a Van de Graa� accelerator with voltages
between 0.1 MV and 3.75 MV. An energy-variable cyclotron furnishes
ion beams with energies of up to 27 MeV. This facility enables to per-
form studies also on the neutron angular distribution for each energy and
target. Therefore it has been decided to calibrate the BELEN detector
with (p,n) and (α,n) reactions on 7Li,13C and 51V producing neutrons
with a known (limited) spread in energy, ranging from 0.1 to 5 MeV. The
BELEN-48M1 detector with a center hole of 110 mm of diameter was in-
stalled at the end of one beam line at the neutron metrology facility with
the target holder at the center of the detector as can be seen in �gure
5.4. On a parallel beam line it was possible to measure reaction yields
and angular distributions with calibrated neutron detectors and then to
produce the same neutron �ux inside BELEN-48M1, with very similar
target and beam conditions. The neutron energy and angular distribu-
tions need to be taken into account when comparing the simulated value
for each reaction and beam energy to the obtained experimental data.
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Figure 5.3: PTB facility

Figure 5.4: Picture of the PTB facility with the neutron detector BELEN
at the center



i
i

�thesis� � 2016/3/29 � 15:29 � page 93 � #108 i
i

i
i

i
i

5.3. CALIBRATION AT PTB 93

5.3.1 Calibration with 252Cf source

Two calibration measurements were performed at the PTB with the 5
mCi (185 kBq) 252Cf calibration source described in section 5.1.

Group of counters 06/21/13 [%] 06/22/13 [%] Simulation [%]

inner ring 20.4±0.3 19.5±0.3 19.1±0.4

central ring 11±0.2 10.5±0.2 10.9±0.4

outer ring 7.8±0.1 7.7±0.1 7.6±0.6

Total 39.2±0.6 38.1±0.6 37.5±1.3

Table 5.3: Experimental and simulated neutron e�ciency of BELEN-
48M1 for the 252Cf neutron source at PTB

Two experimental e�ciency measures were made with the BELEN-
48M1 neutron detector, the results were 39.2±0.6% and 38.1±0.6%. The
Monte Carlo simulation gives an e�ciency of 37.5±1.3%, this is in accor-
dance with the experimental results.

5.3.2 Neutron monoenergetic production at PTB

A neutron source is considered monoenergetic when the energy spectrum
consists of a small energy width that is much less than the energy itself.
Neutrons at PTB are produced by beams of charged particle that induce
binary nuclear reactions, the source of proton and alpha beam is acceler-
ator based. The expression of the neutron yield at the laboratory system
angle (θ) is given by equation [41]

YE(θ) =
xi
ne0

(
NA

µi
)

( dσ
dΩ

)(Ep, θ)

f(Ep, θ)S(Ep)
(5.1)

where xi is the mass fraction, µi is the molecular weight of the tar-
get material, denote and f = dEn/dEp the kinematic factor. The yield
depends on the charged particle beam intensity (charge state n), the dif-
ferential cross section of the reaction (dσ/dΩ) and the speci�c energy loss
in the target material due to stopping power of the projectile ion (proton
or alpha) S = ρ−1(dEp/dx). The yield is usually given in the units of
neutrons/(sr.μC.MeV) . There are several codes available for calculating
neutron yields of targets with �nite thickness [36].
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In addition to the neutron yiels, reliable information on the energy and
spatial distribution of the neutrons is required. In some cases, di�erent
experimental devices are needed to describe the neutron productions in
spallation reactions. Usually only neutron emission at an angle of 0° with
respect to the charged particle beam is considered. Placing the sample at
0° the neutron yield is usually forward peaked and the neutrons emitted at
0° have the highest energy. The angular dependence of both the neutron
energy and the neutron yield, is comparatively small. For this reason
monoenergetic neutron sources are usually compared by their 0° yield.

The neutron �ux produced in spallation reactions depends strongly
on the projectile and target combination. As a general rule, the heavier
the target nucleus the larger the neutron excess and the neutron yield.
However, the radio-toxicity induced in the spallation target could be dras-
tically reduced by using lighter targets. Therefore, a target may only be
as thick as the required neutron energy width allows. For a given target
thickness there will be the more nuclear interactions the lower the elec-
tronic stopping cross section is compared to the nuclear cross section. The
stopping power de�ne a measure of the e�ect of a target on the kinetic of a
charged particle passing through it. For hydrogen projectiles, the nuclear
stopping power is very small for all energies used in this experiment.

Produced neutrons are also attenuated when going through the target
material. This attenuation depends on the emission angle and material
thickness that the neutrons have to cross. At around 90°, neutrons go
through a signi�cant thickness of material: this gives a reduced �uence
rate. At backward angles, neutrons have to go through target surrounding
materials. This results in a transmission depending on the material used,
for example, if the target holder is made of steel, the absorption resonance
of around 24 keV must be taken into account.

5.3.3 Measuraments and calibration method

The PTB accelerate a beam of particles impinging onto targets with difer-
ent thickness, located at the center of the BELEN symmetry axis. An
small-scale electrostatic accelerator is used to provide the ion beams. The
reaction should have su�cient yield to produce enough neutrons with thin
targets and at moderate beam currents to do not damage the target. The
beam must be well centered because any variation of the ion beam cur-
rent that impacts on the target change the neutron emission and thus the
�uence rate. The �uence rate variation in time for the beam is therefore
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monitored using a current integrator or monitor. The current integrator
measures the current deposited on the target (charge Q).

The BELEN e�ciency was determined as the ratio of the number of
detected neutrons to the number of neutrons Nn produced in the reaction.
The number of counts in the detector must be corrected by detector dead
time. The in�uence of background is removed by background measure-
ment. To develop a simulation and a veri�cation of the experimental data,
it is necessary to have a precise description of the spectrum of neutrons
produced by the reaction.

Reaction Ep/α keV En,av keV En max-min
51V(p,n)51Cr 1800 225 200-250 keV

2140 552 510-590 keV
2270 677 630-730 keV

13C(p,n)13N 4450 1023 0.77-1.36 MeV
13C(α,n)16O 1130 2827 2.5-3.2 MeV

3300 4383 3.6-5.3 MeV

Table 5.4: Reactions and their neutron energy for the diferents beam en-
ergies

The following sections describe in more detail the reactions used in
the calibration at PTB.

5.3.3.1 Reaction 51V(p,n)51Cr

The 51V(p,n)51Cr reaction has been well studied in the proton energy
range used in this experiment [46] . Angular distribution has been mesured
and found to be quasi-isotropic. This reaction is better than other to make
a monoenergetic source of neutrons because the slow variation of inten-
sity and energy with angle and also the target is easy to be obtained [10].
There is only one isotope of natural vanadium, and thin targets of the
metal are rather readily prepared by evaporation. Three di�erent targets
were used and irradiated with three beam energies as can be seen in table
5.5.

5.3.3.2 Reaction 13C (p,n)13N

Due to its extraordinary stability and low-neutron production cross sec-
tion, especially under proton irradiation, natural carbon (consisting of



i
i

�thesis� � 2016/3/29 � 15:29 � page 96 � #111 i
i

i
i

i
i

5.3. CALIBRATION AT PTB 96

98.89 % 12C and 1.11 % 13C) is an excellent material for target back-
ings, beam-dumps and collimators for neutron producing reactions in cy-
clotrons at high beam intensities. Based on these characteristics of carbon
we used 13C, as a useful neutron producing target. The target consisted
of a 13C layer of 0.480 mg/cm2.

5.3.3.3 Reaction 13C (α,n)16O

The target consisted of a 13C layer of 0.5mg/cm2on a aluminium backing.
The purity of this target was bit stated but the 12C content was certainly
low enough not to introduce serious systematic errors in the absolute yield
measurements. Yields from the reaction have been studied previously for
various ranges of particle energy extending up to 5.2 Mev. In addition,
angular distribution measurements similar to the present experiment have
been published [42]. For this calibration three di�erent targets were used
and irradiated with three beam energies

5.3.4 Simulation results

A code has been developed to generate the spectrum of the reactions,
using data from the di�erential cross section (obtained in di�erent pa-
pers [6, 10, 11, 21, 36, 42, 46]) and the computed results of the stopping
power from the SRIM code [48]. However, due to uncertainty in some
data used in the code, it is much more precise to use the yields obtained
in a later experiment at PTB. In this experiment was calculated the
yield at di�erent angles for the reactions 51V(p,n)51Cr, 13C(p,n)13N and
13C(α,n)16O. The spectrum obtained is also the basis to de�ne the neu-
tron source in the simulation. To calculate the total number of neutrons
produced by the reaction, the spectrum has been �tted with Legendre
polynomials and then integrated over the whole solid angle following the
equation 5.2:.

Nn = 2πQ

∫ π

0

dYn
dΩ

(θ)d(cos(θ)) (5.2)

where dYn
dΩ

(θ) represents the �t function that �ts the yield data ob-
tained in a posterior experiment. In the case of 13C(p,n)13N due to the
limited data we available, we evaluate directly the integral as the sum of
areas corresponding to those values.

For the nuclear reaction with the 51V(p,n)51Cr a better method to
calculate neutrons is counting the gammas emited by 51Cr decay, the
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number is related with the number of neutrons produced in each reaction.
To calculate the neutron production of the reaction is used a counting
method. The number of 51Cr produced by proton irradiation is equal to
the number of neutrons emitted. Therefore, if we mesure the number of
51Cr decays by the emision of gamma rays at 320 keV after irradiation
we have the number of neutrons emitted. This is only possible because
its long half-life of 27 days. The activity of the target was measured for
several hours but to reduce the importance of the decay losses this time
was short compared to the 51Cr half-life. The number of neutrons, Nn

produced can then be calculated with:

Nn =
Cγ
λT ε

(5.3)

where Cγ are the counts of 320 keV gamma, λ is the decay constant
of 51Cr, T is the measuring time of the counting and ε is the e�ciency of
the gamma detector. This number was corrected for background.

Energy Reaction E�ciency (%)
keV (p or α energy in keV) Simulation Integration Activation

225 51V(p,n)51Cr (1800) 38.1 30.6±1.4 33.6±1.2

552 51V(p,n)51Cr (2140) 38.4 37.0±1.0 34.3±1.2
677 51V(p,n)51Cr (2270) 38.6 33.1±0.6 33.0±1.1

1023 13C(p,n)13N (4450) 38.3 34.5±1.0

2827 13C(α,n)16O (1054) 38.5 38.4±0.6

4383 13C(α,n)16O (3350) 36.6 39.3±0.7

Table 5.5: List of the nuclear reactions studied, with their mean neutron
energy production, the e�ciency obtained by simulation and by experimen-
tal data

The results for the e�ciency are detailed in table 5.5. To calculate
the total number of neutrons produced by the reaction, we integrate the
spectrum of the neutron yield �tted with Legendre polynomials using
the equation 5.2. In the case of the reaction 13C(p,n)13N, due to the
limited data available we evaluate directly the integral with the sum of
the values instead of using Legendre polynomials . The values of e�ciency
are listed in the table at the column entitled Integration. As has been
explained before, for the nuclear reaction with the 51V(p,n)51Cr a more
direct method to calculate neutrons is counting the gammas emited by
51Cr decay, this result corresponds to the column of the table indicated
by Activation.
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Energy Ratio 2/1 Ratio 3/1
keV Sim Exp Sim Exp

144 0.144 0.148 0.023 0.025
225 0.227 0.225 0.051 0.051
552 0.345 0.345 0.125 0.121
677 0.381 0.383 0.154 0.150
1023 0.435 0.457 0.217 0.226
2827 0.740 0.705 0.615 0.611
4383 0.861 0.865 0.863 0.858

Table 5.6: Comparasion of mean neutron energy and results of the ratio
for the second ring divided by �rst one and the ratio of the third ring divided
by �rst one

As can be seen in the table 5.5 and in the �gure 5.5 the results do not
match the expected, even there is a discrepancy between the two methods
used to �nd the total number of neutrons. Nor is there a pattern that
de�nes the behavior of the experimental results respect to simulations.
To add more information to the results, we calculated the ratio between
the neutrons mesured in the three rings of counters in BELEN . The table
5.6 lists the ratios between the di�erent rings for the simulation and the
experimental value. We can see that in some cases the ratio is almost
identical and it may mean that BELEN is detecting neutrons of similar
energy and it appears that the total number of produced neutrons in the
reactions is overestimated in the simulations.

5.4 Conclusions

BELEN characterization by 252Cf calibration source gives us a good co-
incidence with the simulations. Both in the case of BELEN-30 and BE-
LEN48M1 seems to support the results of e�ciency obtained through
simulations for the BELEN detector. However in the case of monoen-
ergetic neutron reactions the result is not conclusive. The data do not
conform with the simulation for all energies. It is possible that this is
product of the uncertainty in the experimental data obtained, in the de-
scription of the reactions or the di�culty of measurement. To ensure that
adjustment is more accurate would be interesting to do the calibration
with well known reactions.
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Figure 5.5: A comparison of the e�ciency obtained by Monte-Carlo sim-
ulation and the experimental e�ciency
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Chapter 6
Conclusions

In this thesis we have studied the main elements and con�guration de-
sign of a 4π moderated neutron detector. The objective is to develop a
device (BELEN) within the DESPEC collaboration for experiments at
the future FAIR facility. Di�erent prototypes of BELEN have been em-
ployed at several installations for the study of β-delayed neutron emitters.
The aim is to obtain a con�guration to get the maximum e�ciency while
maintaining the �at response of the neutron detector along the expected
energy range for the neutron.We have found the optimal con�gurations
for BELEN-20B, BELEN-30 prototypes and for the DESPEC candidates
BELEN-48 (AIDA), BELEN-48M1 and BELEN-48M2. In order to choose
the neutron detector con�guration we have developed a methodology for
easy �nding the best con�gurations depending on the initial requeriments.
This methodology has led us to develop an application to facilitate both
the creation of the script to execute simulations, and the subsequent anal-
ysis of the simulation results for each con�guration. The objectives of the
applications are to reduce the number of initial simulations needed and
establish a methodology to obtain a con�guration near to the optimal.
The results of the application for some of the prototypes are close to opti-
mal but it is always necessary to make subsequent simulations by varying
the parameters slightly to get the best result.

To characterize the BELEN detector prototypes, we have compared
the experimental results obtained in di�erent measurements. For the
BELEN-20B the measuraments have been performed at the JYFL fa-
cilitity in Jyväscylä (Finland) with �ssion products which are delayed-
neutron precursors 94Rb,88Br,95Rb,137I with well known properties of neu-
tron production. For the characterization of the BELEN-30 it was used
a 252Cf neutron source at GSI laboratory, where the BELEN detector
join in an experiment using the FRS (Fragment Separator) facility. In
both cases the data obtained was in concordance with the result of the
simulation.

The BELEN-48 e�ciency was mesured at PTB with a252Cf neutron
source and with 51V(p,n)51Cr, 13C(p,n)13N and 13C(α,n)16O reactions.
The nuclear reactions take place on targets located at the center of the
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BELEN symmetry axis. In a later experiment it was calculated the neu-
tron yield at di�erent angles for those reactions. The results obtained
with the 252Cf neutron source was according to the simulations. For some
nuclear reactions there were some discrepancies with the expected val-
ues. The reason for the discrepancy is being studied to improve future
calibrations.

Finally, we proposed a con�guration for the future experimental cam-
paigns to measure β-delayed multiple neutron emission properties of a
large amount of very neutron-rich nuclei at the RIKEN Nishina Center.
This detector called BRIKEN (Beta-delayed neutron measurements at
RIKEN) will consist of 174 3He tubes (from UPC+GSI+ORNL+RIKEN)
and is expected to enhance greatly the understanding of β-strength dis-
tribution for neutron-rich nuclei, and provide an essential piece of infor-
mation for r-process model calculations.
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