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SESSION A 

Detector Materials and Special Detection Techniques 

Chair: Kanai Shah 



New solid-state organic scintillators 

for wide-energy neutron detection 

N. Zaitseva, A. Glenn, L. Carman, A. Mabe, and S. Payne 

Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, CA 94551, 

USA 

Detection of special nuclear materials (SNM) requires instruments which can detect 
and characterize uranium and plutonium isotopes, having at the same time the ability 
to discriminate among different types of radiation. For many decades, neutron 
detection has been based on 3He proportional counters sensitive primarily to thermal 
neutrons. The most common methods for detection of fast neutrons have been 
based on liquid scintillators with pulse shape discrimination (PSD). The shortage of 
3He and handling issues with liquid scintillators stimulated a search for efficient solid-
state PSD materials. Recent studies conducted at LLNL led to development of new 
materials, among which are organic crystals with excellent PSD and first PSD plastics 
for fast neutron detection. More advantages have been introduced by plastics doped 
with neutron capture agents, such as 10B and 6Li, that can be used without 
moderation for combined detection of both thermal and fast neutrons, offering, in 
addition, a unique “triple” PSD for signal separation between fast neutrons, thermal 
neutrons, and gamma-rays. Among commercially produced materials are large-scale 
(>10 cm) stilbene crystals grown by the inexpensive solution technique, and different 
types of PSD plastics which, due to the deployment advantages and ease of 
fabrication, create a basis for the widespread use as large-volume and low-cost 
neutron detectors.  

The work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 

National Laboratory under Contract DE-AC52-07NA27344. This work has been supported by the U.S. 

Department of Energy, NA-22 and DTRA offices, and by the US Department of Homeland Security, 

DNDO, under competitively awarded IAA HSHQDC-09-X-00743. This support does not constitute an 

express or implied endorsement on the part of the Government.  

Next generation neutron detectors 
Kanai S. Shah  

Radiation Monitoring Devices, Inc., 44 Hunt Street, Watertown, MA 02472, USA  

 

In this presentation, advances in neutron detection technologies will be covered, 
focusing on scintillation technologies. Inorganic scintillators incorporating 6Li such as 
Cs2LiYCl6:Ce and other related elpasolites will be covered in detail. Thermal neutron 
detection efficiency as well as ability to separate gamma-rays and thermal neutrons 

using pulse height and pulse shape analysis will be addressed. Crystal fabrication and 
optical readout issues as well as new instrumentation based on these novel 

scintillators that combine neutron and gamma detection in a single detector will also 
be covered. The presentation will also cover new organic scintillators, including 
recent advances in loading organometallic compounds in plastic scintillators to 

enhance their gamma-ray efficiency while providing fast neutron detection with good 
gamma-neutron pulse shape discrimination. Composite scintillators that incorporate 

inorganic scintillators in an organic scintillating host will also be covered. Finally, 
results on a new semiconductor neutron detector, 6LiInSe2 will be presented. 



Silicon carbide (SiC) neutron detector 
for power range neutron flux monitoring 

 

C P Nagaraj, Chandrakant Upadhyay, A Venkatesan, B K Panigrahi 

Indira Gandhi Centre for Atomic Research, Department of Atomic Energy, Kalpakkam 

- 603102, India 

 

The potential of Silicon Carbide (SiC) for use in semiconductor nuclear radiation 
detectors has been long recognized. The wide band-gap of SiC (3.25 eV) makes it an 
attractive semiconductor for use in high dose rate and high ionization nuclear 
environments. SiC is also attractive because it can operate stably at elevated 
temperature (up to 700°C). Because of high temperature and radiation resistance, SiC 
radiation detector can be utilized in diverse applications, including ex-core neutron 
flux monitoring in nuclear reactors, measurement of spent nuclear fuel neutron 
emission to determine burn-up, nuclear materials safeguards monitoring.. Although 
bare SiC can detect fast neutrons, it was demonstrated that its detection efficiency 
can be improved by juxtaposing a conversion layer. Based on Monte Carlo simulation 
studies, High Density Poly Ethylene (HDPE) material has been selected to be used as 
converter because of high concentration of hydrogen. 

The present work focused on the study of the enhancement in the efficiency of SiC 
fast neutron detector with the stacked structure. The simulations have been 
performed to optimize the converter layer thickness for different mono-energetic 
and Am-Be neutron sources. The fabrication of single and stacked detectors will be 
taken up for demonstration of improvement in efficiency with experimental results in 
nuclear reactors. 

Diamond detectors for neutrons 

Maurizio Angelone  

Dipartimento Fusione e Tecnologie per la Sicurezza Nucleare, ENEA C.R. Frascati, 

Via E. Fermi, 45 -00044 Frascati (Italy)  

 
Since many years diamond is studied and used for detection of direct and indirect 
ionizing particles because it exhibits many outstanding properties (e.g. high band-gap 
(5.3 eV), high break down field (107 V/cm), high carrier mobility, very high fusion 
temperature, very high thermal conductivity (20 W/cm K), low dielectric constant, 
and, good radiation hardness) which make this material very attractive as active 
radiation detector and make feasible the realization of fast and low noise radiation 
detectors. Furthermore its low atomic number (Z=6), close to that of tissue, render 
diamond very interesting also for radiation dosimetry. Besides, diamond has low 
sensitivity to gammas. The latter properties can be helpful in mixed neutron-gamma 
field to enhance the neutron response. In this respect, carbon-based detectors can 
represent an advantage respect to Silicon detectors since radiotheraphic techniques 
need the development of new detectors with improved performance and tissue-like 
response. One of the most deeply studied application of diamond is with the neutron 
detection which is of primary importance when dealing with fusion or fission reactors 
as well as accelerators, high energy physics and dosimetry. In some applications the 
detector must withstand harsh environments characterized by high radiation dose 
and high temperature, in this case the use of diamond seems particularly suited 
thanks to its already mentioned properties. In the last ten years the development and 
commercial availability of high quality homoepitaxial diamond films (SCD) allowed a 
quick and impressive improvement on the detection performances of diamond based 
detectors (100% charge collection efficiency, energy resolution comparable to that of 
silicon, good reproducibility, etc.) and consequently paved the way for application of 
diamond detectors to many different fields. In this paper we will focus on the use of 
diamond neutron detectors made by single crystal films (SCD) grown by RF assisted 
CVD technique. The paper recalls the basic working principle of the diamond detector 
and discusses its advantages and draw-backs. Diamond detector applications 
spanning from thermal neutron energy up to high neutron energy including fusion 
tokamaks and neutron dosimetry are presented including some recent studies and 
tests in harsh environments (e.g. temperature > 500 K).  
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Worldwide neutron metrology 
V. Gressier

1
, D. Thomas

2 

1IRSN/PSE-SANTE/SDOS/LMDN – BP3 - 13115 Saint-Paul-Lez-Durance, France 
2NPL, Teddington, Middlesex, TW11 0LW, UK 

Neutron metrology focuses on the provision of standards of two physical quantities, 
neutron fluence and neutron emission rate. From these quantities standards are 
realized for the derived quantities, dose equivalent, kerma, etc.)  

A limited number of National Metrology Institutes (NMI) or Designated Institutes (DI) 
are involved in neutron metrology and very few have fields other than radionuclide 
source based ones. A panorama of the reference neutron facilities available around 
the world will be presented.  

To ensure the validity of their national standards, NMIs and DIs participate regularly 
in international comparisons. In the area of neutron metrology, Section III of the 
Consultative Committee for Ionizing Radiation is in charge of the organization of 
these comparisons. The neutron metrology organization as well as the modality of 
the international comparisons will be explained and the main improvements that 
these kinds of comparisons have induced in neutron metrology over the years will be 
highlighted. 

In recent years, emerging fields have brought new needs for calibration facilities and 
monitoring techniques on the one hand in the high energy neutron range (above 20 
MeV) for aircraft/cosmic ray dosimetry, radiation protection around high energy 
accelerators or hadron medical facilities, and on the other hand in intense pulsed 
fields for fusion reactors or laser based neutron sources. These new challenges for 
neutron metrology will be briefly exposed as a conclusion. 

Neutron metrology standards 

David Thomas1, Vincent Gressier2 

1NPL, Teddington, Middlesex, TW11 0LW, UK 
2IRSN/PSE-SANTE/SDOS/LMDN – BP3 - 13115 Saint-Paul-Lez-Durance, France 

 

Instruments for measuring neutrons; the actual quantity may be either the neutron 
fluence or a dosimetric quantity, are usually required to operate over a very large 
energy range extending from thermal neutrons at 25 meV to fast neutron energies, 
potentially as high as the GeV region in cosmic ray measurements. If instruments 
were available that could measure these quantities over this range, or even a good 
part of it, a simple calibration in a field where the quantity was known would be all 
that was required. For this radionuclide sources such as 241Am-Be or 252Cf could be 
used. However, no instruments yet devised satisfy these requirements, particularly 
for dosimetric quantities such as ambient and personal dose equivalent where it is 
not only the number of neutrons that is important but also their quality factor or 
radiation weighting. 

Because the limitations of an instrument’s performance need to be known before use 
there is a requirement for neutron calibration to cover a wide range of energies, 
ideally the full range present in an environment where the characteristics of a 
neutron field needs to be determined. These include the environments of nuclear 
reactors, various stages in the nuclear fuel cycle, areas around high energy 
accelerators, including those used in therapy, cosmic ray fields, for example in aircraft 
or in space, and in places where neutron sources are used.  

A small number of National Metrology Labs around the world can offer this wide 
range of neutron calibration fields. They may include: a range of neutron sources 
with accurately known emission rates and different spectra, thermal neutrons, 
monoenergetic neutrons over the energy range from a few keV to almost 20 MeV, 
and fields with spectra which simulate those in particular environments where 
measurements need to be made. At these facilities the developers of neutron 
sensitive devices have the opportunity to characterise the response of their devices, 
particularly new ones designed for improved performance. 

Some of the problems of creating these fields, measuring their properties, and 
validating these measurements will be outlined, together with a discussion of energy 
regions where standards still need to be realised. 



Calibration of neutron instruments 

V. Gressier1, D. Thomas2 

1IRSN/PSE-SANTE/SDOS/LMDN – BP3 - 13115 Saint-Paul-Lez-Durance, France 
2NPL, Teddington, Middlesex, TW11 0LW 

Neutron calibration facilities have been created since the first half of the XX century 
and lead to several standards, as shown in a brief history review. A number of 
facilities and standards are therefore available today, but calibration of neutron 
sensitive devices remains a difficult task due to the wide range of energies to be 
covered as well as the large variety of instrument to be calibrated. The requirement 
for knowledge of the neutron response of instruments with energy and possibly angle 
means that calibrations performed in radionuclide-based fields may be of limited use. 
Some examples will be provided showing the interest of calibration in thermal, 
monoenergetic and realistic neutron fields. 

Moreover, the available standards from ISO or CEI do not cover all the problems 
encountered in calibrating neutron sensitive devices, concerning the effective center, 
the geometric correction factor, the neutron scattering contribution but also the 
energy/intensity ranges. All these issues will be presented with some highlights of the 
particular case of the Hp(10) calibration of passive dosimeters. 

Overview of neutron calibrations 

at LANL and other DOE facilities 

Thomas McLean, Michael Mallett, David Seagraves, Jeffrey Hoffman, James Bland 

Los Alamos National Laboratory, Los Alamos, NM, 87545 

An overview of current methodologies and practices used in the calibration of 

neutron instruments and devices at LANL and other DOE facilities will be presented. 

This will include a discussion of the following topics. Characterization of DOE neutron 

reference fields is typically done using a combination of both spectroscopic 

measurements and Monte Carlo calculations. This approach has been adopted at 

LANL and many other facilities. At most (if not all) DOE sites, the calibration of 

neutron instruments do not rigorously comply with the techniques recommended in 

ISO8529. Instead a more pragmatic approach has been adopted that recognizes the 

generally poor dose response of conventional polyethylene-moderated rem meters 

and the often weak correlation between operational and calibration neutron fields. 

DOE facilities independently manage their own personnel dosimetry programs but 

dosimeter performance is subject to meeting Standards-based performance criteria. 

In addition, DOE oversight through the comprehensive DOELAP program is required 

in order to receive and maintain accreditation for the dosimetry program at each 

facility. Finally, uncertainty surrounding the continued availability of 252Cf for use in 

calibrations is a current major concern and alternative neutron sources are being 

considered. 

  



Neutron primary standard metrology: 

measurements and uncertainties 

Pereira, Walsan Wagner and Da Fonseca, Evaldo Simoes 
Instituto de Radioprotecyao de Dosimetria - IRD/CNEN 

Av. Salvador Allende, SIN, Rio de Janeiro, RJ, Brazil CEP22783-127 

 

The method of Manganese Sulphate Bath (MSB), developed by the researchers who 
were involved on the built of nuclear bomb in 1939, was firstly developed for study of 
secondary emission of neutrons in fission process. That method was first adapted for 
metrological use in 1946 by O'Neal and Sharff-Goldhaber, who carried out the 
measurement of the absolute rate of emission of a neutron source. Physically, a MSB 
system is a cavity, generally spherical, approximately 0.5 m3

 filled with concentrated 
solution of manganese sulphate. Nowadays, MSB is the main method used in 
metrology laboratories to measure emission rate of radioisotope neutron sources. 

Over the past 42 years the Laboratory of Neutron Metrology of Brazil (LN) has 
measured emission rate from neutron sources (Q) through the manganese sulphate 
bath method. However, only in 1996, with installation of the manganese sulphate 
bath system donated by the BIPM, through the cooperation program between the 
Bureau International de Poids et Mesure (BIPM), the National Institute of Metrology, 
Standardization and Industrial Quality (INMETRO) and the National Metrology 
Laboratory of Ionizing Radiation (LNMRI) was possible to establish the Laboratory of 
Neutron Metrology as a national reference. 

A neutron standard for fast identification 

and standardisation of neutron·sources 
Y. Sathian, Yashoda Singh, Shobha Ghodke, Meghnath Sen, MS. Kulkarni 

Radiation Safety Systems Division, Bhabha.Atomlc Research Centre, Trombay, 

Mumbai-400085 

 
Neutron sources are used in various fields like research activities. industries and in 
medical ·applications. for proper use, these sources .must be identified and 
standardized accurately so ·that the type and yield of a neutron source is known to 
the user. Presently MnSO4 bath system, the primary standards and Precision Long 
Counter, tile secondary standards are used for·standardization, having accuracy 
within ± I% and ±5% respectively. These standards are very heavy and bulky and 
cannot be transferred to the field for the source standardization and .it cannot 
identify the source. Most of the commonly used methods are very tedious, time-
consuming and it is not always accessible to many laboratories and usually includes 
unfolding procedures for the identification of neutron source Therefore it is 
necessary to have·a portable transfer standard for in-situ standardization as well as 
identification of neutron sources. Fast and reliable identification and standardization 
of neutron sources is very important for the personal protection in nuclear industries 
and also in public domain. This paper presents a new technique for identification and 
standardization of laboratory neutron sources based on the ratio of the response of 
two thermal neutron detectors placed at different distances from the source, all 
placed inside the moderating assembly. Based upon the ratio of responses of neutron 
detectors, the unknown. neutron source can be identified without employing energy 
spectrum unfolding techniques and can be standardized . The system was designed 
using the FLUKA code. The system is a portable system made of high density 
polyethylene disc which can be easily dismantled and transported and can be 
reassembled at the site without any difficulties. Fluka simulation was used to 
optimize various design parameters in such a way, that there is wide difference in the 
ratio of counts of two detectors placed at two different distances for different 
sources. This ratio is used as a signature of the source for the commonly available 
laboratory neutron sources. The ratio varies between 13 to 38. The weight of the 
system is about 20 kg 



Neutron source condition 

in the equation diffusion solution 

H. R. Vega-Carrillo1, K. A. Guzman-Garcia2, S. A. Martinez-Ovalle3, L. Sajo-Bohus4, 
C. Letechipia-de Leon1, V. M. Hernandez-Davila1, M. A. Salas-Luevano1, 

B.G. Pulido-Cervantes1 

1Ua Estudios Nucleares de la UAZ. C. Cipres 10, Fracc. La Penuela 98060 Zacatecas, 
Zac. Mexico 

2Depto. de Ing. Energetica de la UPM. C. Jose Gutierrez Abscal 2. 28006 Madrid, Spain 
3Grupo de Fisica Nuclear Aplicada y Simulacion, Universidad PedagOgica y 

Tecnologica de Colombia. Tunja, Colombia 
4Universidad Simon Bolivar. Apdo. 89000, Caracas, Venezuela 

Neutron transport equation gives the neutron features in the phase-space; however, 
exact solutions cannot be obtained. Instead, approximations to neutron transport are 
used, some requires numerical methods while other, like the Diffusion equation, can 
be solved obtaining exact solutions being a good approximation to transport theory. 
In neutron diffusion equation boundary conditions are applied into the general 
solution to obtain the particular solution. One of these conditions is known as the 
source condition or the jump condition. In this work a general expression for the 
source condition is proposed where the neutron leakage from finite problems and 
the neutron absorption in infinite problems are included. The expression is one 
application of the Gauss's Divergence theorem. In this work the diffusion equation for 
a point-like source with two energy groups in water was solved using the source 
condition, and the neutron fluence radial distribution was obtained. Also, the 
neutron fluence along the radius, of a cylindrical container with water with an 
241AmBe neutron source in the center, was measured and a Monte Carlo calculation 
was carried out. Solutions were compared, were the Monte Carlo and the 
experimental results are equal and the solution obtained with the diffusion equation 
gives a good approximation.  
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Spectral unfolding – a mathematical perspective 

Martin Koslowsky 

Bubble Technology Industries Inc. 

Chalk River, ON, Canada 

This presentation examines some of the more common methods of calculating a 
neutron spectrum from a set of measurements; these methods are often known as 
“unfolding” methods. Unfolding is commonly used to determine the fast-neutron 
spectrum measured using detectors such as plastic and liquid scintillators, as well as 
activation detectors, in a range of applications including experimental nuclear 
physics, terrestrial and space dosimetry, and homeland security. 

We assume either that m detectors with different response functions have been used 
to make m measurements, or that a single measurement has been made using a 
spectrometer with m channels. The results of these measurements can be vectorized 
as y with yj 

equal to the jth
 

measured value. The challenge is to use y to calculate a 
spectrum for the neutron fluence.  

A common procedure to calculate the fluence spectrum is to assume that the fluence 
is a linear combination of basis functions, so that  

∅(𝐸) =∑𝑥𝑘𝑓𝑘(𝐸)

𝑛

𝑘=1

 

Where  is the fluence spectrum, {fk} is a choice of basis functions, and xk  are 
scale multipliers. Additionally, each detector (or spectrometer channel) has a 
response function Kj, such that the measurement of yj is the outcome of a random 

variable with mean j given by 

𝜇𝑗 = ∫ 𝐾𝑗(𝐸)∅(𝐸)𝑑𝐸
∞

0

 

The response functions for the detectors can then be discretized into a response 
matrix R, given a choice basis, by setting  

𝑅𝑗𝑘 = ∫ 𝐾𝑗(𝐸)𝑓𝑘(𝐸)𝑑𝐸
∞

0

 

Most unfolding techniques then proceed by solving a problem of the form 

𝑥∗ = argmax
𝑥

𝐹(𝑥, 𝑅, 𝑌)  

The character of F depends on the formulation of the problem. The most trivial 
formulation is set to F equal to the log-likelihood function corresponding to a normal 
distribution, with standard deviations fixed according to the measurement y. Usually 

the basis functions are chosen to be Dirac ’s for 𝑓𝑘 = 𝛿𝐸𝑘, for some pre-selected set 

of energies {𝐸𝑘}.  The response matrix can therefore be written as  

𝑅𝑗𝑘 = 𝐾𝑗(𝐸𝑘) 

and 
𝐹(𝑥, 𝑅, 𝑦) = −(𝑅𝑥 − 𝑦)Σ−1(𝑅𝑥 − 𝑦) 

where Σ is a covariance matrix. In this case, the solution x* can be calculated through 
straightforward matrix (pseudo-) inversion.  

However, several potential pitfalls exist when attempting to solve for x* directly via 
inversion. These pitfalls include:  

The natural statistical model for most problems is Poisson, rather than normal.  

The response matrix is usually very ill-conditioned, thus magnifying the effect of 
statistical noise in the solution.  

The approximation of (typically) continuous radiation spectra using Dirac ’s leads to 
artefacts in the solution.  

The first problem is often less serious than the other two. Most unfolding methods, 
other than direct inversion, can be viewed as an attempt to cope with one or more of 
these problems. This presentation gives an overview of a number of different 
unfolding techniques, and assesses their performance based on their capability in 
dealing with these three problems.  



Neutron spectrum adjustment and cross-section 

validation activities at the Jožef Stefan Institute 

Vladimir Radulović, Bor Kos, Andrej Trkov, Luka Snoj 

Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia 

Accurate knowledge on the neutron spectrum inside irradiation channels in nuclear 
reactors and irradiation facilities based on neutron sources is necessary for integral 
nuclear cross-section measurements / validation, support of experimental campaigns 
(primarily in research reactors and neutron sources) and neutron fluence 
determination (primarily in nuclear power plants). Moreover, it allows the 
verification and validation of computational methods, in particular Monte Carlo 
particle transport codes, which are extensively used for the determination of the 
experimental conditions in irradiation facilities. Therefore, considerable effort has 
been dedicated to the development of codes which adjust the neutron spectra based 
on a priori information, to sets of measurements -reaction rates or Bonner sphere 
signals. There are numerous adjustment (unfolding) codes in existence, mostly based 
on Least Squares algorithms in the last decade adjustment codes based on neural 
networks have gained considerable popularity. To our knowledge there are only two 
unfolding codes based on the parametrization of the neutron spectrum with an 
analytical function. FRUIT is a code designed to unfold the neutron spectrum from 
measurements with Bonner spheres, GRUPINT from classical dosimetry 
measurements.  

This paper presents the recent activities at the Jožef Stefan Institute in neutron 
spectrum characterization and cross-section validation using the GRUPINT spectrum 
adjustment code, developed at the Jožef Stefan Institute (JSI) in Ljubljana, Slovenia. 
GRUPINT is a complex code package, which was primarily developed for the 
calculation of constants relevant to Neutron Activation Analysis (NAA) from neutron 
spectra and cross sections in standard SAND-II 640 energy group structure. Over time 
the original code has been extensively upgraded and numerous features have been 
added. The process of fitting input neutron spectra obtained from Monte Carlo 
calculations with an analytical expression and fitting the function parameters to 
measured reaction rate ratios, for the activation method, and to ratios of Bonner 
Sphere signals for BSS neutron spectrometry in order to experimentally characterize 
the neutron spectrum is described. 
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Recent firmware and hardware improvements 

to the HPI 2080 pulsed neutron rem meter 

Alan Justus, Michael Duran, Robert Montoya, James Bland, Thomas 
McLean 

Los Alamos National Laboratory, Los Alamos, NM, 87545 

 
The Health Physics Instruments (HPI) model 2080 is specifically designed for use in 
pulsed neutron fields. It has been used for many years at accelerator facilities such as 
Los Alamos National Laboratory’s (LANL) spallation neutron source facility (LANSCE) 
as an area monitor and for routine surveys. The instrument is based on a pair of GM 
counters at the center of a polyethylene moderator assembly. One of the GM 
counters is surrounded by silver foil which when activated via thermal neutron 
absorption decays through beta emission. The second counter is wrapped in an 
equivalent mass thickness of tin foil and serves as the gamma compensator. The net 
count rate from the former GM counter is directly converted to an ambient 
equivalent dose rate.  

Over the past couple of years there has been an effort to upgrade the HPI2080’s 
(colloquially known as the “Albatross”) hardware and firmware. The effort is on-going 
but has already resulted in updated electronics and user-interface. In addition, two 
new modes of operation have been added. One new mode allows continuous 
monitoring of integrated dose (previously only dose rate data was available). The 
other new mode facilitates the dose measurement from a single pulse or burst. The 
improvements to the HPI2080 have also been extended to its high-energy 
counterpart known as the “Eagle”.  

The presentation will discuss the hardware and firmware upgrades to both rem 
meters and present recent measurements made at LANSCE, the DARHT facility at 
LANL and the SNS facility at Oak Ridge National Laboratory. Further planned upgrades 
will also be mentioned.  

Noble-gas based neutron detectors 

with low voltage SiPM readout 

Rico Chandra, Giovanna Davatz, Ulisse Gendotti, Davide Cester, Mohsen Meshkian, 

Mark Woolley 

Arktis Radiation Detectors Ltd, Raffelstrasse 11, 8045 Zurich, Switzerland 

Reliable neutron detection is one of the crucial subjects of today’s nuclear safeguards 
and security challenges. The shortage of the gold standard material for neutron 
detection, He-3, has opened the door for new innovations. Among the challenges to 
overcome for a valid He-3 replacement are its high detection efficiency, scalability to 
large form factors, excellent gamma rejection capability, and nontoxicity. Arktis 
Radiation Detectors has developed He-3 replacement products based on pure noble 
gas scintillation, without the need for high voltage nor hazardous or scarce materials. 
Helium-4 gas is used as a scintillation material. Three detectors are presented: The 
M1000 thermal neutron detectors; the S670 fast neutron detectors; and the S670e, a 
combined fast and thermal neutron detector. All three have many things in common: 
They do not depend on scarce or toxic material; offer excellent gamma/neutron 
discrimination; are cost-effective; and are scalable to large form factors. The Arktis 
M1000 neutron detector has been developed in the context of the DARPA Sigma 
program which was tasked to develop price-optimized, large form factor neutron 
detectors for networked systems. The M1000 is optimized to replace conventional 
He-3 based neutron detectors and increase sensitivity compared to conventional B-
10 or Li-6-based He-3 replacements for large area detectors. The detection 
capabilities offer low natural background and integrated electronics that perform 
digital pulse shape discrimination to reject gamma-induced events and provide an 
event output for every detected neutron. The M1000 incorporates Arktis’ proprietary 
technology: Neutrons are captured by transparent neutron converter foils containing 
Li-6 fluoride (6LiF), causing the emission of charged particles into the scintillating 
noble gas (natural helium). Solid-state Silicon Photomultiplier (SiPM) light detectors 
collect the light caused by this interaction. In terms of gamma immunity, the Arktis 
M1000 neutron detectors have a measured absolute gamma-ray rejection ratio for 
neutrons of  

0.9 ≤ GARRn ≤ 1.1 at 0.16 mSv/h. The S670 and S670e are sensitive to a wide range of 
neutron energies with no need for moderation. This characteristic gives access to 
more information about the source and shielding surrounding it, enabling higher 
detection probabilities and novel concepts of operation 



Recent neutron detection work at  
Canadian Nuclear Laboratories 

Bryan van der Ende 

Canadian Nuclear Laboratories, 286 Plant Road, Chalk River, Ontario, Canada K0J 1J0 

 

In the recent past, there has been considerable work in the area of neutron detection 
at Canadian Nuclear Laboratories (CNL), with particular focus in areas of nuclear 
safeguards and security applications. This presentation will describe this work in 
relation to a few topics of interest at this technical meeting, including overviews of 
(1) the physical fundamentals of the detection technologies, (2) spectroscopic 
techniques that are employed, and (3) simulations, algorithms, and signal handling 
that enhance the characterization work. Four selected examples are described below.  

In the sphere of neutron detection technologies that can serve as suitable 
alternatives to helium-3, an evaluation of a commercially available boron-coated 
straw detector against radiation portal monitor standards has been carried out, using 
calibrated neutron and gamma sources. These measurements have been compared 
against the outcomes of Monte Carlo models of the neutron detector, providing a 
good opportunity to compare the use of GEANT4 against more traditional MCNP (Los 
Alamos National Security, Los Alamos National Laboratory) models. Large area 
neutron detectors such as these have been recently demonstrated as useful for 
monitoring nuclear reactors at stand-off distances for safeguards applications. Novel 
neutron detection technology is also being developed at CNL. This includes the 
development and characterization of a boron-loaded liquid scintillator based on 
linear alkyl benzene (LAB), which has demonstrated that boron-loaded LAB is a 
sensitive medium for neutron detection in a relatively large background of gamma 
rays. More recently, attention has focused on the liquid argon detection technique 
employed in the underground Dark matter Experiment using Argon Pulse-shape 
discrimination (DEAP), and how it might be exploited for unprecedented sensitivity in 
energy-resolved neutron detection; concepts to exploit this technology are currently 
being explored. 
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Development of area detectors for neutron beam 

instrumentation at the Budapest Neutron Centre 

 
János FÜZI and László ROSTA 

Wigner Research Centre for Physics of the Hungarian Academy of Sciences  POB 49, 
1525 Budapest, Hungary 

The Budapest Neutron Centre (BNC) is the research organisation for the open access 
utilisation in science and technology development for the 10 MW Budapest Research 
Reactor (BRR) facilities. It is a consortium of the neutron research laboratories of the 
Centre for Energy Research and the Wigner Research Centre for Physics. The reactor 
has 10 horizontal beam tubes, a LH2 cold source with three guides. On the 
supermirror guide system both thermal and/or cold spectra are available. BNC 
operates 15 experimental stations, they are serving for users: diffraction, small angle 
scattering, inelastic scattering, radiography or irradiation, in-beam gamma capture 
and in-pile irradiation facilities are available. Instrument development has been 
always in the focus of BNC researches. Detectors are essential part of the 
instrumentation, thus a thorough programme on the development of 2D/area 
detectors was started in 2002. Multiwire counters have been chosen and they are 
likely to remain a reliable and cost-efficient option for a large class of instruments. 
Delay-line position encoding is widely used in multiwire position sensitive particle 
detectors. Improvement of several detector parameters is a continuous demand, 
such as count rate, position resolution, and energy resolution. Besides detector 
vessels, digitized analogue signal acquisition systems have been also developed. In 
co-operation with spin-off companies at our campus a standard detector family was 
produced with 200mm x 200mm active area, based on 3He gas as neutron converter. 
Six instruments of the BNC suit are equipped with this type of detectors. This activity 
of developing 3He counters has remained in the scope of our detector programme by 
constructing prototypes of larger area, faster data acquisition detectors. Following 
the 3He crisis, however, we have turned also towards solid boron converter systems, 
we are involved in projects in international collaborations to apply boron films in 
various solutions of signal read-out. In particular, the construction of a multiwire 
chamber with multiple boron layer converters will be presented. Our detector staff 
takes also the advantage of the flexibility of the BNC instruments to perform various 
kind of test measurements to probe and qualify detectors of new developments. 
Several beamlines/devices are available for test experiments to be used cold or 
thermal as well as white or monochromatic neutron beams. 

The next generation of thermal detectors 

for neutron scattering 

Richard Hall-Wilton 
ESS, Tunavägen 24, Lund, Sweden 

Neutron scattering science - the study of materials using neutrons - is in an exciting 
period, with new large facilities under construction in China (Chinese Spallation 
Neutron Source), the US (second target station at the Spallation Neutron Source) and 
Europe (European Spallation Source). Additionally, large upgrades in the numbers of 
instruments are planned at major facilities in the US, Japan, Russia and Europe. These 
upgrades create a much greater demand for detectors in terms of numbers of 
instruments and their solid angle coverage in the coming decade than in the previous 
one. Additionally, the requirements of a new generation of instrumentation naturally 
pushes the boundaries of state-of-the-art in terms of performance. Previous 
generations of performant neutron detectors used the Helium-3 isotope as the 
material sensitive to neutrons; however, since 2009, the supply of Helium-3 is 
increasingly rare and the prices have risen considerably- the so-called "Helium-3 
Crisis". 
 
Along with other disciplines reliant upon Helium-3 gas, the neutron scattering 
community has devoted significant effort into detector development. The aim was to 
mitigate the usage and demand for Helium-3 by developing replacement 
technologies, but also to match the challenging performance requirements for the 
new generation of instruments with creative technical solutions. This talk presents an 
overview of the status and outlook of these developments, and the performance of 
this new generation of neutron detectors for large scale facilities, with particular 
emphasis on the developments for the European Spallation Source. In particular, the 
advances on Boron-10 solid converter based gaseous detectors are highlighted.  

 



Monte Carlo simulation of thermal neutron 

scattering processes in condensed matter-complete 

detector and experiment simulation 

Xiao-Xiao Cai1,2, Thomas Kittelmann2 
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2 European Spallation Neutron Source ERIC, Lund, Sweden 

Thermal neutrons beams are one of the widely used probes to study condensed 
matter, and knowledge of the underlying physical properties of measured samples 
can be obtained by interpreting the readings of neutron detectors. In practice, 
thermal neutron beams are often contaminated with epithermal components and 
other types of particles such as gammas, and it is important to understand the 
corresponding detector response. A complete Monte Carlo simulation of such 
neutron instruments can not only be employed to characterise the performance of 
detectors and other instrument components in a realistic radiation environment, but 
also facilitates the interpretation of measured data from first principles.  

One of the main challenges when working towards such complete simulations, is the 
quantum mechanical description of the scattering processes in condensed matter. In 
our presentation, we introduce the numerical and theoretical approximations 
commonly employed to model the scattering processes in the major general purpose 
Monte Carlo simulation codes. To discuss the suitability of the approximations in 
different application scenarios, we compare numerical results of scattered neutron 
distributions applying different combinations of the approximations. We also 
introduce our NCrystal package, which is soon to be made publically and freely 
available. The Monte Carlo physics models compiled in the package are adequate to 
describe neutron scattering in single-or poly-crystalline materials used in neutron 
detectors and the upstream instrument components. We show the excellent 
agreements between the simulated results from NCrystal-enabled Monte Carlo 
simulations and the experimental data.  
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This year a new multi-purpose neutron instrument was installed at the TRIGA 
research reactor in Vienna: the thermal white neutron beam. Its accessible 
experimental site has a size of ~3.7 m × 3.7 m x 2.2 m where a thermal neutron beam 
with 65 mm² x 65 mm and ~107 neutrons/cm2s is available. Furthermore, pulsing the 
reactor achieves a peak flux of ~1x1010

 

neutrons/ cm2s at this instrument. Various 
experiments can be performed with this new instrument and detector development 
is a main part of it. Currently, there are three different neutron detectors being 
developed at the Atominstitut, which were tested at this new neutron beam line: 

Diamond detectors by Cividec: These detectors base on the novel diamond detector 
technology, which allows measurements under high-irradiation conditions, exploiting 
the excellent radiation resistance of CVD diamonds. Via pulse shape discrimination 
using the different ionization characteristics in the diamond detector a very neat 
discrimination between thermal neutrons, fast neutrons and gammas can be 
achieved. 

Neutron detectors with µm-resolution: A thin layer of 10B is coated on CR-39 
(plastic). The decay products of the 10B +n → α+ 7Li reaction produce structural 
defects in the CR-39 which can be detected with a microscope and neutron tracks are 
identified by machine learning algorithms. A spatial resolution of 1.5 µm can be 
achieved. Using this technique, a high resolution, a long time-stability and 
insensitivity to other kinds of radiation and high efficiency to detect very cold and 
ultra-cold neutrons can be achieved.  

Neutron detectors with very low background for ultra cold neutrons (UCN): The 
advantages of solid state detectors and gas counters can be combined by using 
proportional counters, with an optimized layer of 10Bi attached on the inside of the 
detector entrance window as a neutron converter. Optimization of efficiency and 
background can lead to a detection efficiency of ~77 % and to a background rate of 
(0.65±0.02) 10-3s-1

 

which was measured at the ILL, Grenoble. 



Thermal neutron detection with ZnS(Ag)/6LiF scintillator 
using embedded WLS fibers and SiPMs 

M. Hildebrandt, J.-B. Mosset, and A. Stoykov 

Detector Group, Laboratory for Particle Physics, Research Division, Neutrons and 
Muons, Paul Scherrer Institut, Switzerland 

 
In the previous years a new 1-dimensional, position sensitive detector for thermal 
neutrons based on ZnS(Ag): 6LiF scintillator was developed at the Paul Scherrer 
Institut (PSI) in Villigen, Switzerland. The detection system is using ZnS(Ag):6LiF 
neutron scintillator with embedded wavelength shifting (WLS) fibers which are read 
out with a silicon photomultiplier (SiPM). A dedicated signal processing system allows 
to suppress the SiPM dark counts and to extract with high trigger efficiency the 
signals from the neutron absorption. For a single channel detection unit a neutron 
detection efficiency of ~70% (at 1 Å) was achieved, while the requirements for the γ-
sensitivity ≤10-7, the multi-count ratio ≤10-3 and the background count rate ≤10-3

 

Hz 
are fulfilled. The performance parameters for this detection system, which was 
developed in the framework of an upgrade program for a timeof-flight neutron 
diffractometer operated at the neutron spallation source SINQ at the PSI, are 
comparable or even exceeding the typical performance of 3He-detectors. Based on 
these achievements the development work was recently extended to 2-dimensional 
detector concepts with high count rate capabilities suitable, for example, for the new 
generation of neutron powder diffractometer instrumentation planned at the 
European Spallation Source (ESS). In the first approach pixelated detection units are 
arranged gapless in large detector arrays with an effective pixel size of, for example, 
(3 × 10) mm2. Individual pixel readout or the combination of a small number of pixels 
in a coded unit allows a very high local count rate above several kHz. In a second 
approach long detection units are read out on both sides and the longitudinal 
position is determined from the left-right asymmetry of the number of detected 
photons on both sides. The achieved results clearly prove, that ZnS-based scintillation 
thermal neutron detectors show comparable performance as “conventional”. 3He 
detectors and are a suitable alternative, in particular for large area coverage in 
neutron diffraction instrumentation.  

Status and progress in neutron imaging detection systems 

Eberhard H. Lehmann  
Neutron Imaging & Activation Group, Laboratory for Neutron Scattering & Imaging 

Paul Scherrer Institut, Switzerland 

Neutron imaging has a long tradition since neutron sources with suitable beam ports 
have become available in the late 40ies of the last century. Based on films in 
combination with neutron converters, this radiography approach attracted a lot of 
interesting applications in the industrial field, in military and nuclear technologies. 
The alternative and complement to the X-ray methods has been obvious from the 
beginning. The real change in neutron imaging techniques and into more scientific 
applications has been initiated by new detection systems which are nowadays digital 
based ones. In this way, a much more efficient use of the neutron beams has been 
enabled and sophisticated methods like neutron grating interferometers, diffractive 
imaging and imaging with polarized neutrons have been implemented at several 
places. A high degree of quantification in enabled in this way. Neutron tomography is 
nowadays a routine method in science and applications. However, dedicated neutron 
imaging beam lines needed to be installed where the detection systems are one of 
the key components. Such attractive research facilities are established at only a few 
places world-wide, but several upcoming projects and installations are on the way to 
be realized at prominent sources like ESS (Lund, Sweden), SNS (Oak Ridge, USA) and 
other new neutron sources. A majority of neutron imaging detectors are based on 
the conversion of the neutrons into visible light–the scintillation process. Since 
neutron imaging enables the transmission of samples and objects on the macroscopic 
scale, the field-of-view has to be tuned according to their sizes. This can vary 
between about 40 cm and 1 cm with the inherent resolution of 500 to 2 m. The 
development of suitable scintillation screens is still progressing with respect to 
inherent resolution, light output and stability. Scintillator solutions for even highly 
activated samples are under development. The active sensor for the scintillation light 
can be either in contact (a-Si flat panels) or optically coupled (CCD or CMOS cameras). 
Due to their high performance and flexibility, cameras are presently the mostly used 
devices in neutron imaging. They can be tuned for very long, very short exposure 
times, synchronized to repetitive processes, enable a high dynamic range and a high 
signal/noise performance. The camera technology is still under development and 
performance and prizes follow this process in the right manner. Challenges for the 
next future are systems with ultimate spatial resolution to be competitive to X-ray 
methods, the most suitable systems for pulsed beams (in time-of-flight mode) and 
the access to as many beam ports as possible to deliver neutron imaging as a routine 
method in science and for industry.  



Pixellated neutron detectors 
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The next generation of neutron detectors will require high position resolution and 
excellent timing characteristics. Solid state neutron detectors based on Boron or 
Lithium as active material in combination with charge sensitive detectors promise to 
meet these challenges. A particularly promising development is the use of Multi-
Anode Photo Multiplier Tubes (MAPMT) in combination with Boron or Lithium doped 
scintillating crystals or glasses. The detector concept will be presented, together with 
the facilities developed to characterise MAPMTs in detail. An outlook will be given 
how this technology can be further developed using different forms of sensors like 
micro channel based PMT, SiPM and sensor chips of the TimePix family.  

Current thermal neutron detection technique 

development in China 
Zhouxiang Yu  

Neutron Scattering Laboratory China Institute of Atomic Energy 

In view of a large amount of thermal neutron instruments on China Advanced 
Research Reactor (CARR), China Spallation Neutron Source(CSNS) and China 
Mianyang Research Reactor(CMRR), thermal neutron detectors are in great demand. 
Due to shortage of helium-3 gas, we are developing new type thermal neutron 
detectors. Among these, Micro Channel Plate (MCP), Shifting Scintillator Neutron 
Detector (SSND) and Gas Electron Multipliers(GEM) are most popular ones. Here, we 
present their characteristics, designs and performances.  



Development of neutron detectors for the 

spectrometers of the IBR-2 reactor 
S. Kulikov, A. Churakov, V. Kruglov 

Joint Institute for Nuclear Research 

 
The variety of research being conducted at the instruments on the external beams of 
the IBR-2 pulsed research reactor in Frank Laboratory of Neutron Physics of Joint 
Institute for Nuclear Research (FLNP JINR) is the reason of the differences in the 
requirements to the detectors for them. This leads to the necessity of developing a 
variety of detectors in the Laboratory that are used in experiments (gaseous 3He 
based detectors: 1D and 2D detectors (MWPC), “ring” detectors; 6Li scintillator based 
detectors with wavelength shifting fibers, detectors and monitors with solid 10B 
converters etc.). This article describes the neutron detection systems developed and 
used at the instruments on the external beams of the IBR-2 pulsed research reactor. 
The current status and projects carried out at FLNP on development of detectors and 
data acquisition systems are provided. 



  



SESSION F1 

High-Resolution Spectroscopy 

Chair: Vincent Gressier 
 





A new compact neutron spectrometer 

Andy Buffler and Angus Comrie 
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There is an ongoing need to develop compact neutron spectrometers, particularly for 
deployment in aircraft and spacecraft, for minerals exploration, personal and 
workplace dosimetry and in security, particularly for the detection of special nuclear 
materials. Furthermore, for dosimetry in the upper atmosphere and in space, 
neutrons in the energy range 1-100 MeY need to be measured.  

Neutrons and gamma-rays nearly always co-exist in the same radiation field, 
therefore any useful detector will need to discriminate between the two radiation 
types. Three recent technological developments have assisted with the development 
of detectors requiring pulse shape discrimination (PSD) for the separation of neutron 
and gamma-ray signals for use in nonlaboratory environments. The invention of solid 
("plastic") scintillator which exhibits PSD capability, such as the EJ299-33 scintillator 
used in the present work, removes the toxic and fire hazards associated with most 
liquid scintillators. Furthermore, plastic scintillators have no need for an optical 
window when coupled to a photodetector, and may be fairly easily produced in any 
geometrical form. Secondly, the development of efficient and very compact silicon 
photomultipliers (SiPMs) offers compact and robust alternative to traditional 
photomultiplier tubes and removes the requirement of high voltage. Finally, the 
emergence of digital data acquisition and processing systems allows pulse shape 
discrimination to be implemented and dynamically optimized in software form across 
a wide energy range, or implemented on specialized hardware, such as field 
programmable gate arrays (FPGAs) or digital signal processors (DSPs).  

We are well advanced in developing a compact neutron spectrometer, suitable for 
measurements between I and I 00 MeV, based on EJ299-33 scintillator, SiPMs and an 
FPGAbased acquisition system. We present measurements of the response of the 
detector to neutrons and gamma-rays from an AmBe source, a DT sealed tube 
neutron generator, and from cyclotron beams, and illustrate the use of a small EJ299-
33-based detector for spectrometry by unfolding measured pulse height spectra 
using a response matrix calculated via a GEANT4based simulation.  

ROSPEC – A unique fast neutron spectrometer 
H. Ing 

Bubble Technology Industries, Inc. Chalk River, ON, Canada 

 

ROSPEC stands for ROtating SPECtrometer. It consists of 6 spherical gaseous 
proportional counters mounted on a slowly rotating platform in order for all the 
detectors to measure the neutron spectrum over the same effective spatial location 
simultaneously. Four of the counters are filled with different pressures of 
hydrogenous gas, specially chosen to span particular neutron energy intervals with 
generous overlaps on both ends of the energy span of each counter. Together, these 
four counters cover the energy range 50 keV to 4.5 MeV, which is the most important 
for measurements of fission and degraded fission spectra. The other two 
proportional counters are filled with 3He gas. One of these is embedded in a 10B shell 
of special design to measure intermediate neutrons from 50 keV down to 1 eV. The 
other 3He counter measures the absolute fluence of thermal neutrons.  

ROSPEC provides high-resolution neutron spectra over the energy range thermal to 
4.5 MeV. For higher energy neutrons, a companion spectrometer called SSS, based on 
an array of tiny scintillators, provides high-resolution neutron spectra from 4 MeV to 
18 MeV.  

ROSPEC was originally developed for NATO in 1989 for accurate measurement of 
neutron spectra under various operational environments associated with nuclear 
warfare and was adopted (3) as the NATO reference neutron spectrometer. It was 
designed for use by non-experts.  

Since its development, ROSPEC has found wide-spread application in numerous large 
laboratories world-wide, where accurate neutron spectra are important. It is often 
used as a reference spectrometer for assessment of performance of other 
spectrometers, such as new moderator-type spectrometers that are being 
developed. It is also used as a reference dosimeter for calibrating personal neutron 
dosimeters that are fundamentally less accurate in order to determine correction 
factors for various operational environments. As a reference dosimeter, ROSPEC is 
certified by NIST. More recently, ROSPEC is increasingly being used to characterize 
various neutron fields in diverse operational environments involving reactors and 
accelerators of various types. These measurements are providing a much better 
understanding of neutron environments that have not been possible to characterize 
previously. 



Tagging Neutrons at the Source Testing Facility (LU) 
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The Source Testing Facility (STF), located at Lund University (LU) and operated by the 
SONNIG Group of the Division of Nuclear Physics, is a fully functioning user facility.  

The He3-crisis as well as the construction of the European Spallation Source (ESS), 
have called for the development of new neutron-detector technologies. The novel 
detectors need to be tested and validated. Hosting a complete range of gamma-ray 
and Be-based neutron sources, the STF is the ideal round-the-clock available 
laboratory for prototype development and commissioning.  

In particular, the facility offers a unique piece of infrastructure: the Aquarium, a 
purpose-built experimental setup designed for "tagging" fast neutrons. Measuring on 
an event-by-event base, the time-of-flight of the detected neutron can be used to 
determine its energy. The aim of this technique is to characterise the detector 
response as a function of neutron energy.  

The STF, initially designed to satisfy the needs of its key users (the Detector Group - 
ESS, the Neutron Optics and Shielding Group – ESS, and the SONNIG group - LU), 
today hosts numerous international groups, including significant industry interest. 
The facility is currently able to measure the fast-neutron background capabilities of 
detector prototypes. Future plans include the further development of the Aquarium 
to allow for the tagging of thermal neutrons, via active moderators and state-of-the-
art digitizing electronics.  

This method allows a radioactive-source laboratory to be used for advanced detector 
diagnostics, with a very low barrier for entry. The facility and the tagging technique 
are presented together with recent results obtained there by the facility’s key users. 

Absolute neutron counting the influence method 

R.E. Mayer and I.J. Rios 

Centro Atómico Bariloche and Instituto Balseiro. Comisión Nacional de Energía 

Atómica 

and 

Universidad Nacional de Cuyo 

Absolute counting at energies where detectors are partially transparent to incident 
neutrons in a beam, usually leads to the numerical evaluation of detector efficiency 
or resort to comparison with standards. In many cases it will become possible to 
avoid this step through application of the “Influence Method”. This method is 
conceived for the absolute determination of a nuclear particle flux in the absence of 
known detector efficiency and without the need to register coincidences of any kind. 
This method exploits the influence of the presence of one detector in the count rate 
of another detector, when they are placed one behind the other. The method defines 
statistical estimators for the absolute number of incident particles and for the 
efficiency. It also provides expressions for the uncertainty of the statistically 
correlated variables thus defined. The philosophy of the method is to deal with a 
problem with a number k of unknowns, through the employment of k detectors 
(whenever possible), placed in such a way that their successive influences yield 
correlated measurements. Thus, for some needs, its expressions were extended for 
that arbitrary number k. It is particularly useful for time-of-flight determinations, 
given the fact that the efficiency measured for each of the approximately 
monoenergetic time bins is a particular constant for each of them. In other usual 
cases where there is a neutron spectrum involved, the method provides a weighted 
mean efficiency. Nevertheless, the efficiency is not needed because there is always 
an expression for the absolute number of neutrons in the beam. The method was 
also implemented for the experimental assessment of the “space charge effect”, 
which diminishes gas multiplication in proportional counters undergoing irradiation 
by intense radiation bursts, where individual neutrons are not distinguished and, 
instead, the whole piled up electric charge is registered.  

  



Development of a compact neutron 

resonance transmission analysis system 

for nuclear non-proliferation  
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Harufumi Tsuchiya 
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Center, Japan Atomic Energy Agency, 2-4 Shirakata, Tokai, Naka, Ibaraki, 319-1195, 
Japan 

We are developing assay techniques of nuclear materials with an active neutron 
method. One of them is the neutron resonance transmission analysis (NRTA). Utilizing 
pulsed neutron beams and a time-of-flight technique, NRTA can analyze the content 
of nuclear materials in a sample. However, it is not so easy to apply NRTA to various 
facilities that are used to measure NMs. In order to realize a compact NRTA system, 
we have to improve neutron detection methods. In this poster, we will talk about 
possible neutron detectors that may be used for NRTA system and discuss the 
performance for a compact NRTA system with such a neutron detector. 
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Neutron spectroscopy with moderated detectors 
Nolan E. Hertel 
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The use of moderating neutron detectors, in which energetic neutrons are 
moderated down to thermal energies for interaction in thermal neutron detectors, 
have found use in many applications almost since the discovery of the neutron. For 
decades, multisphere moderating detection systems, principally the Bonner sphere 
spectrometer, have been used to perform low resolution spectral measurements 
over eight or more decades in energy. These low-resolution spectra are often used to 
provide neutron dose estimates incorporating the energy dependence of the neutron 
field of interest. Traditionally these systems used polyethylene moderating spheres 
with both active and passive detectors at their centers. In recent years due to the 
increasing needs to gain spectral insight at high energies, e.g. at accelerator facilities, 
extensions to the standard systems have been developed that use metal inserts to 
increase the response at high energy. In addition, variations of the systems have been 
reported and used. This paper will perform a historical and state-of-the-art review of 
such systems. The applications of the systems in neutron spectral measurements at 
medical facilities, waste disposal facilities and nuclear power plants, inside 
containment and in spent fuel canister loading, by Georgia Tech researchers in recent 
years will be presented.  

Neutron spectrometers from thermal energies to 

GeV based on single moderators 

R. Bedogni1, A. Pola2, J.M. Gomez-Ros3 
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Any practical workplace neutron spectrum spans in energy from the thermal domain 
up to the maximum production energy. Determining the whole neutron spectrum 
usually requires multiple devices covering different energy sub-intervals, and 
invariably constitutes a complex and time-consuming task. The Bonner sphere 
spectrometer (BSS) is still regarded as the state-of-art instrument for neutron 
spectrometry in radiation protection, but it requires multiple exposures and has no 
capability to operate as a real-time spectrometric monitor. The INFN project 
NESCOFI@BTF (2011–2013) exploited the idea of an active spectrometer embedding 
several active thermal neutron detectors in a single moderator according to a well-
defined geometry, thus resulting in a novel real-time monitor with spectrometric 
capabilities. Two separate instruments were developed, called SP2

 

and CYSP, suited to 

cover the needs of different types of neutron producing facilities. SP
2 

(SPherical 
SPectrometer) consists of a spherical polyethylene moderator embedding thirty-one 
thermal neutron sensors arranged in symmetrical positions along the three axes. An 
internal 1cm thick lead shell, acting as (n, xn) radiator, allows responding above 20 
MeV. This device measures the neutron spectrum disregarding its direction 
distribution. The CYSP (CYlindrical SPectrometer) is a cylindrical moderator 
embedding seven thermal neutron sensors at different depths along the cylindrical 
axis. An internal 1 cm thick lead shell allows detecting high-energy neutrons. The 
CYSP response is sharply directional and its collimating aperture defines the 
measurement direction. SP2

 

and CYSP are similar to the BSS in terms of energy 
resolution, response curve and unfolding aspects, but require a single exposure only. 
This communication presents the design of SP2

 

and CYSP and the experimental 
characterization of the corresponding prototypes.  
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The Canadian Nuclear Safety Commission (CNSC) regulates different types of 
accelerator facilities across Canada, the wide range of energies of the accelerators 
can vary from tenths of keV up to hundreds of MeV. To fulfil its mandate, the CNSC 
evaluates the proposed shielding design prior to issuing a licence to construct each 
facility. For complex facilities, Monte Carlo simulations are used to validate the 
applicant’s shielding design. Once facilities become operational, inspections are 
performed to verify compliance with applicable CNSC regulatory safety requirements. 
Inspections include verification of both photon and neutron dose rates in the facility.  
The neutron source term has a major impact on the shielding design and resulting 
dose rates around the facility. Often this information is not available in any of the 
literature for a particular type of accelerator or nuclear reaction, so on-site 
measurement of the spectrum is the best option.  
Traditionally, Bonner Spheres Spectrometers (BSS) with activated foils and other 
passive neutron detectors are used for to obtain the neutron source term. Recently, 
the CNSC has tested and used a new instrument called the Nested Neutron 
Spectrometer (NNS), manufactured by DETECT. It operates under the same principle 
as a BBS, whereby, the spectral information is based on the neutron energy response 
of a thermal neutron detector at the centre of moderating bodies. However, the NNS 
has modular cylindrical shells which make it lighter, less cumbersome than the BSS 
and easier to use in the field. The NSS (as the BBS) operates in pulse mode but the 
NNS can also operate in ion chamber mode in order to measure high intensity 
neutron fluence rates, such as those found inside the vaults of accelerators and/or 
close to the targets.  
Finally, the NNS is accompanied by a user-friendly WindowsTM-based unfolding 
software. The results can be obtained in a short period of time (within an hour) and 
immediately used in Monte Carlo simulations. Benchmark simulations are in good 
agreement with measured doses around the facilities, the NNS is versatile and useful 
tool for the assessment of neutron shielding facilities. We report results on the use of 
the NNS at medical linear accelerators, cyclotron isotope production and research 
accelerator facilities.  

Neutron spectrometry around LINACs using passive 

Bonner sphere spectrometer in planetary mode 

H. R. Vega-Carrillo1, , E. Gallego2, A. Lorente2, , M.A. S. Lacerda3, R. Mendez4 

1Ua Estudios Nucleares de Ia UAZ. C. Cipres 10, Frace. La Pefiuela 98060 Zacatecas, 

Zac. Mexico. 
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Carlos 6627, 31270-90 I Belo Horizonte, Brazil. 
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When linear accelerators for medical applications, also known as LINACs, work above 

8 MV neutrons are produced in (, n) and (e, e'n) reactions in nuclei in the LINAC's 
head having the Giant Dipolar Resonance. This neutron contamination is an radiation 
protection issue around the facility that delivers a non-negligible, and non-desired, 
dose to the patient. Moreover, neutrons around LINACs have been associated with 
the cancer recurrence and the induction of new tumors. In the past decades several 
efforts to determine the neutron features around LINACs have been carried out, 
where new procedures and new instruments have been proposed. The Bonner 
sphere spectrometer (BSS) has been largely used to measure the neutron spectrum 
around LINACs; however, the time required to perform the measurements in the 
treatment hall is large, requiring as many LINAC shoots as spheres in the detector. In 
this work we develop a procedure for using the BSS in Planetary mode where a single 
LINAC shoot is used. Before to use this procedure two conditions must be evaluated 
using Monte Carlo methods: Neutron field symmetry in the hall and the Cross taking 
among the spheres. This procedure has been applied around LINACs where neutrons 
are measured with a BSS with pairs of thermoluminescent dosimeters (TLD600 and 
TLD700) as thermal neutron detector. The TLDs' net neutron signals were used to 
unfold the neutron spectra using the BUNKIUT and the NSDann codes. The NSDann 
code is an unfolding code that uses Artificial Neural Networks to unfold the neutron 
spectra, 13 dosimetric magnitudes, the total neutron fluence rate, and the mean 
neutron energy.  



Activation foil candidates for intense 

d-Li neutron measurement up to 60 MeV 
Saerom KWON, Masayuki OHTA, Kentaro OCHIAI and Hiromitsu SUZUKI  

National Institutes for Quantum and Radiological Science and Technology, 2-166 

Omotedate, Obuchi, Rokkasyo-mura, Kamikita-gun, Aomori 039-3212, JAPAN  

A high intense neutron source is strongly demanded to acquire plentiful relevant data 

for research and development of fusion materials which are used under harsh 

radioactive environment in fusion DEMO reactor. National Institutes for Quantum and 

Radiological Science and Technology is mainly designing the intense d-Li neutron 

source, Advanced Fusion Neutron Source (A-FNS), for the assessment of fusion 

material irradiation in Japan. A-FNS is an accelerator-based neutron source facility 

that provides the intense neutron beams up to 60 MeV from stripping reaction between 

accelerated 40 MeV deuterons into liquid lithium target.  
This paper describes overall plan of conceptual design activity for A-FNS neutron 
monitoring system which plays important a role as the trusted neutron emission rate 
and its spatial distribution in A-FNS. Moreover, a preliminary experiment related to a 
pilot study of passive neutron measurement method is discussed.  
We have been examining the use of an activation foil method into passive neutron 
measurement system. The activation foil candidates are adopted on the following 
conditions: 1) Monoisotopic and mononuclidic elements, 2) Large cross section of 
threshold reactions, 3) Long lives half-life of radioisotopes at least few days, 4) 
Prepared cross section data in the evaluated nuclear data library as possible. 
Expected activities of each candidates were estimated for the reactions such as 
59Co(n,2n)58Co, 59Co(n,3n)57Co, 75As(n,2n)74As, 89Y(n,2n)88Y, 93Nb(n,2n)92mNb, 
197Au(n,2n)196Au, 209Bi(n,3n)207Bi, 209Bi(n,4n)206Bi, 209Bi(n,5n)205Bi, 169Tm(n,2n)168Tm and 
69Tm(n,3n)167Tm and so on. We have calculated the reaction rates using Monte Carlo 
radiation transport code, McDeLicious-11 with a general purpose nuclear data library, 
FENDL-3.1b, and special purpose nuclear data libraries, FENDL-3.0/A and IRDFF-1.05. 
The calculated reaction rates above 20 MeV have a discrepancy between the nuclear 
data libraries. Also, there are few experimental nuclear reaction data (EXFOR) of 
some reactions which may be able to use for the threshold reactions.  
Hence, we have been designing the experiment for verification of neutron field and 
neutron dosimetry cross section by the activation foil method in the range between 
around MeV and 60 MeV. In order to evaluate the experiment results under similar 
neutron field of A-FNS, it is going to be performed with accelerated deuterons of 40 
MeV on lithium target using candidate activation foils (Co, Nb, Au and Bi) at a 
cyclotron facility in the end of 2017.  

Comparison of neutron interrogation methods for 

determination of small quantities of fissile material 

Zoltán Hlavathy, László Szentmiklósi and József Huszti 

Hungarian Academy of Sciences, Centre of Energy Research, Konkoly-Thege M. út 29-

33., Budapest, Hungary 

 

In order to determine and measure as little quantities of fissile materials as possible 
(with a special focus on 235U), we tested and adapted a series of neutron 
interrogation methods.  
The neutron coincidence technique was effective down to microgram or even upper 
ng range of 235U, but the time needed to measure small quantities reached several 
hours. For this interrogation, the cold neutron beam of the Budapest Neutron Centre 
(BNC) was used, and different He-3 filled detectors with Pulsed Train Reader (PTR-32) 
were applied for detection.  
Pulsed cold neutron beams of the BNC were also used to test the applicability of 
measuring delayed neutrons for this purpose. The pulsed beam was produced either 
by a rotating chopper for frequencies of several 10 Hz of by a beam shutter in the 1–
0.1 Hz frequency range. The experiments validated this method, but the sensitivity 
did not surpass that of the coincidence counting. 
In order to keep the sensitivity and decrease the time of measurement, the 
pneumatic system of the research reactor was used to insert the sample into the 
reactor core, and after retracting the sample, the delayed neutrons were measured. 
One channel of the PTR-32 received the signal of the knock detector as trigger signal 
indicating the departure of the sample from the detector. Integration of the signal 
started after a fixed time interval elapsed after this trigger sign. The results show that 
the sensitivity of this method was comparable or better than coincidence counting, 
but with a much lower measuring time, i.e. about 15 minutes. A significant difference 
between the two interrogation methods is that while the cold neutrons fissioned only 
the so called fissile nuclides such as 235U or 239Pu, the high energy part of the neutron 
spectrum within the reactor core fissioned e.g. 232Th as well, so the thorium content 
of the geological samples can be measured, too. 
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Review of neutron spectroscopy techniques for 
fusion plasmas and recent advances on GEM based 

thermal neutron imaging detector 
M. Tardocchi on behalf of the Milan neutron group 

Istituto di Fisica del Plasma “P. Caldirola”, CNR and Dipartimento di Fisica “G. 
Occhialini”, Università degli Studi di Milano-Bicocca, Milan, Italy 

Fusion neutrons are produced by the D+D>He3+n and D+T>4He+n reactions and 
feature a spectral distribution which is characteristic of the plasma neutron source 
and is centered at the mean energies of 2.5 and 14 MeV, respectively. Neutron 
emission spectroscopy (NES) measure the emitted neutron spectra from which it is 
possible to infer information on the plasma state, such as for instance the fuel ion 
temperature and non-thermal emissions due to the presence of fast ions heated by 
external mechanism, The most advanced spectrometers for NES measurements are 
installed at the JET tokamak and are based on the Magnetic Proton Recoil and Time 
Of Flight techniques, for the 14 MeV and 2.5 MeV neutron detection, respectively. 
These spectrometers have been optimized to match the stringent requirements on 
energy resolution (FWHM < 5%) and high counting rate capability (up to 1 MHz) 
needed to measure the plasma time evolution. In this contribution the present state 
of art techniques for neutron spectroscopy measurement of fusion plasmas will be 
reviewed. Focus will be given to the latest development in the field, namely single 
crystal diamonds (SCD) neutron spectrometers which offer the unique opportunity to 
be compact, insensitive to magnetic field and capable of high rate/high energy 
resolution. The neutron detection principle in diamond is based on elastic scattering 
for neutrons up to 6 MeV and on the reaction 12C(n,α)9Be (Q=–5.7 MeV) for 14 MeV 
neutrons. In order be able to perform NES measurements at MHz counting rate a 
dedicated fast electronic chain based on fast charge preamplifiers and 500 MS/14 bit 
digitizers have been developed. The results have showed that it is possible to achieve 
energy resolution of 1% at 14 MeV neutrons with counting rate capabilities > 1 MHz.  

The second part of this contribution will describe the recent development of high 
counting-rate detectors compatible with the high neutron flux expected in new 
sources such as the European Spallation Source. The need for high counting rate 
detector and the 3He

 

crisis has motivated the development of high efficiency/high 
rate detectors such as the Boron Array Neutron Detector GEM (BANDGEM) detector 
The BANDGEM is a GEM (Gas Electron Multiplier) based detector equipped with a 
three-dimensional cathode acting as thermal neutron converter. In the BANDGEM, 
the good spatial (<1 mm2) and time resolution of the GEM, the high-rate capability 
(MHz/ mm2) and the possibility to cover large area are combined with a cathode 

composed by a series of thin lamellas coated with a thin film of enriched B4C 
(neutron converter layer), allowing for a high detection efficiency (> 30%) in the 
thermal region. The latest results will be presented with an outlook on the 
potentialities of gas based thermal neutron detectors.  

Review of neutron detection 

techniques and needs for future fusion devices 

Marco Cecconello 

Department of Physics and Astronomy, Uppsala University, Sweden 

 
A review of neutron detection techniques employed in presented day fusion devices 
will be presented focussing in particular on the specific needs of measuring 2.5 and 
14 MeV neutron fluxes and spectral components in mixed neutron and gamma-ray 
fields. The basic neutron detection methods (nuclear reactions and neutron elastic 
scattering) will be reviewed focussing in particular on the detector material 
properties and limitations. How the different detection methods are employed in 
neutron emission measurements will be discussed in three main broad categories: 
time resolved global neutron emission strength, time resolved local neutron emission 
strength and time resolved neutron energy spectrum. Examples will be given for each 
detection method and neutron emission strength measurement from present day 
fusion devices. Issues pertaining the data acquisition and analysis in mixed radiation 
fields, high count rate operation, pile-up correction and spectrum unfolding will be 
briefly outlined and discussed. Interpretation of neutron measurements heavily relies 
in proper modelling of the radiation field at the instrument location: a brief review of 
the tools used, their limitations and needs will be given. The point discussed above 
will set the stage for the future needs for neutron detection in ITER and DEMO: the 
role of the harsh environment (high temperatures, intense neutron damage, etc.) in 
the performance of present days neutron detectors will be reviewed. Test plans of 
prototype neutron detectors intended for the ITER radial neutron camera will be 
presented and extrapolations to their applicability to DEMO will be discussed. Finally, 
possible novel detectors will be shortly presented. 

  



Novel neutron activation detector for fusion 

Ion E Stamelalatos 

Institute of Nuclear and Radiological Sciences and Technology, Energy and Safety of 

the National Centre for Scientific Research “Demokritos”, Agia Paraskevi, Greece 

For future fusion reactors, such as ITER and DEMO, there is a great need for detectors 
capable to accurately monitor neutrons under the harsh conditions imposed by the 
fusion environment.  In particular, it is required to utilize detectors that are capable 
to accurately measure neutron fluence under high and variable neutron count rates, 
high gamma background, high temperature and high and variable magnetic fields 
encountered during the measurement.   

A novel neutron activation detector providing a robust approach for accurate neutron 
fluence measurements under the harsh environment conditions encountered in a 
fusion plant has been proposed. The detector comprises of a composite low 
activation matrix compound capsule containing a defined concentration of added 
metallic elements (targets). The neutron fluence and energy spectrum is inferred by 
analysis of the multiple gamma lines produced by the activation of the metallic 
elements in the matrix.  

In the present work, the nuclear response of the candidate metallic elements 
(targets) and matrix materials is discussed. FISPACT-II radionuclide inventory code 
and EAF2010 data were used to calculate induced activities and gamma ray detector 
responses for different conditions simulating irradiations at the Joint European 
Tokamak (JET). The results of the calculations were validated against experiments 
performed at the Frascati Neutron Generator providing reference DT neutron fields.   

The results of the study provide the data required for a detailed material trade-off 
and neutronic parameterization studies carried out in order to optimize detector 
target and matrix elements as well as developing the method of inclusion of the 
target elements in the matrix.  

Neutron detection technologies 

and measurement challenges at JET 

Lee W. Packera*, Zamir Ghania, Sergey Popovicheva and JET Contributors** 
aCulham Centre for Fusion Energy, Science Centre, Abingdon, Oxon, OX14 3DB, UK 

**
See the author list of “Overview of the JET results in support to ITER” by X. Litaudon et al. to be 

published in Nuclear Fusion Special issue: overview and summary reports from the 26th Fusion 

Energy Conference (Kyoto, Japan, 17-22 October 2016) 

 

In the development of nuclear fusion energy technologies based on the deuterium-
tritium (DT) reaction robust and accurate neutron detection technologies are needed; 
for monitoring and control of plasma conditions, tritium accountancy, and for the 
measurement of fusion power itself, for example JET, based at Culham in the UK, is 
currently the largest operating fusion tokamak device operating worldwide, also with 
the capability and infrastructure to operate with fusion plasmas containing tritium. 
JET operations and experience have an essential input into the preparations for ITER, 
based in Cadarache, France, expected to be operational by the 2025. A JET DT 
campaign is proposed for 2019, and presents a unique opportunity to gain further 
knowledge and experience in nuclear metrology and technological aspects of 
detection that are relevant to ITER. 

This paper gives an overview of the range of neutron detection and diagnostic 
systems employed at JET, including neutron spectrometers, magnetic proton recoil 
spectrometers, fission yield counters, diamond detectors and activation foils. It will 
identify the challenges and updates that are planned in preparation for the 
forthcoming DD, TT and DT campaigns scheduled over the next few years. 

  



Neutron measurements challenges at ITER 
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Durance Cedex, France  
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This paper aims to give an overview of ITER neutron measurements and their 
particular challenges. The ITER tokamak is designed to demonstrate the technical 
feasibility of nuclear fusion energy. Designed for D-T fusion power of 500 MW, ITER 
will be a strong source of neutrons as well as alpha particles. Measurement 
requirements include fusion power and fusion power density together with ion 
temperature profile, alpha-particle birth profile, first-wall activation, fuel ratio and 
efficiency of additional heating. These and other parameters will be derived from a 
range of neutron diagnostics that utilize robust techniques – fission chambers, 
semiconductor detectors, scintillators, activation system, time of flight and proton 
recoil systems. ITER will benefit from seven independent neutron diagnostics 
developed in Europe, Russia, Japan, Korea and China. As the largest Tokamak ever 
built ITER will introduce severe conditions in terms of radiological, thermal and 
electromagnetic loads for the neutron detectors. All the diagnostic systems must be 
specifically designed for ITER to satisfy the measurement requirements, safety 
regulations and survive the environmental conditions. The needs for R&D for 
different diagnostic projects are summarized and highlighted to encourage the 
activity in this area. 


