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Foreword 

October 20-23 the Enlargement workshop on Neutron Measurements, Evaluations and 
Applications, NEMEA-2 was held in Hotel Caro, Bucharest, Romania. The workshop was 
organised by the Neutron Physics Unit of IRMM, in close collaboration with the local 
organiser, Prof. Emilian Dragulescu and his team from IFIN “Horia Hulubei” in nearby 
Magurele. The organisers were assisted by a Program Advisory Committee consisting of Prof. 
Dragulescu,  Prof. Vladuca (U. Bucharest), Prof. Qaim (U. Köln, FZ-Jülich), Dr. Nichols (IAEA 
Nuclear Data Section) and Dr. Koning (NRG-Petten). The purpose of the workshop was to 
stimulate exchange of knowledge on recent activities in the field of neutron measurements, 
evaluations and applications between researchers from new member states, candidate 
countries, and Western Balkan states with researchers from EU member states and 
elsewhere, notably Russia. 

The workshop was opened with an introduction about the status of research in Romania, 
which was presented by Dr. Ionel Andrei, Program Director for the State Secretary of 
Research in the Romanian Ministry of Education and Research. Following this presentation, 
Prof. Alessandro Herrero-Molina introduced the Joint Research Centre and the role of the 
Institute for Reference Materials and Measurements, situated in Geel, Belgium. 

A further view on the research activities in Romania with a relation to the nuclear field was 
offered in four presentations on Thursday morning.  Prof. Stefanescu, director of the Insitute 
for Cryogenics and Isotope Separation in Ramnicu-Valcea, elaborated on the research 
activities centered around the separation of tritium in heavy water from the CANDU reactors. 
Dr. Gheorghiu, director of the Nuclear Research Institute in Pitesti, presented an overview of 
the nuclear power research and development program centered around the dual core 14 MW 
TRIGA reactor. Dr Rotaru of the Nuclear Electrica Company presented the status and 
prospects of the CERNAVODA nuclear power plant. The present 700 MWe from unit-1 will be 
doubled following completion and commissioning of unit-2, scheduled for March 2007. Prof. 
Zamfir, director of IFIN “Horia Hulubei”, presented the research activities of the insitute. This 
introduction was complemented by a laboratory visit including the tandem accelerator 
laboratory, the detector preparation laboratory that is involved in the CERN-based Large 
Hadron Collider project, the food irradiation facility and the radionuclides laboratory. 

With forty-three oral and invited contributions and nine posters a wide range of activities 
was covered, i.e. from nuclear energy, waste transmutation, geophysics, metrology, nuclear 
data evaluation, radiation protection, security, food and nuclear medicine to fundamental 
(nuclear) physics and the study of objects of art. The success of the workshop must be 
attributed to the about 50 participants, their well-prepared presentations, and their input to the 
discussions. It is of course also largely due to the excellent arrangements prepared by Prof. 
Dragulescu and the team from IFIN “Horia Hulubei”. 

Arjan Plompen 
December 2005 
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Group photos of the participants 
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Discussions during one of the breaks. 

Laboratory visit to IFIN “Horia Hulubei”.
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Neutron data for accelerator-driven systems  
- Experiments above 20 MeV 

J. Blomgren 

Department of Neutron Research, Uppsala University, Box 525, S – 751 20 Uppsala, 
Sweden. Jan.Blomgren@tsl.uu.se

Abstract. The available commercial reactors as well as fusion research has motivated 
extensive programs on nuclear data up to 20 MeV. Accelerator-driven transmutation will make 
use of neutrons up to GeV energies. Although only a minor fraction of the neutrons will be at 
these high energies, they nevertheless need to be well characterized.  

Measuring all relevant data is impossible; even if all existing laboratories on earth would 
be dedicated to this, it would take centuries. Therefore, the work has to be focused on 
measuring key data for theory development. 

HINDAS – High- and Intermediate-Energy Nuclear Data for Accelerator-Driven Systems 
– is a European coordinated effort for accomplishing this goal for energies above 20 MeV. 
The collaboration consists of 16 universities or institutes, whereof 6 laboratories, from seven 
EU countries. The work is divided into two energy ranges, 20-200 MeV and 200-2000 MeV. In 
each of these ranges, there are three experimental work packages, on light charged-particle 
production, neutron production and production of residual nuclei, resp. In addition, there are 
work packages on data libraries and theory development, making a total of 8 work packages.  

Introduction

One of the outstanding new developments in the field of Partitioning and Transmutation (P&T) 
concerns Accelerator-Driven Systems (ADS), which consist of a combination of a high-power, 
high-energy accelerator, a spallation target for neutron production, and a sub-critical reactor 
core.  

The development of the commercial critical reactors of today motivated a large effort on 
nuclear data up to about 20 MeV, and presently several million data points can be found in 
various data libraries. At higher energies, data are scarce or even non-existent. With the 
development of nuclear techniques based on neutrons at higher energies, there is nowadays 
a need also for higher-energy nuclear data. 

The nuclear data needed for transmutation in an ADS can roughly be divided into two main 
areas. First, the initial proton beam produces neutrons via spallation reactions. This means 
that data on proton-induced neutron production is needed. In addition, data on other reactions 
are needed to assess the residual radioactivity of the target. Second, the produced neutrons 
can induce a wide range of nuclear reactions, and knowledge of these are useful in the 
design of an ADS. Among these reactions, some cross sections can be used directly. 
Examples are elastic scattering for neutron transport, proton and alpha production for 
assessment of the hydrogen and helium gas production in the target window or core, and 
fission for obvious reasons. 

In most cases, however, direct data determination is not the ultimate goal. The global 
capacity for such measurements is insufficient to obtain complete coverage of important data. 
It is even impossible in theory to supply all relevant data. In a reactor core, large quantities of 
short-lived nuclides affect the performance of the core during operation, but measuring cross 
sections for these nuclides is impossible because experiment targets cannot be made. A 
good example from critical reactors is 135Xe, the well-known villain of the Chernobyl disaster, 
with its half-life of 9 h that makes nuclear data measurements almost impossible. In this 
respect, accelerator-driven systems are not fundamentally different than critical reactors. 

This means that the experimental work must be focused on providing benchmark data for 
theory development, making it possible to use theoretical models for unmeasured parameters 
in a core environment.  

An often overlooked aspect is why nuclear data should be measured in the first place. 
Nuclear data are not needed for a demonstration of the principle of driving a sub-critical 
assembly with an external neutron source. The need for nuclear data becomes imminent 
when a realistic large-scale facility is the goal. With large uncertainties in the nuclear data, 
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large safety margins have to be used, which results in excessive costs. Thus, the role of 
nuclear data is to reduce the cost for reaching a certain level of safety. 

Another important aspect is the trade-off between general and particular information. 
Below 20 MeV, a single cross section can be of paramount importance to the entire 
application. An example is the neutron capture resonance in 238U that provides the Doppler 
effect of utmost significance to the stability of critical reactors. Moreover, some cross sections 
are fundamentally inaccessible to theory, in particular in the resonance region. As a result, at 
low energies more or less complete data coverage for major elements is required. Above 20 
MeV, the situation is fundamentally different. The cross sections are smooth, and the 
behaviour of the total technical system is always dictated by the sum of a large number of 
reactions, neither of which strongly dominates the performance. Therefore, getting a grip on 
the overall picture is more important than precision data on a single reaction. 

The HINDAS project 

HINDAS was a joint European effort, which gathered essentially all European competence on 
nuclear data for transmutation in the 20-2000 MeV range [1]. The program was designed to 
obtain a maximal improvement in high-energy nuclear data knowledge for transmutation. It 
was conceived that this goal could only be achieved with a well-balanced combination of 
basic cross section measurements, nuclear model simulations and data evaluations. The 
work was focused on three elements, iron, lead and uranium, selected to give a 
representative coverage of typical materials for construction, target and core, respectively, 
especially relevant to ADS, as well as a wide coverage of the periodic table of elements. 
 In total, 16 universities or laboratories participated, whereof 6 had experimental facilities. 
This means that HINDAS involved essentially all relevant European laboratories in its energy 
range. This distribution and coordination of experiments at many laboratories made the work 
very efficient. What is noteworthy is that HINDAS involved many partners and even 
laboratories that had previously not been involved at all in activities on nuclear data for 
applications. Thus, HINDAS has contributed to a widening of the field of applied nuclear 
physics. 
 HINDAS was coordinated by UCL, Louvain-la-Neuve, Belgium, and ran during 2000-2003. 
The total EU funding was 2.1 MEUR. To this should be added matching funding, equipment 
and infrastructure from the participating countries.  

Organization of the research work 
The project was carried out in eight work packages (WP). WP 1-3 concerned experiments in 
the 20-200 MeV range, WP 4-6 dealt with 200-2000 MeV experiments, and WP 7 and 8 were 
devoted to theory for the 20-200 and 200-2000 MeV regions, resp. 
 The division into two energy ranges is natural, since there appears to be a transition region 
around 200 MeV for the theoretical models. Below this energy the theoretical calculations 
have to include direct interactions, as well as pre-equilibrium, fission and statistical models, 
whereas at higher energies the intra-nuclear cascade model, together with fission and 
evaporation models, has to be considered. As a coincidence, the experimental facilities and 
the measurement techniques are also different below and above about 200 MeV. 
 The experimental WPs are structured according to type of particles produced. This means 
that for each energy range, there are WPs on production of light ions, neutrons and residues, 
resp. Below, the WPs are described in some more detail: 

1. Light charged-particle production induced by neutrons or protons between 20 and 
200 MeV (Lead contractor: Université Nantes, France). 
The double-differential cross sections for proton- and neutron-induced production of hydrogen 
and helium ions on iron, lead and uranium isotopes were measured at UCL-Louvain, TSL-
Uppsala and KVI-Groningen. These measurements provided essentially complete data in 
both emission angle and ejectile energy. Such double differential cross sections constitute a 
very stringent test for theoretical models in this energy domain. In addition, charged-particle 
multiplicities in proton-induced reactions have been measured at KVI. 

2. Neutron production induced by neutrons or protons between 20 and 200 MeV (Lead 
contractor: Uppsala University, Sweden). 
Neutron elastic scattering measurements (p,xn) and (n,xn) measurements on iron, lead and 
uranium have been performed at UCL-Louvain and TSL-Uppsala. Elastic scattering 
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measurements are useful not only for optical model development, but can also be used 
directly for neutron transport calculations.  

3. Residual nuclide production induced by neutrons and protons between 20 and 200 
MeV and production of long-lived radionuclides (Lead contractor: Hannover University, 
Germany) 
Measurements of proton-induced production of residual nuclei were carried out at PSI, and 
neutron-induced production at UCL-Louvain and TSL-Uppsala, where also neutron-induced 
fission was measured. For the short-lived residual radionuclides, cross sections were 
determined using activation techniques. The production of long-lived radionuclides was 
studied by Accelerator-Mass Spectroscopy (AMS) after chemical separation at ETH. 

4. Light charged-particle production above 200 MeV (Lead contractor: FZ Jülich, 
Germany) 
Proton- and deuteron-induced production cross sections of protons and alpha particles were 
measured with a 4  silicon ball detector at the COSY accelerator in Jülich. Experiments on 
thin targets aimed for tests of the intra-nuclear cascade model, while thick-target studies were 
focused on benchmarking transport codes. These measurements have also been used to 
evaluate gas production in the window and structure materials of an ADS, which will give 
implications for the lifetime of such components.  

5. Neutron production induced by protons above 200 MeV in thin and thick targets 
(Lead contractor: CEA-Saclay, France) 
Double-differential neutron production cross sections, for both thin and thick targets, have 
recently been measured at CEA-Saclay using time-of-flight or magnetic spectrometer 
techniques. At FZ Jülich, multiplicities of neutrons up to 150 MeV have been studied event-
wise with a 4  liquid scintillator, using both thin and thick targets. The two experiments are 
complementary, both for technical and physics reasons. E.g., comparisons can be made 
between the directly measured multiplicities with those inferred from integration of the double-
differential data. 

6. Residual nuclide production above 200 MeV in inverse kinematics (Lead contractor: 
GSI, Germany) 
Proton- and deuteron-induced nuclide production was measured in inverse kinematics, i.e., a 
lead or uranium beam hits a liquid hydrogen or deuterium target, and the spallation products 
are identified in flight using a high-resolution magnetic spectrometer. In this way all spallation 
products, irrespective of half-life, can be measured. These new data are useful when 
calculating the radioactive inventory, the radiotoxicity and the breeded impurities in a realistic 
spallation target of an ADS. 

7. Nuclear data libraries and related theory (Lead contractor: NRG, Netherlands) 
This work package concerned nuclear model calculations for analysis of the experimental 
data provided by WP 1-3, i.e., between 20 and 200 MeV. Special emphasis has been put on 
providing as complete information as possible on cross sections for all possible outgoing 
channels of iron, lead and uranium, and to construct improved nuclear data libraries, 
extending to 200 MeV. 

8. High energy models and codes (Lead contractor: Université de Liège, Belgium) 
This work package was devoted to theory for WP 4-6, i.e., above 200 MeV, and regarded 
mainly intra-nuclear cascade models and evaporation and fission models. The main objective 
was the development of powerful and accurate tools to calculate nucleon-nucleus spallation 
reactions. 

Neutron data above 20 MeV 

Examples of experimental work with charged-particle beams above 200 MeV are presented in 
the contribution by Kelic to these proceedings. Therefore, the presentation in this contribution 
is focused on neutron-induced reactions. 
Two neutron-beam facilites, at UCL Louvain-la-Neuve, Belgium [2] and the old facility at TSL 
Uppsala, Sweden [3] were used in the HINDAS project. Recently, a new facility has been 
commissioned at TSL. All these facilities employ the 7Li(p,n) reaction for neutron production. 
UCL was used for all measurements up to 70 MeV, and TSL at higher energies. Below, 
examples of results from TSL Uppsala are presented. 
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Base equipment
Two major experimental setups are semi-permanently installed. These are the MEDLEY
detector telescope array [4], housed in a scattering chamber and operated in vacuum, and
SCANDAL (SCAttered Nucleon Detection AssembLy) [3], a setup designed for large-
acceptance neutron and proton detection.

The MEDLEY detector array consists of eight particle telescopes, placed at 20-160
degrees with 20 degrees separation. Each telescope is a E- E-E detector combination, with
sufficient dynamic range to distinguish all light ions from a few MeV up to maximum energy,
i.e., about 100 MeV. Recently, the facility has been used also for fission studies.

The SCANDAL (SCAttered Nucleon Detection AssembLy) setup has been designed for
elastic neutron scattering studies. The energy of the scattered neutron is determined by
measuring the energy of proton recoils from a plastic scintillator, and the angle is determined 
by tracking the recoil proton. SCANDAL can also be used as proton or deuteron detector. In
those cases, the veto and converter scintillators are removed.

Figure 1. Elastic neutron scattering at 96 MeV [5].

Neutron scattering
Elastic neutron scattering is of utmost importance for a vast number of applications. Besides
its fundamental importance as a laboratory for tests of isospin dependence in the nucleon-
nucleon, and nucleon-nucleus, interaction, knowledge of the optical potentials derived from
elastic scattering come into play in virtually every application where a detailed understanding
of nuclear processes are important. Elastic neutron scattering is important also for fast-
neutron cancer therapy, because the nuclear recoils account for 10-15 % of the dose. Up to
now, data on 12C and 208Pb at 96 MeV have been published [5], and eight other nuclei are
underway. A facility for studies of inelastic neutron scattering has recently been
commissioned, and first data taking, natFe and natPb at 96 MeV, has been completed.
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Figure 2. Neutron-induced production of protons, deuterons and tritons on lead at 96 MeV [6]. 

Light-ion production
Nuclear reactions with nucleons in both the incident and exit channel are of great use in
development of nuclear models. Therefore, neutron-induced light-ion emission has been
thoroughly studied. Moreover, hydrogen and helium production constitutes a safety and
materials degradation problem in an ADS. This has motivated measurements on iron, lead
and uranium at 96 MeV [6].

Fast-neutron fission 
Although the main fission effects in an ADS arise from neutrons at lower energies, the high-
energy neutron fission gives significant contributions to the power released. Very little data 
exist on high-energy fission, but the situation is under rapid improvement. This can be
exemplified by the ongoing work at the TSL neutron beam [7]. A new facility for studies also of
angular distributions is under commissioning. Fission was not studied in HINDAS, but is
instead carried out under the auspices of ISTC.

Residue production
A series of studies of residue production has been carried out in parallel with the other
experiments mentioned here, at an irradiation facility located just outside the primary neutron 
beam.

Outlook

The rapid growth in demand for neutrons has motivated the construction of a new 20-180
MeV neutron beam facility at TSL [8]. The most important features of the new facility are 
increased intensity by reduction of the distance from neutron production to experiments,
availability of much larger beam diameters, increased versatility concerning various beam 
parameters, like the shape, and reserved space for a future pulse sweeping system.
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For nuclear data research, the increased intensity will facilitate a large experimental 
program at 180 MeV, hitherto excluded by count rate limitations. The main use of the facility, 
however, will be commercial testing of electronics [9]. For this, the increased intensity in 
combination with a larger beam diameter, which facilitates testing of a large number of 
components simultaneously, will provide a figure-of-merit about a factor 300 larger than for 
the present facility. This means that the new TSL neutron beam facility can outperform any 
existing mono-energy facility in the world. 
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Abstract. An integral part of the activities of the IAEA Nuclear Data Section involves the 
development of nuclear data for a wide range of user applications.  When considering low-
energy nuclear reactions induced by neutrons, photons and charged particles, a detailed 
knowledge is required of the production cross sections over a wide energy range, spectra of 
emitted particles and their angular distributions.  Two highly relevant IAEA data development 
projects are considered in this paper. 
An IAEA Coordinated Research Project (CRP) entitled “Improvement of the Standard Cross 
Sections for Light Elements” was initiated in 2002 in order to develop the evaluation 
methodology for the covariance matrix of uncertainty in the R-matrix model fits, and to 
produce R-matrix evaluations of the important light element standards.  The scope of this 
CRP has been substantially extended to include the preparation of a full set of evaluated 
standard reactions and covariance matrices of their uncertainties. 
Extensive efforts have been instigated to develop a library of validated nuclear-model input 
parameters, referred to as the Reference Input Parameter Library (RIPL).  The first stage of 
this work was initiated in 1994 and the second step began in 1998, both as IAEA CRPs.  A 
consistent library of recommended nuclear input parameters is now available (RIPL-2) that 
includes a large amount of theoretical information suitable for nuclear reaction calculations, 
along with a number of computer codes for parameter retrieval and related calculations.  A 
third phase of this project has been recently initiated in order to extend the applicability of the 
RIPL library to cross sections for reactions on nuclei far from the line of stability, incident 
energies up to 200 MeV, and reactions induced by charged particles. 

 Introduction 

Specific programmes of work sponsored through the IAEA Nuclear Data Section (NDS) are 
undertaken to engender significant improvements in the quality and availability of nuclear data 
for both general and highly-specific applications, as demanded by many users in Member 
States.  Studies undertaken to achieve these objectives are achieved through a combination 
of external and internal efforts organised and sponsored by NDS (Nichols et al., 2004).  All of 
the databases accessed through the NDS need to be used with confidence by the nuclear 
community, and this objective can only be achieved through careful attention to detail.  If the 
resulting databases are of the desired completeness and quality, users can focus their 
attention on the development of their calculational methods, rather than concern themselves 
with the validity and credibility of the necessary input parameters. 
As discussed in detail below, two data initiatives undertaken under the auspices of the NDS 
demonstrate our most recent efforts to respond to the demands of users around the world: 

a) derivation of improved neutron cross-section standards that aid considerably in the 
preparation of such data for wider-ranging nuclear applications libraries; 

b) preparation of comprehensive sets of input parameters for nuclear reaction calculations 
derived from improved theoretical models. 

 Neutron cross-section standards 

Nuclear reaction cross-section standards are the basic quantities needed to ensure the 
quality and traceability of reaction cross-section measurements and evaluations.  These 
standards consist of the evaluated cross sections for a set of specific reactions and the 
covariance matrices of their uncertainties (Table 1).  An evaluation of these neutron standards 
was completed in 1987, although the recommended uncertainties were so low that experts 
considered them to be unrealistic.  This serious problem arose from the impact of low 
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uncertainties obtained in the R-matrix model fits for the important light-element standards.  As 
a result, the evaluators were forced to scale up the uncertainties to the “expected values”; 
after the expenditure of significant effort on the evaluation of the cross sections and their 
uncertainties, simple diagonal covariance matrices were subsequently assigned for the 
uncertainties (Condé, 1991). 

Table 1. Standard Neutron Reactions.

Reaction Neutron Energy Range 

H(n, n) 1 keV to 200 MeV 
3He(n, p) 0.0253 eV to 50 keV 
6Li(n, t) 0.0253 eV to 1 MeV 
10B(n, 0) 0.0253 eV to 1 MeV 
10B(n, 1 ) 0.0253 eV to 1 MeV 
C(n, n) 0.0253 eV to 1.8 MeV 
Au(n, ) 0.0253 eV, and 0.2 to 2.5 MeV 
235U(n, f) 0.0253 eV, and 0.15 to 200 MeV 
238U(n, f) threshold to 200 MeV 

There are plans to prepare new versions of the national general purpose and applied 
evaluated data libraries in the USA, Russian Federation, PRChina, Japan and Europe.  
Therefore, an IAEA Co-ordinated Research Project (CRP) was established in 2001 to re-
focus on the evaluation and preparation of a new set of international reaction cross-section 
standards.   The earlier studies were originally based on a combination of least-squares fits of 
the independently evaluated cross sections for the light nuclides (6Li and 10B) through the R-
matrix model, and least-squares fits based on no physical model (non-model) for the heavy 

nuclides (197Au, 235U, 238U and 239Pu); the 239Pu(n, f) and 238U(n, ) reactions were also 
included in these studies because of the large amount of experimental data known to exist for 
these reactions, and their links to the desired standards.  Both the H(n, n) and C(n, n) cross 
sections were independently evaluated, and were only used for the renormalization of cross 
sections measured relative to these reactions.  Two computer codes were used in these 
earlier evaluations: EDA (Hale, 1981) for the R-matrix; and GMA (Poenitz, 1981) for the 
general least-squares fit.  The GMA database adopted in the standards evaluation was 
compiled by Poenitz (Carlson et al., 1993), and later updated by Poenitz and Aumeier (1997). 
Any criticism that arose from the standards recommended in the 1980s involved the resulting 
uncertainties that were subsequently judged to be seriously underestimated.  Compared with 
expert expectations, percentage uncertainties for the evaluated data were approximately a 
factor of two lower in the non-model heavy nuclides evaluations, and from 4 to 10 times too 
low for R-matrix model light nuclides evaluations.  Consequently, these uncertainties were 
increased by factors of between 2 and 10.  Another difficulty appeared when fitting strongly 
correlated discrepant data: systematic bias of the evaluated data relative to the expected 
“true” values (Peelle’s Pertinent Puzzle (PPP)).  PPP has only been discussed and studied in 
the nuclear data community since 1987 (Smith, 1991), some time after the original standards 
had been evaluated.  As an option, experimental data that deviated by more than three 
standard deviations from the recommended cross-section data were down-weighted when 
handling discrepant data, but this approach did not guarantee the removal of PPP.  A final 
point of concern involving the evaluations in the 1980s is that these studies were based on 
EDA multi-channel R-matrix, and GMA general least-squares codes.  Two additional R-matrix 
codes can be used for intercomparisons (SAMMY and RAC), and other codes are now 
available to carry out general least-squares fits (GLUCS, SOK and PADE-2).  These recent 
developments are especially important in testing the implementation of the error propagation 
law within the various codes. 
An IAEA Co-ordinated Research Project (CRP) entitled “Improvement of the Standard Cross 
Sections for Light Elements” was instigated in 2002 to explore the strong reduction in the 
variances of the R-matrix model fit, to improve the evaluation methodology for the covariance 
matrix of uncertainties, and to produce newly recommended cross-section standards for light 
nuclides.  However, the scope of this CRP was subsequently extended to cross-section 
standards for heavy nuclides at the request of the nuclear data community, and the timetable 
was reduced so that the first release of a test version of the recommended data should occur 
by the end of 2004.  The methodology, codes and experimental database developed by 
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Poenitz and Hale for the ENDF/B-VI standards were adopted as a suitable starting point.
CRP participants developed a much clearer understanding of the problems, and derived
appropriate solutions to overcome the difficulties experienced in the 1980s. Most of the work
and the advances within the CRP are documented in summary reports of the two Research
Co-ordination Meetings held to date and discussed below (Carlson et al., 2003 and 2004).
Five experimental data sets for the 6Li(n, t) reaction with covariance matrices of their 
uncertainties were selected for testing, and to compare the codes used in the least-squares
fits of the cross sections. These tests revealed the strong presence of PPP in given subsets
of the data, and highlighted the existence of a bug in the GMA code: during the data input
process, only the last experimental set of each type data was taken into account in the least-
squares adjustment of the vector of the evaluated data.  After correcting this problem in GMA,
the differences in the evaluated values derived by GMA and GLUCS were of the order of 
0.2% for the test case, and exhibited random behaviour from point to point.  These small
differences can be explained by the numerical precision of the solution of the different matrix
equations in the Gauss-Markov-Aitken approach of GMA and in the Bayesian approach of
GLUCS.  However, PPP led to a greater than 10% bias and decrease of the cross sections 
evaluated with GLUCS and GMA (despite the proven numerical stability of the GMA code to 
within 0.1%).
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Figure 1. Comparison of the fits of five discrepant and correlated data sets by different
least-squares approaches that exhibit both the absence and presence of PPP (see text for 
explanation).
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Figure 1 shows the presence of PPP in fitting five modeled discrepant data sets for 6Li(n, t),
along with methods adopted to exclude this phenomenon.  The 6Li(n, t) cross section varies
considerably over the energy range of interest (see insert of Fig. 1, with a resonance at 0.245
MeV and 1/v behaviour in eV - keV region), and therefore the different fits are expressed as
ratios to the GMAP fit obtained by the Chiba-Smith approach (considered free from PPP 
(Chiba and Smith, 1991)).  GMA results are shown as a thick solid line, and represent the
usual least-squares fit with a clear bias throughout the resulting evaluated curve that falls
below practically all of the experimental data. Results from two model fits (PADE-2 analytical
pole expansion and R-matrix fit with RAC) are also shown, and even these fits with pole-type
expansions (transformations) are not free from PPP. However, fits obtained with other codes
that can exclude PPP are practically indistinguishable from the GMAP fit: (a) GLUCS
Bayesian code that implements the Chiba-Smith approach, and (b) general least-squares
code with Box-Cox transformation of data.  The evaluated data are labeled GLUCS03 and
Box-Cox in Fig. 1. 
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PPP and the exclusion of PPP in the evaluation of cross-section standards were studied in 
considerable detail.  Before implementing PPP exclusion, outlying data (outliers) that are a 
primary cause of PPP were analysed, and the uncertainties in these data were increased 
when appropriate.  However, outliers can only be defined relative to the unknown “true” value, 
and therefore an iterative procedure had to be used to identify these data and their 
discrepancies.  The chi-square value of the fit per degree of freedom decreased from 3.7 to 
0.7, and the resulting increase of the uncertainties for outliers led to an increase of the 
uncertainty of the evaluated data by approximately 10% and not the expected factor of 2.3, 
mainly because the experimental data with large uncertainties were the original outliers.  Two 
methods of excluding PPP from the standards database have been studied: 

a) adoption of the logarithm transformation of experimental data and their covariances, least 
squares-fits in logarithm space, and inverse transformation of the evaluated data and 
covariances in linear space (as implemented in the SOK code); 

b) implementation of the Chiba-Smith approach (Chiba and Smith, 1991) in which variances 
of the experimental data are constructed from their percentage uncertainties relative to 
the  results of the posterior evaluation (but not relative to the original experimental values 
as usually adopted) - this approach was used in the GMAJ code by Chiba, and was 
introduced into the GMA code for the cross-section standards and renamed GMAP 
(iteration procedure should be used because the evaluated/recommended data are not 
known in advance). 

Both approaches demonstrate that the effects of PPP are rather small when using a GMA 
database with increased uncertainties for outliers, and can lead to a bias of not more than 
30% to 50% of the uncertainty of the evaluated data. 
Intercomparisons of the R-matrix codes EDA, SAMMY and RAC have been made, and the 
origin of the reduction in the uncertainty of the model fits has been studied.  The codes gave 
the same results with good numerical accuracy when the same parameters were used to 
reconstruct the cross sections; a relativistic formulation used for data fitting in the EDA code 
leads to differences in the cross sections, which can only be partially compensated through 
small variations in the parameters.  Minimization of chi-squared with the full covariance 
matrices of the experimental data was implemented in RAC, and through a sum of the 
separate normalization and statistical components in the EDA code.  EDA fit results in some 
reduction of the variances, and a strong reduction of the covariances compared with the RAC 
fit.  Additionally, as a consequence of the intrinsic correlations characteristic of the R-matrix 
model, redistribution of the uncertainties between variances to the covariances leads to a 
significant reduction of “errors” (square roots of the variances) compared with the non-model 
fit.
The GMA database was updated through the introduction of about 40 new experimental data 
sets, and by extending the neutron energy for the 235U(n, f), 238U(n, f) and 239Pu(n, f) cross 
sections up to 200 MeV.  Unfortunately, some discontinuities do arise because of the small 
number of absolute cross-section measurements at high energies, and differences in the 
fission cross sections above 20 MeV as measured in different laboratories, resulting in rather 
large uncertainties for the recommended high-energy fission standards. 
A new procedure was used to combine and achieve consistency between the R-matrix 
evaluations for light nuclides and the non-model least-squares fits for heavy nuclides.  The 
cross sections and covariance matrices of uncertainties were derived from the evaluated R-
matrix parameters, and were used as pseudo-experimental data sets in a combined least-
squares fit with the complete GMA database.  Experimental data used in the R-matrix model 
were excluded from the combined fit to avoid double counting.  A large amount of 
experimental data was used to determine the reaction ratios of light to heavy nuclides, and 
therefore both appear to be rather strongly coupled and correlated in the combined 
evaluation.
Comparison of the preliminary new cross-section standards with the 1987 evaluation shows a 
general increase in practically all cross sections and especially fission cross sections above 
14.5 MeV.  These changes are attributed to the removal of a bug in the original GMA code 
and inclusion of new experimental data (0.5% to 4% increase), and the elimination of PPP 
(0.1% to 0.5% increase).  Preliminary results are shown in Fig. 2 for 235U(n, f) as compared 
with the 1987 standard; error bars are the uncertainties of the new standards.  Some 
previously observed discrepancies can now be resolved, 
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Figure 2.  Comparison of old and preliminary new standards for
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e.g., results from high-precision 238U(n, f) cross section measurements (1.2%) at 14.5 MeV
undertaken in several laboratories (Winkler et al., 1992) are in good agreement with the new
evaluation.  Furthermore, the k-effective value from GODIVA (fast neutron benchmark) is 
predicted with an accuracy of better than 0.1% by the new 235U fission cross section. More
detailed tests and benchmarks need to be performed as part of a critical assessment of the
new evaluations.

Input parameters for nuclear reaction calculations - Reference Input Parameter 
Library

A broad range of applications are addressed, from nuclear power reactors and shielding
design through cyclotron production of medical radioisotopes and radiotherapy to
transmutation of nuclear waste when considering low-energy nuclear reactions induced by
light particles, such as neutrons, protons, deuterons, alphas and photons.  The user requires
a detailed knowledge of cross sections and spectra of emitted particles and their angular
distributions.  Originally, almost all nuclear data were obtained through measurement
programmes.  However, our theoretical understanding of nuclear phenomena has reached a
high degree of reliability, and nuclear modeling has become standard practice in data
evaluation (with measurements remaining critical for data testing and benchmarking). Thus,
theoretical calculations are instrumental in obtaining complete and internally consistent
nuclear data files, and represent the only approach that can fill gaps in the experimental
results and predict data for unstable nuclei. Nuclear astrophysics and the design of 
Accelerator Driven Systems (ADS) are typical applications that depend strongly on theoretical
calculations.
With the recent development of nuclear reaction statistical models (triple-integral form of the
statistical model (Verbaarschot et al., 1985), and quantum mechanical Multistep Direct,
Multistep Compound (Feshbach et al., 1980; Tamura et al., 1982; Nishioka et al., 1986) and
other approaches to direct reactions), nuclear reaction theory is believed to be sufficiently
advanced to meet most of the requirements for a number of applications.  The major sources
of uncertainty are the input parameters needed to perform theoretical calculations, including
nuclear masses, deformations, nuclear levels and their decay characteristics, gamma-
strength functions, neutron resonances and level densities, optical model parameters, and



12

fission barriers. The IAEA Nuclear Data Section has addressed these needs through a series 
of Coordinated Research Projects dedicated to the production of a Reference Input 
Parameter Library (RIPL), involving the difficult task of collecting, evaluating and 
recommending the vast amounts of various nuclear parameters. 
An electronic Starter File (known as Reference Input Parameter Library-1 (RIPL-1)) was 
developed and made available to users throughout the world in 1997 (IAEA, 1998).  
Immediately afterwards a second CRP was initiated on “Nuclear Model Parameter Testing for 
Nuclear Data Evaluation (Reference Input Parameter Library: Phase II)”, and completed in 
2002.  This CRP resulted in the revision and extension of the original RIPL-1 Starter File to 
produce a consistent RIPL-2 library of recommended input parameters.  RIPL-2 contains 
input parameters for theoretical calculations of nuclear reaction cross sections, and is 
targeted at users of nuclear reaction codes interested in low-energy nuclear applications.  
Incident and outgoing particles include neutrons, protons, deuterons, tritons, 3He, 4He and ,
with energies up to approximately 100 MeV.  The numerical data and computer codes 
included in RIPL-2 are arranged in seven segments/directories: 

Segment 1: MASSES 
- directory of masses that contains basic ground-state properties of nuclei, along with two 
theoretical predictions of masses and deformations.  Atomic mass excesses and nuclear 
ground-state deformations are tabulated for 8979 nuclei ranging from 16O to A = 339.  
Evaluated experimental masses of Audi and Wapstra (1995) are included, although an 
upgrade to their latest evaluation is envisaged (Wapstra et al., 2003). 

Segment 2: LEVELS 
- 110 files (one for each element) with all known level schemes available from ENSDF in 
1998.  These files are arranged and pre-processed into an easy-to-read format for nuclear 
reaction codes.  All missing spins were inferred uniquely for each level from spin distributions 
extracted from the existing data.  Electromagnetic and gamma-ray decay probabilities were 
estimated.

Segment 3: RESONANCES 
- average resonance parameters were prepared on the basis of the evaluations performed by 
the Obninsk group, taking into account the analysis of discrepancies between similar 
evaluations of other groups.  Careful attention was paid to the estimation of uncertainties for 
the recommended parameters, based on experienced guesswork of systematic and statistical 
uncertainties. 

Segment 4: OPTICAL 
- optical model parameter (OMP) directory is provided in two forms: full library (archival form) 
and abbreviated library with all single-energy potentials removed (user file).  When there are 
insufficient experimental data to define phenomenological OM parameters (Koning and 
Delaroche, 2003), the evaluator has to resort either to global parameterizations or to new 
microscopic approaches.  The semi-microscopic model developed at Bruyeres-le-Chatel is 
now part of the OM segment, incorporating a revised version of the MOM code which relies 
on the Jeukenne, Lejeune and Mahaux nuclear matter approach for spherical nuclei.  Density 
distributions requested as input for microscopic OMP calculations are stored in segment 1. 

Segment 5: LEVEL DENSITIES 
- total level density sub-directory contains a revised version of the Back Shifted Fermi Gas 
(BSFG), Gilbert-Cameron (GC) and Generalized Super-fluid model (GSM) parameters 
prepared by the Obninsk group, which are consistent with both the recommended RIPL-2 
neutron resonance parameters and the evaluated parameters of the recommended low-lying 
levels (segment 2).  The new BSFG systematics developed by the Brussels group is also 
consistent with the recommended neutron resonance parameters, and will be included in the 
RIPL-2 TECDOC.  The microscopic HF-BCS calculations of the nuclear level densities are 
based on the realistic microscopic single-particle level scheme (Goriely et al., 2001).

Segment 6: GAMMA 
- contains parameters that quantify Giant Resonances, experimental gamma-strength 
functions and methods for calculating gamma-emission in statistical model codes. The 
experimental Giant Dipole Resonance parameters were provided by the Chinese group, and 
are represented by Lorentzian fits to the total photo-neutron cross sections for 102 nuclides 
ranging from 51V to 239Pu as compiled by Dietrich and Berman (1988), while additional data 
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were estimated by Liu Jian-feng and Su Zong-di (1995).  Theoretical predictions of the E1-
strength functions for 3317 nuclei with 8  Z  84 have been supplied by Khan et al. (2001),
and Goriely and Khan (2002). These strength functions are found to be in close agreement
with photo-absorption data as well as the available experimental E1 strength at low energies.
Finally, a theory-supported practical approach, based on a micro-canonical description of
initial states for the calculation of the dipole radiative strength function, was compared with
experimental data as well as with the SLO end EGLO models, and included in the library.

Segment 7: FISSION 
- new directory that includes global prescriptions for barriers and nuclear level densities at
saddle points.

59Co(n,2n) 58Com+g 58Ni(n,p) 58Com+g

58Ni(n,x) 57Co 58Ni(n,2n) 57Ni

Figure 3.  EMPIRE blind calculations for 
59

Co(n, 2n), 
58

Ni(n, 2n), 
58

Ni(n, p) and
58

Ni(n, x)
57

Co
reactions.

Blind calculations of the neutron-induced reactions on 58Ni and 59Co nuclei have been carried 
out using EMPIRE-II 2.19, as plotted in Fig. 3 for 59Co(n, 2n), 58Ni(n, 2n), 58Ni(n, p) and 58Ni(n,
x)57Co. These results generated by EMPIRE-II should be considered from the point of view of
the global parameters involved in the corresponding calculations.  Such blind calculations
deliver a correct shape for the excitation functions, and are judged to be in reasonable
agreement with the overall trends of the measurements.  Normalization of the curves can
always be performed with nuclear model parameters that have an intrinsic uncertainty, such
as average radiative widths and level density parameters. A further major uncertainty that 
accompanies the blind EMPIRE calculation concerns the level scheme and the branching
ratios.  Most of these problems can be resolved when the level scheme has been studied and
is better characterized.

RIPL-2 was released in July 2002, and is available on the Web through: http://www-
nds.iaea.org/RIPL-2/. This Web site provides a means of downloading entire RIPL-2
segments, individual files, and selected data.  A CD-ROM with the complete RIPL-2 library
can also be requested cost-free from the IAEA Nuclear Data Section.
During the development of RIPL-2, several important issues could not be addressed within
the work programme.  Therefore, a third phase was initiated in 2003 to extend the applicability
of the library to cross sections for reactions on nuclei far from the stability line, incident 
energies beyond 100 MeV, and reactions induced by charged particles (CRP on “Parameters
for calculation of nuclear reactions of relevance to non-energy nuclear applications”).  These



14

non-energy applications require cross sections, spectra and angular distributions for reactions 
that were not the prime objective of RIPL-2.  The most noteworthy additions in the formulation 
of RIPL-3 will be as follows: 

 charged-particle reactions for all non-energy applications; 
 reactions at high energies for ADS (up to 1.5 GeV), production of medical radioisotopes 

(up to 50 MeV), and radiotherapy (up to 1 GeV); 
 reactions on nuclei far from the stability line for ADS and astrophysics; 
 specific low-energy charged-particle reactions for material analysis. 

These requirements pose new challenges that require consideration of the following issues: 

 use of microscopic models to deduce parameters in addition to experimental data 
available for stable nuclei; 

 fission at high energies (serious problem in design of ADS); 
 improved determination of model parameters for deformed nuclei, especially optical 

model parameters for coupled-channel calculations and radiative strength functions; 
 treatment of collective enhancements of nuclear level densities at high energies; 
 temperature dependence of the Giant Dipole Resonance width; 
 linkage to intra-nuclear cascade model used for cross-section calculations at high 

energies; 
 use of forthcoming experimental data from n_TOF facility at CERN and HINDAS 

collaboration for deducing model parameters and library validation. 

Concluding remarks 

Over many years, IAEA staff within the Nuclear Data Section have successfully initiated and 
overseen the completion of various projects dedicated to satisfying a wide range of user 
demands for enhancements in the quantification and quality of neutron reaction cross 
sections.  Two of the most recent and significant database developments have involved 
important advances in the re-constitution of neutron cross-section standards and the evolution 
of a complete and consistent set of input parameters for the calculation of a wide range of 
nuclear reactions.  Both databases represent considerable advancements in the adoption and 
use of evaluated and highly credible neutron data.  As requested by Member States, efforts 
will continue to develop these databases further, and monitor all studies that impact and could 
possibly improve their contents. 
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Abstract: In the course of the concerted action “Lead for ADT”, which preceded the HINDAS 
project [1], an innovative experimental method has been developed at GSI-Darmstadt. This 
new approach is based on the inverse-kinematics method where a liquid-hydrogen target is 
bombarded with heavy projectiles. The reaction products are identified in-flight in mass and 
atomic number in a high-resolution spectrometer. Using this technique, we could detect, 
identify unambiguously and analyse about thousand nuclides per system before radioactive 
disintegration with an accuracy in the order of 10% to 15% in most cases. Moreover, thanks 
to the high-precision measurements of the velocity of the final residues, we could determine 
by which mechanism (spallation-fission or spallation-evaporation) they were produced. 
The investigated systems provide stringent constraints to nuclear-reaction codes, in particular 
to the energy deposition in spallation, the modelling of the fission competition and the nuclide 
production in fission and on the energy dependence of spallation reactions. The new data will 
help to develop improved models with better predictive power for spallation reactions 
involving nuclei spanning a wide mass range. 

Introduction

While the nuclear reactions occurring in a conventional fission reactor are limited to the 
energy range of fission neutrons below a few MeV, the nuclear reactions occurring in an 
accelerator-driven system, consisting of a sub-critical reactor and a neutron source driven by  
1 GeV protons, extend to energies up to the primary proton energy. In addition to the detailed 
understanding of the neutronics and the complex transport phenomena of light particles, the 
production of heavy residues by proton- and neutron-induced fragmentation and fission 
reactions needs to be known for the design of such a system. This has decisive 
consequences for the shielding and the activation of the installation, the radiation damages of 
construction materials and the chemical properties of the spallation target. In contrast to the 
situation in conventional fission reactors, where all relevant nuclear data could be measured, 
the large range of energy and the variety of target materials involved in an accelerator-driven 
system demands for a different strategy. Only a limited number of selected key reactions can 
be studied in full detail and serve to benchmark, improve and develop nuclear-reaction codes, 
which are then used to calculate the reactions occurring in the accelerator-driven system in 
their full variety. 
The conventional experiments on residual-nuclide production in proton- and neutron-induced 
reactions are performed by bombarding various target materials with protons or neutrons of 
the energy of interest and by analysing the produced species after irradiation, e.g. by their 
radioactive decay or by off-line and on-line mass spectrometry [2,3,4,5,6,7,8,9]. These 
methods can only give a limited insight into the reaction mechanism, because short-lived 
products, which form the dominant production in most cases, cannot be observed due to the 
time delay between the irradiation and the measurement. Information on the reaction 
kinematics is also not easily accessible. In addition, stable nuclides could only be detected 
with much effort e.g. by off-line mass spectrometry. As documented in a comprehensive 
intercomparison [10], the experimental information was not sufficient to develop reliable 
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models. In the course of the concerted action “Lead for ATD”, which preceded the HINDAS 
project, an innovative experimental method has been developed, which copes with this
problem. This new approach is based on the bombardment of a hydrogen target with heavy
projectiles. That means that the experiment is performed in inverse kinematics. The reaction
products are identified in-flight in mass and atomic number in a high-resolution spectrometer.
At the same time, information on the reaction kinematics is available. Using this technique,
during the HINDAS project large sets of new experimental data with unprecedented quality
have been accumulated [11].
In this paper, we report on the experimental and theoretical campaign dedicated to the
studies of spallation reactions in the inverse kinematics. Most of the experimental results have
been published in scientific journals [12,13,14,15]. Others are documented in PhD theses
[16,17,18,19,20] and will be published soon. A comprehensive overview of the project and the
obtained results can be found in Ref. [21].

Experiment

The experimental method and the analysis procedure have been developed and applied in
previous experiments [22,23,24,25]. The heavy-ion synchrotron SIS at GSI, Darmstadt, can
deliver the primary beams at energies between 0.2 – 1.5 A GeV. The dedicated experimental
set up is shown in Fig. 1. The proton target was composed of 87.3 mg/cm2 liquid hydrogen
[13] enclosed between thin titanium foils of a total thickness of 36 mg/cm2 [26]. The primary-
beam intensity was continuously monitored by a beam-intensity monitor based on secondary-
electron emission [27,28]. In order to subtract the contribution of the target windows from the 
measured reaction rate, measurements were repeated with the empty target. Heavy residues
produced in the target were all strongly forward focused due to the inverse kinematics and the
high velocity of the incoming beam. They were identified using the Fragment Separator (FRS)
[29] and the associated detector equipment.

Figure 1. Schematic drawing of the fragment separator FRS with the detector equipment. For
details see text.

The FRS is a two-stage magnetic spectrometer with a dispersive intermediate image plane
(S2) and an achromatic final image plane (S4), with a momentum acceptance of 3% and an
angular acceptance of about 15 mrad around the beam axis. Two position-sensitive plastic
scintillators placed at S2 and S4, respectively, provided the magnetic-rigidity (B ) and time-of-
flight measurements, which allowed determining the mass-over-charge ratio of the particles.
For an unambiguous isotopic identification of the reaction products, the analysis was restricted
to ions, which passed both stages of the fragment separator fully stripped. The losses in
counting rate due to the fraction of incompletely stripped ions and the losses due to secondary
reactions in the layers of matter in the beam line were corrected for [13]. 
To identify all residues in the whole nuclear-charge range up to the projectile, it was necessary
to use two independent methods in the analysis. The nuclear charges of the lighter elements,
mainly produced by fission, were deduced from the energy loss in an ionisation chamber
(MUSIC) with a resolution Z/ Z  200 obtained for the heaviest residues. Combining this 
information with the mass-over-charge ratio, a complete isotopic identification was performed.
A mass resolution of A/ A  400 was achieved. Since part of the heavier reaction products
was not completely stripped, the MUSIC signal was not sufficient for an unambiguous Z
identification. Therefore, the identification of reaction products of heavier elements was
performed with the help of an achromatic energy degrader [30] placed at the intermediate
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image plane of the FRS. Degrader thicknesses of about 5 g/cm2 of aluminium were used. The
nuclear charge of the products was deduced from the reduction in magnetic rigidity by the 
slowing down in the energy degrader [13]. The MUSIC signal was still essential for
suppressing events of incompletely stripped ions and from nuclei destroyed by secondary
reactions in the degrader. The velocity of the identified residue was determined at S2 from the 
B  value and transformed into the frame of the beam in the middle of the target, taking into
account the appropriate energy loss. In this way, the relative uncertainty in the velocity was
about 5·10-4. More than 100 different values of the magnetic fields were used in steps of about
2 % in order to cover all the produced residues and to construct the full velocity distribution of
each residue in one projectile-target combination.
The re-construction of the full velocity distribution allows for disentangling reaction products
formed in fragmentation and fission reactions due to their different kinematic properties. The
velocity distribution as a function of neutron number for 40Zr of one of the first system
investigated, 238U+208Pb at 1 A GeV [23], is shown in Fig. 2 as cluster plot. It can be seen from
the distribution that the reaction products can be attributed to different reaction mechanisms,
i.e. fragmentation and fission. For isotopes produced by fission, only those emitted either in 
forward or in backward direction with respect to the primary beam can be observed in a given
setting of the FRS because the angular acceptance is too small for sideward-emitted
fragments [31].

Figure 2. Velocity distributions of 40Zr
isotopes produced in the reaction

238
U +

Pb at 1 A GeV [23]. The velocities are
given in the projectile frame and have
been corrected for the energy loss of the
projectile and fragments in the target. 
Different contributions from different
production mechanisms – fragmentation,
high-energy fission and low-energy fission
– can be distinguished due to the velocity
and the neutron content of the fragments.
For one setting of the FRS only events
between the two blue lines are
transmitted.

Cross sections and recoil velocities

The production of residual nuclides has been investigated for several systems, which are
particularly relevant for the design of accelerator-driven systems: 56Fe+1H at 0.2 - 1.5 A GeV 
[16,19], 136Xe+1H,Ti at 0.2 – 1 A GeV [19], 197Au+1H at 0.8 A GeV [24,25], 208Pb+1H,Ti at 0.5
and1 A GeV [18,17,13,32], 238U+1H,Ti at 1 A GeV [14,15,20]. For each system, the production
rates were measured for more than thousand nuclides. The velocity distributions of all these
nuclides were determined at the same time. As an example, Figure 3 left shows the
measured production cross sections from the reaction 208Pb+1H at 1 A GeV [13,32]. The 
different regions on the chart of the nuclides produced by spallation-evaporation and by
spallation-fission reactions, respectively, can clearly be distinguished.
The experimental set up allows determining the recoil-velocity properties of the produced
nuclei. For the spallation-evaporation residues, the velocity distributions are well represented
by Gaussian distributions. The mean values of the recoil-velocity distribution were determined
for each ion. The slowing down in the target area, assuming that the nuclear reaction
occurred in the middle of the target on the average, was accounted for. In Figure 4a are
plotted the mean velocities normalised following the prescriptions of Morrissey [33] for
systems 238U+1H and 208Pb+1H. Thus, we introduce p’||, which is the longitudinal recoil
momentum, normalized in the following way [33]: p’|| = v||* Mp* ( /( +1)). This normalisation
allows an inter-comparison of various measurements realised at different projectile energies.
Figure 4a also includes the empirical systematics stated by Morrissey [33], which predicts a
linear dependence between the reduced recoil momentum (p’||) and the mass loss (relative to
the mass of the projectile). We observe that the systematics describes reasonably well the
measured data.
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Figure 3: Residual nuclide cross sections measured in the experiment (left) and calculated
with the ABRABLA code (right) for the reaction

208
Pb +

1
H at 1 A GeV shown on a chart of the 

nuclides. Nuclei with atomic number below 20 were not covered by the experiment.

The mean velocity values induced in the fission process are shown in Figure 4b for the same
systems. The velocity values are obtained from the plots similar to Figure. 2, averaged over
the mass and corrected for the effect of the finite angular acceptance of the FRS. All fission
velocities are consistent with the binary decay of a heavy nuclear system between lead and
uranium for the 238U+1H reaction, and between hafnium and lead in the case of the 208Pb+1H
reaction. The strong variation of the fission velocity with the atomic number of the fission
fragment is mostly given by momentum conservation.

Figure 4: Mean recoil momentum induced in the spallation-evaporation of 
238

U (black dots)
and

208
Pb (red squares) by 1 GeV protons as a function of mass loss. The experimental data

are compared with the systematics of Morrissey [33] (full line). (b) Measured mean velocities
of the fission fragments produced for the same systems as a function of the atomic number of 
the fission fragments. The velocities are transformed into the frame of the beam.

Comparison with model calculations

In a spallation reaction, it is standard to distinguish between two separate stages. The first
stage is usually modelled by individual nucleon-nucleon collisions with intra-nuclear-cascade
codes, which ends with the formation of a thermalised excited nuclear system. The second
stage is described in the statistical model of nuclear reactions. Several evaporation codes
have been developed for this purpose. However, since most of these codes have been
designed for fusion reactions, there is specific need for a code adapted to the deexcitation
process of spallation residues: The large range of excitation-energies and the large variety of
nuclear species demands for a consistent treatment of level densities as a function of
excitation energy and nuclear shape. Due to the low angular momentum induced in spallation
reactions, approximations which have been used for fusion reactions are not adapted. The
dynamics of the fission process and the onset of thermal instabilities at the highest
temperatures have to be considered. This demands for an explicit treatment of nuclear
dynamics as a function of time. Modelling of fission requires considering a large variety of 
fissionning nuclei in a wide range of excitation energies. Available empirical formulations of
nuclide distributions in fission of specific nuclei should be replaced by a model, which is
based on more fundamental properties, like the potential energy landscape around saddle
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and scission. Finally, the application in complex transport codes demands for short computing
times.
The ABRABLA [34,35,36,37] code, developed at GSI and improved during the HINDAS
project, satisfies these demands. As an example, in Figure 3 (right) the calculated nuclide
production cross sections are compared with those measured in the reaction of 208Pb+1H at 1
A GeV. The length and the shape of the evaporation corridor are very well described by the
calculations. The same is true for the competition between particle evaporation and fission.
The correct description of the fission process is not only important for calculating the nuclide
production in the spallation-fission reaction but also in the spallation-evaporation reaction.
This is nicely seen in Figure 5 showing the mass distribution from the reaction 238U+1H at 1 A
GeV. On the left side of the figure, the experimental data [14,15,20] are compared with the
ABRABLA calculations taking explicitly into account the relaxation process in deformation
space and the resulting time-dependent fission width based on an analytical approximation
[37] to the solution of the Fokker-Planck equation. The agreement between the data and the
calculations is more then satisfactory. On the contrary, if fission is treated as a pure statistical
phenomenon [38] the calculation deviates strongly from the data, and this can be seen on the
right part of Figure 5. If one would compare the total fission cross section measured in this
reaction – (1.53 ± 0.2) b, with calculations based on the transition-state model – 1.73 b, one
could be mislead to conclude that this model is giving a good agreement with the measured
data. But, the comparison with the spallation-evaporation mass distribution clearly shows that
the transition-state model is not the proper description of the nuclear deexcitation, and that, 
consequently, fission has to be treated as a dynamical process.

Figure 5: Mass distribution measured in the reaction of 
238

U+
1
H at 1 A GeV [14,15,20] (open

symbols) and compared with two sets of the ABRABLA calculations: left – the proper
treatment of the fission process based on the new analytical approximation [37] to the solution
of the Fokker-Planck equation, and right – fission width calculated according to the transition-
state model [38].

Another point that should be considered in order to have a proper description of the spallation
reaction is the energy deposited in the first stage of the reaction. As presented in Ref. [39],
the analysis of the isotopic distributions of heavy projectile fragments from the reactions of a
238U beam in a lead target and a titanium target gave evidence that the initial temperature of
the last stage of the reaction, the evaporation cascade, is limited to a universal upper value of
approximately 5 MeV. The interpretation of this effect relies on the onset of the simultaneous
break-up process for systems whose temperature after the first stage of the reaction (e.g. the
intra-nuclear cascade) is larger than 5 MeV. In the case of spallation reactions induced by 1
GeV protons, the break-up stage plays an important role for light targets, while for heavy
targets only a small fraction of the prefragments in the upper tail of the excitation-energy
distribution is formed with temperatures exceeding 5 MeV [40]. As the consequence, the
production of intermediate-mass fragments through the simultaneous break-up is more
enhanced for light targets (e.g. iron). This could explain the failure of a standard evaporation
model to describe the cross section for the production of intermediate-mass fragments (e.g.
7Be, 14C…).

Conclusion

In the frame of the HINDAS project, an experimental and theoretical campaign dedicated to
the study of the spallation reaction was undertaken at GSI.
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The measured data, production cross sections and energies, are of highest interest for the 
design of accelerator-driven systems. Using the measured production cross sections, 
combined with the known decay properties, the short- and long-term radioactivities in the 
target material can be calculated. The number of atomic displacements, being the reason for 
radiation damages in the structural materials, can now be estimated from the measured 
kinetic-energy distributions. The data also allow estimating the admixtures of specific 
chemical elements in the liquid target, accumulated in a long-term operation of the reactor, 
which enhance the corrosion of the walls or any material in the container. 
The systems investigated provide stringent constraints to nuclear-reaction codes, in particular 
to the modelling of the fission competition and the nuclide production in fission. The new data 
will help to develop improved models with better predictive power for spallation reactions 
involving highly fissile nuclei
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Predicting nuclear reactions with TALYS
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Abstract. TALYS is a nuclear reaction program which simulates nuclear reactions that involve
neutrons, gamma-rays, protons, deuterons, tritons, helions and alpha-particles, in the 1 keV
- 200 MeV energy range. A suite of nuclear reaction models has been implemented into a
single code system, enabling us to evaluate basically all nuclear reactions beyond the reso-
nance range. An overview is given of the main nuclear models used, such as newly developed
optical models, various compound nucleus, fission, gamma-ray strength, level density and pre-
equilibrium models, all driven by a comprehensive database of nuclear structure parameters.
The predictive power of the code is demonstrated by comparing calculated results with a very
diverse set of experimental observables. Our aim is to show that TALYS represents a robust
computational approach that covers the whole path from fundamental nuclear reaction models
to the creation of complete data libraries for nuclear applications.

Introduction
With the advent of fast computers, software that simulates nuclear reactions is able to play an
increasingly important role in nuclear data. It is possible to provide an exact computational
scheme for sophisticated nuclear models, not only new ones but also those that have been
lying on the shelf for decades, and only now become amenable for numerical implementation.
Large scale comparisons with measurements are within reach.
TALYS is a nuclear reaction program created at NRG Petten, the Netherlands and CEA Bruyères-
le-Châtel, France. The idea to make TALYS was born in 1998, when we decided to implement
our combined knowledge of nuclear reactions into one single software package. The objec-
tive is to provide a complete and accurate simulation of nuclear reactions in the 1 keV-200
MeV energy range, through an optimal combination of reliable nuclear models, flexibility and
user-friendliness.
There are two main purposes of TALYS, which are strongly connected. First, it is a nuclear
physics tool that can be used for the analysis of nuclear reaction experiments. The interplay
between experiment and theory gives us insight in the fundamental interaction between parti-
cles and nuclei, and precise measurements enable us to constrain our models and their para-
meters. In return, when the resulting nuclear models are believed to have sufficient predictive
power, the prediction can even give an indication of the reliability of measurements. The many
examples of TALYS presented in this paper confirm that our software project would be nowhere
without the existing experimental database.
After the nuclear physics stage comes the second function of TALYS, namely as a nuclear
data tool: After fine-tuning the adjustable parameters of the various reaction models using
available experimental data, TALYS can generate nuclear data for all open reaction channels,
interpolating between and extrapolating beyond experimental data, on a user-defined energy
and angle grid beyond the resonance region. The associated nuclear data libraries that can
be constructed provide essential information for existing and new nuclear technologies. Im-
portant applications that rely directly on the output of nuclear reaction simulation software like
TALYS are conventional and innovative power reactors (GEN-IV), accelerator-driven systems
and transmutation of radioactive waste, fusion reactors, homeland security, medical isotope
production and radiotherapy, oil-well logging, geophysics and astrophysics.

Nuclear models
Fig. 1 shows the nuclear models implemented in TALYS.

Nuclear structure and model parameters
All nuclear models make use of structure and model parameters. There is an automatic refer-
ence to parameters as masses, resonances, etc. see the lower left box of Fig. 1. With a few
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Figure 1. Flowchart of TALYS.

exceptions, our database is based on the Reference Input Parameter Library[1].

Optical model and direct reaction model
We use the coupled-channels code ECIS-97[2] as a subroutine for all optical model and di-
rect reaction calculations. It is the only module in TALYS that is not written from scratch but
adopted from outside. ECIS-97 delivers the basic observables such as the elastic angular
distribution, the reaction and the total cross sections. Moreover it yields the transmission coef-
ficients for compound nucleus calculations and all cross sections and angular distributions for
discrete states. The default optical model potentials (OMP) used in TALYS are the local and
global parameterisations for neutrons and protons of Ref. [3]. For nuclides outside the scope
of this OMP, i.e. strongly deformed nuclides, we allow input of potentials on an individual basis.
With this, coupled-channels calculations for various types of deformation (symmetric-rotational,
harmonic-vibrational, vibration-rotational, and asymmetric-rotational) can be automatically per-
formed. For near-spherical nuclides, direct reactions are calculated with DWBA, and inelastic
scattering off odd-A nuclei is described by the weak-coupling model. For deuteron, triton,
Helium-3 and alpha OMPs, we use a folding approach applied on the aforementioned OMPs.

Compound nucleus model
The term compound nucleus reaction is commonly used for two different processes: (i) capture
of the projectile in the target nucleus to form a compound nucleus, which subsequently emits
a particle or gamma, (ii) multiple emission from the chain of excited residual nuclides following
the binary reaction. Both are included in TALYS. At low incident energy (i) plays an important
role. It differs from (ii) at two important points: (a) the presence of width fluctuation correc-
tions and (b) non-isotropic, though still symmetric, angular distributions. It is calculated with
the Hauser-Feshbach formalism including width fluctuation corrections (WFC). The WFC factor
accounts for the correlations that exist between the incident and outgoing waves. From a qual-
itative point of view, these correlations enhance the elastic channel and accordingly decrease
the other open channels. In general, the WFC factor may be calculated using three different ex-
pressions, which have all been implemented in TALYS: The HRTW model, the Moldauer model,
and the model using the Gaussian Orthogonal Ensemble (GOE). A comparison between the
three models is given in Ref. [4], where the Moldauer model is confirmed as the best default
choice. All WFC models are generalized to include continuum particle emission, gamma-ray
competition and fission. Gamma-ray coefficients are modeled with Kopecky-Uhl’s generalized
Lorentzian and the appropriate giant-dipole resonance parameters. Besides cross sections,
compound angular distributions are calculated using Blatt-Biedenharn coupling factors, again
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within a full Hauser-Feshbach expression with WFC.
For multiple emission, the whole reaction chain is followed by depleting each [nucleus-excitation
energy-spin-parity] bin with particle, gamma or fission decay until all channels are closed. In
the process, all particle and residual production cross sections are accumulated to their final
values. Non-equidistant energy grids in this decay scheme ensure enough precision in the
compound evaporation peaks.

Level densities
We use several models for the level density in TALYS, which range from phenomenological
analytical expressions to tabulated level densities derived from microscopic calculations. So
far, the most robust approach seems to be a Fermi gas model at high energies, with shell- and
energy-dependent level density parameter a, and a constant temperature model, fitted to the
known discrete states, at low energy. For non-fissile nuclides, we generally use an effective
level density model, i.e. all collective enhancements are included in the level density parameter
a. For fissile nuclides, we account for an explicit rotational and vibrational enhancement as well
as their appropriate damping at high energies. More precise details on the various forms for
the level density can be found in the manual and in [5].

Fission
For fission, the default model used in TALYS is based on the Hill-Wheeler expression for the
transmission coefficient for one, two or three barriers. If the excitation energy of the compound
nucleus is lower than the barrier heights, fission transmission coefficients display a resonant
structure which is due to the presence of nuclear excited levels in the second well of the poten-
tial energy surface. These so-called class II states modify the fission transmission coefficients.
The total fission transmission coefficient for a compound nucleus is then obtained by summing
the individual Hill-Wheeler terms over all head band transition states and, for the continuum, in-
tegrating it using the aforementioned fission level densities. Multi-chance fission for all residual
nuclides is included.
A novel feature for any general nuclear model code is the ability to predict fission yields. This
is done with the multi-modal random neck rupture model and the scission point model, as de-
scribed in more detail in [5].

Pre-equilibrium model
For energies above a few MeV, pre-equilibrium reactions play an important role. For nucleon
reactions, we have implemented a two-component exciton model with a new form for the in-
ternal transition rates based on the OMP of [3], which yields an improved description of pre-
equilibrium processes over the whole energy range[6]. Another feature necessary to cover a
large energy range is the generalization of multiple pre-equilibrium processes up to any or-
der of particle emission. This is accomplished by keeping track of all successive particle-hole
excitations of either proton or neutron type, see [6] for the mathematical outline.
On top of the contribution of the single-particle exciton model, which yields essentially structure-
less emission spectra, we add a contribution from giant resonances, computed with a macro-
scopic, phenomenological model, accounting for the energy weighted sum rule.
Pre-equilibrium photon emission is taken into account with the model of Akkermans and Grup-
pelaar [7]. For pre-equilibrium reactions involving deuterons up to alpha particles, a (too low)
contribution is automatically calculated within the exciton model reaction equations. However,
for nuclear reactions involving projectiles and ejectiles with different particle numbers, mech-
anisms like stripping, pick-up and knock-out play an important role and these direct-like reac-
tions need to be added incoherently. Kalbach [8] developed a phenomenological contribution
for these mechanisms, which we have included in TALYS, resulting in a much better prediction
of complex particle cross sections as compared to many older reaction codes. However, the
(very) phenomenological nature of the model still provides a challenge to construct a more
physical approach for these reactions in the future.
Finally, pre-equilibrium angular distributions are predicted by Kalbach’s systematics. From a
physical point of view, the quantum-mechanical multi-step approach is preferable, although it
is difficult to find justification (from applications) for angular precision that goes beyond that of
the systematics. Including our existing multi-step direct software is nevertheless left as future
work.
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The code
The present version of TALYS is written in Fortran77, and so far has been successfully com-
piled with various f77 and f90/f95 compilers. We have aimed at a setup that is as modular as
Fortran77 allows it to be, using programming procedures that are consistent throughout the
whole code. In total, there are about 250 subroutines adding up to a total of more than 40000
lines, plus the 20000 lines of the ECIS-97 subroutine.
The code is rather flexible in its use. Indeed, a complete set of cross sections can already
be obtained with minimal effort, through a four-line input file of the type given in Fig. 1, which
produces the best “blind” answers TALYS can currently give. Generally, a user wants to be more
specific on the choice of nuclear models, their parameters and degree of output. For this, more
than 150 different keywords are available that can be specified to e.g. fit experimental data. The
code has been thoroughly tested on a formal level, through random input files (probing every
corner of the code). Full dripline-to-dripline calculations (including the production of ENDF-6
data files) for all types of projectiles up to 200 MeV, have been performed to validate the code
computationally and to test the continuity (smoothness) of the results.

What can we do with TALYS
The main aim of TALYS is to provide a complete set of answers for a nuclear reaction, for all
open channels and associated cross sections, spectra and/or angular distributions. It depends
on the current status of nuclear reaction theory, and our ability to model that theory, whether
these answers are generated by more or less sophisticated physical methods or by simpler
phenomenological approaches. The following data can be calculated:

• Total, elastic and reaction cross sections,
• Non-elastic cross sections per discrete state,
• Elastic and non-elastic angular distributions,
• Exclusive reaction channels ((n,2n), (n,np), etc.),
• Exclusive double-differential spectra,
• Exclusive isomeric production cross sections,
• Discrete and continuum gamma-ray production cross sections,
• Extrapolation of non-threshold cross section down to the thermal energy range[9],
• Total particle production cross sections, e.g. (n,xn),
• Single- and double-differential particle spectra,
• Residual production cross sections (+ isomers),
• Recoils,
• Fission cross sections and fission yields.

Figs. 2 and 3 give an impression of the variety of nuclear reactions that can be simulated.
The shown TALYS-curves are obtained from blind calculations (e.g. residual production, en-
ergy spectra), after minor fitting (e.g. capture, (n,α), inelastic) and after significant parameter
adjustments (e.g. fission cross section).
A complete ENDF-6 data file, above the resonance range, up to 20 MeV can be computed in
about 4 minutes (20 MeV file) up to 4 hours (200 MeV file) on a 1 GHz PC. Various new evalu-
ations for the JEFF-3 library have been produced [10] through fitting, using model parameters,
of the experimental data. With default input files, TALYS is also suitable for mass production
of nuclear data and has been used to generate data for large scale activation libraries such as
EAF [11], but also for more fundamental purposes such as astrophysics[12].

Conclusions
The development of TALYS has followed the “first completeness, then quality” principle. This
merely means that, in our quest for completeness, we try to divide our effort equally among all
nuclear reaction types. We think that, with the exception of a few fission items (neutron spec-
trum, evaporating fragments), the code is indeed “complete”. “Quality” is obviously a different
and subjective issue, and it is certain that future enhancements in various theoretical models
are needed to bring our computed results even closer to measurements.
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Neutron measurements below 20 MeV at IRMM 
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Abstract. An overview is presented of recent neutron data measurements of the IRMM
Neutron Physics Unit.  Activities related to waste transmutation, accelerator driven systems,
the thorium fuel cycle and advanced concepts are shown and near term developments are 
indicated.

Introduction

The IRMM Neutron Physics Unit organises its activities in two so-called Actions, “Neutron
data for transmutation of nuclear waste and safety of different reactors systems“ (Action
4241), and “Basic research in nuclear physics and neutron data standards“ (Action 4242).
The work presented here concerns the first action and emphasises what is not shown
elsewhere in these proceedings [1-6]. 

Waste transmutation 

The measurement of neutron-induced cross sections and reaction parameters for isotopes of 
interest to waste transmutation is conditioned by the availability of adequate sample material
and the ability to cope with the natural radioactivity.
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Figure 1. Capture (top) and transmission (bottom) measurements for the long-lived fission 
product

129
I. On the left a subset of the results for the resolved resonance region is shown.

Resonances belonging to 
129

I are identified (the rest and 141 eV, belong to 
127

I). The data
(points) are shown together with the theoretical curve based on the resonance analysis
(line). On the right the results for the unresolved resonance region are shown, the fit 
obtained with the FITACS code, the TALYS model calculation for the capture reaction and
the results of earlier measurements.
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At IRMM measurements were carried out for the long-lived fission products 99Tc [7] and 129I
and the minor actinide 237Np [8] in a collaboration with CEA. In Fig. 1 recent results for the
capture and transmission measurements of 129I are shown. The data for the resolved
resonance region clearly show the presence of resonances of 127I indicating part of the
complexity of the measurement as a result of the sample composition. The PbI2 sample was
obtained from the fission products in spent nuclear fuel and also contained important
quantities of oxygen, sodium and sulfur. Four hundred resonances of 129I were analysed with,
most of them for the first time, and the resolved resonance region was extended from 3 to 10
keV.  For the unresolved region good accuracy values were extracted for s- and p-wave
strength functions and R from the transmission data and for s- and p-wave mean radiation
widths from the capture data using the code FITACS. For further details see Ref. [9]. 
The next project that is being considered within this collaboration concerns the measurement
of 241Am, transmission, capture and activation cross sections. Here the main concerns are the
availability of sample material and sample preparation facilities, together with the relatively
high natural activity and the difficulty to determine the important isomer ratio in the capture
reaction.
Finally, it is of interest to waste transmutation to understand the production of radioactive
isotopes from neutron-induced reactions. Of particular relevance is the production of tritium by
ternary fission on minor actinides. Details of the work that is carried out with the University of
Gent can be found in Ref. [10]. 

Accelerator driven systems

Measurements for accelerator driven systems concern the isotopes of lead and bismuth as
well as activation cross sections on structural materials at energies above the traditional 5
MeV limit for fission reactors.
An important process for the determination of keff in lead or lead/bismuth cooled systems is
inelastic scattering. Present accuracies for the cross sections of this process result in keff

uncertainties of the order of 1%. For accelerator driven systems the knowledge of (n,xn) 
reactions on lead and bismuth leads to important uncertainties on the neutron source
strength. At IRMM a setup for the study of these processes by the measurement of the
associated gamma-rays is being exploited. The three main isotopes of Pb and 209Bi are being
addressed. For the latter isotope, see Ref. [2]. Quasi continuous excitation curves are
obtained up to 20 MeV for the gamma-production cross sections with accuracies on the level
of 5% or better for the main transitions below 10 MeV.

Figure 2. Gamma-ray spectra from neutrons incident on an enriched sample of 
207

Pb (left).

Gamma-ray production cross sections for two gamma-rays from the 
207

Pb(n,xn )
206

Pb
reaction compared with the data of Vonach et al., and with a model calculation with the
TALYS code.



33

In Fig. 2 the ability to measure gamma-rays associated with the (n,2n) reaction on 207Pb is
demonstrated (See also Ref. [11]). On the left gamma-ray spectra are shown for neutrons
below the (n,2n) threshold (top) and above threshold (bottom). The latter is clearly dominated
by gamma-rays from the decay of 206Pb populated in this reaction, whereas for the former
gamma-rays from the inelastic excitation of 207Pb dominate. On the right, the excitation curves
of the two main gamma’s observed for the 207Pb(n,2n )206Pb reaction are shown. Good
agreement with the earlier data of Vonach is obtained for the deexcitation of the first excited
level at 803 keV. Comparisons with the TALYS model calculations show an overestimate for 
both transitions, that is due to the fact that TALYS considers the decay of the 125 s isomer
as prompt, whereas for the measurement contributions from the depopulation of this isomer
are negligible. An improved comparison with these model calculations is forthcoming. Very 
recently, it was also demonstrated that excitation curves for gamma-rays from the 209Bi(n,2n)
reaction could be obtained
Cross sections obtained with the activation technique serve two purposes. First they are of
immediate use to determine the rate of production of radioactive isotopes in materials
exposed to a neutron field.  Thus, important quantities such as the cool off period to the
recycling and handling limits may be determined, as well as the expected decay heat
generated by the material. Second, they are a valuable means of obtaining reaction cross 
sections in a rather efficient way. In the latter case, the combination with consistent physics
modeling for the reactions often allows valuable improvements in the model predictions of
unmeasured reaction channels for the isotopes studied or for similar reaction channels on
neighbouring isotopes. A large program of measurements with the activation technique was
carried out recently at the IRMM. This work was part of the activities of Subgroup 19
“Activation Cross Sections” of the Working Party for Evaluation Cooperation of the OECD 
Nuclear Energy Agency [12]. Fig. 3 shows cross sections measured at IRMM for the
99Tc(n, )96Nb reaction, which are compared with model calculations with the STAPRE code
that were tuned to reproduce the data. To understand the predictive power of model 
calculations key parameters were varied within reasonable limits and the resulting total 
uncertainty band is shown in the figure. 
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Figure 3. Measured reaction cross sections for the 99Tc(n,a)96Nb reaction compared with
earlier measurements from the EXFOR database [13], an optimised model calculation with
the STAPRE code and exemplary uncertainty bands for the model calculation. The latter 
primarily derive from 10% variations in the level density parameters of 

99
Tc and 

96
Nb.

In accelerator driven systems, large quantities of lead and bismuth are foreseen. Despite the 
intrinsic low absorption cross sections, the large amounts involved still imply significant
neutron loss by capture on these materials. At IRMM the capture and total cross sections of
206Pb were studied. Capture cross sections were measured with C6D6 detectors that benefit
from an intrinsic low sensitivity to neutrons and allow use of the pulse-height weighting
technique [14] to eliminate the sensitivity to the decay cascade of the detection efficiency for 
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capture events. The detectors were placed at 125 degrees to minimise the impact of the
angular distribution of the emitted gamma-rays. Fig. 4 shows the time-of-flight spectra
obtained at the IRMM GELINA facility. One notices the excellent peak-to-background and the
low contamination from neutron-induced events in the detectors (See Ref. [15] for further 
details).
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Figure 4. Measured capture yield (Yc) for 

206
Pb at the 60 m station. Also shown are the

background (Yc,bg) and the component resulting from scattered neutrons (Yc,p).

The thorium fuel cycle

Recent investigations concerning the minimisation of high level waste generated by nuclear
power reactors have pointed at the thorium fuel cycle. For the thorium fuel cycle the fertile
232Th and the fissile 233U play substitute the 238U and 235U/239Pu of the conventional fuel cycle.
Thus, the production of the transuranium isotopes (neptunium, plutonium, americium and
curium) is minimised resulting in considerably less high level waste. Furthermore, the supplies
of thorium are even larger than those of uranium, offering the prospect of sustained use of 
nuclear energy of several centuries. The viability of this fuel cycle is, however, poorly studied.
In line with that, nuclear data for this fuel cycle are poorly known.
At IRMM several measurement projects were carried out with the aim to improve this 
situation. A large activity concerns the measurement of the capture cross section for 232Th in
the resolved resonance region and in the unresolved resonance range. For the n_TOF project
measurements of the cross sections for the 236U(n, ) reactions were carried out and delivered
to the collaboration [16]. Fission cross sections were and are being measured for 231,233Pa and 
233,234,236U. In particular, the measurement of the fission cross section of 233Pa is important for 
this fuel cycle. The first direct measurement was carried out for this isotope at the VdG
laboratory [17] and compared with the results from the indirect method of Ref. [18]. Results 
for the measurements of the 231Pa(n,f) and 234U(n,f) reactions are reported elsewhere in these
proceedings [5,19]. 

Advanced concepts 

Increasingly, the development for energy from nuclear fission develops in the
direction of long term sustainability, with emphasis on minimisation of nuclear waste 
by recycling a large fraction (>99%) of the transuranium actinides. This has led to the



35

Generation-IV initiative in which six concepts have been selected for further study. 
One of the common features in these studies is the consistent strive towards 
increasing the level of burnup of the fuel. Thus, estimates become more sensitive to 
the accuracy with which Fission Product cross sections are known as well as some of 
the resonances of the main Pu isotopes. 
At IRMM, we recently demonstrated that high precision measurements of the most 
important resonances of fission products can be measured with our transmission and 
capture setups. The demonstration was made for 103Rh where precisions on the level 
of one percent have been achieved [20]. This ability will be systematically exploited in 
a collaboration with the US-DOE that is interested in fission products from the point 
of view of criticality safety of spent fuel storage and transport. 
The main resonances of 240Pu and 242Pu are themselves of great importance due to 
their impact on the neutron removal probability in light water reactors. However, 
because they are nicely isolated they are also ideal candidates to study the 
mechanism for Doppler broadening in mixed oxide fuels. Careful transmission 
measurements were carried out at IRMM at three different temperatures (15, 90 and 
300 K) on oxides of these two isotopes. These transmission measurements clearly 
reveal the effect of the temperature dependence of Doppler broadening of the main 
resonances. At present a detailed fit of the observed line shapes is under way in 
which the effect of the crystal lattice model is compared with the standard estimates 
based on the free gas model using effective (Debye) temperatures. Underlying these 
crystal lattice model calculations is a determination of the phonon spectrum of 
plutonium oxide with a projection on the motion of the Pu nuclei. Such calculations 
use  realistic atomic potentials, the details of which are fixed by comparison with 
measured bulk parameters, in absence of measured phonon distributions. 
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Abstract. A brief introduction to the Institut Laue - Langevin (ILL) in Grenoble, which is the
world leader in scientific research with neutrons will be given. The scope of fundamental
physics studies with neutrons is outlined. The instruments and the way of how neutrons are
provided for such studies are described focusing on the properties and the production of ul-
tracold neutrons (UCN). Some past and current flagship experiments with UCN (measurement
of the neutron lifetime, search for an electric dipole moment, observation of quantum states in
gravity) are highlighted.

Introduction
Ultracold neutrons (UCN) with wavelengths around 1000Å have several unique features: one
of them is that they are totally reflected from the surface of most materials under any angle
of incidence. This offers the possibility of storing neutrons in so-called ”neutron bottles” for
the observation of several fundamental characteristics of the neutron itself such as the neu-
tron betadecay or the neutron electric dipole moment. Another option is the construction of
neutron optical devices such as a neutron microscope. Then the very high absolute energy
and momentum resolution achievable with UCN opens the way to use them in high resolution
spectroscopy and diffractometry. Thus applications range from particle physics to condensed
matter physics.
The principle of this source can be seen in the Fig. 1. The high intensity of UCN/VCN at the
experimental site stems from a combination of several design features that make this source
the strongest one worldwide: A beam of very cold neutrons is extracted from ILL’s vertical
cold source by an optimized neutron guide system that dips into the liquid deuterium. UCN
are produced ”externally” by a Doppler shift device, the so-called Steyerl neutron turbine. In
this way the high reflection and absorption losses in necessary windows that one would have
in direct UCN extraction are greatly reduced; furthermore, part of the beam can be used for
experiments where VCN are required.
In more detail the source consists of a lower straight vertical neutron guide the bottom end of
which dips into the deuterium of the vertical cold source. The upper part is a curved neutron
guide of 12.8 m length and 13 m radius of curvature. The neutron mirrors are high quality Ni
surfaces. These neutron guides transmit a beam of about 7×7cm2 with wavelengths 20 < λ <
400Å up to the level D of the ILL reactor. In the turbine vessel the beam is split into 2 halves:
one half bypasses the turbine wheel and supplies the VCN beam, the other half ist Doppler
shifted into the UCN region under the action of the neutron turbine.
The neutron turbine consists of a wheel of 1700 mm diameter. On its periphery 690 cylindrically
shaped blades are mounted (height 160 mm, 158◦ with a radius of curvature of 65 mm). The
reflecting surfaces are again high quality Ni surfaces. A receding speed of these Ni surfaces
of about 25 m/s (for 230 rpm) transforms neutrons into the low velocity range from 0 to 15 m/s
with an associated enlargement of the beam from 7×3.4 to 8×16cm2 and wide divergence.
The turbine housing is equipped with 5 exit ports, 1 for the VCN’s (20−400Å), and 4 for UCN’s.
As many experiments work in storage mode, there is a beam distributor within the turbine
housing which guides one full UCN beam to just 1 of 3 beam ports at a time.
The characteristics of the different beams are: The VCN beam is 7 cm high and 3.4 cm wide; the
spectra measured by TOF experiments at the entrance into the turbine housing vary according
to the height in the beam for v < 40m/s, but are fairly homogeneous for v > 40m/s. The flux
at v = 40m/s(100Å) is about 105 cm−2s−1(m/s)−1 (= 0.4×105 cm−2s−1Å−1). The 4 UCN beams
have cross sections as follows: 4 × 4,7 × 7,10 × 10 and 14 × 10cm2. The total flux is 2.6 ×
104 cm−2s−1 for vz < 6.2m/s(3.3×104 for vz < 7m/s) resulting in calculated values for the density
of 87 and 110 cm3 for v < 6.2 and v < 7m/s, respectively. At the position of experiments 4 m
away from the turbine house the density has been measured by storage in a stainless steel



38

Figure 1. The VCN/UCN source on the top of the reactor (level D).

bottle to be about 50cm3 for v < 6.2m/s.
These values are presently the highest ones worldwide. It is necessary to mention that all ex-
perimental UCN equipment has to be housed within vacuum containers to reduce UCN losses;
for VCN use, this is not an absolute necessity.
Experimental activities have been concerned with:

• The search for a neutron electric dipole moment;

• Neutron beta decay studies in a magnetic storage ring as well as in liquid wall neutron
bottles;

• Investigation of neutron quantum states in gravity;

• The development of a neutron microscope and UCN monochromators, etc;

• UCN spectroscopy and diffractometry;

• VCN interferometry;

• UCN quasielastic heating studies.

Free neutron lifetime
Most of the neutrons in the world are bound into nuclei of atoms which have been stable for
billion of years. Once released from its environment, the neutron decays into a proton, an
electron and an antineutrinos (beta decay). The lifetime of the free neutron is about 15 minutes.
This number is important for understanding the creation of elements in the Universe. Neutrons,
with protons, would have been made in the first instance after the Big Bang. Had the neutron
lifetime been much smaller, the Universe would consist almost entirely of hydrogen - much
larger and it would contain only helium. The precision to which the relative abundance of these
elements can be calculated is limited by the uncertainty in the measurements of the neutron
lifetime.
The neutron lifetime has also implications for our lives today. It is an important input parameter
governing the rate at which two hydrogen nuclei can fuse to form deuterium - a cruel step in
the energy-releasing cycle that fuels the Sun. Finally, precise measurements of the neutron
lifetime combined with results obtained from other neutron beta-decay experiments can give us
information about the fundamental forces acting inside the neutron itself.
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Figure 2. Measurements of the neutron lifetime with beam and storage experiments.

The first neutron lifetime measurements were performed with neutron beams obtained from
nuclear reactors such as the ILL. Although it is almost impossible to observe the antineutrino
emitted during neutron decay, the electron and the proton can be readily detected. If one knows
the number of neutrons in a given volume at a given moment, the rate at which electrons and
protons are emitted from this volume gives directly the neutron lifetime. The problem arises in
knowing exactly how many neutrons are in the volume and even the size and the shape of the
volume to which the detectors are sensitive.
In the 1970s, techniques were developed for obtaining unltracold neutrons with such low en-
ergies that they could be confined inside a bottle for periods approaching their lifetime. In a
perfect bottle measurements of the number of neutrons remaining after two different storage
times are sufficient to determine the lifetime. In reality, a few neutrons are lost when they en-
counter the bottle wall, so that their number decreases slightly faster than expected from beta
decay alone. Several methods have been employed to adjust for this error. One involves per-
foming the experiment several times using bottels of different sizes. As the size of the bottle is
increased, the rate at which neutrons collide with the walls is reduced. By extrapolating the data
to the point where the collision rate is zero (i.e. an infinitely big bottle) one can eliminate the
effect of the walls [1]. A more recent approach is to confine ultracold neutrons using magnetic
fields (neutrons have a magnetic moment so respond to a magnetic field). In the absence of
material walls the losses can be eliminated and the decay can be followed in real time [3].
Some results of both beam and storage experiments during the last 30 years are shown in Fig.
2. It is only in recent years that by means of storage experiments at ILL the lifetime has been
sufficiently accurate to allow researchers to make reliable calculations. To date, the lifetime is
known with a relative accuracy of 0.1 %. The world average as given by the particle data group
is 885.7±0.8 s.

Neutron electric dipole moment (EDM)
It is believed that the Big Bang generated equal populations of particles and anti-particles. For
no anti-matter in our Universe has been observed yet the question of the matter dominance in
the Universe remains still unsolved. After a theorem of Sacharov, among other requirements a
violation of time reversal invariance T (going hand in hand with a violation of CP, the symmetries
of charge conjugation and parity conservation) is necessary to explain this phenomenon. The
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Figure 3. Dependency of the counting rate of neutrons on the absorber height above the mirror.
Continuous line - classical expectation.

observed CP violation in Nature - first seen in the neutral Kaon-system - is implemented in
the Standard Model. However, it is not strong enough to explain the quantity of the matter-
antimatter asymmetry.
T -violation would be revealed by the presence of a permanent neutron electric dipole moment
(EDM). Although the neutron is an electrically neutral particle, there are positive and negative
charges deep within it. An EDM would arise if the average positions of the positive and neg-
ative charge do not coincide. The neutron also has a spin, and while the EDM would remain
unchanged under T -reversal, the spin would be reversed - i.e. time symmetry is broken.
The measurement principle for the EDM is the following: First, polarized neutrons are placed
inside a quartz storage cell in a weak magnetic field. The neutron spins precess in the magnetic
field with a frequency that depends on the neutron magnetic moment and the magnetic field
strength. An electric field of 100.000 Volt is applied over the quartz storage cell. The interaction
of an EDM with the electric field will shift the precession frequency slightly by just a few parts
per billion. Measuring this tiny shift to high precision thus gives evidence for a neutron EDM.
To achieve the required experimental sensitivity, a variety of techniques were employed. The
experiment relies on a magnetic mercury magnetometer that can measure the magnetic field
in the storage cell to a precision of one-billion of the Earth’s magnetic field. Nuclear magnetic
resonance techniques are used to measure the neutron precession frequency.
The first generation of EDM measurements at ILL is nearly completed and will give an accuracy
on the EDM of the roder if 10−26ecm [3]. Preparation measurements for the next generation
EDM experiment have been started also at ILL.

Neutrons in gravity
Quantum mechanics predicts that subatomic particles can have only certain energy values,
described as quantum states. This rule should also hold for particles in the field of gravitation.
At ILL it was demonstrated for the first time that the vertical motion of very slow neutrons in
the Earth’s gravitational field proceeds in discrete steps. In the experiment, ultracold neutrons
were sent on a gentle parabolic trajectory through a baffle and onto a horizontal mirror. They
had horizontal and vertical velocity components of meters per second and centimeters per
second, respectively. Neutrons at such low energy are totally reflected by the mirror. Gravity
has influence only on the vertical velocity component and forced the neutron back again.
The experiment shows, that there is a minium energy corresponding to the vertical motion of
matter in the gravitational field. For neutrons this was measured to be as small as about one
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picoelectronvolt, which corresponds to a jumping height of about 10 micrometers. Fig. 3 shows
the dependency of the counting rate of neutrons passing the mirror on the maximum jumping
height. This height can be adjusted in the experiment with an absorber parallel and above the
reflecting mirror. Within the classical expectation, neutrons can pass the slit between absorber
and mirror at any distance between them. The experimental results show, that only above
a certain distance between absorber and mirror (corressponding to the ground state of the
neutron energy in the gravitational field) neutrons can pass the detector [4]. In this experiment
the neutrons are ideal particles to study gravity and quantum mechanics on the µm-level.
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Abstract: Various concepts of accelerator driven systems (ADS) for the incineration of 
nuclear wastes like minor actinides (MA) and long-lived fission products (LLFP) are under 
investigation now worldwide. Creation of large subcritical accelerator driven systems ADS 
should precede experimental checks of the theoretical predictions and estimation of 
technological features of such systems. Tasks requiring the solution are: 

- Active core design; 
- Safety assessment; 
- Fuel, target and reflectors; 
- Keff control and monitoring; 
- High-energy neutrons shielding; 

To resolve some of this tasks the ADS with thermal power of several kW is sufficient. At the 
present time the project on creation of the 27 kW ADS with U-Pu MOX fuel is under 
realization at JINR. Existing 660 MeV proton accelerator will drive subcritical core of the SAD 
installation.

Introduction

The utilization of nuclear fission reactors with their inherent production of long-lived 
radioactive isotopes like transuranium elements and fission products makes a careful 
treatment of the spent nuclear fuel mandatory. Transmutation, i.e. transformation of long-lived 
isotopes into other short-lived or stable isotopes or elements by changing the nuclear 
structure through e.g. neutron irradiation can help us to ease nuclear waste management 
problems. Of particular interest for the scientific community in recent years are hybrid 
systems, commonly called Accelerator-Driven Systems (ADS) or Accelerator-Driven 
Transmutation of Wastes (ATW), integrating a sub-critical reactor core, i.e., a fissile material 
assembly unable to support a self-sustained chain reaction, with an intense spallation neutron 
source driven by a powerful particle accelerator. The basic goal of ADS is reduction of 
hazards related to handling and management of spent fuel through nuclear transmutation 
and, possibly, improvement of operational safety of nuclear power facilities, especially in the 
case of cores fuelled with dedicated (high actinide content) fuels which can not be handled in 
critical reactors because of the poor dynamics and safety characteristics of such cores. 
Compared to the well-established critical reactor systems, ADS systems have different 
physics, kinetic, dynamic and radioprotection behaviour, which needs further experimental 
exploration. The proposed SAD facility is the first low power ADS prototype, coupling all the 
main components of ADS for future nuclear waste incineration. 
In JINR experimental and theoretical research activities focusing on coupling of proton 
accelerators with fissile targets/cores have been conducted since the middle of the 50-s' 
under the scientific label “electronuclear” research. Neutron yields and spectra in lead and 
uranium targets have been measured, as well as neutron cross-sections for a number of 
isotopes, important for the estimation of the efficiency of various modes of transmutation. For 
the analysis of the electronuclear systems properties, mathematical models with appropriate 
databases and software have been developed. JINR has the license for operation of nuclear 
research reactors with active cores made of metallic plutonium and plutonium dioxide. Such 
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reactors have been operated reliably and safely for more than 40 years. JINR also has a long-
term experience with the operation of proton accelerators. This experimental background
gives good prospects for setting-up and subsequently for operating a low power experimental
ADS with MOX fuel at JINR in Dubna. Moreover, the JINR with its status as an international
research centre allows joining the financial contributions of the JINR member countries for
such projects. This low power project will be a natural step on the way from the current
experimental zero power sub-critical assemblies, driven by an external neutron source
(MASURCA in Cadarache, BFS in Obninsk, YALINA in Minsk) to the proton beam driven
semi-industrial installations (MYRRHA, TRADE), which are now in the conceptual design
phase in Europe. One of the advantages of the proposed project is using the existing proton
accelerator at JINR with 660 MeV energy and 3.2 A maximal current. The Phasotron
accelerator can deliver a proton beam with up to 2 kW power, enabling to have a total power
of the sub-critical core, driven with such beam, at a level of more than 100 kW. The upper
limit is determined by the multiplication factor keff = 0.98, the regulatory value defining sub-
critical installations in the Russian Federation. One has to note also that the multiplication
factor keff should be less or equal than 0.98 in all modes of operation, including anticipated
accidents, so the normal mode of operation will be established at a lower value. Another
feature of the project is the use of existing fuel elements (FE) with MOX (uranium plutonium
oxide) fuel of the BN-600 type as prototype for SAD FE.

Basic data 

The SAD project basic features are determined by the characteristics of the “Phasotron”
proton accelerator at JINR and by the choice of the regular Russian MOX fuel elements of the
BN-600 reactor type. The proton current (maximum value is 3.2 A) and the corresponding
power dumped in the spallation target determine together with the value of the multiplicity
coefficient of the core, the total thermal power of the installation.
The basic data of the SAD-facility, the parameters of the accelerator and the MOX fuel
characteristics are listed in the following tables:

Table 1. SAD facility basic data

Thermal power up to 30 kW 
Proton energy 660 MeV 
Beam power up to 1 kW 
Proton beam / target orientation Vertical
Fuel elements orientation Vertical
Criticality coefficient keff  0.95 
Fuel  - see table below for details on composition MOX, UO2 + PuO2

Cladding tubes maximum temperature 300  C 
Spallation target Replaceable: Pb, W 
Reflector Pb
Coolant Air

Table 2. Phasotron beam parameters

Intensity of the extracted proton beam: 3.2 A (1.997 1013 protons/s)

Beam emittance: 
mradcmx 3.21.5

mradcmy 4.14.3

Time structure

“Fast” extraction

Frequency 250 Hz
FWHM 20 s
Number of protons in pulse 0.8 1011

“Slow” extraction

Frequency 250 Hz
Pulse width 3500 s

Beam microstructure

Micropulse FWHM 10 ns 
Micropulse period 70 ns 
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Table 3. Basic features of the SAD core fuel

Fuel composition (UO2 + PuO2)

Plutonium dioxide content in the fuel, %(mass) up to 30*

239Pu content in Pu %(mass), not less than (with accuracy not 
worse than 10-4 for basic isotopes)

95

Fuel density, g/cm3
10.4 0.2

Fuel pellet diameter, mm 5,95-0.15

The installation will be equipped with experimental channels (vertical and horizontal),
equipped with actuators, which will allow to place detectors and isotopic samples in different
parts of the installation and to extract them after irradiation.

Beam transport line 

The proton accelerator PHASOTRON at JINR has 10 beam channels, used in various
experiments. The regular beam losses at transition through the longest beam lines do not
exceed 5%. In the beam transportation system deflecting magnets and doublets of quadruple
lenses will be used. These standard magnetic elements have being designed and
manufactured in many copies during the Phasotron exploitation. The beam transfer from
horizontal into a vertical plane will be realised using two strong bending magnets which have
to be designed and constructed. Beam intensity, dimensions and position will be monitored
online with magnetic inductive sensors, air ionization chambers and profilemeters. The total
number of magnetic elements in the beam line is about 28.

Figure 1. SAD beam line sketch project

Subcritical assembly

The sub-critical blanket of SAD is placed within a biological shielding, which is made of heavy
concrete and placed in radial and top directions from the active core (AC). Pipes are foreseen
in the shielding blocks to provide the allocation of the cooling loops for the target, the core,
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the experimental channels (vertical and horizontal), the power control channels, the proton 
guide etc. The upper part of the biological shielding will provide access to the blanket and to
the experimental channels during fuel loading/reloading operations and to experiments with
detectors and samples. The SAD core (Figure 2) consists of 141 fuel assemblies, each
assembly by itself combines 18 fuel pins, separated by wire spacers, welded onto the
cladding tube in helical manner. The fuel assembly does not have sidewalls, but only lower
and top frames where the FE are fixed. A central supporting rod made of stainless steel
achieves the integrity. The low specific energy release in the system allows the usage of air-
cooling, both for the target and for the active core. 

 3 

 1 

 2 

a) b)
c)

 4 

 5

Figure 2. Design view of the SAD core: a) – core  (2) with side Pb reflector (3) and air cooling
inlet/outlet (1); b) – core section view (fuel assemblies not shown) with experimental channels
(4); c) – Pb target (5) section view

Pb target assembly consists of a set of hexagonal lead prisms with air-cooling of the central 7
prisms (Figure 2, c). Other materials than lead and other dimensions will be used for the
target in the course of the SAD experimental program. The active core is surrounded by a
lead reflector of 60 cm thickness in radial direction and of 30 cm in axial direction at the top 
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Figure 3. Neutron spectra in SAD vertical experimental channels.

and at the bottom. The lead density is 11.15 g/cm3. A B4C layer of 3 cm thickness to reduce
the number of low energy neutrons in the concrete is located between the lead reflector and
the concrete shielding in radial direction. On the basis of the data, listed above, preliminary
neutron spectra in experimental channels were calculated with MCNP. The results for 3
channels in the fuel part of the core (1-3) and for 3 vertical channels in the side reflector (4-6)
are shown in Figure 3. Smaller channel numbers represent positions closer to the target. 
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Spectra are calculated within cells of 5 cm height in the centre of the core. Numbers for the 
flux integral are given in figure legends.

Civil engineering solutions on installation creation and allocation 

Preliminary technical and economical estimations, made during the ISTC proposal 
preparation, showed that the SAD facility should be located in a new building that has to be 
constructed in the free area between the existing accelerator building and existing outhouses. 
The general layout of the installation assumes the proton beam injection from the bottom of 
the installation after a 110 degrees turn with strong bending magnets. So the proton beam 
heats the target from below and it is necessary to have a rather thick beam stop in the 
forward i.e. top direction. The biological shielding properties will be determined by the highest 
neutron energy. The horizontal beam coming from the PHASOTRON is first deflected 20 
degrees downwards inside the accelerator hall, then turns 110° in the SAD building and hits 
the spallation target, located inside the fuel blanket from below. This construction allows 
avoiding safety problems with possible water ingress accidents, which would exist in the case 
of beam injection from the upper side and with the cooling water of the bending magnets 
above the sub-critical core (Figure 4). Main parameters of the SAD building are listed in the 
Table 4. 

Table 4: SAD building qualitative characteristics

Site area, m2 350
Total area, m2 950
Building volume, m3 8300
Bulk concrete volume, m3 (biological shielding) 1900
Steel shielding, ton 290
Bulk heavy concrete volume, m3 (  = 3.6 and 4.5) 25
Soil shielding volume, m3 2000
Excavated soil volume, m3 4000
Concrete retaining wall necessary to dismount, m3 350

Experimental program 

At present time a detailed overview of the future experimental program is not possible 
because not all parameters of the installation are fixed. Extensive discussions between 
experimentalists and designers are currently in progress to specify the experimental 
channels, the auxiliary equipment, the necessary rooms and laboratories etc., to be utilized in 
the project. Nevertheless, main experimental directions may be listed without detailed 
elaboration of the experimental techniques: 

 Reactivity measurements and monitoring; 
 Measurements of the core neutronics: spectral flux densities; power release 

at different parts of the installation; prompt neutrons lifetime; effective fraction 
of the delayed neutrons; 

 Fission rates measurements for minor actinides, uranium and plutonium 
isotopes; 

 Transmutation rates measurements for long lived fission products;  
 Measurements inside the target of spallation product yields; 
 Studies of reactivity feedbacks: -value, / eff, eff / .

An important activity will be the preparation of benchmark specifications for the comparison of 
the experimental data with calculation results for verification and adjustment of computer 
codes.
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Figure 4. SAD building general layout section view: total volume of concrete shielding is 
about 2000 m

3
, weight of the steel shielding about 800 tons.

Conclusion

As result of the project implementation we are expecting first coupling of the
lead/tungsten spallation targets irradiated by 660 MeV protons and subcritical MOX 
uranium-plutonium blanket, forming prototype ADS facility with low but not negligible
power.
Large scale experimental program on core neutronics and  minor actinides/long lived
fission products transmutation is planned to be performed at this facility. Computer
codes verification in benchmark experiments is supposed to be the most important 
part of the experimental program.
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Abstract. The 232Th/233U fuel cycle is subject to renewal of interest. It is indeed strongly 
believed that nuclear reactors using this fuel might provide safer and cleaner nuclear energy 
compared to the present uranium fuelled reactors. Further studies of this fuel cycle require 
nuclear data of good quality. It has been shown that nuclear data libraries still exhibit large 
discrepancies even for the major nuclei involved in this cycle. Different facilities have been 
used to measure the neutron capture and/or neutron induced fission of 232Th, 233Pa and 233U.
Neutron measurements (232Th and 233U) have been performed with the 4 MV Van de Graaff 
accelerator at CENBG. The results will be presented.

Introduction

One of the major challenges for nuclear energy production, is the management of radioactive 
waste. Several studies that are launched nowadays aim minimizing the production of waste. 
This can be obtained by considering fuels that produce a minimal amount of actinides. 
Thorium is naturally-occurring fertile material. The use of thorium in fission reactors requires 
first the production of the 233U isotope. Uranium-233 is a fissile isotope that produces almost 
no higher actinides. This is an advantage of thorium with respect to the uranium cycle, where 
the presence of 239Pu gives rise to the production of higher actinides. Thus, the thorium fuel 
cycle has unique feature that fulfill both the minimal production and the recycling options. A 
successful application of the Thorium cycle requires that the quality of the nuclear data is of 
the same standard as that of the U/Pu cycle. When we initiated theses studies, the existing 
Thorium data, especially the neutron capture and fission cross section on 232Th, 233Pa and 
233U, were clearly insufficient to enable a reliable Th-cycle analysis as shown in Fig. 1. For 
direct measurement of these cross sections, the neutron energy range of 0.6 to 7 MeV is 
conveniently covered by the vertical van de Graaff accelerator of the Centre d’Etudes 
Nucléaires de Bordeaux-Gradignan laboratory (CENBG), where monoenergetic neutrons are 
produced by the p(7Li,n)7Be, p(T,n)3He and D(d,n)3He reactions.  
The neutron capture cross section of 232Th has been already measured in the energy range 
from 60 keV to 2 MeV by D. Karamanis et al. [1] .The activation technique was used, and the 
cross section was measured relative to the 197Au(n, ) and 235U(n,f) standard cross section 
above and below 1 MeV. The results indicate that the cross sections were close to the 
JENDL-3 database values up to 800 keV and over 1.4 MeV. For energies in the intermediate 
range, our values were slightly lower than those from all the libraries. 
An accurate determination of the 233U fission cross section is needed to allow more efficient 
design of 233U-burning nuclear reactors. The neutron-induced fission cross section of this 
nucleus has been measured over the neutron energy range of 1 to 7 MeV relative to the 
neutron-proton scattering cross section, which is an accurately known standard    (< 1 %) over 
a wide range of neutron energies. This experiment was designed to achieve the greatest 
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accuracy possible by direct measurement of the absolute fission fragments rate and the 
absolute neutron flux separately. A difficult correction to make in a fission experiment is that 
for fission caused by neutrons that have scattered from counter materials or other frames
close to the fissile material. These neutrons arrive from different directions and can have
different energies than source neutrons. By careful design of the experimental chamber and
by using hydrogen-free materials, the contribution of such neutrons can be reduced so that
the corrections to the fission cross sections are of the order of few per cent.

Figure 1.   Nuclear data for the thorium cycle

Experimental description 

Experimental setup 
Figure 2 shows schematically the detection system and its relation to the neutron source.
Protons or Deutons accelerated by the Van de Graaff accelerator to energies of 2 to 3.75 
MeV hit a solid target of TiT (980 g/cm2) or TiD2 (1mg/cm2) respectively and produce
neutrons with energies of 1 to 7 MeV with a flux of 106 n.cm2.s-1 approximately. The fission 
fragments and recoil proton counting systems were housed in a cylindrical lightweight
aluminium vacuum chamber with all heavier structures located far enough from the samples
and neutron source so that neutron scattering from them was acceptably small. The 233UO2

target was 228 g/cm2  thickness and 11 mm in diameter deposited on Copper backing of 1
mm. The fission detector was a set of two Solar cells of Silicon monocristal 800 mm2 in area 
and 350 m thick, covered by a 100 nm TiO2 layer. In the neutron energy region 1 to 7 MeV,
fission fragments are not emitted isotropically and, to avoid large corrections for anisotropy, it
is necessary to detect nearly all fission fragments regardless of the angle between incident
neutron and fragments. A solar-cell fission detector was located as close as possible to the
fission target and detected ~ 70% of the fissions occurring in the 233U, so that the anisotropy
corrections and the angular effect of the emitted fragments were small. The cell surface was 6 
mm from the 233U deposit. The PolyPropylene (PP) (C3H6) deposit was mounted on 125 m
thick Tantalum ring and 15 mm in diameter. The fraction of recoil protons detected after n-p 
scattering is determined by a 15 mm diameter aperture in a Tantalum plate of 125 m thick 
located at 74.4 mm from the PP foil. 
The recoil protons were detected by E-E telescope placed at 0° with respect to the beam 
axis. The E detector was a 50 m thick fully depleted Si detector. The E detector thickness
was 600 m, adequate to stop the highest energy protons in this experiment. Since the
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neutron source was monoenergetic and the scattered protons were tightly collimated, all
protons produced pulses of nearly the same amplitude in the E-E detector, and the absolute
detector efficiency was about 10-3 %. The PP foil thickness of 30 m was chosen in order to 
keep the maximum proton energy loss in the PP foil below 15%. 

Deuton
beam

TiT/TiD2
target

Collimated solar cells

233U
foil

Collimated E-E Silicon
Detector for recoil protons

Collimated PP foil

Ta foil

45 mm 42.5 mm 74.4 mm

Figure 2. Experimental setup

Experimental measurements
Cross section measurements were made at different neutron energies from 1 to 7 MeV. A
measurement at each energy consisted of two separate runs. A background measurement,
BG, for the recoil proton detector was obtained by using a tantalum disk of 125 m thick with
a stopping area for the emitted protons towards the E-E detector larger than the collimating
aperture of the PP foil. For the main measurement, PP, the Tantalum stopping disk for the
recoiling protons was removed and a second identical disk was placed  between the neutron 
source and the PP foil in order to keep the background similar to the BG measurement. The
corrected proton sum for the run was then (PP – BG). 

Data analysis and results 

As mentioned before, we wanted to measure the ratio of 233U fission fragments to hydrogen
cross section as directly as possible by a separate determination of absolute fission rates in a 
2  fission counter and neutron flux measurement from n-p scattering.
The ratio of these cross sections can be determined from the background corrected counting
rates in the fission and proton detectors, Nf and Np, by the relation

f

pH

p

fPP
npf

UU
N

N

N

N

233233

/  where f  and np are the 233U fission cross section and the 

n-p scattering cross section at 0°, PP and 233U are the solid angles subtended respectively
at the PP foil by the proton aperture and at the 233U deposit by the solar cell aperture, NH and
N233U are the number of hydrogen and 233U atoms in the two samples and finally p and f are
the absolute efficiencies for protons and fission fragments. The results from the present
measurements are compared in Fig. 3 with the measurements performed by Meadows et al. 
[2] Carlson et al. [3] and Poenitz et al. [4]. In the neutron energy range from 0.9 to 5.2 MeV
our determination of 233U(n,f) is in good agreement with the previous works. At the onset of 
the second chance fission threshold, the present data uncertainties are significantly higher
due to a contribution of a second neutron group to the fission counting rates caused by
16O(d,n)17F* reaction with Q of -2.12 MeV. The source of this background is a thin-layer of 
Titanium dioxide (TiO2) formed during the preparation of the TiD2 target in ambient air. The 
additional fission events caused by these neutrons of different energy were estimated to 20%
with the 235U(n,f) standard cross section with a back-to-back 233U/235U target system placed in
the normal 233U position.
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A statistical model calculation (Hauser-Feshbach) described in ref. [5] has been used to
interpret from 0.01 to 10 MeV neutron energy, the fission cross section of the 233U(n,f)
reaction up to the second chance. Furthermore, the inelastic scattering cross section
233U(n,n’) and the neutron capture 233U(n, ) which cannot be measured directly in neutron
induced reactions have been extracted from the calculations as well as the 233U(n,2n) cross 
section.

Figure 3. Results of the
233

U(n,f) cross section measurements and calculated total inelastic
scattering and neutron capture cross sections for

233
U in the neutron energy range 0.01 to 10

MeV.
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Abstract. A regional phenomenological optical model potential (OMP) for low-energy -
particles has been involved in (n, ) reaction cross sections analysis for the stable Mo 
isotopes at the same time with a consistent local parameter set adopted  previously by 
analysis of various independent experimental data and also checked by suitable description 
of the known fast-neutron activation data for Mo isotopes. Moreover, a Woods-Saxon (WS) 
potential equivalent to the presently calculated DF potential, especially with reference to the 
nuclear surface region, has been analyzed. The same analysis has been performed for a 
squared Woods-Saxon (WS2) potential which is found closer to the realistic case. Finally the 
WS as well as WS2 potentials equivalent to the real microscopic DF potential have been 
involved with good results in the analysis of the above-mentioned (n, ) reaction cross 
sections. 

Introduction

A semi-microscopic analysis based on the Double Folding (DF) model for the -particle 
elastic scattering on A~100 nuclei at energies below 32 MeV [1] provided also an energy-
dependent phenomenological imaginary part of a semi-microscopic optical model potential 
(OMP), making use of the dispersive correction to the microscopic real potential.  At the same 
time a regional parameter set of the phenomenological OMP for low-energy -particles was 

established. This regional OMP has been presently involved within a study of the (n, )
reaction cross sections for the stable Mo isotopes by using a consistent local parameter set 
adopted through an analysis of various independent experimental data. On the other hand, 
this local parameter set has been already involved in a suitable description of the known fast-
neutron activation data for Mo isotopes [2]. Thus we may consider that there are avoided 
effects due to the remaining parameters of pre-equilibrium emission (PE) and statistical 
models which led Demetriou et al. [3] to significant uncertainties of the calculated reaction 
cross sections. Therefore it becomes possible a focus on uncertainties in the OMP 
parameters found in order to describe the -particle emission from excited compound nuclei 
([4] and Refs. therein), looking for their microscopic model based understanding.  

(n, ) reaction cross section analysis 

The above-mentioned phenomenological regional optical potential [1] has been involved in 
the analysis of the (n, ) reaction cross sections of the stable Mo isotopes. It was used in this 
respect an updated version of the computer code STAPRE-H95 [5] and a consistent local 
parameter set adopted recently [2] for description of the Mo isotopes fast-neutron activation 
data. Actually the global OMP parameter set [4] used in Ref. [2], and also proved able to 
describe without any change new data available in the meantime [6], has been just replaced 
in the present work by the above-mentioned regional optical potential from Ref. [1], with 
Woods-Saxon (WS) form factors for the real and imaginary parts. 
In spite of the previous careful set up of the regional optical, the (n, ) reaction cross sections 
calculated by using this potential have failed to describe, with one exception, the experimental 
data (Fig. 1). They were proved to be in between the results obtained by using the global 
OMP [7], which generally underestimates the reaction cross sections, and the global OMP [4] 
established especially for low-energy emitted alpha-particles. The exception concerns the 
recent measurement [6] of the 95Mo(n, )

92Zr reaction cross sections from 1 ev to 500 keV. 
The available experimental data for the other three isotopes 92,98,100Mo are all underestimated. 
The case of the lightest isotope 92Mo could be considered however the only one illustrative 
since the PE contribution effect is lower than for the heaviest isotopes 98,100Mo. Moreover, the 
largest data underestimation by using the present regional OMP is found just in this case, 
pointing out the still open question on the appropriate potential for low energy -particles. 
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Figure 1. Comparison of the experimental and calculated cross sections of (n, ) reaction on
92,95,98,100Mo by using the -particle regional [1] (dotted curves), DF-equivalent WS potentials
corresponding to least-squares fit for nuclear radius values up to R+5a (dashed curves) and
R+3.4a (solid curves), as well as the global parameter sets of Refs. [4] (dashed-dotted
curves) and [7] (dashed-dot-dotted curves).

DF-equivalent Woods-Saxon potentials 

The comparison between the radial dependence of the semi-microscopic DF potential
including the dispersive component and the regional phenomenological real potential (Fig. 10
of [1]) has made possible a further progress of the analysisIt was underlined that they are
almost identical only in the tail region, i.e., for the depth absolute values <10 MeV. Since one
may consider that at least the central region of the nuclear surface should be involved in the
case of the -particle emission, it results that any of either global [7] or regional [1] 
phenomenological optical potentials established by analysis of the elastic-scattering data are
not describing well just the radial range of reaction interest. Actually the semi-microscopic DF
potential shows that the real WS potential is not the suitable form over the whole radial
domain involved within both elastic scattering and reaction processes. 

case of the -particle emission, it results that any of either global [7] or regional [1] 
phenomenological optical potentials established by analysis of the elastic-scattering data are
not describing well just the radial range of reaction interest. Actually the semi-microscopic DF
potential shows that the real WS potential is not the suitable form over the whole radial
domain involved within both elastic scattering and reaction processes. 
Firstly we have looked for a Woods-Saxon potential equivalent to the sum of the DF potential
and the dispersive correction. We have considered fixed in this respect the volume integral
per interacting nucleon pair of the corrected DF real potential, and found the WS parameters
by minimization the difference between the microscopic and Woods-Saxon square values.
The maximum radius which has been firstly considered in this respect is the usual one
RM=RR+5aR, corresponding to the point at which the potential is ~1/150 of the central value. 

Firstly we have looked for a Woods-Saxon potential equivalent to the sum of the DF potential
and the dispersive correction. We have considered fixed in this respect the volume integral
per interacting nucleon pair of the corrected DF real potential, and found the WS parameters
by minimization the difference between the microscopic and Woods-Saxon square values.
The maximum radius which has been firstly considered in this respect is the usual one
RM=RR+5aR, corresponding to the point at which the potential is ~1/150 of the central value. 



55

- 
V

R
 (

M
e
V

)

 AHA (1994)

 McFadden-Satchler (1966)

15 MeV

 DF (2003)

[DF+] WS (2003)

 DF/ WS (0.90-0.02)

DF/ WS2 (0.90-0.10)

 + 
90

Zr

0 4 8 12

 AHA (1994)
 McFadden-Satchler (1966)

15 MeV

 DF (2003)

 [DF+] WS (2003)
 DF/ WS  (0.90-0.02): V

R
=120.3, r

R
=1.260, a

R
=0.785

 DF/ WS2 (0.90-0.10): V
R
=143.0, r

R
=1.410, a

R
=1.328

 + 
90

Zr

r (fm)

 DF (2003)

 [DF+] WS (2003)

DF/ WS (0.90-0.02)

DF/ WS (R
M
=R+3.4a)

 AHA (1994)
 McFadden-Satchler (1966)

15 MeV

 + 
90

Zr

4 8 12

 DF (2003)
 [DF+] WS (2003)
 DF/ WS (0.90-0.02): V

R
=120.3, r

R
=1.260, a

R
=0.785

 DF/ WS (R
M
=R+3.4a):V

R
=138.2, r

R
=1.177, a

R
=0.875

 AHA (1994)

 McFadden-Satchler (1966)

15 MeV

 + 
90

Zr

r (fm)

0

50

100

150

200

 DF (2003)
 [DF+] WS (2003)

 DF/ WS (R
M
=R+5a)

DF/ WS (R
M
=R+3.4a)

 AHA (1994)
 McFadden-Satchler (1966)

15 MeV

 + 
90

Zr

4 8 12
0.1

1

10

100

 DF (2003)
 [DF+] WS (2003)
 DF/ WS (R

M
=R+5a): V

R
=128.0, r

R
=1.24, a

R
=0.737

 DF/ WS (R
M
=R+3.4a):V

R
=138.2, r

R
=1.177, a

R
=0.875

 AHA (1994)

 McFadden-Satchler (1966)

15 MeV

 + 
90

Zr

r (fm)

Figure 2. The radial dependence of the DF potential including also the dispersive component
(+), as well as of the OMPs involved in Figs. 1 and 3 (curves shown by the same symbols).

However, it has resulted that the DF-equivalent WS potential is overestimating too much the
fitted microscopic potential within the nuclear surface region, while the same potential is firstly 
underestimated and then again overestimated in the surface tail region (Fig. 2). Therefore it 
has been used also the alternate value RM=RR+3.4aR, corresponding to the point at which the
potential is ~1/50 of the central value. The WS potential thus obtained has been well
improved within the surface region, at the price of an increased overestimation of the DF
potential at the outer tail. In Fig. 1 there are also shown the effects of using each of these DF-
equivalent WS potentials, at the same time with the imaginary part of the regional OMP [1], 
for calculation of the (n, ) reaction cross sections. While the former led to a small increase of
the results already obtained by using the regional phenomenological potential [1], the latter is 
quite successful in describing these reaction cross sections. There is still a questionable point
around the incident energy of 10 MeV for the target nuclei 92,98Mo, which is however not
consistent with the good agreement for neutrons of even lower incident energies on 92Mo and 
especially 95Mo. In order to understand better the importance of the OMP behaviour at the
nuclear surface, the minimization leading to a DF-equivalent potential has been next carried
out with reference only to the nuclear surface and its tail, i.e. for the potential depth values
between 90 and 2% of the central value. The comparison between the resulting WS potential
and the microscopic potential (Fig. 2) proves indeed their increased equivalence in the
surface region while the WS well depths are now more underestimated.

DF-equivalent squared Woods-Saxon potentials 

The same analysis is performed for a squared Woods-Saxon potential, which is found closer
to the realistic case. Following the previous discussion on WS potential, the minimization of
difference between the microscopic and squared Woods-Saxon (WS2) shapes has been
carried out with reference only to the nuclear surface, for the potential depth values between
90 and 10% of the central value. It has been thus possible, due to the WS2 shape which is
closer to the microscopic potential, to obtain rather similar DF-equivalent WS and WS2
potentials (Fig. 2), except the WS2 central value which is much closer to the DF potential.
Their comparison with the microscopic potential proves larger values within the tail, beyond
the equivalence in the nuclear surface region (Fig. 2). Moreover, we found these values
nearby those of global OMP parameter set describing the -particle emission [4], while same
conclusion follows the analysis of above-mentioned (n, ) reaction cross sections (Fig. 3). 

to the realistic case. Following the previous discussion on WS potential, the minimization of
difference between the microscopic and squared Woods-Saxon (WS2) shapes has been
carried out with reference only to the nuclear surface, for the potential depth values between
90 and 10% of the central value. It has been thus possible, due to the WS2 shape which is
closer to the microscopic potential, to obtain rather similar DF-equivalent WS and WS2
potentials (Fig. 2), except the WS2 central value which is much closer to the DF potential.
Their comparison with the microscopic potential proves larger values within the tail, beyond
the equivalence in the nuclear surface region (Fig. 2). Moreover, we found these values
nearby those of global OMP parameter set describing the -particle emission [4], while same
conclusion follows the analysis of above-mentioned (n, ) reaction cross sections (Fig. 3). 
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Figure 3. Comparison of the experimental and calculated cross sections of (n, ) reaction on
92,95,98,100Mo by using the -particle  regional [1] (dotted curves), DF-equivalent WS (dashed
curves) and WS2 (solid curves) potentials corresponding to least-squares fit for the shown
ratios of the potential to the central value (actually within the nuclear surface), as well as the
global parameter sets of Refs. [4] (dashed -dotted curves) and [7] (dashed-dot-dotted curves).

The corresponding calculated cross sections have been found a little bit larger but close to
the values obtained by using both the DF-equivalent WS potential and the global OMP related
to the -particle emission [4]. Moreover, it has been analyzed also the capability of the WS2
potential to describe the whole microscopic potential, as well the corresponding
consequences for the (n, ) reaction cross section calculations. The fit of the semi-microscopic
DF potential including the dispersive component provides a rather accurate WS2 description
for both above-mentioned RM values. However, the use of any of them within calculation of
(n, ) reaction cross sections has been followed again by similar results with the case of the
regional OMP [1]. Finally, it results that a similar accurate account of (n, ) reaction cross
sections is provided by the OMPs which match each other in the outer limit of the nuclear
surface as well as its tail.
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Abstract. Progress of work on improved methods of nuclear model calculations for nuclear 
activation data carried out at IFIN-HH in 2003-2004 is reported. In order to provide accurate 
predictions of further interest for the European Activation File (EAF-2005), no use of 
normalization or free parameters are involved. Model calculations carried out by using the 
computer codes EMPIRE-II and STAPRE-H have been validated by analysis of activation 
cross sections of all W and Ta stable isotopes and compared with the corresponding 
predictions obtained with the code TALYS. Particular importance of the total neutron cross 
sections and capture cross sections and their analysis is underlined. 

Introduction 

A benchmark experiment with pure W irradiated by 14 MeV neutrons which showed 
radionuclide ratios of calculated-to-experimental activity (C/E) significantly above unity for 
several of the dominantly produced nuclides [1,2] when calculated with the European 
Activation System [3] (EASY), pointed out the needs for a detailed analysis of the activation 
cross sections of the W stable isotopes. Thus it resulted that the total dose rate of W on 
fusion reactor conditions is significantly overestimated. Tungsten is a material widely used in 
fusion technology. The radioactivity induced in Tungsten by D-T fusion neutrons is relevant to 
safety aspects and to waste management of power plants. Additional questions arise from the 
low proton-emission cross sections at the 14 MeV which are of the order of 1 mb due to the 
high Coulomb barrier of W isotopes so that they are just above the reaction threshold.  
Therefore, a detailed analysis of the activation cross sections has been carried out with the 
aim of reduced C/E deviation from unity. We have used in this respect the computer codes 
EMPIRE-II [4] and TALYS [5], as well as fully local parameter sets within the STAPRE-H [6,7] 
code. The consistent input-parameter set in the last case and the independent data used for 
its complete determination and validation include the optical model potentials, the 
corresponding neutron-resonance data within the IAEA Reference Input Parameter Library 
(RIPL) [8], neutron total cross sections (especially the recent measurements [10,11] as shown 
Figs. 1-2), proton reaction cross sections, the low-lying level and resonance data involved for 
determination of the level density parameters within a realistic approach recently developed 
[9], and the electric dipole γ-ray strength functions fE1(Eγ) which are used for the calculation of 
the γ-ray transmission coefficients and the corresponding capture cross sections (Fig. 3). 
Finally, the sensitivity of the calculated cross sections to various model parameters will be 
derived and discussed in connection with improving the C/E of the benchmark experiment.  

Neutron total cross sections 

Since the heavy deformed nuclei are quite different from other mass regions, a series of 
various specific points have to be considered in addition to the recent analyses that use the 
Geometry-Dependent Hybrid (GDH) semi-classical model for pre-equilibrium emission (PE) 
and the Hauser-Feshbach (HF) statistical model for nuclei with A<100. Thus the coupled-
Channels (CC) model should replace the spherical optical model potential (OMP) for 
modeling reactions on deformed nuclei as within the last version of the EMPIRE-II statistical 
model code for nuclear reaction calculations, now installed [12] at IFIN-HH. The CC 
calculations were carried out assuming the coupling basis (0+, 2+, 4+) and using the values of 
the β2 and β4 deformation parameters given by Delaroche [13] but the β6 deformation values 
of -0.01 and 0 for the isotopes 182,183,184W and respectively 186W, following the analysis of 
Annand and Finlay [14]. Our analysis concerned the deformed phenomenological optical 
potential available [4] in EMPIRE-II from RIPL-2, the specification [15] of the NEA-DB 
intercomparison for n+184W at 25.7 MeV, and the rare earth–actinide average potential of 
Young [16] (Set B of Table II). Firstly [17] we adopted a slightly modified version of the rare 
earth–actinide average potential [16] in order to describe better the latest LANCE data [10,11]. 
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Figure 1. Comparison of calculated and experimental neutron total cross sections for 
182,183,184,186W isotopes with emphasis of the lower energy region. 

Next, we have found necessary an alternate modification of mainly the real component of the 
LANL potential in RIPL-2 in order to describe also the accurate nonelastic cross section 
established by Vonach et al. [18] at incident energy E=14.1 MeV. Actually, since this 
nonelastic cross section corresponds to inelastic scattering from above ~2 MeV of the 
excitation energy, they have been compared together with the cross section of statistical 
inelastic scattering on low-lying levels below ~2 MeV (obtained by STAPRE-H calculations) 
with the absorption cross section provided by EMPIRE-II. Since it is obtained after subtraction 
of the CC inelastic-scattering cross section from the reaction cross section, the neutron 
transmission coefficients corresponding to this absorption cross section have been next used 
also as input data in the STAPRE-H calculations of the pre-equilibrium and statistical HF 
emissions. 
Moreover, check of known OMP parameter sets by analysis of the low-energy neutron 
scattering properties (S0, S1, R’) and neutron total cross sections (SPRT method [19]) has 
followed inclusion of the calculated s- and p-wave neutron strength functions S0, S1 and 
potential scattering radius R’ in the EMPIRE-II output. Comparison of calculated data and 
corresponding recent average resonance data RIPL-2 recommendations as well as 
measurements [10,11] of the neutron total cross sections for the 182,183,184,186W isotopes (Figs. 
1-2), with an emphasis of the behavior below and around the neutron incident energy of 1 
MeV, proves the suitability of the modified version of the rare earth–actinide average potential 
of Young [16]. It should be underlined that the better description of the energy-dependence of 
data above 10 MeV, provided by a distinct energy-dependent geometry of the real potential 
component, has been obtained after the achievement of the improved agreement between 
the calculation results and the nonelastic cross section data [18]. However also the latter 
parameter set will be considered within further calculations in the same mass region 
especially due to the global character of the original potential [16]. 
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Figure 2. Comparison of calculated and experimental neutron total cross sections for 
182,183,184,186W isotopes. 

Neutron capture cross sections 

The electric dipole γ-ray strength functions fE1(Eγ) which are used for the calculation of the γ-
ray transmission coefficients, have been obtained by means of a modified energy-dependent 
Breit-Wigner (EDBW) model [20,21]. Moreover, systematic EDBW correction factors FSR were 
obtained by using the experimental average radiative widths Γγ0

exp of the s-wave neutron 
resonances, and assuming that FSR=Γγ0

exp/Γγ0
EDBW. Next, the fE1(Eγ) thus obtained have been 

checked within calculations of capture cross sections. The calculated and experimental cross 
sections of the reactions 180W(n,γ)181W, 182W(n,γ)183W, 183W(n,γ)184W, 184W(n,γ)185W, and 
186W(n,γ)187W were compared in the neutron energy range from keV to 2-3 MeV. The RIPL 
values for Γγ0

exp lead to fE1(Eγ) strength functions that are too large while the normalization to 
the ORNL values [22] provide good agreement with the capture data (Fig. 3). 
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Abstract. A new evaluation of the n+103Rh reaction was produced from the thermal region up
to 30 MeV. This work combines the latest IRMM resonance data for the resolved resonances
region and a model-based approach for E > 1 keV, into one complete evaluation. The TALYS [1]
program, supplemented with the semi-microscopic optical model potential (OMP) of Bruyères
[2] was used to produce the high energy cross sections for which uncertainties stemming from
OMP parameter distributions are also given. The internal consistency of the present work is
highlighted by the agreement between both cross sections and model parameters, in the region
where unresolved resonance and continuum regions connect (1-20 keV).

Introduction
Rhodium-103 is one of the major fission product for thermal and fast reactors, and is also
commonly used activation measurements. This paper will describe the evaluation process
for the n+103Rh reaction in three energy regions: the resolved resonances region (RRR), the
unresolved resonance region (URR), and the continuum region (CONT). Consistency between
all three regions is checked, and the final ENDF-6 file is processed and summarily tested in
reactor and activation applications.

Resolved and unresolved resonances regions
The new neutron transmission and capture measurements, recently performed at IRMM [3]
were included in the present evaluation. The SAMMY [4] code was used to re-analyse the
parameters from various existing evaluations, and produce an unique set of RRR parameters.
A more detailed discussion of this process is presented in [5].
Re-analysis of the URR was performed using the SAMMY/FITACS [4, 6] code and the most
important final paremeters obtained are displayed in Table 1. As for the RRR a more detailed
presentation is available in [5].

R’0 (fm) S0 (10−4) S1 (10−4) S2 (10−4) Γγ0 (meV)
URR 6.61 0.58 ± 0.02 4.21±0.4 0.63±04 172±2

CONT 6.50 0.46 4.54 0.57 166

Table 1. Comarison between resonance parameters obtained in the URR and CONT regions
analyses.

Continuum region
In the continuum region, the cross sections for all the open channels can be described using a
sequence of models fed with physical parameters. The TALYS [1] code implements all the mod-
els needed to calculate cross sections: optical model potential (using ECIS [7]), pre-equilibrium
(using exciton model with Kalbach systematics [8]), and statistical model with channel width
fluctuations [9]. All of these models take parameters as input; these parameters (for example
level densities for pre-equilibrium and statistical models) can either be taken from the default
TALYS library of parameters (based on RIPL2 [10]), or can be specified by the user.
One of the key ingredient for evaluation in the continuum region is the optical model potential
(OMP). The OMP is very important in the evaluation process since this model gives the reaction
cross section that is going to be separated into all the reaction channels by the pre-equilibrium
and statistical model stages. Moreover, the OMP predicts the shape elastic as well as the
inelastic scattering cross section off the levels most strongly coupled to the ground state. Finally
the OMP produces the transmission coefficients that are used by the statistical mode,l along
with the levels densities, to assess the fraction of the phase space representing any given open
channel and assign the relevant cross section accordingly.
In this work a semi-microscopic OMP [2] was used. It is a coupled-channels local potential
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Figure 1. Potential depth normalization factors of the OMP.

based on the folding of deformed nuclear radial densities with an OMP in nuclear matter de-
rived from that of Jeukenne, Lejeune and Mahaux [11]. The deformed densities were calculated
by an axially deformed Hartree-Fock-Bogoliubov [12] calculation performed using the D1S in-
teraction [13] with a quadrupole deformation parameter β constrained to the value obtained by
a collective Hamiltonian calculation[14].
In order to improve the agreement between model calculation and experimental data, four phe-
nomenological normalization factors λv, λw, λv1, and λw1 were applied to the real, imaginary,
real isovector and imaginary isovector OMP components, respectively. The four normaliza-
tion factors were adjusted as a function of energy on a sample of spherical nuclei scattering
and reactions observables in [2]. Figure 1 displays the energy dependence of these factors.
Such an approach has been tested with success for nucleon elastic and inelastic scattering off
spherical, rotators, vibrators, stable and unstable nuclei [2].
In order to maximize the agreement with the total cross section in the 100-500 keV range as well
as with the measured potential scattering radius R′ and S0 and S1, [15] the global potential depth
normalization factors of [2] were altered within their respective uncertainty ranges (dashed
curves on Fig. 1). The dotted curves of Fig. 1 shows the adopted normalization factors.
Once the OMP parameters are finalized the cross sections and transmission coefficients thus
calculated for the entrance and exit channels are passed to TALYS. Observables for all the
channels open between 1 keV and 30 MeV were then calculated and compared with their exper-
imental counterparts. Only slight adjustments of the parameters of the level densities, gamma
emission, and of the exciton model were needed in order to maximize the agreement between
calculations and experimental results. Finally, the deformation of the nuclear density used as a
basis for the OMP calculations was slightly lowered from its collective Hamiltonian value, again
to maximize the agreement with measured cross sections in the 100-500 keV ranges. Figure
2 shows comparison between final TALYS calculation results (labeled TALYS+SMOMP on the
graphs), and experimental cross sections for total, capture, (n,n’) to the 103Rhm state, and (n,2n)
and (n,3n) reactions. Further comparisons (not shown here) were also performed for elastic,
inelastic, and charged particle emission cross sections. These comparisons shows that the
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Figure 2. Calculated observables compared with experimental data for total cross section
(upper left panel), capture cross section (upper right panel), (n,n’) cross section to the 103Rhm
state (lower left panel), and (n,2n) and (nm3n) cross sections (lower right panel).

present evaluation provides a good representation of the available experimental data, and that
the cross sections coming from the URR analysis (labeled FITACS on the graphs) coincide to
a large extent with those coming from the continuum analysis. Moreover, as illustrated in Table
1, not only the cross sections, but the model parameters of the CONT and URR regions agree
with one another.

Conclusion
A new n+103Rh evaluated file was produced in a format suitable for transport and activation
applications between thermal and 30 MeV. The three energy regions (RRR, URR,CONT) were
evaluated, and special care was devoted their mutual consistency. Preliminary tests were per-
formed on the new file that show the good quality of the file for thermal and fast reactor, as well
as activation applications. This new file is proposed for inclusion in the soon to be released
JEFF-3.1 library.
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Abstract. The NPI CFNF was developed for the fast neutron research employing the AVF 
cyclotron U-120M (K=40). We have taken the unique advantage of two possible ion-
acceleration regimes of the NPI cyclotron operation, i.e. the beams of H+(24MeV), D+(17 MeV) 
and 3He++ (40 MeV) ions with well defined spectral characteristics and also the high-current 
beams from the acceleration of H-(37 MeV) and D-(18 MeV) ions. Utilizing the pulse-height 
unfolding technique, the deuteron break-up processes initiated by 37 MeV protons and/or 40 
MeV 3He-ions were experimentally verified as the most suitable source reactions for producing 
a white-spectrum neutron field with the mean energy of about 14 MeV and the energy range 
up to 34 MeV. These observables well simulate a dominant part of neutron spectrum from the 
d+Li source reaction of the IFMIF (International Fusion Material Irradiation Facility). Employing 
the heavy-water target, the neutron sources of the IFMIF-like spectrum are routinely operated. 
Present report illustrates the capability of the NPI CFNF to provide a suitable tool for a wide 
class of experiments relevant to the IFMIF neutronic calculations. 

The NPI cyclotron facility  

The NPI variable-energy cyclotron U-120M (see Figure 1) is operated in two regimes providing 
the beams of H+(up to 24MeV), D+(17 MeV) and 3He++ (40 MeV) ions and also the high-
current beams from the acceleration of H-(37 MeV) and D-(18 MeV).  
   

Figure 1. Plan view of the NPI cyclotron facility 

In the positive-ion regime, the beams are transported to the experimental hall. A beam-line 
system incorporated with two dipole magnets and a set of quadrupole focusing magnets is 
used to deliver beams to targets of a magnetic spectrometer AMOS (Achromatic Magneto-
Optical System) for nuclear astrophysics research and to the target station NG1 for neutron 
spectrometry experiments. Up to 2 � A of beam current of accelerated particles with good 
spectrometric characteristics could be delivered to the targets.   

In the negative ion regime, the accelerated ions are converted to protons and/or deuterons by 
stripping the electrons on the carbon-foil extractor. The energies of accelerated particles are 
varied by an adjustment of foil on relevant orbit in the cyclotron. The proton and deuteron 
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beam of (up to) 0.8 and 0.4 kW power can be delivered from extractor to the NG2 target 
station located in the accelerator room. A collimator-free beam line with the focusing system of 
correction dipole - and the quadrupole-triplet magnets provide the beam spot of about 3 mm in 
diameter on the target. Both the long- and short-time fluctuation of the beam intensity is better 
than ± 10% that provides good tool for neutron activation experiments. 

The NG1 target station  

Simulation of the IFMIF neutron spectrum, 
The IFMIF neutron source reaction d(40 MeV)+Li will produce a white spectrum with mean 
energy of 14 MeV and a high energy tail up to 50 MeV. So as the NPI cyclotron can accelerate 
deuterons only up to 17-18 MeV, the energy-angular differential yields from a thick heavy 
water target bombarded by 40 MeV 3He ions were experimentally investigated for the first time 
to simulate the d+Li IFMIF neutron spectrum. Resulting data demonstrate good agreement 
with d+Li spectra  - see Figure 2 (left). 

Figure 2 (left). the zero-degree spectral yield of neutrons from the reaction D2O(3He,xn) at 
incident energy of 40 MeV compared with data calculated for the d+Li reaction at 40 and 32 
MeV, (right): the spectrum of neutrons from the 3He+D2O source transmitted through the iron 
disk at 20 degree  together with bare source-  and room background spectrum (upper part). 
The ratio of transmitted-to-primary neutron flux is given in the lower part.    

Neutron transport experiments 
A set of transmission benchmark experiments on iron - the main constituent of the IMIF high-
flux test module - has been performed using the 3He+D2O source reaction. Spectra of 
neutrons transmitted through 20 cm thick iron slabs of 40 and 80 cm were measured for 
detector angles of 0 and 20o in the energy range 3.5 to 35 MeV by the pulse height technique 
(NE-213 scintillation detector). An example of resulting observables is given in the Figure 2
(right). Computational analysis of the NPI experiments with aiming to test the INPE/FZK 
evaluation- and LANL-150 iron data libraries has been carried out at FZ Karlsruhe [1].

The NG2 target station  

To produce high-intensity neutron field with IFMIF-like neutron spectrum employing the NG2 
target station the p(37 MeV)+D reaction has been previously investigated and the heavy-
water-stream target has been developed technical and operational characteristics of which 
have been described elsewhere [2].   
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The spectral flux of p-D2O source at sample position   
The spectrum of neutrons produced by the p(37MeV)+D2O source reaction extends up to 32 
MeV. It was measured by the scintillator-unfolding technique in “point-like-geometry” (PLG) of 
experimental arrangement. It is well known, that due to the averaging effect over sample and 
target sizes, the PLG approach is not sufficient to determine the spectral flux at the position of 
irradiated samples.  
Previously, a simple theoretical approach was used to calculate the neutron flux density at 
sample positions and tested in a separate experiment employing Al-activation technique [3]. 
Sequentially, a set of selected nuclides (Bi Co, Au, Mn, Rh, Lu, Nb, Ti, Y and Zr) was utilized 
to evaluate the spectral flux by a multi-foil activation method [2]. The unfolding of resulting 
measured activities was not yet completed due to the upper energy bound (20 MeV) of the 
SNLRML library of presently available SNL-SAND-II deconvolution code.  

Figure 3. The resulting C/E ratios for radionuclides produced from activation of dosimetry foils 
in the p-D2O neutron field. Data are distributed along threshold energies (kinematical) of 
relevant reactions  

Meanwhile, the measured activities have been analyzed with FISPACT and EAF-2004 A data 
library [4]. Resulting C/E ratios are shown in Figure 3. The C/E values concentrate around C/E 
=1.6 which may indicate an overestimation of flux density as calculated by present simple 
model Also a systematical falling-down of C/E with threshold energies of different activation 
reactions could imply possible deviation of the spectral flux from bare source spectrum. 
Therefore, further experimental investigation of space-dependent integration effects on the 
spectral flux at sample positions is needed. With this aim, an employment of proton-recoil 
telescope method is under way at NPI. 

Activation benchmark tests 
An activation experiments on the Eurofer-97 and on main constituents of this fusion-related 
low activation steel is a longstanding program being under way at the NPI CFNF. Activation 
experiments utilizing the white IFMIF-like d-D2O source spectrum are performed to provide the 
validating of activation cross-section data at IFMIF-relevant energies.  
The radioactivity induced in Eurofer-97 by an IFMIF-like neutron spectrum extending up to 
32 MeV has been measured for the first time. The measured inventories of 22 unstable 
nuclides in activated Eu-97 samples have been compared at FZ Karlsruhe with ALARA 
calculations using activation cross-sections from the IEAF-2001 library. Reasonable 
agreement was found for half of the detected radio-nuclides and large discrepancies for the 
others. Latter cases necessitate updating of the relevant IEAF-2001 cross sections, which for 
the neutron energies above 15 MeV usually rely on theoretical model considerations not yet 
backed by cross section measurement [5].  
In Figure 4, the reaction rates of nuclides produced from the activation of Tungsten (the 
important constituent of Eu-97 steel) are shown. Samples were irradiated simultaneously at 
different distances from p-D2O source (W4, W10 and W14 samples) and in two independent 
activation runs (W4/10/14 and W7).The gamma-rays from irradiated samples were 
investigated at different cooling times (ranging from 0.5 to 130 days) with the NPI gamma-
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spectrometers (two calibrated HPGe detectors of 23 and 50% efficiency). The results in unit of 
specific activity (Becqerels per kg) for each reaction were determined and related to the end of 
irradiation. To reach an inter-comparison of measured data, resulting reaction rates are 
expressed as ratios normalized to the same flux density.  

Figure 4. The resulting reaction rates for radionuclides produced from activation of Tungsten 
samples in the p-D2O neutron field. Data are related to the W4 sample and normalized to the 
same flux density.

Agreement of all (but W187) data from different runs and different source-to-sample distances 
within statistical errors indicates the consistency of experiment. Measured activities in 
Tungsten are now under investigation at FZ Karlsruhe (ALARA activation code) to test the 
IEAF-2001 data library [6].
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Abstract. We have measured 16 neutron- and 7 proton-induced reactions on tin isotopes using
the natural tin as well as the enriched 112Sn targets (to 62.5% and 84%) by activation method
and obtained the cross sections on individual isotopes therefrom. These reactions are impor-
tant for proper establishing of possible ways of production of diagnostic isotope 111In with very
high purity via radioisotope generators. The measurements have been performed at the neu-
tron energy of 14.6 MeV and the proton energy of 23.6 MeV. The experimental data have been
compared to the cross section calculations with account for the pre-equilibrium emission, and
the feasibility of possible production of 111In has been deduced.

Introduction
The 111In is one of the main diagnostic ”cyclotron isotopes” for medical applications, where
it takes over the role of 113mIn [1, 2, 3]. The main advantage of 111In over 113mIn is its much
suitable halflife (2.8 days compared to 100 min.), as the short lifetime of 113mIn is a serious
limitation of its applications, which cannot take more than several hours from the moment of its
production. The main requirements of the 111In production for potential diagnostic applications
is a low-cost, simple, reliable, remote- and computer-controlled production together with very
high purity, when the contamination by 114mIn does not exceed 0.2% of the total radioactivity
[4].
The most common production ways of 111In are the (p,xn) reactions on the Cd isotopes. In
our work, we study the cross sections of various 14 MeV neutron- and 24 MeV proton-induced
reactions on tin isotopes. We have benefited from the fact that we have highly enriched 112Sn
targets. Using the enriched targets together with natural Sn, we have been able to determine
cross sections on individual Sn isotopes. In our study, we have used five different Sn targets,
namely two of natural Sn (the abundance of 112Sn is only 0.97%), a spectrographically pure
one of 5.6 g and another sample of purity higher than 99% weighing 1.88 g, two samples of
112Sn enriched to 62.5% (72.5 mg and 98.1 mg) and the last sample of 84% 112Sn (20.6 mg).
As a monitor reaction, we have used 65Cu(n,2n)64Cu (Eγ = 1346 keV) with 13.25 g of 99.9%
purity Cu target ∗.

Instrumental
Neutron generator of the Sołtan Institute at Świerk has been used for the neutron-induced
reactions. The neutrons are produced by 100 keV deuteron beams on a thick T-Ti target, the
energy loss is about 18 keV, what results in the neutron energy of (14.6±0.2) MeV.
The neutron irradiations took 40 mins. to 1 hour; measurements of 112Sn were performed with
72 ccm Ge(Li) detector (1.8 keV at 1332 keV) and of Cu and natural Sn with 177 ccm Ge(Li).
The γ spectra of residual activities in the 112Sn target and in the monitor Cu and Ni foils have
been taken with a HPGe detector (2.0 keV at 1332 keV and 1.1 keV at 122 keV).
For proton irradiations, the C-30 cyclotron (also of the Sołtan Institute) with 25 MeV protons has
been employed. The mean energy of irradiation (i.e. after correction to energy losses) in the
center of the foil was (23.6± 0.8) MeV. The irradiation time has been adjusted with respect to
the halflife of 111Sb (T1/2 = 1.25 min.) and was 5 mins for the (p,2n) reaction — the 111Sb activity
reaches already a saturation; the detection has been similar as in the neutron case. Similarly,
it was 1 hour for the other mentioned proton-induced reaction (halflife of 111Sn is T1/2 = 35 min.).

∗More details about the targets can be found in [5].
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Figure 1. The γ spectrum measured from the bombardment of the enrichedjk Sn target by 14.6
MeV neutrons, 6 hours after irradiation. The important peaks are marked.

Results
In total, we have obtained 16 individual cross sections of neutron-induced reactions and seven
of the proton-induced ones on different Sn isotopes. Three of them, which use 112Sn as the
target, lead to 111In and are the main aim of our study, namely

112Sn(p,2n)111Sb
EC,β+
−→
75s

111Sn
EC,β+
−→
35m

111In,

112Sn(n,2n)111Sn →111 In, and
112Sn(p, pn)111Sn →111 In.

An example of measured gamma spectra (112Sn target enriched to 62.5%, 6 hours after irradi-
ation to enable short-lived activities to die-out) can be found in Fig 1.
The reactions induced by neutrons have been not only measured, but also compared to the cal-
culations performed using the EMPIRE-II code (version 2.18 Mondovi) [6] with pre-equilibrium
emission included. Both our experimental results and the calculations for these reactions † are
presented in Table 1. Those with only the neutron emission correspond well to the calculated
values, the presence of the protons in the outgoing channel makes the agreement somewhat
worse, and still weaker is the comparison to the cases of α emission. However, the treatment
of the pre-equilibrium α emission is still a week point of the EMPIRE code (this discrepancy will
be removed in one of its future versions).
Reactions induced by protons are of more recent origin and the experiments have been finished
only shortly before the NEMEA workshop. Their elaboration and comparison to the calculations
is still in progress. The experimental results are summarized in Table 2.

Conclusions
Finally, we can conclude that the neutron-induced reactions on enhanced 112Sn targets, espe-
cially the (n,2n) reaction, does not seem to be suitable for production of high-purity 111In, as the
114mIn contamination there is about 1.4%, what is 7× more than acceptable for medical applica-
tions [4]. The (p,pn) and (p,2n) reactions on enriched (84%) 112Sn give yield 1200 µCi/µAh of
111In, what is somewhat more than achieved by traditional reactions on natural Cd and by about
1 order of magnitude less than on highly-enriched Cd targets. What is extremely important, is

†One of the reaction cross sections has been obtained using an additional output, and it is not therefore listed in
Table 1.
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Table 1. Comparison of the calculated and experimental cross sections (from [5]).
Reaction Final state C r o s s s e c t i o n (mb)

JΠ Energy (keV) Calculated Exper. (this work)
117Sn (n,n’) 117mSn (11/2)− 315 180 246±21

112Sn (n,p) 112gIn 1+ 0 33 42.7±3.1
112Sn (n,p) 112mIn 4+ 156 40 33.6±2.1

114Sn (n,p) 114m2In 5+ 190 12.7 20.5±1.1
115Sn (n,p) 115mIn (1/2)− 336 7.0 35.2±2.6

116Sn (n,p) 116m2In 5+ 127 6.0 11.1±0.5
117Sn (n,p) 117gIn (9/2)+ 0 8.0 12.8±0.7
117Sn (n,p) 117mIn (1/2)− 315 2.8 4.5±0.4

117Sn (n,np) 116m2In 5+ 127 0.55 1.35±0.11
112Sn (n,2n) 111Sn 835 1104±43
114Sn (n,2n) 113Sn 990 1270±115

118Sn (n,2n) 117mSn (11/2)− 315 745 816±70
118Sn (n,α) 115gCd (1/2)+ 0 0.35 1.26±0.16
120Sn (n,α) 117gCd (1/2)+ 0 0.095 0.29±0.06
120Sn (n,α) 117mCd (11/2)− 136 0.068 0.27±0.04

Table 2. Experimental cross sections of proton-induced reactions.
Reaction Cross section (mb)

112Sn(p,n)112Sb 4±0.8
112Sn(p,2n)111Sb 182±26
112Sn(p,pn)111Sn 307±35
114Sn(p,2n)113Sb 442±52
117Sn(p,n)117Sb 15±3

117Sn(p,p’γ)117mSn 0.37±0.04
115Sn(p,2p)114mIn 0.01±0.002

the fact that the 114mIn impurity in our reactions represents only 0.0006% of the 111In activity
and 0.005% of the 111In dose, i.e. 5× to 500× lower than the activity impurity obtained using
enriched Cd targets (or up to 10000× lower than that with natural Cd), and the corresponding
dose is 50× to 3000× lower than on the enriched (and up to 15000× lower than on the natural)
Cd targets, so that we are able to produce the purest 111In in the world.
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Abstract. Using the strong neutron flux of the GELINA facility (IRMM-JRC-Geel Belgium), 
the inelastic scattering of neutrons on Bi has been studied by the Time of Flight (TOF) 
technique on a 200m flight path. Gamma rays resulting from the decay of excited levels 
populated by inelastic scattering were detected with two large volume Ge detectors in a close 
geometry. The scanned energy interval for the incident neutrons ranged from 896keV (the 
first excited state in 209Bi) up to 18MeV. Gamma production cross section was measured for 
most of transitions (19 in all) in the excitation energy interval from 896keV up to 3.4MeV. 
Using the known decay scheme of 209Bi, the total inelastic cross section has been evaluated. 
The measurements benefited of the very good time resolution achieved in experiment (less 
than 8ns).

Introduction 

The eutectic Pb-Bi mixture, already used as a coolant for some compact reactors, is more 
and more considered as a possible solution for both the spallation target and for the cooling of 
accelerating driven systems (ADS). Consequently, precision data are needed for various 
neutron cross sections on these materials. In the case of Bi, the inelastic scattering 
contributes with about 30% to the total neutron cross-section. Differently from the elastic 
scattering, the inelastic one is the main mechanism by which the neutrons can rapidly loose a 
substantial amount of energy (minimum 896keV in the case of the first excited level). 
Therefore this process is important for the moderation, playing an important role in neutron 
transport calculations for ADS and new types of reactors. Recently it was demonstrated [1] 
that present uncertainties of the lead and bismuth inelastic scattering cross sections could 
produce a 2% uncertainty in keff for a ADS. The existing experimental data for the inelastic 
scattering cross-section on 209Bi are however limited to a number of single energy points and 
only in few cases for higher energies, i.e. in the range from 3MeV to 20MeV (see also fig.3 
and 4). The situation mentioned above motivated the present study whose aim was to obtain 
high precision and high (energy) resolution data in a wide energy range. A dedicated 
experimental setup for measuring inelastic neutron scattering cross-sections was developed 
at GELINA. The setup has been already successfully used to study 58Ni and 52Cr. In the 
following, the results obtained for 209Bi will be presented. The experiment covered the full 
energy range of interest for reactors, from the inelastic threshold up to about 20MeV. The 
obtained data have an unprecedented precision in terms of neutron energy resolution and 
overall uncertainty. They contain valuable information on the structures showing up in the 
excitation function, therefore being sensed to improve the performance of transport codes 
used in reactor calculations. On the other hand the continuous excitation functions obtained in 
this experiment can be considered as benchmarks for theoretical nuclear models. Here the 
data will be compared with the results of calculations with the general purpose Talys code, in 
which the default parameters have been used without any particular adjustment. 

Experimental set-up 

A detailed description of the setup is given in [2];here only a summary and the specific 
differences will be given. The gamma rays from the 209Bi(n,n'γ) 209Bi reaction were detected 
with two large volume HPGe detectors having relative detection efficiencies of 48.6% and 
respectively 75.9%, placed at 110o and at 150o with respect to the beam direction (fig.1). The 
choice of these particular angles has a twofold motivation. Firstly, these angles are the roots 
of the fourth order Legendre polynomial. For integrating the Legendre development of the 
differential cross section, an appropriate choice of the weights of contributions from the two 
measuring angles should be done. This particular choice leads to the cancellation of the 
contributions of the order two and six  Legendre polynomials, by that allowing to account in an 
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accurate way for the (unknown) angular distribution. Secondly, the backward placement 
reduces substantially the scattering into detectors of the gamma flash. This flash is released 
in operation of GELINA at each impact of the electron beam bursts on the neutron production 
target (uranium). The neutron flux was measured with a multilayer 235U fission chamber 
placed in the beam at about 1.3m upstream from the sample. The sample of 99.5% 209Bi had 
a thickness of 6 mm and a diameter of 8 cm. The bismuth sample was rotated around the 
vertical axis, so that the normal made an angle of 20o with the beam direction. This assured a 
fairly equal view at the sample for both detectors.  
The HPGe efficiencies were measured with a standard calibration source of 152Eu placed in 
the center of the sample position. Firstly, MCNP calculations were done for this point source, 
tuning the detection geometry till a good reproduction of the measured efficiencies was 
obtained. Then, MCNP calculations were done for the real Bi sample used in the experiment, 
in order to correct for both the effect of extended volume source and the self-attenuation of 
the gamma rays in the bismuth sample. As mentioned already, the strong gamma flash of 
GELINA preceded each neutron burst and could -by scattering onto the Bi sample- induce 
signals in Ge detectors. The associated dead time induced in the acquisition system by these 
events will prevent the detection of a (interesting for us) subsequent neutron induced event. 
Therefore an inhibit signal was created to reject the neutron bursts in which a gamma flash 
was detected. In the case of the present 209Bi sample the rejected bursts represented as 
  

Figure 1. Experimental setup. Figure 2. 209Bi level scheme. The measured 
transitions are marked. 

much as 30% of the total number of bursts though a natU absorber (39.6g/cm2 thick) was 
placed at 100 m on the flight path to reduce the intensity of the gamma flash. Timing with Ge 
detectors is known to be difficult because the signals present various rise times as a function 
of the deposited energy and position(s) inside the Ge crystal. Following a dedicated study, it 
tourned out that using the normal Constant Fraction function one can obtain a time peak with 
a reasonable width (8-10ns) but with a tail extending for hundreds of nanoseconds ant that 
concerns about 50% of the pulses. In the present case, the electronic setup used the Slow 
Rise Time Reject (SRTR) function of the Constant Fraction Discriminator. In this case, the tail 
mentioned above disappears, with the consequent rejection of a fairly large number of pulses, 
especially in the low energy range. The time resolution of the data using the SRTR was 8 ns 
which translates into a neutron energy resolution ranging from 1.1 keV at 1MeV to 35.7 keV at 
10 MeV. An additional efficiency correction has been applied in order to account for the 
rejected events. This correction has been deduced from measurements using the standard   
152Eu source with and without the SRTR function. For the week transitions and always when 
the statistics was low (which was the case for all transitions at high neutron energies) bins of 
8 ns time-of-flight were grouped together. This procedure resulted in a worse neutron energy 
resolution but acceptable statistical fluctuations.

Results 

The basic measured quantities were the gamma production cross-sections of various 
transitions from their threshold up to about 20MeV, in time of flight steps of 8ns. Gamma rays 
from the de-excitation of the 209Bi nucleus were observed up to 3.46MeV excitation energy  
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Figure 3. Gamma production cross-sections: Left: 896.28keV. Right: 2599.9keV. The data 
obtained in this experiment are smoothed in this figure only for an easier comparison. 

Figure 4. Total inelastic cross-section. Left: full scale (smooth curve).The corresponding 
relative errors are shown as inset. Right: a zoom from threshold up to 3.5 MeV(full 
resolution).

Figure 5. Level cross sections: left: 896.29keV; right: 2564.16keV 

(see fig.2). In total, 19 transitions were measured, their energy ranging from 245.73keV up to 
3132.96keV. For the first 8 excited levels (up to 2.60MeV) at least one gamma decay was 
observed. Above this energy some levels were not observed, their population probability  

falling below the sensitivity of our detecting system.Fig.3 shows the gamma production cross-
section for two transitions, from the first excited level to the ground state (896.29keV) and the 
transition of 2599.90keV decaying from the 7th level. The gamma production cross-section for 
the 896.29keV ray is compared with existing experimental data and with the Talys calculation. 
The agreement with the experimental data is quite good; however, above 6MeV, there are no 
other data for comparison. Similarly, the transition of 1560.49keV is another example of a 
case for which no previous experimental data were found. The comparison of Talys 
calculations with our gamma production cross-section shows generally a good agreement up 
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to about 3MeV neutron energy. Above this energy discrepancies appear for some transitions 
(here shown the 896.29keV case). 
Based on the measured gamma production cross-sections and on the adopted level scheme 
of 209 Bi the total inelastic and level cross-sections were constructed. The total inelastic cross-
section (fig.4) is considered precise up to 3.48MeV that is the highest observed excited level 
in this experiment.  The contribution of the unobserved levels between 2.6MeV and 3.48MeV 
is considered negligible. Above 3.48MeV the excitation function in fig.4 can only be 
considered as a lower limit for the total inelastic cross-section. The reported 209Bi level 
scheme [3] presents the peculiarity that most of the decays proceed to the ground state or to 
the first two excited states. That gives rise to high-energy transitions whose probability is 
rather small. In an experiment like the one presented here, their detection will be therefore 
very difficult. A look at the level scheme indicates an agglomeration of strength around at 
about 5MeV excitation energy. Even if individual transitions from this region may have small 
probability, their large number can contribute with a substantial amount to the total inelastic 
cross section. As these transitions are not measured in the present experiment, this can be 
an explanation for the disagreement between our data in the region between 5 and 7MeV and 
both the Talys calculations and other existing data. The agreement with Talys calculations is 
recovered above 10MeV further supporting the above observations. All calculations were 
performed with the default parameters. For the case of gamma-production cross sections, 
which can be much more sensitive to some particularities of the Bi nucleus, slight 
disagreements with the experimental data can be understood. At low energies, immediately 
above the threshold no significant structures were observed in the present case. With the 
same energy resolution some structures were observed in the case of previously measured 
nuclei 58Ni and 52Cr [4]. The fact that no structure was observed in the case of 209Bi is an 
expected result considering the higher level density in the compound nucleus 210Bi. The level 
cross-sections for 19 measured levels up to 3.46MeV of excitation energy have also been 
deduced from the gamma-production cross sections by using the reported level scheme. Two 
examples are given in fig.5. The new data for the first level agree with earlier measurements 
and Talys calculation up to about 2.5MeV. For the second level, the agreement with Talys 
calculation is good up to 3.5MeV. As explained in [2], the level cross sections deduced by our 
method become upper limits, above certain energy where decay information is incomplete, or 
an insufficient number of transitions is observed. 

Conclusions 

Gamma-ray production cross sections for 209Bi were measured with an unprecedented energy 
resolution and precision from the threshold up to about 18MeV. For the main transitions the 
gamma-ray production cross-section is given with an incident neutron energy resolution 
ranging from 1.1keV at 1MeV to 35.7keV at 10MeV, the overall statistical error being less 
than 5%. The whole range of energy was covered in only one (long) measurement. Based on 
the adopted level scheme of 209Bi the total inelastic and level cross-sections were 
constructed. These quantities are exact up to about 3.5MeV and then are considered only as 
lower and respectively upper limits. The results are in good agreement with previous 
measured data, where these exist, and generally in agreement with a default calculation with 
the general-purpose code Talys. Some inherent discrepancies appear between the present 
data and Talys calculations for the case of the gamma-production cross-sections above 
3.8MeV, most probably because specific properties of 209Bi are not properly accounted for in 
the calculations. This series of measurements will be continued at GELINA with lead isotopes. 
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Abstract. Transfer reaction techniques have been used to determine neutron induced 
fission cross section (�

n,f) of the short lived 233Pa nucleus, which is of importance for the Th-U 
fuel cycle for innovative reactors. The �

n,f of 233Pa has been determined from the product of 
the fission probability of 234Pa measured in transfer reaction 232Th(3He,p) with the calculated 
compound nucleus formation cross section in the 233Pa+n reaction. The validity of this method 
has been tested with the existing data for direct neutron experiments on long-lived target 
nuclei 231Pa and 230Th. Transfer reaction techniques have been used too for the determination 
of capture cross section (�

n,� ) of 233Pa. This method will be extended to other highly 
radioactive actinides (such as 242-245Cm isotopes).  

Introduction 

As pointed out in other contributions [1] to this workshop, the 232Th-233U fuel cycle is the object 
of renewal of interest. This cycle is similar to the 238U-239Pu one, but the 27 days half life for 
the intermediate nucleus 233Pa can affect neutron economy and the 233U inventory as well. But 
although its importance for the cycle, the knowledge of fission and capture cross sections for 
233Pa is very poor: The evaluated cross sections for 233Pa(n,f) from ENDF/B-VI and JENDL-3 
disagree by a factor 2 and different fission threshold energies as well. Up to very recently, 
almost no experimental data were available: Due to its short half-life, the high specific activity 
of a 233Pa target (nearly 109 Bq/ � g) and the build up of 233U make direct neutron experiments 
a real challenge. To overcome these difficulties it has been proposed to use transfer reaction 
techniques on a 232Th target. Using a 3He beam one can produce 232-234Pa* and 231Th* 
compound nuclei respectively associated with t,d,p and �  emitted particles (Figure 1),

                                                   (3He,t)               (3He,d)               (3He,p) 
                                       +n                                 +n                                 +n 
        

                                    (3He,� ) 
                         +n  

Figure 1.  Nuclei produced in 232Th(3He,x) transfer reactions and direct neutron reactions. 

and measure their fission or gamma decay probability. By multiplying these probabilities by 
the computed cross section for the compound nucleus (CN) formation via direct neutron 

232Pa 
1.3 d 

233Pa 
27 d 
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6.7 h 
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3.3 104 a

230Th 
7.4 104 a

231Th 
25 h 

232Th 
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reaction on the lighter isotope, one can determine the fission or capture cross section via (n,f) 
reaction. 

Experimental set-up 

The 3He beam was provided by the IPN Orsay tandem accelerator at 30 MeV. The target 
consisted in a 232Th 100 � g/cm2 deposit on a 40 � g/cm2 carbon backing. The target was 
located on the beam axis with a 45° relative angle.  Two � E-E telescopes placed at 90° and 
135° relative to the beam direction were used to id entify the outgoing particles and measure 
their energy, thus to identify the associated compound nuclei and determine their excitation 
energy. Energy calibration of the telescopes was performed using the 208Pb(3He,d)209Bi and 
208Pb(3He,� )207Pb reactions at 24 MeV. Fission fragments are detected in one of the 15 
photovoltaic cells (2x4cm2) distributed among 5 positions, achieving a good granularity and a 
large efficiency. The relative total solid angle of the fission fragments detectors was measured 
with a 252Cf and was found to reach 48.4 % [2]. Figure 2 presents the experimental set-up. 

Figure 2. experimental set-up for the 
232Th(3He,xf) experiment 

Figure 3. Fission probabilities vs excitation 
energy for Pa isotopes (p-,d-,t-channels) 
produced in 232Th(3He,Xf) reactions. Error 
bars include statistical errors and 
uncertainties related to background 
substraction as well. Neutron separation 
energies Sn are indicated for the three 
isotopes

Fission probabilities and cross sections 

If Ns(E*) is the number of particles associated with a given recoil compound nucleus at 
excitation energy E*, and Nc(E*) the same one in coincidence with the detection of a fission 
fragment, the fission probability at the excitation energy E* is then defined as 

c
f

s

N (E*)1
P (E*)=

(E*) N (E*)
, where � (E*) is the fission detectors efficiency, including kinematics 

effects and the fission angular asymmetry. The contribution of the carbon backing to the 
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single spectra has been substracted and the coincidence spectra have been corrected for 
random coincidence. Figure 3 shows the fission probabilities versus excitation energies for 
the three channels leading to Pa isotopes.  These results present a good agreement with the 
earlier measurements reported for 232,233Pa* for the first chance fission [3,4]. The obtained 
fission probabilities have been multiplied by �

CN, the cross section for the formation of the 
same CN via neutron absorption, in order to deduce the equivalent (n,f) cross sections. �

CN

has been computed from a microscopic-macroscopic optical model developed in Bruyères-le-
Châtel [5]. The results for 230Th(n,f) and 231Pa(n,f) are in fair agreement with the ones 
measured from direct neutron reactions [6,7]. Finally, fission cross section for 233Pa(n,f) 
obtained from transfer techniques is shown in Figure 4. Direct neutron experiments have 
been performed recently at Geel [8,9]. Taking in account the uncertainties of both 
experiments, they are in good agreement, in particular for the fission threshold (1 MeV) and 
up to the second chance fission. 

Figure 4. Fission cross section for 
233Pa(n,f) obtained from 232Th(3He,pf) 
transfer reaction, compared with the 
present JENDL and ENDF evaluations, 
and with recent direct neutron experiments 
[8,9] 

Capture cross section 

Based on a statistical model analysis of the neutron induced cross section as a function of 
neutron energy, it has been possible to determine the barrier parameters of the 234Pa 
fissioning nucleus. Using the same statistical approach, the cross sections for 233Pa(n,n’) and 
233Pa(n,� ) channels have also been calculated [2]. Reasonable estimates of the cross 
sections for these two channels can be important for reactor applications.  
Transfer reaction techniques have been used again to determine the capture cross section of 
233Pa. For this experiment, four � E-E telescopes were used all at 90° to the beam axi s. The 
chamber was surrounded by four C6D6 gamma detectors. The radiative capture cross section 
is determined in a similar way as for fission by the product of the computed �

CN by the 
probability of the CN decay by gamma emission. Here however the efficiency of the C6D6

detectors depends on the gamma energy, i.e. on the particular cascade for the decay of the 
CN. To overcome this problem, we have to multiply the response function of the detector by a 
weight function in order to make the efficiency linear with the gamma energy. Thus, the “new” 
weighted efficiency becomes independent of the decay path for a given excitation energy [10]. 
This important preliminary work has been performed using a set of gamma energies from 
several radioactive sources or from (p,p’� ) reactions as well. All gamma efficiencies have 
been determined in situ. Simulations have been then performed to reproduce and to extend 
experimental data [11]. 
As a first check, at energies below the neutron emission threshold, the gamma decay 
probability has been found to be 100%. For energies above the neutron emission threshold, 
P�  must be corrected for the (n,n’� ) contribution. This contribution is estimated using the 
statistical approach mentioned above. Then, as for fission, P�  is multiplied by �

CN to obtain 
the capture cross section �

(n,� ) for 233Pa [11]. The results are shown on Figure 5 up to the 
fission threshold (~1 Mev neutron energy). The detection efficiency is much lower (both 
intrinsic and geometrical) than in a fission experiment, and we had to use a 0.2 MeV bin size 
in order to reduce the statistical errors. The capture cross section is compared to the present 
JENDL and ENDF evaluations. The result of our previous calculation [2] have been reported 
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too. The good agreement is another indication of the pertinence of the use of transfer reaction 
for the determination of both fission and capture cross sections for short lived target nuclei.  

Figure 5. capture cross section 233Pa(n, � ) 
obtained from 232Th(3He,p)234Pa, compared to 
the calculations of M. Petit et al. [2] and to the 
most recent JENDL and ENDF evaluations. 

Extension to fission of minor actinides 

Transfer techniques can be extended to other fission studies involving highly radioactive 
material targets, namely minor actinides. For example, using a 3He beam on a 243Am target 
(T1/2=7370a), one can produced 242Am and 243-245Cm compound nuclei associated with light 
charged particles. Again measured fission probabilities of these nuclei can be used to 
determine neutron induced fission cross sections of 241Am and 242-244Cm. Alpha decay half 
lives of these isotopes are respectively 432a, 163d, 29a and 18a, that is to say that they are 
difficult to study via direct neutron measurements. In the case of minor actinides, the 
experimental set-up requires some safety improvements due to the important activity of the 
initial target (2.5 105 Bq for 35 � g of 243Am). A recent test experiment [12] performed in June 
2004 at the IPN-Orsay Tandem accelerator has shown that this technique remains very 
promising for fission studies of minor actinides.  

Conclusion 

Transfer reaction techniques have been shown to be a useful tool for indirect neutron 
measurements in the case of short lived nuclei. The fission or capture cross section is thus 
obtained by the product of fission or gamma decay probability of the compound nucleus (CN) 
with the computed cross section of the CN formation via direct neutron reaction. The results 
for 233Pa are in good agreement with the most recent direct neutron measurements and allow 
a significant progress for future evaluations. The method has started to be extended to fission 
studies of minor actinides.  
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Abstract. The paper concerns calibration of the NNTE geophysical neutron logging tool, 
which is dedicated to measurements of porosity and rock matrix absorption cross-section (Σa). 
First, experimental calibration at the calibration facility was performed, followed by numerical 
calibration using the MCNP computer code based on the Monte-Carlo method. As a result, 
standard calibration curves for determining rock porosity were created along with 
a nomogram for deriving rock matrix Σa. 

Introduction 

Most large hydrocarbon reservoirs are well recognized, but the need for finding new ones is 
still great. There is a demand for new tools which can find hydrocarbon reservoirs in thin 
bedded geological formations. It is proved that in the Carpathian Foredeep in Poland the thin 
Miocene sandstone formations are gas collectors. The Miocene formation consists of several 
layers of thin sandstone formations intersected by several thin shale layers. The thickness of 
the sandstone or shale formations is about 5 cm, which is much less than most logging tools 
can recognize. Shale formations can be recognized by natural gamma logging, for shales 
have higher radioactivity than other formations, but logging tools used for natural gamma 
measurements have rather low vertical resolution and high statistical noise level. Better 
resolution and lower noise level can be offered by another method, which is based on 
measurements of the thermal neutron absorption cross-section of rock matrix (Σa) [1]. There is 
a strong correlation between shaliness and rock matrix Σa. Shales contain strong thermal 
neutron absorbers, like Gadolinium or Boron, which cause the rock matrix Σa of such 
formations to be much higher in comparison to that of other formations. The benefits of the 
method based on the rock matrix Σa measurements are: better vertical resolution than in the 
natural gamma method, no influence of the radioactivity originating from the potassium muds 
and less influence of the statistical fluctuations. A prototype neutron logging tool NNTE was 
constructed, which measures thermal and epithermal neutrons simultaneously. Such 
a construction allows one to determine the neutron porosity and Σa of the rock matrix.  

NNTE logging tool 

The NNTE logging tool is dedicated to porosity and rock matrix Σa measurements [1]. It is 
equipped with the Am-Be source of fast neutrons, two NEAR detectors and one FAR detector 
(Fig.1). One of the NEAR detectors is a thermal neutron detector. The other NEAR detector 
as well as the FAR detector are epithermal neutron detectors. All of the neutron detectors are 
He-3 detectors. There is also an NaJ(Tl) detector, used for natural gamma (PG) 
measurements. During logging, the NNTE tool is pressed against the borehole wall in the 
manner that the NEAR thermal detector touches the rock. The detector is shielded from the 
borehole influence with cadmium. 
Information about porosity is derived from the NEAR thermal detector readings or from the 
NEAR epithermal detector readings, or else from the ratio of NEAR to FAR epithermal 
detector readings. Information about the thermal neutron absorption cross-section of the rock 
matrix is gained from the difference between porosity derived from the NEAR thermal neutron 
detector and that derived from the NEAR epithermal neutron detector. 
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At this point, it is necessary to mention that under the term “porosity” we mean porosity as it is 
“seen” by neutrons (thermal or epithermal ones). Neutrons are very sensitive to hydrogen 
content in rock. Hydrogen is present not only in water or hydrocarbons saturating rock pores, 
but also in water bound in the rock matrix. That is why in geophysics the term “neutron 
porosity” is used rather than “porosity” when neutron tool responses are considered. Neutron 
porosity can be drastically different (higher) than real porosity. In the case when epithermal 
neutrons are measured, the difference is caused by hydrogen presence in bound water. In the 
case when thermal neutrons are measured, the cause of this difference can be not only 
hydrogen in bound water, but also strong thermal neutron absorbers present in the rock 
matrix (especially the Rare Earth Elements). This fact provided a basis for the construction of 
the NNTE logging tool. The difference between porosity measured by the thermal neutron 
detector and that registered by the epithermal neutron detector is correlated with the amount 
of thermal neutron absorbers and with the rock matrix Σa.  

Figure 1. Scheme of the NNTE logging tool [1] 

Calibration of the NNTE logging tool 

In order to interpret the results of borehole measurements (logs) quantitatively, it is necessary 
to calibrate the neutron logging tool. The aim of the calibration is to find a correlation between 
the detector readings and the physical properties of rock. There are many parameters (so-
called side factors) which influence the correlation and make it complicated. Borehole size, 
salinity of the borehole fluid and temperature are examples of the side factors, which should 
be taken into consideration during the calibration of the neutron logging tool. There are three 
ways of solving the calibration problem: experimental calibration, numerically simulated 
calibration (Monte Carlo methods) and semi-empirical calibration [2]. Experimental calibration 
is the most costly, because it requires constructing appropriate physical rock models to 
analyze the influence of all side factors. Sometimes it is even impossible to build a physical 
rock model of desired parameters. In such a situation, the numerical or semi-empirical 
method is the solution. It is possible to extend the results of the experimental calibration onto 
a wider range of side factors using analytical (semi-empirical calibration) or statistical 
(theoretical calibration) approach to the neutron-transport problem in borehole geometry. The 
semi-empirical calibration of the NNTE tool was performed and documented in the report [1]. 
In this paper, we concentrate on the numerical calibration of the NNTE tool, using Monte-
Carlo transport computer codes. While using the codes, we came across some problems: the 
geometry of the logging tool and the rock model had to be modeled carefully, the elemental 
composition of the materials which the tool is made of and that of the rock model had to be 
known very well. Another problem was the correctness of the nuclear data libraries used for 
calculations. For these reasons, it was very important to perform the experimental calibration 
as well, and to compare experimental results with the theoretical calculations for the existing 
rock models. It has been some kind of a benchmark calculation. Good correlation between 
the experiment and calculations constitutes the proof that the problem has been modeled 
correctly. The correlation charts were also necessary for recalculating the calculation results 
to the NNTE tool detector readings, as we did not know the detector response function.  
The calibration of the NNTE logging tool was split into two stages: first, the experimental 
calibration was performed at the calibration facility in Zielona Góra (Poland), and then, the 
numerical calibration followed using the Monte Carlo transport codes.  

Experimental calibration 

The calibration facility in Zielona Góra is equipped with 21 rock models: sandstones, 
limestones, dolomite and artificial ceramic bricks. Three different borehole sizes are available 
there, namely of ~145mm and ~220mm for natural rock models and 180 mm for bricks. 
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Experimental measurements can be performed in the presence of fresh or salt water inside 
the borehole. The experimental calibration of the NNTE logging tool was performed on all 
rock models with fresh water inside the borehole. Several measurements were performed 
with salt water inside the borehole, too. 

Numerical calibration 

The numerical calibration was performed with the MCNP4C and MCNP5 codes [3] using the 
ENDF-BV and ENDF-BVI nuclear data libraries. The work was done in 4 steps. 

Step 1: Modeling of the experimental geometry  
The NNTE logging tool was modeled carefully, including its smallest parts. The geometry of 
the problem (the NNTE tool, the rock model and its surroundings) was exactly the same as 
that during the experimental calibration at the calibration facility in Zielona Góra. 

Step 2: Correlation between experiment and calculations 
In this step, calculations for the rock models from the calibration facility in Zielona Góra were 
performed. As a result, correlation charts for all three detectors were created. The correlation 
chart for the NEAR thermal detector is presented in Fig.2. Values of the correlation 
coefficients of about 0.96 for the NEAR thermal detector up to about 0.98 for the NEAR and 
FAR epithermal detectors confirm that the problem has been modeled correctly. The 
correlation charts were used for recalculating the computer simulation results (which are the 
number of neutron absorptions in the detector volume per one neutron emitted from the 
source) to the detector readings (in [cps]). 

Figure 2. Correlation chart for the NEAR thermal neutron detector. MCNP calculation results 
vs. experimental measurements for rock models from the calibration facility in Zielona Góra 
(Poland). 

Step 3: Creation of standard calibration curves  
In this step, calculations for the rock models representing the lithology standard were 
performed. The Miocene lithology was used as the lithology standard with the elemental 
composition given in [1]. Rock porosity varied from 0 to 100%. Borehole diameter was 216 
mm. The standard calibration curves were used to recalculate the measurement results to the 
rock porosity. In the case of logging done in the Miocene lithology in the 216 mm borehole, 
the resulting porosity is the real porosity. In the case of logging performed in different 
conditions, the resulting porosity is apparent porosity, and correction charts should be used 
for determining real porosity. 

Step 4: Creation of nomogram for the rock matrix ΣΣΣΣa evaluation  
In this step, calculations for the Miocene standard were performed. The porosity varied from 0 
to 100%, with Σa of the rock matrix varying from 8 to 100 c.u. (1 c.u. = 0.001 1/cm). The 
results are plotted in Fig.3. In order to find out from the nomogram about the rock matrix Σa, 
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one should find the difference between the porosity obtained from the NEAR thermal detector 
and that from the NEAR epithermal detector, DporSigA (X-axis). Next, one should find the 
proper curve [the porosity derived from the NEAR thermal detector – PorPozBter – in 
Miocene Standard Units (MSU) is the parameter of the family of curves], and finally read the 
Σa value from the Y-axis. 
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Figure 3. Nomogram for the Miocene rock matrix Σa evaluation for the NNTE logging tool. 
PorPozBter [% MSU] is the curve parameter, the borehole is 216 mm in diameter and is filled 
with fresh water. The nomogram is a result of MCNP calculations. 

The above nomogram is to be used only for determining the rock matrix Σa in Miocene 
lithology, in boreholes 216 mm in size. When the measurement (logging) is taken in 
a different borehole or lithology conditions, other nomograms should be created and used. 
The standard calibration curves as well as the nomogram can be inserted into the computer 
program geoNNTE or GEOWIN [1], and the interpretation process can be performed 
automatically by the computer. 

Conclusions 

The MCNP code has been successfully used for the numerical calibration of the geophysical 
neutron logging tool NNTE. The benchmark calculations for the rock models from the 
calibration facility in Zielona Góra prove that the problem has been modeled correctly. The 
nomogram for the evaluation of the rock matrix Σa has been created. The correctness of the 
nomogram should be tested in practice by rock matrix Σa measurement in a prospecting well. 
The results of such a measurement should be compared to the laboratory analyses of rock 
samples taken from the well. 
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Abstract. Neutron activation analysis (NAA) employing atomic reactor as a neutron source 
was  in the fifties and the sixties of the XXth century the leading technique from the point of 
view of detection limits and multielement possibilities .  This could be clearly seen at that time 
from the comparison of detection limits attainable by various techniques as well as the share 
of results  provided by NAA in interlaboratory comparisons  aimed at the determination of 
trace elements in various matrices.  With the  development of  other instrumental methods of 
analysis, in particular various  optical and mass spectrometric techniques like GF-AAS, ICP-
OES and ICP-MS, NAA lost its unique position.  However,  because of its  good detection 
limits and the absence or minimization of blank,  it is still a valuable method in inorganic trace 
analysis , especially important for the certification of reference materials. Moreover, as was 
shown by us recently,  carefully elaborated and comprehensively checked methods based on 
combination of neutron activation with column chromatography can be practically the only 
alternative to ID-MS as a primary ratio method.   

Neutron activation analysis (NAA) was invented by Hevesy and Levi  in 1936 [1] and at the 
beginning no one could foresee that it will become a prominent method of  inorganic trace 
analysis.  With the isotopic neutron sources (Ra-Be ) available at that time, providing neutron 
flux density of the order 103 – 105 n cm-2 s-1   only the elements with high activation cross 
section (e.g. Dy ) could be effectively determined.  The real breakthrough came when the first 
nuclear reactor was put into operation  at the end of Second World War offering neutron flux 
densities ca.106 higher than those  

Figure1: Approximate detection limits for elements in the fifties and sixties of the last century 

available before the start of the era of atomic energy.   NAA all of sudden could become  the 
method with the detection limits with respect to many elements much better than any of the 
contemporary existing method of elemental analysis (cf. Fig.1).   
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In the beginning of NAA only  Geiger-M � ller or proportional counters were used and 
discrimination between various isotopes was possible merely taking advantage of  differences  
in half-life and partly  on the basis of maximum energy of �

- rays (via the use of appropriate 
absorbers).  Therefore  radiochemical separations employing non-active isotopic carriers (to 
enable chemical yield determination) as well as         holdback carriers (to improve the 
selectivity of separation ) were extensively used. After introduction of scintillation NaI(Tl) 
detectors and single and later on multichannel pulse height analyzers as well as computer 
data processing,  the need for accurate radiochemical separations became less demanding 
and in several cases the multielement analysis could be done instrumentally. The tendency to 
perform analyses in a purely instrumental way still increased after semiconductor: first Ge(Li) 
and later  HPGe detectors became a standard equipment for NAA laboratory at the end of 
sixties and beginning of seventies years of the XXth century. This events increased 
considerably the potential of NAA as a method for multielement trace analysis. Several 
notable innovations and improvements in this technique have been introduced over the past 
40 years. These included among others employing epithermal neutrons [2,3] to improve 
detection limits for elements with high resonance integral to thermal activation cross section 
ratio such as e.g. I, Sn, Sb, Ta, U etc. , introduction of single comparator method [4] as an 
alternative to the use of many elemental standards, and further improvement of comparator 
technique i.e. the so called k0 method [5,6], as well as constant improvement in resolution and 
size of semiconductor detectors, faster electronics and better software for the resolution of � -
ray spectra .  
In the meantime however, several other methods like: AAS and GF-AAS, ICP-ES, total 
reflection XRF, and recently especially ICP-MS  experienced rapid progress and reached 
similar or better detection limits, being at the same time cheaper and not requiring 
precautions and observing those safety rules that are needed when working with radioactive 
materials.    
 However even now the detection limits of NAA for a number of elements  may compare 
favourably with those achievable by ETV-ICP or GF-AAS [7].  Better, on average, detection 
limits shows ICP-MS being also a multielement technique. However, one should remember  
that the latter usually  requires dissolution of the sample, and also may suffer from several 
limitations like blank problems, matrix effects and isobaric interferences [8]. 
Although NAA was used in several laboratories as a routine method for multielement analysis 
it never achieved on a global scale such popularity as AAS, emission spectrography etc.  For 
instance, from the data on relative usage of analytical methods used in exploration  
geochemistry in North America in 1971 based on a survey conducted by the Association of 
Exploration Geochemists, the most frequently used method was AAS (69.4%) followed by 
colorimetry (16.8%) and emission spectrography (16.8%), while the share of NAA was below 
0.6% [9].  
When several analytical methods were available in one laboratory, NAA, although on average 
more expensive than other techniques, was still a method of choice for the determination of 
U,Au, lanthanides and some other elements [10].  

Unique features of NAA 
NAA possesses several merits which can be summarized as follows [7]: a) Favourable 
detection limits for a number of elements, b) Absence or minimization of blank, c) 
Multielement capability, d) Possibility of non-destructive analysis including solid or powdered 
samples, e) Possibility of analysis of very small and unique samples, f) Aptitude for 
automation, g) Good selectivity (identification of radionuclides via � -ray or X-ray energies and 
half-life), h) Method based on properties of nucleus- relatively small matrix effects, easy 
calibration with elemental standards, i) Isotopic technique – possibility of self-validation by 
making use of different isotopes of the same element, j) Generally good accuracy of trace 
element determination over a large range of concentrations of the analytes, k) Potential for 
instrumental analysis of large samples (up to kg range), l) Maturity of the method (both 
possibilities as well as limitations and potential sources of error are well known and clearly 
identified).  

The totality of these features causes that NAA is still now often the method of choice when 
unique samples e.g. meteorites are being analyzed [11,12].  The other domain in which NAA 
has been and still is widely used is the certification of reference materials.  The share of NAA 
in interlaboratory comparisons aimed at certification of reference materials was always much 
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greater than its use in routine analyses and up to the nineties of the last century varied 
between 20 to 50% [13-15]. (cf. also Fig.1). 

Figure 1. Percent of results supplied by various analytical techniques in worldwide 
interlaboratory comparisons organized by the Institute of Nuclear Chemistry and Technology  
in the years 1987-2001 
CTA-AC-1  -  Apatite Concentrate;                CTA-FFA-1  - Fine Fly Ash 
CTA-OTL-1  - Oriental Tobacco Leaves;       CTA-VTL-2 – Virginia Tobacco Leaves 
INCT-TL-1   - Tea Leaves;                             INCT-MPH-2 – Mixed Polish Herbs 

The first four intercomparisons (from the left) shown  in Fig. 1 were organized in the years 
1987-1994.  The last two in 2000-2001 respectively. The diminishing of the share of NAA 
(which nevertheless is still surprisingly high) and rapid increase of MS share (owing to 
emergence of ICP-MS) is apparent.  
Apart from certification, NAA was also frequently used for homogeneity checking of the 
candidate reference materials [15, 16].  
The competitiveness of NAA with respect to other techniques in extreme trace analysis could 
be substantially improved by elaboration of  suitable, selective and almost blank-free  pre-
irradiation separation methods for the isolation of some elements from complex matrices 
[17,18]. 
The NAA as a method of good accuracy and being based on other physical principles than 
other methods of trace analysis plays an important role in analytical  quality assurance.  “Very 
accurate” or “definitive” methods of analysis based radiochemical NAA were devised for 
several elements. The idea of such methods is the combination of neutron irradiation with 
selective and quantitative isolation of the desired radionuclide by column chromatography 
followed by � -ray spectrometry.  Several criteria must be fulfilled in order to acknowledge the 
result as obtained by definitive method [19-21].  
The methods constructed according to these principles are classified as the primary ratio 
methods [22] and may be a useful option with respect to ID-MS and  perhaps the only 
alternative, at the moment, in the case of monoisotopic elements.  
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Abstract. In order to improve further the excellent characteristics of the GELINA facility, an 
effort has been made to investigate a new possible design for the neutron-producing target. 
With the purpose of maximizing the neutron production and improving the resolution functions 
of the target, comparison of materials has been carried out together with an investigation of 
the shape and configuration of the new target design. The results show that the best material 
to obtain a high number of neutrons is the U-Mo alloy, which is already used in the present 
GELINA target. Superiority in the neutron production and the quality of the resolution 
functions of the compact geometry compared to the existing target is apparent. The results of 
the present target were directly compared with those of the new design using a dedicated 
Figure-of-merit. Since a power of 10 kW is deposited in the target material during the 
operation of the facility, a heat-transfer problem also plays an important role in this research. 
The maximum temperature of the material must be kept below 500 °C during the facility 
operation to avoid any damage of the target. Therefore the shape and size of cooling 
channels together with the amount of coolant (mercury in this case) is absolutely crucial. 

Introduction 

The GELINA facility [1] located in Geel is a unique research tool used for measuring the 
neutron cross sections of various isotopes with a high neutron energy resolution. The 
neutrons are produced by photonuclear reactions induced by bremsstrahlung. High-energy 
electrons hitting the rotary target made of U-Mo alloy (10%w of Mo) generate the 
bremsstrahlung. Two flux conditions are available: one optimised for energies below 100 keV 
by using two light-water moderators placed above and below the rotary target and the other 
with fast neutrons coming directly from the uranium. Shadow bars placed between the source 
and the flight path are used to shield the unwanted part of the neutron energy spectrum. 

Neutron production 

The well-established code MCNP4C3 [2] is being used to simulate the coupled electron-
photon-neutron transport. This code has proven to be a valuable tool for designing the new 
GELINA target [3]. 

4ππππ neutron yield  
Figure 1 displays the 4π neutron yield for cylinders of various materials. These cylindrical 
targets were scaled in units of radiation length and Moliere radius [4] so that each material 
covered a similar size of the electron-photon cascade, in relative terms. In this way, a direct 
material comparison could be done. In the simulation, a 1-cm diameter electron beam parallel 
to the axis of the cylinder hit the cylinder base at the centre. Clearly, the optimal material is 
uranium. In a case of thorium the neutron yield decreases by 20%, for other materials it is 
about 50%. 
Figure 2 shows a comparison of the 4π neutron yield for U-Mo cylinders of various sizes. In 
this case, the electron beam had a uniform energy distribution between 70 MeV and 140 
MeV. The investigation [5] revealed that the 4π neutron-escape is about 5.6n/e(%) for the 
existing target. Therefore, the neutron yield can be maintained with a cylinder of H = 5 cm and 
R = 1.5 cm. Consequently, this geometry has been chosen for further investigation. Figure 2 
also reveals the fact that above H = 5÷6 cm, the extra material behaves as an absorber, and 
does not significantly improve the neutron production. The similar material effect can be seen 
with changing the value of R. 
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Figure 1. 4π neutron yield of cylinders of 
various materials                                                  

Figure 2. 4π neutron yield of U-Mo 
cylinder of various heights and radii

Angle-dependent neutron flux 
Using the scaling method described in the previous part, simulations of the angle-dependent 
neutron flux were carried out for different materials. Figure 3 shows the results for angles of 
72° and 108° with respect to the electron-beam direction. At an angle of 72° the neutron flux 
of the existing target is lower by factor of 12 at 1 MeV compared to the U-Mo cylinder. The 
reason is that there is a larger amount of heavy material between the detector and the 
neutron hot spot in the rotary target. This material scatters a large portion of high-energy 
neutrons above and below the target where the moderator tanks are placed. This is in favour 
of producing many low-energy neutrons. However, this project is focused on the high-energy 
range. Other materials perform worse in the production of high-energy neutrons, as already 
shown in previous part. In case of an angle of 108°, the amount of material between the 
detector and the theoretical neutron-creation point is much lower than for 72° in the rotary 
target. This results in the fact that the neutron flux of the U-Mo cylinder is higher by a factor of 
only 1.5 at 1 MeV. It also can be seen in Figure 3 that cylindrical geometries provide more 
isotropic neutron source than the present rotary target. 
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Figure 3. Neutron Flux per unit lethargy at 72° and 108°

Resolution functions

The target resolution function (RF)[6] represents a time response of the target on a single 
electron-beam pulse. In our simulations, it was a 1-ns electron pulse. It is convenient to view 
the RF as a function of the so-called delay distance 

Ltvd n −=                                                                  (1) 

where vn is the velocity of the neutron at the detector, t is the neutron time of flight, and L is 
the distance between the centres of the source and detector. Since the energy of the 
neutrons is obtained by using the time-of-flight method, the RFs cause an effective flight-path 
elongation or contraction, respectively. This would result in obtaining misleading information 
about the energy of a neutron, if no data correction with the RFs is made. Figure 4 is the 
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representation of the RFs of a particular energy bin. Different scales were chosen to allow 
reader to see an improvement of the RFs by using a compact neutron target.  The RFs are 
improved both in the peak and in the tail, which is caused by less scattering events in the 
target material. This improvement will decrease the uncertainty caused by the RFs influencing 
the neutron cross section measurements. 
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Figure 4. Resolution functions at 90°

Figure of merit 

The FOM [6] is defined as the average neutron flux per unit lethargy for given energy 
resolution. 

( ) ( )22
2
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ln
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tL
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Ed

d
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+
=

φ
                         (1) 

where dφMCNP/dlnE (cm-2s-1) is the neutron flux per unit lethargy at the simulation distance Lsim

(cm) of the MCNP detector, FWHML (cm) is the full-width-half-maximum value of the 
resolution function for given energy bin, E (eV) is the energy centroid of the energy bin, and
FWHMt (6.7e-4µs) is the full-width-half-maximum value of the initial electron pulse. The 
results for the angles of 72° and 108° are shown in Figure 5. At 72°, the FOM for the U-Mo 
cylinder is higher by a factor of 20 at maximum compared with the existing target. At 108°, 
this factor goes down to 1.6. Both results are in close relation with the neutron flux, which is a 
major component of the FOM.  
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Figure 5. Figures of merit at 72° and 108°

Heat production – preliminary results 

The neutronics properties of compact targets have been proved to be superior to the existing 
target. Clearly, the best material choice is the U-Mo alloy. However, the heat-removal 
calculations revealed that the temperature of a single-piece U-Mo target would easily exceed 
the limit of 500°C. Therefore nowadays an investigation of the target built of U-Mo plates is 
being performed in terms of thermal properties. The recent investigation is focused on the 
optimisation of such a target, in particular, a possible segmentation of the target into the 
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plates cooled by mercury flowing in well-defined channels. I this way, a final target design will 
be obtained. The new target design should follow the shape of the electron-photon cascade to 
maximize the neutron production. At the same time, the proper-sized mercury cooling 
channels must keep material temperature below the limit. Therefore the spatial distribution of 
the heat source in the target material needs to be computed. Figure 6 shows the heat-
production rate distribution at given material depth along the electron beam. These MCNP 
results describe the behaviour of the electron-photon cascade in a U-Mo block of size 3x3x5 
cm. 
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Figure 6. Heat-production rate distributions in U-Mo block 3x3x5 cm. Picture on the left 
shows the distribution at the depth of 0.48 cm, picture on the right at the depth of 1.23 cm.

Conclusions

The results presented here prove that there is a potential to improve further the properties of 
the GELINA facility by designing the new neutron target. The most optimistic case (72°) of the 
investigation would lead to the improvement of the neutron yield by a factor of 12 at 1 MeV, 
while in a case of 108°, it is a factor of 1.5. From the comparison of the FOMs of various 
targets it comes out that in a case of the compact target not only the neutron production is 
enhanced, but also the resolution functions. At 72°, the FOM is higher by a factor of 20, at 
108° it is a factor of 1.6. The final optimization of the target design is the subject of the 
present work.
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Abstract. The ability to predict the radioactivity levels of the reactor components is an important 
aspect from waste management point of view, as well as from radioprotection purposes. A special 
case is represented by the research reactors where, one of the major contributions to the 
radioactivity inventory is due to the experimental devices involved in various research works 
during reactor life. Generally, aluminum and aluminum alloys are used in manufacturing these 
devices; as a result, the work presented in this paper is focused on the qualitative and 
quantitative analysis of the radioactive isotopes contained in these materials. A device used for 
silicon doping by neutron transmutation that was placed near TRIGA reactor core is investigated. 
The isotopic content of various samplings drawn from various points of the device was analyzed 
by gamma spectrometry using an HPGe detector. Computations, using the MCNP5 [1] code, are 
also performed in order to evaluate the reaction rates for all the isotopes and their reactions. The 
Monte Carlo simulations are performed for a detailed geometry and material composition of the 
reactor core and the device. The Origen-S [2] code is also used in order to evaluate the isotopic 
inventory and the activity values. A detailed analysis regarding the possibility to estimate by 
computations and/or by gamma spectrometry the activity values of the isotopes, which are of 
interest for decommissioning, is presented in the paper. 

Qualitative and quantitative analysis of the isotope activities 

The radioactivity level of the reactor components is an important aspect from waste management 
point of view, as well as for radioprotection purposes. 

The research reactors represent a special 
case because an important part of the 
radioactivity inventory is due to the 
experimental devices and to the irradiation 
installations. Generally, the aluminum and 
aluminum alloys are mostly used in 
manufacturing the devices because of their 
properties regarding the neutron absorption. 
As a result, in the present work, an aluminum 
alloy device (Fig.1) used for silicon doping by 
neutron transmutation that was placed near 
TRIGA reactor core is investigated. 

The isotopic content of various samplings 
drawn from different points of the device was 
analyzed by gamma spectroscopy using an 
HPGe detector. Also, computations using the 
Monte Carlo code MCNP5 were performed in 
order to evaluate the reaction rates for all the 
isotopes and their reactions; the values 

obtained are used for the specific activity estimations of the isotopes which are compared with the 
measured ones. 

Figure 1. Schematic layout of the device
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Gamma spectroscopy measurements 

The first step performed consists in the selection of the samples. They are drawn from different 
points (Fig.2) in order to obtain a better description of the radioactivity distribution in the device. 

The installation was placed near reactor 
core for a time period of 320 days (the 
effective irradiation time was of 134 days). 
The neutronic characterization was 
performed prior, as well as during normal 
operation of the device; the maximum flux 
value (in the central irradiation location) 
was of 1.15 1013 n/cm2s [3]. The axial (Oz) 
distribution of the flux was flattened using a 
lens placed between the device and the 
reactor core. The estimated neutron flux at 
the device margins (x0y plane) is 0.6 times 
the maximum value and increases up to  

0.75–0.8 in the intermediate region. As a 
result, the measured activities of the 
samples have to be correlated with the flux 

values measured in the corresponding locations.  The samples were also scaled in order to 
eliminate the contribution of the corrosion products to the measured activities.  
The absolute efficiency calibration of the HPGe detector involved in the gamma measurements 
was performed using a standard Eu152 source. The natural background was also accurately
measured in order to take into account its contribution to the sample activities. The main isotopes 
identified in the background are: K40, Co60, Cs137, Pb214, etc.  
The gamma spectra of the samples were processed using the SAMPO code in order to evaluate 
the photo-peak areas of the nuclides. These ones were corrected by subtracting the contribution 
of Co60 background (the other background isotopes were not identified as present in the 
samples). The extended source corrections, as well as the self-absorption are also taken into 
account. 
The specific activities of the isotopes identified in the samples (Co60, Eu152, Eu154 and Eu155) are 
evaluated using the formula: 

bmT

A
gBq p

s ε
=Λ )/(                                                        

where: pA - photo-peak area, T  - the measurement time, ε  - the spectrometer efficiency, b  - 

gamma line probability, m  - the sample mass. 

The impurity concentrations are estimated using the measured effective cross-section [3], effσ
and the measured specific activity ( sΛ ): 

( )( ) ( )FpNtAC effAs σλλ /expΛ=    

where:  A  - the atomic mass,  t   - the cooling time (17 y), F - the neutron fluence. 
The concentration values are 1.45 ppm for Cobalt and 1.34 10-3 ppm for Europium. Unfortunately, 
the Technical Data Sheet of Al Mg3 alloy does not contain any information regarding these 
isotopes. Generally, because of their small concentrations, they are not mentioned by the alloy 
provider. The values obtained are not important from neutronic point of view, but they become 
important from radioactivity point of view. As a result, it is necessary to predict using 
computational methods the radioactivity level of the reactor components. 

Figure 2. Sample positions 
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MCNP5 and ORIGEN-S codes computations 

The MCNP5 code is used to simulate the actual, complex, 3-D geometries of the TRIGA reactor 
core and the silicon irradiation device. The only approximation performed is regarding the 
homogenization of each fuel bundle; the neutron source is generated uniformly in all the fuel 
regions. Also, the actual material compositions of the entire system are considered in the 
simulations. Criticality computations using the KCODE option of the code are performed in order 
to evaluate the flux-spectrum in the irradiation device, the ratios between thermal and epithermal 
fluxes and the total flux, the one- group cross-sections for the isotopes of interest, as well as the 
reaction rates for all the nuclides and their reactions. A standard composition for the device under 
investigation (Tab.1) was considered.   

Table 1. Technical data sheet: Al Mg3 – chemical composition % 

Si Fe Cu Mn Cr Zn Ti Be other Mg Al 
0.4 0.4 0.05 0.5 0.3 0.2 0.1 8.e-4 0.15 2.6-3.4 95.05

Analyzing all the reaction types and their products (generally, the half-live time values are very 
small compared to the cooling time (17 years), it was obvious that the computed activity of the 
device is nearly zero. In fact, as proved by measurements, it is not zero, and is due to some 
impurities (e.g. Co, Eu, etc.) that are included in the term “other”. 
Prior to the computations of the specific activities of the impurities, MCNP5 evaluations of the 
activation one-group cross-sections for cobalt and europium isotopes (Tab.2), as well as the 
relative fluxes in the device (Tab.3) are performed for comparison with the measured values. 

Table 2. Averaged (n, γ) cross-sections

Element Measured1) (barn) Computed (barn) 
Co60 20.65 22.03 
Eu151 4276.0 4581.4 

        1) The average cross – sections were evaluated by weighting the differential  
         ones on the spectrum obtained by unfolding the measured reaction rates. 

Table 3. Relative neutron fluxes

Ratios Energy (MeV) Measured Computed 
�

thermal/
�

total 10-10 – 1.35 10-7 0.578 0.623 
�

fast/
�

total 1.0 – 18.0 0.061 0.0375 
Additional computations using ORIGEN-S code are performed in order to compare the reaction 
rate values with that ones obtained using MCNP5. The ORIGEN-S formalism involves the 
spectral indices THERM, RES and FAST which preserve the relative importance of the three 
energy ranges: thermal, epithermal and fast, respectively. These terms combined with the 
detailed flux-spectrum ( gΦ ) produce the following three-group constants that are consistent with 

the ORIGEN calculation of reaction rates based upon the thermal flux: 
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/45.1 ; T - moderator temperature. 

The effective (n,γ ) cross-sections for the isotopes of interest (Co59, Eu151, and Eu153) are 

computed in the formalism of ORIGEN-S (Tab.4) using the following formula: 
SIGMEVFASTRITHRESSIGTHTHERMtheff ×+×+×=Φσ

The agreement of the reaction rate values obtained using MCNP5 and ORIGEN-S are shown in 
Tab.5. 

Table 4. The effective cross-sections - ORIGEN-S computations

Isotope SIGTH RITH SIGMEV 
effσ (barn) 

Co59 3.60052E+01 1.53659E+02 3.73948E-03 3.55056E+01 
Eu151 7.87632E+03 2.92478E+03 1.46741E-01 6.84182E+03 
Eu153 2.75403E+02 1.27127E+03 9.28518E-02 2.74481E+02 

Table 5: Reaction rates – MCNP5 and ORIGEN-S results

ISOTOPE MCNP5 ORIGEN-S 
Co59 3.900E-04 4.20768E-04 
Eu151 8.108E-02 8.10807E-02 
Eu153 3.253E-03 3.25280E-03 

Having the computed (n,γ ) cross-section values (σ ) and the estimated flux: 

84600×
×=Φ

E

PF
 , where: F - the neutron fluence in the device, P - reactor power (MWthd), E - 

thermal energy (MWth), the specific activities of the impurities, sΛ  (Tab.6) can be evaluated as 

follows: 
( )( ) ( )λτλσ −×−−××Φ×=Λ expexp1/ tAN As , where: t - irradiation time, τ - cooling time 

Table 6: Specific activities

Isotope Computed (Bq/g) Measured (Bq/g) 
Co60 1.78 104 1.71 104

Eu152 995.9 933.3 
Eu154 38.8 41.16 

Conclusions 

The agreement between the computed and measured values leads to the conclusion that the 
specific activities of the various reactor components can be estimated using the Monte Carlo 
codes and flux measurements. Generally, the most used method consists in the generation of a 
cross-section library specifically for the reactor type under investigation using the SCALE 5 code 
system. 
Even in this case, for the reactor components or the devices placed outside the reactor core, 
measurements are necessary in order to adjust the computed flux-spectrum that is highly fuel-
type dependent and is different from that one in the moderator. 

References
[1] X-5 Monte Carlo Team, “MCNP – A General Monte Carlo N-Particle Transport Code, Version 
5, April 24, 2003. 
[2] RSICC COMPUTER CODE COLLECTION, “ORIGEN-ARP 2.00 – Isotope Generation and 
Depletion Code System – Matrix Exponential Method with GUI and Graphics Capability”, 2002. 
[3] Cs. Roth, D. Dobrea, R. Margineanu, M. Farcas, D. Gugiu, “Neutronic characterization of the 
silicon irradiation device, Technical Note, 1986.  



97

High resolution measurements of the 234U(n,f) cross section
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Abstract. Accurate 234U(n,f) cross section data are needed for various applications like the
Th-cycle and the incineration of actinides. However, experimental data are scarce and huge
discrepancies exist between the values reported in the commonly used data files. The 234U(n,f)
reaction cross section has been studied with resonance neutrons at the linear accelerator of
the IRMM in Geel (Belgium) for neutron energies between 0.5 eV and 100 keV, using the time
of flight technique. This paper reports on the results of measurement campaigns performed on
a 9 m and a 30 m flight path.

Introduction
234U is a very important nucleus in the U-Th fuel cycle and contributes significantly to the long-
lived radioactive waste from used fuel elements. Due to a lack of accurate experimental data,
the commonly used data files show huge discrepancies for the 234U(n,f) reaction both in the
resonance region and at thermal energies. In order to improve this situation, an experimental
campaign was set up to study the neutron induced fission cross section with thermal and res-
onance neutrons. For both measurements highly enriched material and high quality neutron
beams were used.
The measurements with thermal neutrons were performed at the reactor of the ILL in Grenoble
(France) resulting in a thermal cross section value of (67 ± 14) mb as reported before [1].
A measurement campaign with resonance neutrons was performed at the GELINA neutron
facility of the Institute for Reference Materials and Measurements (IRMM) in Geel (Belgium)
covering the neutron energy region between 0.5 eV and 100 keV.

Experimental setup

At the GELINA facility neutrons are mainly produced through (γ,n) and (γ,f) reactions in a mer-
cury cooled, rotating uranium target, using the Bremstrahlung generated by a 150 MeV electron
beam. Moderation of the neutrons in waterfilled Be-containers results in a broad neutron spec-
trum with energies ranging from a few meV up to a few MeV.
The energy of the neutrons is determined through the time-of-flight (TOF) method, i.e. by
measuring the time between the production of the neutrons and the detection of the neutron
induced reaction of interest at a certain flight path length. At GELINA an extremely good energy
resolution can be reached due to the combination of a very short electron pulse duration of less
than 1 ns and long flight paths lengths of up to 400 m.
For the measurements discussed in this paper, two highly enriched uranium targets with a thick-
ness of about 100 µg/cm2 and an active diameter of 5 cm were used. The samples contained
99.868 % 234U, with only 0.076 % 235U. In order to prevent contamination of the setup by recoil
nuclei from the 234U α-decay, the samples were covered with polyimide foils.
At the 30 m flight path, fission fragments of the 234U(n,f) reaction were detected in a 2π geom-
etry using a Frisch-gridded ionisation chamber filled with very pure CH4 gas. In order to verify
the influence of α-pile-up on the results, an additional measurement performed in a low de-
tection geometry at a 9 m flight path, using a vacuum chamber and two silicon surface barrier
detectors.

Measurements and analysis

The standard procedure to determine a partial cross section is to measure both the neutron
induced reaction and the neutron flux. The latter was done with a 10B target, making use of the
well known cross section σB for the 10B(n,α)7Li reaction.
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Figure 1. 235U contribution to the 234U(n,f) experimental spectrum.
Although the isotopic contribution of 235U to the sample amounts to only 0.076 %, its influence
on the experimentally obtained spectrum was not neglegible as can be seen in figure 1. By
measuring the 235U(n,f) cross section with a separate sample under the same experimental
conditions, the contribution to the spectrum due to the 235U impurity could be determined quite
accurately.
Other background contributions to the spectra were determined by performing a background
measurement with so-called “black” resonance filters.

Figure 2. Detail of the first cluster of intermediate resonances in the 234U(n,f) cross section.
The dashed line corresponds to the results of James et al.[2].

Results and discussion

Figure 2 zooms in on the first cluster of resonances in the neutron energy region between
550 and 600 eV. A clear improvement of the resolution in the obtained 234U(n,f) cross section
can be seen in comparison to previous results of James et al. [2].
Figure 3 shows a comparison between the results obtained at the 30 m flight path and the 9 m
flight paths on one hand and the ENDF/B-VI.8 and JEFF-3.1 evaluation on the other hand. It
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Figure 3. The first resonance in the 234U(n,f) cross section at 5.16 eV. Symbols represent
the results obtained at IRMM at a 9 m (dots) and 30 m (squares) flight path. The dashed
and dotted line show the 234U(n,f) cross section taken from the JEFF-3.1 and ENDF/B-VI.8
evaluations respectively.
is clear that the results at both flight paths are in excellent agreement with each other. Fur-
thermore these results are in good agreement with the 5.16 eV cross section reported in the
JEFF-3.1 evaluation, whereas the ENDF/B-VI.8 evaluation seems to underestimate this cross
section.
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Abstract. The analysis of resonance neutron cross sections provides the resonance 
parameters used in reactor design and nuclear structure investigations. The code SAMMY is 
considered as leading in the field of resonance analysis. We report our results in adaptation of 
this code for analysis of the experimental data from the well-known time of flight 
spectrometers – GELINA at the IRMM - Belgium and IBR-30 at the JINR - Dubna. One of the 
issues here is the spectrometer resolution function that may determine the observable 
resonance shapes and influence the precision of resonance parameters determination. The 
results of testing the numerical resolution function for GELINA and analytical representation of 
the resolution function for the IBR-30 spectrometer are presented. The GELINA numerical 
resolution function is taken from calculations with the code REFIT. 

Introduction

At relatively low energies neutron induced reaction cross-sections are characterised by 
resonance structures. The resonances are well separated (this is in Resolved Resonance 
Region) and the distance between them (the level distance D) is large compared to their width 
Γ and the instrumental resolution ∆R. In the resonance region experiments with very good 
energy resolution are required. This is possible at time-of-flight neutron spectrometers like the 
GELINA facility of the IRMM at Geel, Belgium and IBR-30 facility at JINR Dubna, Russia. 
To establish a reliable database of resonance cross-sections for reactor applications, 
measured cross-section data should be parameterised by theoretical reaction models. 
In the resonance region the experimental data can be parameterised in terms of resonance 
parameters. An individual resonance is characterised by the resonance energy (Eo), the total 
width (Γ), the partial reaction widths (e.g. the neutron width Γn, the capture width Γγ) and the 
total angular momentum of the level. These parameters can be extracted from experimental 
data using Resonance Shape Analysis (RSA) codes, such as REFIT and SAMMY, which are 
based on the multi-level R-matrix reaction theory. 
In this paper we will present the preliminary results of the resonance analysis by the code 
SAMMY of the experimental data from IBR-30 and GELINA and will discuss some 
peculiarities of the resolution functions of these TOF facilities. 

The Time-Of-Flight Facility GELINA
The Geel LINear Accelerator (GELINA) is a multi-user time-of-flight facility. The linear electron 
accelerator is providing a pulsed white neutron source, with a neutron energy range between 
1 meV and 20 MeV. Intense pulsed electron beams, at repetition rates ranging from 50 up to 
800 Hz and with peak currents up to 12 A in a 10 ns time interval, are accelerated to an 
energy of up to 150 MeV. The electron bunches are compressed using a specially designed 
post-acceleration compression magnet to a duration of less than 1 ns (and, accordingly, peak 
currents of up to 120 A). These high-energy electrons generate Bremsstrahlung in a uranium 
target, where neutrons are mainly produced by (γ,n) and (γ,f) reactions. The energy 
distribution of the neutrons is peaked around 2 MeV, and has a small contribution of low-
energy neutrons. To enhance the neutron intensity in the low energy domain, two water-filled 
Be containers are used as moderators. The neutrons are emitted in all directions (4 � ), and 
enter the different flight paths with specific lengths, the longer one being 400 m. 

The ime-Of-Flight Facility IBR-30 
IBR-30 is a pulsed neutron booster with the linear resonance electron accelerator LUE-40 as 
an injector. IBR-30 is a sub critical system from 239Pu and two rotating disks with 235U pieces 
in them and a tungsten target for electron-neutron conversion on account of photo fission. 
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Electron pulse duration is 1.6 � s, neutron multiplication is 100 – 200. The shape of electron 
burst is similar to the curve that describes the process of charging and discharging of 
electrical capacity. The neutron pulse duration is 4.2 � s, the average intensity is 3.6 1014 n/s. 
IBR-30 assure ranging in the reactivity on account of the presence of rotating pieces in the 
active zone. IBR-30 is a multi-user time-of-flight system like GELINA. Its infrastructure has 8 
neutron beams with flight paths from 10 up to 1000 m. 

Time-Of-Flight (TOF) method
The neutron cross-section measurements in the resolved energy region are done by the time-
of-flight (TOF) technique. Pulses of neutrons are collimated on a flight path and the time 
intervals between the neutron pulse and the events at the detector at the end of the flight path 
are recorded. The neutron energy can be obtained from the time of flight tn and the effective 
flight path length L. The relation between flight-path, time-of-flight and energy is: 

Energy resolution in a TOF experiment is described by the following formula: 

where: � tn is the time-of-flight uncertainty 
� L is the flight-path uncertainty 

The resolution in the TOF � tn can be expressed as 

Here � ti represents the different contributions to the time uncertainty � tn mainly due to: 
� tcw, the TOF analyzer width; 
� tbw, the width of the neutron burst; 
� ted, the instability of the electronic device (jitter), etc. 

Conversion from square distribution to an equivalent Gaussian distribution is presented by 
� tG=0.67978 � tn. � tG is the parameter entered in the input file for SAMMY. 
The uncertainty in the flight-path length is the combination of the uncertainty due to the 
neutron moderator (if any) � Lm and the uncertainty due to the detector � Ld, so the total flight-
path resolution parameter is  

� L is the input parameter to SAMMY. 
The very short pulse duration of less than 1 ns in combination with the long flight paths result 
in high energy resolution of the GELINA TOF facility. Since the neutron fluency rate is 
proportional to (1/L)2, one should always try to find a compromise between resolution and 
neutron intensity, depending on the application.  

Resolution Function 
For an analysis to be correct, it is crucial to include accurate mathematical descriptions of 
those experimental conditions which cause the measured cross section to be different from 
the true cross section. Therefore it is very important to take into consideration the following 
effects: Doppler broadening, Resolution broadening, Multiple scattering corrections, 
Normalization and background corrections etc. 
The neutron energy resolution for time-of-flight equipment is composed of several functions 
convoluted together, some dependent and some independent of neutron energy. There are 
five main components: the intrinsic pulse shape of the initial burst of neutrons, the source 
materials and geometry, the jitter produced by moderation of the fast neutrons, the neutron 
detector, its surroundings and its electronics, the timing scaler used in the measurements. 
Unlike Doppler broadening, for which the mathematical descriptions apply universally to all 
experiments, the description of resolution broadening changes from machine to machine and 
experiment to experiment. 
The GELINA resolution function may be presented as a convolution of up to 6 separate 
components Ii(t):  I(t)=Cx{I1(t)+I2(t)+I3(t)+I4(t)+I5(t)+I6(t)}, 
where Ii(t) contributes the effect of:(1) Initial pulse; (2) Water moderator; (3) Moderator angle; 
(4) Detector; (5) Additional Gaussian spread; (6) Timing channel. 
The time dependent component is mainly determined by the finite duration of the electron 
burst, the time jitter related to the detector response, and the finite time bin width of the 
electronics and data acquisition system. The component depending on the effective flight path 
length results from the neutron transport between the uranium target and the detector or the 
sample. The final resolution strongly depends on quantities such as the dimensions of the 
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uranium target and the water moderator, the angle between the flight path and the normal to 
the moderator, and the finite size of the neutron detector or the sample. 

�
t the IBR-30 Resolution function contributes the following effects: finite sizes of the neutron 

pulses, time-channel width, detector time response etc. 
If the detector time response and the channel width are much less than the electron burst 
width, then the IBR-30 resolution function may be given as follows: 

where 

The code SAMMY 
The fitting procedure used by the code 
SAMMY is Bayes’ method, which may be 
viewed as a form of generalized least squares. 
The derivation of Bayes’ method starts from 
Bayes’ theorem relating prior and posterior 
probability density functions for the varied 
parameters.  
SAMMY includes the following  options for 
calculating the resolution function: simple 
Gaussian, the Oak Ridge Resolution (ORR) 
function, the Rensselaer Polytechnic Institute 
(RPI) resolution function, and the User-Defined 
Resolution (UDR) function, for which the user 
describes numerically the components of the 
resolution function at specified energies, on a 
time-of-flight grid. For energies between those 
specified, SAMMY uses linear interpolation. 

Since the UDR (User-Defined Resolution) function is a “realistic” resolution function, it is 
defined as a convolution of several components like electron burst width, time-of-flight 
channel width, user-defined numerically as a function of time at specified energies, with linear 
interpolation both in time and in energy as required. 
The “complete” resolution function is then the numerical convolution of the individual pieces: 

The code REFIT is specially designed for the needs of GELINA and it calculate the resolution 
function of this facility for every experiment. We have used the output *.cnt file from REFIT to 

( , ') 0R E E = 'E E e< −
0 '1

( , ') (1 )
t E E

WR E E e e
e

τ τ
−− −

= − 'E e E E− ≤ <
0 '1

( , ') (1 )
t E E

WR E E e e
e

τ τ
−− −

= − 'E E>

3

2
02

72.3

t E
e

L
=

3

22

72.3

E
W

L
=

1 1 1 2 1 2 2 n-1 n-2 n-1 n-1 n -1I (t) = I (t- t  )dt I (t  - t  )dt   ... I (t  - t  )dt I (t  ) ∫ ∫ ∫ ∫

Figure 3: IBR-30 Resolution function 
at 120 m flight-path. 

Figure 1. GELINA resolution functions at 58 
m flight-path for different energies 
up to 4 KeV. 

Figure 2. GELINA resolution functions at 58 
m flight-path for 3 different 
energies. 
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prepare the UDR function for the code SAMMY keeping strictly the necessary UDR format 
rules. The UDR function already made by us is used to prepare the input files for the code 
SAMMY.  

Results and discussion 

Figure 4. (a, b, c) Preliminary results of the analysis of measured capture yield of 232Th at 
GELINA and SAMMY fit done with UDR function as shown at the Figure.1; (d) 
experimentally measured capture yield for 165Ho at IBR-30 and SAMMY fit done 
with the resolution function shown at the Figure.3.

Conclusions 

Our preliminary results of resonance analysis of the experimental data obtained at JINR, 
Dubna and GELINA, Geel confirm the possibility of reliable calculation of the resolution 
functions of these known neutron spectrometers for the needs of the code SAMMY. 
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Abstract. A new evaluation for 232Th in the unresolved resonance region (URR) has been 
obtained using the characteristic function model and including the most recent neutron 
capture data obtained at GELINA (IRMM). The consistency of the evaluated average cross-
sections with the average resonance parameters has been verified. We show the advantages 
of the “mock-up resonance ladder” normalised on the R-matrix characteristic function F  for 
calculation of cross sections and their functionals in the URR. 

Introduction 

Main part of the resonance region of neutron cross sections belongs to the unresolved 
resonances, where the experimental resolution permits observation of only resonance 
averaged cross sections. The presence of resonant cross section structure can be manifest 
as a difference between measured transmission function 〉σ−〈 )texp( for a thick sample with a 
thickness t (in atoms per barn) compare to the one calculated with the average cross section 

)texp( 〉σ〈− . For the analysis of the experimental data in the URR the statistical modelling of 
the resonant cross sections structure with minima number of average resonance parameters 
is used. Parameters of these statistical models are the average neutron and radiation strength 
functions (respectively average widths and level spasings) and effective radius for neutron 
scattering. Such approach allows an evaluation in the same scheme not only of the average 
cross section but also of self-shielded functionals used in the reactor physics. Such are the 
self-shielding factors )T,(f 0

0x σ  which depend on the temperature T0 and the dilute cross-

section σ0 that is a sum of total cross sections of other isotopes in the medium. The self-
shielding factors determine the self-shielded (or effective) cross-sections 

)T,(f)()T,( 0
0xx

0
0x σ∞σ=σσ . If the infinitely dilute cross section )(x ∞σ  cam be obtained in direct 

measurements the self-shielding factors can be determined mainly trough the average 
resonance parameters. Therefore to calculate nuclear reactor properties correctly it is 
necessary that accurate resonance parameters are available and the self-shielding factors 
can be obtained properly as well as infinitely diluted cross sections. 
The object of this paper is to analyse the new experimental data for neutron capture cross-
section for 232Th measured at GELINA (IRMM)1 and to obtain an evaluation of the average 
resonance parameters in energy region (4-50) keV using the model of the characteristic 
function2. Doing calculations with NJOY3 and HARFOR2 codes we verify the consistency of 
the verage resonance parameters. The advantage of the “mock-up resonance ladder” 
normalised on the statistical characteristic function F  for calculation of average radiation cross 
sections and self-shielding factors in the URR is shown. We also discuss the fluctuation 
function that is accountable for the neutron widths fluctuation in different statistical models.  

Statistical models for average cross sections calculation in the URR 

The resonance neutron cross section structure in the URR can be described trough statistical 
model with appropriate average resonance parameters in the averaging interval ∆E. The 
Hauser-Feshbah formula based on the Single Level Breit-Wigner (SLBW) formalism is 
commonly used for calculation of average cross-sections in the URR. This formula is also 
applied in the energy region where the resonances overlap and the concepts of compound 
nucleus still exists, with some modification of the transmission factors for accounting of the 
resonance parameters fluctuations in the partial cross sections. These fluctuations do not 
affect the total cross sections whereas they can modify the reaction cross sections up to 30%. 
The Hauser-Feshbah-Moldauer prescription4 is commonly used for average partial cross 
sections calculation in the URR:  
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Here a is the incident channel and b is the exit channel, νc and cΓ  represent the number of 

open reaction channels and the average width respectively for channel c and ρa is the level 
density. The integral in the right hand of Eq.1 (Dresner integral) allows the calculation of the 
width fluctuation correction in the partial cross-section.  

Lately a new statistical model for description of the resonant cross-section structure in 
the URR has been applied2. The model bases on the multi-level Reich-Moore approach of the 
R-matrix nuclear reactions theory and uses the characteristic function F  of the R-matrix 
elements distribution. The application of the model is limited to the simple case of single 
channel neutron scattering competing with many channels of neutron capture. At lower 
energy in the URR that is the case for non fissile nuclei under the inelastic scattering 
threshold.  

The cross sections are constructed as appropriate combination of R-matrix elements. 
When significant resonance interference is present the contribution of λ-resonance levels 
outside the averaging interval ∆E must be accounted for. Then in this model the R-matrix is 
described in a periodic form5: 

( )[ ]N/iyctg
N

s
)(R

1N

0
nn −ε−ε∑ ξ=ε λ

−

=λ
λ ,     )0( π<ε<        (2) 

with a “mock-up resonance ladder” ),( λλ εξ 6 normalised to the characteristic function F  of 

nnR . The neutron strength function 
D

s nΓ=  and the radiation strength function 
D

y
γΓ

=  are the 

parameters of the model. The fluctuation factor in this model is not given explicitly. The 
statistical distributions of the neutron widths λΓn  (Porter-Thomas) and the levels spacing 

1EE −λλ −  (Wigner distribution) are accounted through the “mock-up resonance ladder” 

),( λλ εξ . The fluctuation factor in the neutron capture cross-section is usually written in the 

form 
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nn
)(F ; )/( nΓΓ=α γ . In the vicinity of the model we have examined 

closely this function and proved that resonance parameters fluctuations are considerable for 
separated resonances as well as for overlapping resonances in the URR.  

Evaluation of the neutron capture cross-section for 232Th in (4-50) keV  

The neutron capture cross section of 232Th has been measured in the energy range (4-140) 
keV at the TOF facility GELINA (IRMM, Geel). For a theoretical analysis of the data we used 
HARFOR code in which the method of the characteristic function has been included. We 
apply a “mock-up resonance ladder” ),( λλ εξ  with λ=25 ″resonances″ what leads 

approximately to 2% accuracy in calculated cross sections. We evaluated the data in energy 
region (4-50) keV under the first stage Jπ=2+ for inelastic scattering. For a reliable evaluation 
of the average resonance parameters we need some additional experimental information 
therefore the measured total cross section7

, self-shielding factor for total cross-section8 and 
self-shielding factor for neutron capture9 have been involved in the analysis.  
It has been mentioned9 that if the average resonance parameters are evaluated to reproduce 
only the measured cross sections they could not be evaluated uniquely. These parameters 
need to be experimentally checked as to whether or not they give adequate self-shielding 
factors for neutron capture. The main advantage of the characteristic function model is that it 
gives the analytical expressions for self-shielding factors and then the experimental data of 
them could be fit. The self-shielding factors for tσ and γσ  are calculated through the cross-

section moments; ∫
∞

=〉σ〈
0

t dt)t(T/1 , ∫
∞

γ =〉σσ〈
0

xt dt)t(T/  and ∫=〉σ〈
∞

0

2
t dt)t(tT/1 . The 

transmission function T(t) and self-indication Tγ(t) function measured for a set of sample 
thickness t contain the full information for detailed energy cross sections structure in the URR. 
Especially the self-indication function for neutron capture functions )t(γΤ  are very sensitive to 
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the neutron waves contribution for different orbital moments (l=0,1,2). Measurements of T(t) 
and Tγ(t) at different temperatures give additional information for the real resonance structure 
because of different effect of Doppler broadening over s- and p-resonances. 
Prior information for average resonance parameters comes from the RRR and from optical 
model calculations in the URR. Such information has been drawn from Refs. (10-12) for 

R’, γΓ (l=0) and D0, (respectively Sγ) and Sn(l=0,1). For the function fitting we used the code 

MINUIT13. We fixed Sn(l=2)=1.0e-4 because the contribution of d-wave in the energy region (4-

50) keV is negligible. The other assumption made here was that 02 γγ Γ=Γ . The evaluated 
resonance parameters are given in Table 1. On Figure 2 we show the matching neutron 
capture cross-section γσ  for s-wave between RRR and URR. In the RRR γσ  is calculated 

with ENDF/B-6.8 parameters and using the Reich-Moore formalism. The smooth curve in 
RRR has been obtained after the averaging of cross-section over 400 eV energy intervals. In 
the URR the calculations are performed with the evaluated parameters from Table 1 and with 
HARFOR. 

Table 1. Evaluated average resonance 
parameters in (4-50) keV. 
R’ Sn( 10-4) Sγ( 10-4) 
fm 0 1 2 0 1 2 

9.52 0.94 1.84 1.17 13.9 14.4 13.9 
(0.3) (0.3) (0.6)  (0.5) (0.13)  

In Figure 3. we show respectively the matching neutron capture cross-section for p-wave for 
the compound state Jπ=0.5. Keeping Sγ(l=0,1) constants and fitting the ratio Γγ and D0 to the 

experimental capture cross- section1 we have obtained for γΓ (l=0)=.024 eV , γΓ (l=1)=.0248 eV 
and D0=17.28 eV.
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Figure 2. Matching RRR and URR with σγ
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evaluated  resonance parameters from 
Table 1.

0 1000 2000 3000 4000 5000 6000 7000
0

2

4

6

8

10

12

p-wave(Jπ=0.5)

URR- evaluationRRR- endf 6.8

ca
pt

ur
e*

sq
rt

(E
)

E, eV

 endf 6.8
 evaluation

    
Figure 3. Matching RRR and URR with σγ
for p-wave (Jπ =0.5), RRR–ENDF/B 6.8, 
URR– evaluated resonance parameters 
from Table 1.

Consistence of evaluated resonance parameters and average cross sections 

The evaluated nuclear data libraries contain together a file with evaluated resonance 
parameters and a file with point-wise cross sections. Then the question arises of consistence 
between the two files. The average cross sections are performed trough the processing codes 
with the evaluated average resonance parameters. We used HARFOR and PURR(NJOY)3

module to produce infinitely diluted cross sections )(∞σ and effective self-shielded cross-

sections )T,( 0
0x σσ . The later uses single level Breit-Wigner formalism with the correction of 

neutron widths fluctuation (Eq.1). Against two different formalisms are applied in the codes 
they produce equally cross sections σ and σγ in (4-50) keV.  

The calculated self-shielding factors for total and capture cross sections are presented 
on Figures 4,5 respectively. The calculations are performed for two values of σ0 and 300K 
with the evaluated resonance parameters from ENDF/B-6.8. From NJOY the self-shielding 
factors can be obtained as a ratio )(/)T,()T,(f x

0
0x

0
0x ∞σσσ=σ , while in HARFOR those 
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are calculated analytically. For odd-odd nuclei the interference between resonances does not 
affect very strongly the values of average cross sections. But the specific structure of self-
shielding factors that is manifested of averaging over the quantity 〉σ〈 /1  shows the necessity 
of a more precise evaluation of the cross-sections minima. Using the multilevel Reich-Moore 
formalism in the characteristic function model it leads to more accurate description of 
resonant cross section structure in the URR. At higher temperature this discrepancy 
increases as a result of a different manner of influence of Doppler effect over s- and p- 
resonances.  
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Figure 4. Self-shielding factors for neutron 
capture calculated by NJOY and HARFOR 
with evaluated parameters at σ0=1 barn 
(down) and 100 barns (upper). 
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Figure 5. Self-shielding factors for total 
cross-section calculated by NJOY and 
HARFOR with evaluated parameters at σ0=1 
barn (down) and 100 barns (upper). 

While the average cross sections are sensitive to the ξλ in ),( λλ εξ  the evaluation of self-

shielding factors )T,(f 0σγ  strongly depends on the right choice of ελ. By this the experimental 

data for )t(Τ  and )t(γΤ  measured for a large set of sample thickness t are valuable for level-

statistical tests.  

Conclusion 

A new evaluation of average resonance parameters for 232Th has been performed on the 
base of recent experimental data for neutron capture cross-section and using the statistical 
model of the characteristic function F for the R-matrix elements distribution in multi-level 
Reich-Moore approach. This evaluation is in consistence with the evaluated resonance 
parameters from RRR. The evaluated resonance parameters can be used for cross-sections 
as well as for self-shielding factors calculation. In strongly self-shielded situation the self-
shielding of the resonance wings becomes more important. This effect is determined by the 
total cross-section σ in the minima between resonances where it is very sensitive to the 
formalism used. It is shown that the multi-level characteristic function model describes more 
accurately the resonant cross-section structure in the interference minima in the URR.  
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Abstract: A fast 12-bits and 440 MSPS digitizer was tested at Gelina for its use in a neutron
inelastic scattering cross-sections measurements with large volume HPGe detectors. An ac-
quisition system based on such a digitizer will have increased detection efficiency compared
with the system based on conventional electronics that is now used. Different digital process-
ing algorithms were tested and the best solution was implemented for online signal processing.
The time and energy resolutions are comparable with those for the conventional electronics.
Preliminary results obtained with the digitizer in a time-of-flight measurement are shown.

Introduction
A measurement campaign for the inelastic scattering cross-sections of materials of interest for
the new generation of reactors is actually ongoing at Gelina. The attention was focused on
the structural materials 58Ni and 52Cr and on the isotopes of Bi and Pb that are considered for
coolant/moderator and spallation target of an Accelerator Driven Systems (ADS).
The aim of these measurements is to obtain unprecedented neutron energy resolution (about
1 keV at 1 MeV) and small total uncertainties (less than 5% for the total neutron inelastic
scattering cross-section). The (n,n’γ) technique was used. The γ-rays from the (n,n’γ) reaction
are detected while the incident neutron energy is measured through the time-of-flight method.
These require a good time resolution, good detection efficiency and a very good γ-ray energy
resolution to separate the γ-rays in a complicated spectrum. The most suitable detectors for
these requirements are the large volume HPGe detectors.
A setup based on conventional electronics is already working at Gelina (see [1]) and was suc-
cessfully used for the measurement of the first three nuclei. Here a very short description of the
setup and its limitations will be presented. The detection efficiency can be improved by using
an acquisition system based on fast digitizers. Consequently a 12-bits, 440 Mega Samples
Per Second (MSPS) commercially available digitizer was tested. The goal of these tests was
to verify feasibility of such a device for time-of-flight measurements with large volume HPGe
detectors at Gelina and to determine the best algorithms for pulse analysis (for the best time
and energy resolutions). The paper will show the results of several tested algorithms and pre-
liminary results for a measurement in time-of-flight configuration.

Limitations of the conventional acquisition system
The pulsed (800 Hz) electron beam from a Linac hits a rotary natural U target and produces
bremsstrahlung. The bremsstrahlung (gamma flash) produces the neutrons via the (γ,n) and
(γ,f) reactions. The sample and the HPGe detectors are placed at about 200 m flight path
length [1]. The gamma flash arrives at the flight path station before the neutrons and may scat-
ter on the sample and be detected by the HPGe detectors together with the γ-rays from the
(n,n’γ) reaction. The neutron energies of interest range from about 500 keV up to bout 20 MeV.
This corresponds to about 25 µs time-of-flight after the arrival time of the gamma flash to the
detectors. The conventional acquisition system has a dead time of about 15 µs and if one
gamma flash induced event is detected, any other neutron induced event in that burst is lost.
Because the counting rate with this setup is around 10 Hz, it was possible to avoid the effect
of the 15 µs dead time, by creating an inhibit signal that rejects all the neutron bursts when
a gamma flash induced event was detected. These inhibit signals represent 25-30% from the
total number of bursts and this percentage is sample dependent.
The time resolution of the large volume HPGe detectors is poor compared with other detectors
(e.g. plastic scintillators), in our case between 4 and 6 ns depending by the detector. The
time resolution spectrum of a large volume HPGe detector, obtained in a classical start-stop
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Figure 1. Signal at the preamplifier output. Left: calculated signals with a very simple model
(see text). Right: Experimental signals recorded with the fast digitizer for a detector with the
same radii as used in the calculation, but with a more complicated shape (close-ended bul-
letized coaxial) .
experiment, is shown in figure 2. Because of the pulses with slow rise time, the time spectrum
has a big tail to the right up to about 600 ns. This tail represents 39% from the total content of
the spectrum and depends significantly on the Timing Filter Amplifier (TFA) settings and on the
Constant Fraction Discriminator (CFD) threshold. Pulses with slow rise time are more frequent
for low gamma ray energies. The slow rise time rejection function (SRTR) of the CFD was used
to have a sharp time resolution. This function simply rejects all pulses from the tail, decreasing
the detection efficiency.
To obtain uncertainties less than 5%, a very good statistics is necessary and with the conven-
tional acquisition system about 1000 acquisition hours are required for each nucleus. It follows
that any increase in the detection efficiency is desired. Detection efficiency of a conventional
DAQ system is decreased by two factors. First, a 25-30% due to the rejection of the gamma
flash that precedes each neutron burst and second a 30-50% decrease because of the use of
SRTR function of the CFD.
In a very simple approximation the output of a voltage sensitive preamplifier with a decay time
τ coupled to a HPGe true coaxial detector has the form (see also [2]):

v(t) = V (0)e−t/τ − 1
ce

e−t/τ
tm∫

0

i(t ′)et ′/τ dt ′, (1)

where t is the time, i(t) the current and tm is the maximum collection time. The shapes of out-
put voltage calculated with this relation for a 100% relative efficiency detector and for different
charge deposition radii are compared with the experimental shapes (Fig.1). In the experiment
a close-ended bulletized coaxial detector [2] was used. The true coaxial shape is a drastic
approximation for such a detector. Big deviations from the calculated shape of the electric field
are expected at the extremities of the crystal, especially in the end-cap and its rounded cor-
ners. The approximation that the charge deposition takes place in one point is not valid always
in the real case. This simple calculation does not take into account the trapping effects, too.
Therefore, even more complicated shapes and bigger differences in the rise time are expected
in the real detector. The variations in the rise time and pulse shape imply a special care in the
signal processing.

Start-stop experimental setup
A 12-bits, 440 MSPS (∼2.38 ns sampling rate) digitizer provided by Acqiris was tested at
Gelina. This device has two independent cards connected together trough a PCI card to the
computer. Each card has two input channels and a common external trigger. The output from
the detector preamplifier is digitised and the whole signal is transferred to the PC. For tests,
several data sets were saved in order to apply off-line different analysing algorithms and to
compare their performances on the same data sets.
To find the analysis algorithm that gives the best time and amplitude (energy) resolutions a
start-stop experimental setup was used (Fig. 2). This setup served exlusively for testing the
digitzer performances. A completely different setup was used in the real time-of-flight mea-
surement. A 60Co source was placed between the HPGe detector and a plastic scintillator. An
external trigger was constructed in order to reduce the counting rate and to select only the co-
incident pulses. The scintillator defines the precision in time of this external trigger. The output
of the scintillator was given also to the digitiser to have a better monitoring of the coincidence
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Figure 2. Results of a 100% relative efficiency HPGe detector with the digitizer in the config-
uration given in Fig. 2. Left: amplitude spectrum, FWHM=2.2 keV at 1.33 MeV (as inset the
1.33 MeV peak of 60Co). Middle: Comparison of the time resolution spectrum in the start-stop
experiment for digitizer and conventional CFD module using SRTR function or CF function.
FWHM=5.1 ns for the SRTR function and FWHM=7.8 ns for the digitizer. Right: Start-stop
experimental setup for a simultaneous measurement with the digitiser and conventional elec-
tronics.
signals. Simultaneously a conventional Time to Amplitude Converter (TAC) was used to have
a comparison for the time resolution spectrum. All the involved delay units were very precise
(cable delays or modules with precision better than 1 ns).

Performances of different digital processing algorithms
The digital signal processing (DSP) for the present applications has two targets: timing and
amplitude. The first step was to apply a timing algorithm to find with precision the starting point
of each pulse in a signal. A digital Timing Filter Amplifier (TFA) procedure has been applied on
the initial signal. This eliminates any offset in the signal. Then three different timing algorithms
were tried. All of them have an equivalent in the analogue signal processing. The simplest one
is a Leading Edge Trigger (LET): the crossing point of a small threshold, above the noise, gives
the time. This gives an asymetric time resolution spectrum with FWHM=26.2 ns and a big tail
coming from the pulses with slow rise time. The Extrapolated Leading Edge Trigger consists in
two different LET and the time is given by the linear extrapolation of the crossing points to zero.
The time resolution is improved to FWHM=14.3 ns.
The best time resolution (FWHM=7.8 ns) was obtained with a CFD algorithm with a delay of 13
channels (31 ns) and an attenuation fraction of 25%. The comparison of the time spectra with
the digitizer (digital CFD algorithm) and with the conventional CFD module is given in Fig.2.
The tail of the digital time spectrum represents 12% from the total spectrum. This is a big
improvement compared with the CF spectrum where the tail represents 39%, but the problem
is not yet solved completely.
Two amplitude algorithms were tested. The simplest one consists in two linear fits, one before
the pulse and the second after the maximum rise time. The amplitude is defined as the dif-
ference between the offset of the two fits. Afterwards a correction for the ballistic deficit was
applied. This gives FWHM =3.5 keV at 1.33 MeV.
The best result was given by a trapezoid method. The trapezoid filter consists in successive
convolutions of the signal with different functions in order to obtain at the end a trapezoidal
shape. The pulse amplitude is then the difference between the plateau and the base line. Sev-
eral proposals for this method can be found in the literature (see [4]).Their differences consist
of the order the convolutions. The algorithm used here was optimised also for a high speed cal-
culation. The included ballistic deficit correction is valid in the approximation of instantaneously
charge collection in the middle of each sampling interval ∆t while the real charge collection
process is continuos.
The trapezoid procedure gives an energy resolution of 2.2 keV at 1.33 MeV. A minimum of
1800 samples (4.2 µs)is necessary to succesfully apply the algorithm. Increasing the numbber
of samples does not improve the resolution. Two pulses in a signal (a pile-up) can be resolved
without loosing energy resolution if they are separated by a minimum of 2.9 µs. The trapezoid
resolution is comparable with the resolution of 2.1 keV measured with a spectroscopic amplifier
with 4 µs shaping time, but the digital method can better resolve the pile-ups.

Time-of-flight measurement with the digitizer
For the time-of-flight measurements the trigger of the digitizer was given by the t0 signal from
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Figure 3. Left: Time-of-flight spectrum for an enriched 207Pb sample obtained with a 80%
relative efficiency HPGe detector connected to the digitizer. The time resolution for the gamma
flash peak (see inset) was FWHM=10.5 ns. Right: The corresponding amplitude spectrum
integrated over the neutrons in the energy range from 500 keV to 20 MeV. The energy resolution
of the 897 keV transition in 207Pb (zoomed in the inset) was FWHM=2.35 keV.
the accelerator (the time when the neutrons are produced). To reduce the acquisition rate, t0
was validated by the neutron induced events (any events that come after the gamma flash).
A 75.9% relative efficiency detector was used and the signal processing was done online; for
each event only two numbers were saved, time and amplitude. Preliminary results obtained with
such a setup for 207Pb are shown in the figure 3. The time-of-flight spectrum is an integral over
all gamma rays energies. The big peak at the beginning of the spectrum is due to the gamma
flash. Every time there is pile-up between the gamma flash and a neutron induced event,
the neutron induced event triggers the system and everything is recorded and analysed. The
FWHM=10.5 ns of the gamma flash peak is given only by the time resolution of the acquisition
system because the precision of the t0 is better that 1 ns. All neutron bursts that generate this
gamma flash peak would be rejected in the conventional acquisition system.
The amplitude spectrum is an integral spectrum over all neutron energies between 500 keV
and 20 MeV. The main gamma rays from the 207Pb decay can be easy identified. The energy
resolution during this measurement was found to be FWHM=2.35 keV at 897 keV, the main
transition in 207Pb.

Conclusions
A fast 12-bits 440 MSPS digitizer was tested for the use with large volume HPGe detectors.
Different digital algorithms were tested on the same data to seek performances. The best reso-
lutions were obtained with a digital CFD for timing and with a trapezoid algorithm for amplitude.
The resolutions obtained with the digital acquisition system are close to the values obtained with
the conventional electronics and acceptable for the neutron inelastic scattering cross-sections
measurement at Gelina. The detection efficiency is better for the digitizer. The digitizer can
resolve completely the pile-ups with the gamma flash and this gives a 25-30% increase in the
efficiency. The tail in the time resolution spectrum was reduced but not completely eliminated.
The best algorithms were implemented for an on-line acquisition. Preliminary results for a time-
of-flight measurement were shown. A better comparison between the digitizer based acquisi-
tion system and the conventional one will be done in the future in a neutron inelastic scattering
cross-sections measurement for 206Pb.
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Abstract. During the motion of the nucleus in his path toward scission, the coupling between 
collective degrees of freedom and intrinsic ones causes dissipation and a modification of the 
adiabatic potential. A measure of the dissipated energy can be obtained by solving a system 
of equations of motion, the so-called Time-Dependent Hartree-Fock-Bogoliubov equations. In 
this work, the dissipated energy is computed along the minimal action trajectories for three 
different values of the mass-asymmetries in the 236U fission. The agreement with the 
experimental mass distributions is ameliorated considerably when the dissipation energy is 
taken into account in computing the penetrabilities. 

Introduction 

In fission, the whole nuclear system is characterized by some degrees of freedom associated 
to some collective coordinates that determine approximately the behavior of many other 
intrinsic variables. The shape collective parameters vary and manage the evolution of the 
system. The initial parent nucleus is split into two parts: the daughter (the heavy fragment) 
and the emitted fragment (the light one). The decaying system provides a time dependent 
single-particle potential in which the nucleons move independently. An investigation of the 
fission process in this framework is intended in this work aiming to prove that the dissipation 
plays a crucial role. 

Nuclear shape parametrization 

The nuclear shape parameterization is given by smoothly joining two intersected spheres of 
different radii R1 and R2 with a third surface obtained by rotating a circle of radius R3 around 
the symmetry axis. This nuclear shape provides the most important degrees of freedom 
encountered in fission: the elongation given by the distance between the centers of the 
fragments (R), the mass asymmetry which is characterized by the radius R2 and the necking 
as the generalized coordinate C (the inverse of its radius R3). 
This parameterization is suitable for fission because a single spheres and two fragments are 
allowed configurations and the flatness of the neck (Brosa condition [1]) is an independent 
variable. Using this parameterization, we can describe not only the disintegration processes, 
but also necked ground states or diamond ones.  

Single-particle model 

The theoretical study of fission processes is limited by difficulties encountered in the 
simulation of the level scheme: central potentials can not describe adequately the split of one 
nucleus in two separate ones and the sum of single particle levels reaches infinity for very 
large deformations. To describe fission, the simplest generalization of the Nilsson model is to 
use a two-centre shell model; in this case the nucleons belong to two nuclear fragments. 
In Fig. 1, the neutron energy diagram given by the superasymmetric two-center shell model 
[2,3] is displayed as function of the mass-asymmetry. The ground state was determined from 
the condition of a minimal potential energy to an elongation of 6 fm. After the separation of the 
two fragments, the two level schemes belonging to the two nuclei are superimposed. In this 
example, the initial parent nucleus is 235U. The scheme is computed along an optimum 
trajectory for light fragment 100Xe. The spectroscopic notations are used for spherical parent 
and for the finals heavy and light fragments (labels H and L, respectively).  

Penetrabilities 

The probability to obtain a final binary partition (A1Z1,A2Z2) is ruled by the barrier. Using the 
last action trajectory principle, it is possible to obtain the path in the configuration space 
followed by the fissioning system, and the associated probability of penetrating the barrier. 
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The quantum penetrability P=1/
� �

(2EdB)1/2dr is calculated by using the semi-classical 
Wentzel-Kramers-Brillouin (WKB) approximation. The region of interest is classical forbidden 
The two turning points are fixed by the same values of the potential barrier. Several quantities 
intervene in this integral: 
Ed=deformation energy, computed within the microscopic macroscopic approach (liquid drop 
plus Strutinsky correction based on the superasymmetric two center shell model). 
B=tensor of inertia 
Microscopic approaches to fission show that the second saddle point of the fissioning nucleus 
is already asymmetric at a value compatible with the observed final mass. So, to reduce the 
number of generalized coordinates to only two in order to make our problem tractable, we 
considered that the mass asymmetry is developed between the first and second potential well 
linearly. If the mass asymmetry is formed from the second well up to scission, very large 
effective mass in the asymmetry generalized coordinates hinder the process of changing the 
mass asymmetry. So, this approximation reduces the number of generalized coordinates and 
offers the possibility to minimize the action integral versus the neck and the elongation. So the 
ratio R1/R2 varies linearly from 1 to the value associated to the final partition (that means the 
volume of the light fragment is the final one) value. This approximation reduces also the 
number of independent elements of the symmetric inertia tensor to 3 elements from 6 [4,5]. 
We studied the 236U fission for three mass partitions: 46

118Pd+118Pd (symmetric or sim 
channel), 40

102Zr+134Te (102 channel), 34
86Se+150Ce (86 channel).

Figure 1. The neutron level scheme for 235U. A thick dotted line marks the last occupied level 
in the independent particle picture. The level with � =7/2 and negative parity, emerging from 
the spherical 1j15/2 orbital, displayed with a thick continuous line, intersects the last occupied 
level at R approximately 6 fm, defining the ground state. 
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Trajectories and barriers 

For the three studied channels the trajectories obtained after minimization resemble. The 
trajectory starts from the ground state, reach the region of the second potential well and 
change suddenly the slope (C begins to vary suddenly) to penetrate the outer barrier. The exit 
point of the barrier is consistent with the Brosa assumption of a very flat neck, i.e., the shape 
resembles very much with the Brosa prescission shapes [1]. However, in this description we 
do not have a dent, which introduce an instability of the system, because the system evolves 
in such manner that sudden change of the trajectory are not possible due to the inertia. In the 
present work, the trajectory depends everywhere on the historical path of the system. 
Moreover, the condition for instability invoked by Brosa is not fulfilled, the semilength l
becomes larger than 2 times the compound radius rcn, while the instability condition assesses 
the value 2.4 rcn (l>2.4rcn). For the sim channel it was computed l=13.3 and rcn=7.16.  

Figure 2. Yields normalized to the sim-channel.

Yields 

Now, having in mind that the penetrabilities are proportional with the probabilities to produce a 
mass partition, that means with the experimental yields, we can compare our results with the 
experimental values of the compilation. The experimental yields are 1.310-2 for symmetry, 6 
for 102 and 2 for 86 (normalized to 200%) [6] as presented in the top of Fig. 2. Unfortunately, 
the theoretical trends of the penetrabilities (renormalized for the sim value) are very different 
from those given by experimental values (second plot on the Fig. 2): If we neglect the 
effective mass, i.e., the effective mass being considered 1 (third plot), a qualitative agreement 
is obtained. This agreement was invoked already to obtain the optimization of a neutron rich 
nuclei source based on fission in Ref. [7]. Theoretically, it is not possible to neglect the 
effective mass. So the experimental distribution must be directed or ruled by other effects 
apart the ingredients used momentary as the deformation and the effective masses. This 
effect can be the dissipation.  

Dissipation 

So the barrier for sim channel is much more increased than that for 86 channel The coupling 
of collective degrees of freedom with the microscopic ones causes dissipation and a 
modification of the adiabatic potential. The term dissipation usually refers to exchange of 
energy (or angular and linear momentum) by all kind of dumping from collective motion to 
intrinsic heat, whereas friction is a special dumping process associated with frictional forces. 
The collective degrees relaxation times (10-21-10-20) are two or three orders of magnitude 
longer than the typical relaxation time of single particle degrees of freedom, property which 
allows to treat separately the two systems.  

Results and conclusions 

Now the dissipation along the trajectory of minimal action is computed for the three channels. 
The HFB equations of motion along the trajectories are used [4,5,8] with a velocity of passage 
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through the barrier given by our fit obtained for cluster decay [8]. The excitation energy due to 
the dissipation can be obtained as the difference between the energy given by solving the 
HFB system of equations and the lower energy state obtained with the BCS equations at any 
deformation. A very exciting phenomenon was found. The dissipated energy at scission is 
larger for the sim channel and decreases for the very asymmetric channel 86. Also, it was 
found that the dissipation increases with the internuclear velocity. Another interesting 
phenomena, is the fact that the dissipated energy is practically zero up to the second well and 
begins to increase when the second barrier is penetrated and the necking coordinates begins 
to vary. The dissipated energy has the following effects: the barrier is increased with the 
amount of dissipated energy and the dissipation causes a modification of the Strutinsky effect 
because the shell effects varies with the heat in a statistic way. The adiabatic barrier is 
therefore transformed in a diabatic one. This statistical modification is possible due to very 
large difference in relaxation times of collective and intrinsic degrees of freedom. The 
penetrabilities are computed again using the diabatic barriers, modified by adding the 
dissipation and by vanishing the shell effects with the temperature. The penetrabilities are 
computed with the new diabatic barriers. The results are plotted on the bottom of Fig 2. A 
qualitative and quantitative agreement with experimental data is restored. The dissipation 
manifests mainly by tunneling the outer barrier. Generally, the dissipated energy for the 
proton level scheme is always greater than for the neutron level scheme. This can be 
explained by the fact that the mean distance between levels is greater for the proton level 
scheme and the rearrangement of the orbitals during the nuclear motions is more consuming 
in energy. 
Several conclusions can be finally drawn. The dissipation is much higher for symmetric than 
for asymmetric partitions (20 MeV versus 12 MeV) due to a stronger rearrangement of single-
particle levels in the final step of the process. The dissipation depends on the dynamics of the 
system through the tunneling velocity. The dissipation is correlated with the necking variation.  
The experimental distributions can be explained not only as a guided evolution of the nuclear 
system managed by potential energy and inertia, but also by the effect of dissipation. The 
dissipation is ruled by the dynamics of the system and by the reorganization of levels during 
the fission process. An analogous treatment was applied to cluster and alpha-decays [9,10]. 
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Abstract. Tungsten is the preferred material for the divertor plates and an element of low-
activation steels developed as structural material for future power reactors. In order to verify 
the codes and to validate the evaluated nuclear data files used for the reactor design, a 
tungsten assembly was irradiated with 14 MeV neutrons, and the neutron and photon fluxes 
within and at the surface of the assembly were measured using the multi-foil neutron 
activation technique and an NE213 liquid-scintillation spectrometer. The results obtained by 
the two methods are compared and also discussed with respect to the application of the multi-
foil activation technique in the neutron and photon fields of a photo-neutron source. The 
experimentally determined flux spectra are compared with calculated fluxes using the Monte 
Carlo code MCNP and nuclear data taken from the Fusion Evaluated Nuclear Data library 
(FENDL). 

Introduction 

The nuclear design of fusion devices such as ITER (International Thermonuclear 
Experimental Reactor), which is an experimental fusion reactor based on the “tokamak” 
concept, rely on the results of neutron physical calculations. These depend on the knowledge 
of the neutron and photon flux spectra which is particularly important because it permits to 
anticipate the possible performance of the whole structure to phenomena such as nuclear 
heating, tritium breeding, atomic displacements, radiation shielding, power generation and 
material activation. The flux spectra can be calculated using computational tools like 3D 
Monte Carlo codes (MCNP is the reference code for the ITER design) and data libraries 
(relevant for the neutron-photon transport in the reactor materials). These need to be 
validated to assure they give reliable results when applied in designs calculations.  
An important constituent of the plasma facing components of a fusion reactor, especially of 
the divertor, and of low activation steels (EUROFER) developed as structural material for 
future power reactors, is tungsten. [1]  
In the present work, the neutron flux spectra were measured at relevant points of a tungsten 
assembly using the multi-foil neutron activation method and a NE213 liquid-scintillation 
spectrometer. Differences between the spectra obtained by the two methods are discussed. 
The measured neutron spectra are analysed MCNP-4C code [2] and data of libraries. The 
NE213 detector was used also for the measurements of � -ray flux spectra.  

Experimental configuration 

The experiment set-up (shown in Figure 1) consisted of a block of DENSIMET alloy, formed 
from 28 pieces of various shapes and assembled to obtain a size of about 47 cm x 47 cm x 
49 cm and having the weight of 1.8 tons. The thickness of benchmark is equivalent to 16 
mean-free-paths ( mmx 300 ≈ ) for 14 MeV neutrons. [3] 

The W alloy of the central part had a density of 18.1 g/cm3 and an elemental composition of 
95 wt-% of W, 1.6 wt-% of Fe and 3.4 wt-% of Ni. The W alloy above and below the central 
slab (thickness 7 cm) had a thickness of 17.7 g/cm3 and an elemental composition of 93.2 wt-
% of W, 2.6 wt-% of Fe and 4.2 wt-% of Ni. Four lateral access channels (P1, P2, P3, and P4) 
at 5, 15, 25 and 35 cm, distance from the front position allowed the insertion of the detectors. 
The irradiation was performed at the Frascati Neutron Generator (FNG) [4] with 14 MeV 
neutrons produced by the T(d,n)4He nuclear fusion reaction. To minimize the contribution of 
backscattered neutrons to the neutron source, the benchmark was located on a movable 
tower, at 4 m from the floor, and, 5.3 cm in front of the FNG target. The time-dependent 
neutron emission is monitored by a small silicon surface-barrier detector located inside the 
vacuum beam tube at an angle of 179.1 degrees, which counts the � -particle associated with 
the neutrons from the D-T reaction, and by a BF3 dose rate counter. To eliminate the large 
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background due to the high yield of scattered deuterons, a thin aluminium foil was placed in 
front of the � -detector surface. During the irradiation time the flux of neutrons was kept almost 
constant.  

For the neutron foil activation method, the neutron flux was determined from the 
measurements of the neutron induced � -ray activity in the foils (Al, Fe, Co, Ni, Nb, Au) using a 
guess spectrum calculated with Monte Carlo code and an unfolding code (STAYNL [5] which 
is based on the linear least-squares-errors method). The thickness of the foils ranges from 
0.25 to 1.02 mm (only the Gold foils were 7 � m thick). All the used samples had 25 mm in 
diameter and were certified as high purity materials. The possible attenuation of the neutron 
flux in the assembly is essentially due to the geometry and interactions with W, not to neutron 
interactions within the samples, because the thickness of sample is much less than the mean 
free path.  
In the case of NE213 detector the dimensions of the cylindrical active volume were 3.8 cm in 
both height and diameter. Its material had a mass density of 0.874 g/cm3 and an elemental 
composition of 54.8 at-% H and 45.2 at-% C. For each registered event both the pulse height 
and a pulse-shape parameter to distinguish between neutrons and � -ray were recorded. The 
flux spectra were determined from the pulse-height distributions. The response matrices of 
the detector were determined on the basis of detailed simulations of experimental 
distributions from monoenergetic neutrons and � -sources with the MCNP code. 

Results and discussion  

In the case of neutron foil activation method, the calculated neutron fluence integral per 
source neutron for both positions, F and P1, overestimate the adjusted one with 6% 
respectively 11%. That indicates absorption and down-scattering of fast neutrons in the target 
backing and cooling. 
Because in the position P1 both methods were applied, the measured neutron flux spectra 
were compared (Figure 2). When comparing the results from the foil and NE213 
measurements one should keep in mind the different geometry: the NE213 detector 
represents a scintillator volume filled with carbon and hydrogen atoms, affecting the neutron 
flux. In the case of the neutron foil activation method, the thickness of the foil packet is 
negligible compared with the volume of the NE213 detector. 
In the energy range > 12.5 MeV, the NE213 experimental spectrum shows a broader peak 
which is probably due to the pulse-height resolution of the detector. In the energy region 
between 5 and 12.5 MeV for the NE213 spectrometer its geometry and compositions have an 
important influence on neutron flux measurements. Meanwhile, the energy region below 1 
MeV was covered by the calculated MCNP spectra for NE213 detector and by the adjusted 
spectrum obtained from  the reaction rates experimentally determined by means of foil activa- 

Figure 1. Geometry of the benchmark assembly 
(Positions: F-front, P1, P2, P3, P4-inside positions) 

Flux spectra were measured 
simultaneously at the block 
surface (F) and in the first 
position (P1) with the neutron 
foil activation method and 
independently in all four 
positions (P1, P2, P3, P4) using 
an NE213 liquid-scintillation 
spectrometer. When the foils or 
the detector were located at 
one of the positions, the other 
access channels were filled with 
cylinders made of DENSIMET. 
In each cylinder, a thin slot was 
realized (4.4 mm) to locate 
activation foils in the exact 
position using a thin Al holder. 
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Figure 2. Comparison between the experimental spectrum (NE213) and the 
adjusted and calculated spectra (foils) in the first position measurements.

Figure 3. Ratios of calculated-to-experimental values as a function of the 
detector position.(NE213 liquid-scintillator spectrometer) 
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tion method. 
For the NE213 liquid-scintillator spectrometer the neutron flux spectra were calculated with 
the Monte Carlo code MCNP-4C, using different nuclear libraries, FENDL-2, FENDL-1, as 
average flux in the scintillator volume by means of the track length estimator of Monte Carlo 
code. 
In general, the neutron energy distribution at all four positions inside the tungsten benchmark 
is predicted by the calculations. The total neutron fluence (E > 1.0 MeV) is well reproduced, 
but the transmitted neutron source peak (E > 12.5 MeV) is underestimated in the first two 
positions (5 and 15 cm) by FENDL-2 and FENDL-1 data and in all four positions by EFF-2.4 
data (Figure 3). This differences can be explained taken into consideration that the neutron 
flux above 12.5 MeV is most sensitive to the (n, 2n) cross-section [2] which has its maximum 
at about 14 MeV and, hence, it is the main contributor to the neutron population of the low 
energy range. A too high (n, 2n) cross section in the data library results in an underestimation 
of the neutron flux in the energy range E > 12.5 MeV and an overestimation at low energies. 
These effects are anticorrelated. 

Conclusions 

The aim of the experiment was to obtain neutron flux spectra at typical first wall positions of a 
fusion reactor for comparisons with calculated spectra obtained with the tools of the reactor 
design. In the case of the multi-foil neutron activation method the entire energy region from 
thermal energy up to 14 MeV could be measured while with the NE213 spectrometer only the 
energy region above 1MeV was measured. For both method, the experimental uncertainty 
∆Φ/Φ is about 5% and includes the uncertainties due to the neutron fluence monitoring, the 
efficiency calibration of � -spectrometer, the � -counting statistics and the evaluated reaction 
cross section. 
The comparison between the experimental and calculated flux spectra shows for neutrons 
differences up to 30 %. Discrepancies in the case of photons were even larger. Because  W is 
an important material of fusion reactors these data request future improvement.     
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Motivation 

Beside the importance of the neutron-induced fission cross-section of 231Pa for basic fission 
studies it is also of interest in the field of future reactor design based on the thorium-uranium fuel
cycle [1]. The 232Th/233U breeder cycle, where the natural resources of the main fuel thorium are 
estimated to last for hundred thousands of years, is contemplated to provide “clean” and almost 
inexhaustible nuclear energy. Among the first priority isotopes the IAEA had pointed out 231Pa and 
233Pa [2]. Both are of special interest being intermediate nuclei in the formation of the fissile (232), 

233U from the fertile 232Th. The latter one has been investigated in the recent years in great detail 
[3-5]. In particular, 231Pa carries a similar risk as 239Pu does in the standard uranium-plutonium 
cycle due to its comparable half-life and radio-toxicity.  

Figure 1. Selection of experimental neutron-induced fission cross-section data up to En = 
20MeV together with evaluations JENDL 3.3 and ENDF/B-VI.  

Despite the wealth of existing experimental data important discrepancies exist, a scenario, which 
holds for the existing evaluated data files ENDF/B-VI and JENDL-3.3, too. This is shown in Fig. 1, 
where only the most instructive data are shown together with data based on the above mentioned 
evaluations.  Where the ENDF/B-VI evaluation is more in line with the experimental data from 
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Kobayashi et al. [6] and Muir et al. [7] at En < 6 MeV, JENDL nicely reproduces the experimental 
data from Plattard et al. up to En = 14 MeV [8]. Below En = 0.1 MeV both evaluations show 
differences up to more than one order of magnitude, both being unable to describe existing low-
energy data [9]. Very recent data up to En = 10 MeV obtained from a particle-transfer reaction 
measurement [10], so-called surrogated data, favour the results from Plattard et al. and the 
JENDL-3.3 evaluation, albeit lower in absolute value. 
In order to pin-point the neutron-induced fission cross-section of 231Pa a new measurement 
campaign was started at the Van-de-Graff (VdG) neutron source of the IRMM for incident neutron 
energies up to 20 MeV. The obtained cross-sections, representing the 3rd and higher chance 
fission in 233Pa(n, f), will also serve as precise input for the validation of the reaction cross-section 
calculations performed on 233Pa up to 20 MeV [5] and the envisaged extension up to 50 MeV.  

Experiment description 

The experiment has been performed at the VdG-driven quasi mono-energetic neutron source of 
the IRMM. At present, neutrons with energies between 0.6 and 3.4 MeV were produced via the 
reaction t (p, n) 3He using a solid titanium-tritium target at proton currents up to 30 µA. As a 
fission fragment detector a twin ionisation chamber was used. A Frisch-grid placed between the 
cathode and the anode permitted the simultaneous measurement of the particles pulse-height 
and a property proportional to the product of particle range and emission angle. The 231Pa sample 
was mounted together with a 237Np sample, which served as cross-section reference, on the 
cathode in back-to-back geometry. 

Figure 2. Pulse height versus sum-signal, which is proportional to the particle range for 
231Pa (left) and 237Np (right); In the left spectrum attention should be paid to the 
events parallel to the sum-axis at low pulse height (see text). 

Since the available 231Pa sample had a mass of 1190µg, with an intrinsic α-activity of about 2×105

Bq, it was collimated to initially 8 mm and then to 6 mm, repeating the measurements at 1.85 and 
2.88 MeV in order to check the sample homogeneity. Control measurements by means of α-
particle spectrometry allowed to determine the effective sample mass within 2.5% and 3.1%.  
Typical fission-fragment (FF) spectra obtained with the Frisch-grid ionisation chamber are shown 
in Fig. 2. Attention should be drawn to the events in the spectrum of 231Pa located close to zero 
pulse height. These events show up at a low pulse height with a mean particle range <X> 
compatible with fission fragments. They have been triggered at the anode by piling-up α-particles 
before the charge created by the FF could reach the space between Frisch-grid and anode and 
would have escaped from observation in a pure particle energy measurement. 
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Data analysis 

The data analysis simply consists of reading the number N of events within a polygon excluding 
the region of α-particles for the 231Pa-side as well as for the 237Np-side.  The neutron-induced 
fission cross-section of 231Pa, σnf (

231Pa), is then obtained relative to 237Np, σnf (
237Np), using the 

following relation: 

σnf (
231Pa) = σnf (

237Np) m(237Np)/ m6(8) (
231Pa) N(231Pa) /N(237Np), (1) 

where m6(8) denote the mass of the 231Pa sample collimated to 6 and 8 mm, respectively.  

The uncertainty estimation includes the statistical uncertainties ∆N(231Pa) and ∆N(237Np), that in 
the fission cross-section of the reference isotope 237Np, ∆σnf(

237Np), as well as the uncertainty of 
the effective sample masses, m6 and m8, which have been determined by means of α-
spectrometry to 2.5% and 3.1%, respectively: 

∆σnf (
231Pa) = σnf(

231Pa) ƒ{∆σnf(
237Np), ∆m(237Np), ∆m6(8), ∆N(231Pa), ∆N(237Np)} (2) 

The point wise uncertainty of the obtained cross-section is smaller than 4.5%. 

Results 

In Fig. 3 the experimental results (IRMM 2004, blue triangles) are shown in comparison with the 
other data mentioned above. It is obvious, that our data confirm the surrogate data obtained by a 
particle transfer reaction [10] and are again somewhat smaller than the cross-sections reported 
by Plattard et al. [8]. Fission cross-section calculations have been performed following the 
concept presented in e. g. ref. [5] based on our new data. The agreement with experimental data 
even at the region of vibrational resonances is a satisfying observation. However, experimental 
cross-section data below 20 keV still escape from a proper description by the new calculations. 

Figure 3. Fission cross-section data of 231Pa obtained at the VdG-driven neutron source of 
the IRMM (blue triangles) in comparison with other data from literature [6-10]; the 
full line represents cross-section calculations based on the new IRMM data (see 
text for details). 
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Conclusions

A first series of fission cross-section measurements for incident neutron energies between 0.6 
and 3.4 MeV has confirmed a first chance threshold value around 1b. In contrast to our findings 
for the fission cross-section in 233Pa [4], both the direct and the surrogate cross-section data lead 
to the same result. This seems to support the assumption, that only in cases, where ingoing and 
outgoing particle are similar, particle-transfer reactions give results that are in agreement with 
those obtained from direct compound nuclear reactions. 
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Abstract. Understanding the state of hydration water in cements, the dynamics of water 
confined in nanopore structures, and the two-step dynamic process similar to the one in 
glasses and known as β- and α-relaxation is a topic of high fundamental interest in 
condensed matter physics. QENS and INS experiments on hydrated cement pastes after a 
long aging time were performed using the TOF spectrometer DIN 2PI at IBR–2 reactor, JINR 
Dubna. Our experimental results confirmed the conclusions of the recent theoretical and MD 
simulation papers on the existence of supercooled water confined in the matrix structure of 
cement. A wave vector transfer Q dependence of the dynamic structure factor S(Q, � ) at 
constant energy transfers �  = hω revealed a nanometric structure where the water molecules 
were trapped in the nanoporous matrix. The relaxation dynamics suggested the existence of a 
fractal process.

Introduction 

We previously investigated the inelastic neutron scattering spectra measured on hydrated 
cement paste in the presence of fresh precipitate of ferric hydroxide Fe(OH) 3, phosphate 
Fe2(PO)4, and NaCl [1]. Quasi-elastic neutron scattering (QENS) is a new such technique for 
monitoring the hydration of cementation materials [2]. Using QENS it was shown [3] that the 
translation dynamics of the center of mass of a water molecule could be described by the 
relaxing cage model [4] developed for supercooled water. The QENS technique has shown 
that the hydrated cement paste contains C - S - H in a gel form and C - H in the form of 
colloidal particles imbedded in the C-S-H matrix. This is a continuous process increasing the 
immobile fraction of water [3, 5]. In this case, the intermediate scattering function (ISF), Fs (Q, 
t) derived from the incoherent dynamic structure factor Ss (Q, � ) is composed of an elastic 
component due to the immobile water inside the colloidal particle (a constant part) and a 
relaxing function deriving from the structural relaxation of the interfacial water [6]. 
New experimental data obtained by INS on hydrated and deuterated long-aging cement 
pastes are presented in this paper. The INS spectra were analyzed in terms of the incoherent 
dynamic structure factor Ss (Q, � ) and ISF for the hydrated and, respectively, dynamic 
structure factors Sd (Q, � ) and Fd(Q,t) for deuterated samples across a wide range of wave 
vectors Q and energy transfers. The generalized vibration density of states G( � ), ISF and S 
(Q, ε) revealed new features of the translational and rotational motions of H2O and D2O water 
molecules in the cement matrix. The behavior of S (Q,� ε) at constant ωh  showed that a 
nanometric structure was present. 

Theoretical background 

The basic formalism connects the correlation functions of atomic motions with the double 
differential neutron scattering cross section d2σ/dΩdε by: 
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Here b is the bound nuclear scattering amplitude; k, k0, E, E0 are the absolute values of the 
wave vectors and the energies of the scattered and incident neutrons; ε = ωh = Ε −Ε0 is the 
energy transfer in the scattering process; h Q = h ( k0 - k) is the magnitude of the wave - 
vector transfer and S(Q, ε) the dynamic structure factor. It was shown by van Hove [7] that S 
(Q, ω) is related to the self-correlation function Gs (r, t) and the pair time-correlation function 
Gd (r, t) for atomic motions. 
The latter functions are related to the incoherent dynamic structure factor, Ss (Q, ω) and 
Fs(Q,t), and the dynamic structure factor Sd (Q, ω) and  Fd(Q,t), respectively. 
From an incoherent scatterer, the density of states G(ε) can be obtained in the harmonic one- 
phonon approximation (OPA). 

Here, F (x) is the thermal population factor given by )11(
2

1
)1()( 1 ±+−= −xexF , 

)2exp( W−  is the Debye-Waller factor, and M is the mass of the scattering unit. On the other 

hand, for a coherent scatterer, G(ε)  can be derived from a method based on the averaging of 
the coherent effective cross-section due to the orientation variations of the final wave vectors: 
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where bcoh is the coherent scattering length, and Q1 and Q2 are the minimum and maximum 
values of the wave vector transfer Q of neutrons scattered between angles θ1and θ2.

Experimental procedure 

The samples were prepared from a known quantity of dry C3S powder mixed with distilled 
water to produce a paste with 0.60 water/C3S weight ratio. The inelastic neutron scattering 
experiment was carried out at the Frank Neutron Physics Laboratory (FLNP) in Dubna, by 
using a DIN - 2PI high-intensity time-of-flight spectrometer at the fast pulsed reactor IBR 2. 
The samples were closed into rectangular aluminum cells to avoid loss of water and paste 
contamination under influence of the environment. Two incident neutron energies, 4.439 meV 
and 10.476 meV were chosen leading to a resolution in the range of meV5.028.0 ÷  (full 
width at half maximum of the elastic line scattered from vanadium). The Q ranges covered in 
the experiment for the two incident neutron energies were 0.15 Å-1< Q < 2.7Å-1 and 0.23 Å-1< 
Q < 4.1Å-1, respectively. 

Data analysis, results, and discussion 

The experimental data were analysed in the ),( ωQ  space in terms of constQQS =),( ε  and 

constQS =ωε ),( . Fig. 1 and Fig. 2 show the inelastic dynamic structure factor ),( εQSs  and 

),( εQSd at constant ε  obtained from INS measurements on hydrated and deuterated 

cement pastes, respectively. At very small ε  values such as 6.0<ε meV, the static structure 
and its relaxation after very long times can be described by an average structure factor 
calculated from a hard-core sphere rigid potential. The diameter of the spheres can be 
chosen in the range 7.4 ÷  8.4 Å to get a good fitting of the experimental results. After shorter 
relaxation times, the first peak located in the above indicated range did not change its 
position, but remained centered at a Q value corresponding to a nanocrystalline cluster with 
an average diameter of about 7.5 Å. The dimension of the range ordered regions was about 
25 Å for all relaxation times investigated in the experiment. Our data indicate the existence of 
a local structure extended to 25 Å and composed of crystallites with an average typical 
diameter of 7.5 Å ÷  8.4 Å.  
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From the Q dependence of ( )ε,QS  at constant ε, we concluded that the extended order to 
25 Å could not be described in terms of a hard sphere cluster having dimension integers. This 
could suggest that, during the relaxation process, a model based on fractals is more 
consistent with what is currently known of the hydrated cement structure. The origin of the 
fractal structure of C-S-H/D gels can be seen as a process of aggregation of individual 
colloidal particles into an extended cluster structure. This process known as diffusion-limited 
aggregation was investigated in [16]. The size of the cluster, as indicated by our estimations 
from Figs. 1 and 2, is 7.5 - 8.4 Å (s ~ RD). Taking into account the density-weighted mean 
radius, we obtain a D value 2 < D < 3. This is interpreted as a fractal volume applied to 
porous materials over a certain length scale.   
The dynamic structure factors are the time Fourier transforms of the corresponding ISF. The 
ISFs for hydrated (C+H2O) and deuterated (C + D2O) cement pastes at Q = 1 Å-1 and T = 293 
K are shown in Figs. 3 and 4 as a function of time in logarithmic scale. 

Extensive calculations of these functions by means of MD on supercooled water were 
presented in [9]. The experimental results from fragile glass-forming liquids showed that, on 
supercooling, each molecule or atom experienced a higher degree of confinement in a 
potential well, called a cage, due to neighboring atoms. Within the cage, the confinement 
showed a behavior as a plateau of the dynamic structure in the intermediate time range. The 
considered molecule remained trapped in the cage for long times as the sample approached 
a temperature Tc called the temperature of structural arrest in the mode-coupling theory 
(MCT) [10]. The investigation which tested MCT using molecular dynamics (MD) found that 
MCT prediction were satisfied by supercooled single point charge (SPC / E) water [11, 12]. At 
ambient pressure, the bulk water can be supercooled only down to about 235 K. Our 
experimental results (Figs. 3 and 4) showed the ISF for both hydrated and deuterated 
samples in (Q, t) space to decay from a single exponential, which is typical of a liquid 
behavior, to a two-step process typical of a glass-like behavior. Around Tc interpreted as the 
temperature of the structural arrest, ISF decayed rapidly to a plateau region called β
relaxation regime, and then decayed slowly to zero, called α relaxation regime. This dynamic 
picture is fully supported by our data. The H / D dynamics in H2O and D2O confined in the 
cement matrix upon supercooling for t < 0.2 ps is similar to the dynamics in the ordered 
solids. From Figs. 3 and 4 we also can see that the dynamics of hydrated and deuterated 
samples were very similar. The H / D relaxation function shows a small first bump centered 
around 0.1 ps associated with a significant harmonicity in the dynamics at short times [13] 
and discussed in [14]. A second bump is observed at t ~ 1 ps in agreement with the MD study 
of supercooled water [9]. According to the latter paper, this bump reflects the strength of the 
translational-rotational coupling.         
Finally, we present an analysis of the data in terms of the generalized frequency distribution 

)(εG shown in Figs. 5 and 6. The shape lines of these spectra clearly show that they are 
dominated by the H2O and D2O dynamics inside the cement matrix. Earlier papers [15] 
concluded that near the melting point the vibrating motions in water closely resembled the 
motions in ice. For low temperatures close to ice state, the hindered rotations peak is located 
at about 80 meV. This spectral part derived from the neutron spectra measured on C + H2O is 
very similar to the earlier results obtained for ice. A calculation of the dispersion relations in 
ice [15], using the elastic constants of ice, allowed to conclude that the concentration of 
acoustic vibrations is in an energy range around 7 meV and of the optical vibrations around 
20 – 25 meV.  

Figure 1. C+H2O-Dynamic structure 
factor

Figure 2. C+D2O-Dynamic structure 
factor
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Conclusions 

- The dynamic structure factor S(Q, ε) at constant energy transfer reveals a nanometric 
structure of the hydrated and deuterated cement matrix. 

- The ISF for H2O and D2O confined in the cement matrix reveals a two-step process 
interpreted as β relaxation regime and α relaxation at longer times. These observations 
are in satisfactory agreement to the MCT theory and MD simulation for supercooled bulk 
water. 

- The density of state G(ε) suggests that the degree of confinement is higher for D2O than 
for H2O.  
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Abstract. Extensive examinations of works of art by means of traditional methods used by 
art historians, such as comparisons of their composition, iconography and style, have been 
enhanced in the 20-th century by comprehensive technological studies with use of 
complementary physical and chemical methods. Many works of art and artefacts in public 
collections were removed from their original sites long ago. The identification of their material 
composition provides fundamental information on the techniques of individual Masters and 
schools. Such a relationship can be invaluable in the support or in the disputation of 
authenticity of many objects with uncertain or unknown provenance. 
Among various methods used for the examination of art objects, instrumental neutron 
activation analysis (INAA) is crucial due to its high sensitivity, reproducibility and capability of 
simultaneous determination of several  tens of elements from a sample weight of the order of 
milligrams. The concentration of trace elements in an object ( so-called ‘finger print’) depends 
not only on the place where the samples was taken, but also on the technological process 
used in its production. Systematic studies on works of art using instrumental neutron 
activation analysis have been carried out in the Institute of Nuclear Chemistry and 
Technology in collaboration with Academies of Fine Arts in Krakow and Warsaw, as well as 
with National Museum and Archaeological Museum in Poland. Compositional studies using 
INAA have been carried out on pottery, glass, and glazes; metal objects formed of gold, 
silver, iron, tin, lead, bronze, and various alloys; stone and minerals and painting pigments 
and media. It was possible to accumulate a number of essential data on the concentration of 
trace elements in these works of art and archaeological artefacts. 
Using INAA we have achieved a complete investigation of the materials and the techniques of 
creation, and we have obtained information about the corrections and restorations works. This 
knowledge is of high importance for further technological and provenance studies of 
investigated objects. 

The method 

The activation analysis method is one of the modern instrumental analytic methods. Since 
1950 it is has been an important technique used to analyses trace elements at the level of 
ppm or even smaller in wide range of materials, In the 1950’s there was no technique that 
could compete with this method. At present, though there are other methods with comparable 
sensitivity, neutron activation analysis still offers new capabilities thanks to the development 
of electronics and availability of increasingly technologically advanced instruments. This 
results in enhanced precision, accuracy and detectability. It is of importance that the elements 
which are the main constituents of lead white, clay, kaolin, alabaster and marble are  
insensitive to nuclear reactions with thermal neutrons of the (n, � ) type or yield short-lived 
radioisotopes [1,2]. Since 1989, systematic studies of works of art and archaeological objects 
have been conducted in the Institute of Nuclear Chemistry and Technology in Warsaw. They 
are mainly concerned with the determination of trace elements in pigments, ceramic 
materials, ores and copper alloys. Recently our research capabilities have been extended by 
constructing a station for neutron-induced autoradiography of paintings at the MARIA nuclear 
reactor at Swierk near Warsaw. The results of these studies throw new light on the 
authenticity and individual history of the objects examined. 

Activities 

The work carried out in the Institute of Nuclear Chemistry and Technology in the last decade 
was mainly concerned with panel paintings and archaeological objects. 
Analysis of results obtained should answer the following questions: 1) are the distributions of 
trace elements in the materials analysed characteristic of a given material? 2) is it possible to 
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establish groups of objects that exhibit the highest similarity? For this purpose we employ 
multivariate analysis of clusters using the STATISTICA program (StatSoft) [ 5]. 

Painting 
The objects examined so far included: 

• Polish panel painting from the Krakowsko-Sadecka School and Malopolska School from 
the period 15th-16th century, owned mainly by the Diocesan Museum at Tarnow (25 
objects) [3,5,6,7]. 

• 15 and 16th century painting from the Silesian School owned by the National Museums in 
Warsaw and Wrocław (18 objects) [5,6,7].  

• 16th century Dutch and German paintings of the so called the Lanckoro � ski Collection 
from the collections of the Warsaw Castle (19 objects) [5,6]. 

• 15-18th century Venetian painting from the collections of the National Museum in Warsaw 
(33 objects) [6,7]. 

The studies were concerned with the determination of trace elements in lead white, chalk and 
grounds. Their purpose was to answer the question whether the trace element distribution 
pattern was characteristic of and unique for the material examined or whether it resembles 
the pattern for materials used by another important European workshop, which could have 
influenced the author of the painting examined. 
It follows from the comparison of the data sets obtained for the paintings of the Malopolska 
School  that masters working in their circle used lead white from various sources. The 
Malopolska School used lead white with high zinc concentration at a constant level of several 
tens of ppm. This concentration is higher than in paintings of the Silesian School. Also the 
trace element distribution in the case of the Silesian School is more similar to the distribution 
characteristic for Dutch and German paintings. It can be supposed that in the case of 
Malopolska School lead was obtained from local deposits from the Olkusz region. In order to 
determine the degree of similarity between Malopolska and Silesian Schools analysis of 
clusters, based on their features, was carried out. The results of analysis of 41 objects 
described by 32 features representing the concentrations of 32 elements are presented in 
Fig.1 in the form of a dendrogramme [3,5,6,7]. 

Sculpture 
Attempts have been made to establish the origin of a precious 14th century alabaster 
sculpture of St. Jack’s Madonna. For this purpose alabaster from Cracow and Lvov deposits 
was analyzed. The concentration of trace elements in the sculpture and in samples from the 
quarries was compared. The results of this analysis allowed for the exclusion of one of the 
hypotheses of art historians that the sculpture was made of alabaster from Malopolska 
Region in Poland as well as for the reconstruction of the original polychromed layers of the 
sculpture [8].  

Archaeology 
The main purpose of trace elements analysis in studies of archaeological objects is to 
establish the process of formation of a given work of art or an object of daily use, the place of 
its origin and to identify the material it is made of. It is also possible to establish commercial 
links between various centres. 
The objects examined included: 
• clay fillings of sarcophagi of Egyptian mummies from the period of 21st Dynasty, as well as 

from the Ptolomean and Roman periods owned by the Archaeological Museum in [5,6]. 
• 12th century Chinese porcelain and 14th century Thai ceramics from the Sawankhalok 
     region, from collections of the National Museum and Museum of Asia and Pacific Ocean 
     in Warsaw (28 objects) [5,6]. 
• silver and gold antiquities from collections of the Department of the Iron Age of the 

National Archaeological Museum in Warsaw, dated 1st century B.C. (8 objects) [6]. 
• antiquities from the Roman Period (1st century B.C.?): fragments of jewellery made of 

copper alloys as well as and foundry moulds (century?) for tin products (17 objects). 
• a selected set of 115 Roman silver denarii, minted during the period 138 A.D. to 161 A.D. 

have been examined in order to determine their silver and copper contents; all these  
denarii have been found at Romanów near Krasnystaw in Poland; the Cu/Ag mass ratios 
were determined for the detection of debasement and ancient counterfeiting of coins. 



131

Tree Diagram for 41 Cases 
Ward`s method

Euclidean distances

(D
lin

k/
D

m
ax

)*
10

0

0

20

40

60

80

100

120

0
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16
17

18
19

20
21

22
23

24
25

26
27

28
29

30
31

32
33

34
35

36
37

38
39

40
41

42

Malopolski School Silesian School 
Adoration of Dead Christ – Chomranice 
(No 12) 

1438-9 St. Barbara’s Altarpiece (No31) 1447 

Triptych - Ptaszkowa ( Nos 26, 29 ) 1440 Crucifixion Triptych - Peter 1468 
Mourning over Dead Christ - Czarny Potok 
(No 9) 

1452 Wartenberg’s Foundation (No32)  

Triptych - Nowy Sacz ( No 11 ) 1456 Crucifixion Triptych (No34)  1440/50 
Triptych - Kamionka Mala ( Nos 23, 24 ) 1456 The Polyptych of Strzegom (No 40) 1468/87 
St. Catherine of Alexandria - Biecz ( No 10 ) 1470 The Polyptych from St. Elisabeth 1482 
Triptych with St. Adalbert of Czchow (No 8) 16th c. Church - Wroclaw  (No 39) 
Virgin with Child and St.John the Baptist 
(No 1) 

16th c. Triptych of St. Hedwig’s Legend  
(No 36) 

1440 

Triptych with St. Bartholomeus’s Legend -
Kamionka Mala ( No 20 ) 

~1460 Mourning - Wroclaw  ( No 30) 16th c. 

Baptism of Christ – Chelmiec ( No 22) 1420 Werder’s Epitaph , Wroclaw (No 33) 1456 
Crucifixion  - Korzenna ( No 14 ) 1440 Andrzej Steinberg’s Epitaph - SS. 

Stanislaus and Vaclav Church at 
Swidnica (No 35) 

15th c. 

Triptych  Sacra Conversatione - Chotelek 
Zielony ( No 25 ) 

16th c. Prince W. Zaganski’s Epitaph - Wroclaw 
(No 37) 

15th c. 

Virgin’s Death – Cracow’s Cathedral (No 21) 1521 Dolorous Christ - St. Elisabeth Church, 
Wroclaw  (No 38) 

15th c. 

Triptych – Lekawica ( Nos 27, 28 ) 16th c. St. James’s Life – Archidiocesan 
Museum in Wroclaw (No 41) 

15th c. 

The Coronation of the Virgin–Cracow (Nos 
15, 16)  

1520  

Portrait of Bishop Latalski – Cracow (No 19) 16th c.  
Triptych – Wojtowa ( No 18 ) 16th c.  
Last Supper – Gromnik ( No 2 ) 16th c.  
The Virgin and Child – Paczaltowice ( No 3 ) 15th c.  
Triptych of Kondratowa ( Nos 5, 6, 7 ) 1595  
St. Paul’s Birth – Jurkow ( No 4 ) 15th c.  
Mother Dolorosa – Cracow ( No 13 ) 15th c.  
St. Stanislaus and Piotrowina – Cracow 
(No 17) 

15th c.  

Figure 1. Cluster analysis of  41 paintings of Malopolski School and  Silesian School 
described by 32 features. 

Analysis of trace elements in sarcophagi clay fillings of Egyptian mummies is an important 
source of information about the history and origin of a given sarcophagus. The concentration 
of the elements determined is similar for three objects (from 19th Dynasty and Ptolomean 
periods), whereas the Roman sarcophagus exhibits distinct differences in the concentration of 
iron, arsenic, cobalt, nickel, hafnium and gold. The  results obtained provide the initial data for 
a data base, which will enable  comparisons of materials used in the Ancient Egypt [6]. 
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The studies on Chinese porcelain and Thai ceramics aimed at solving the question of 
authenticity  of the given object. Both extensive collections of the National Museum and 
Museum of Asia and Pacific Ocean are being examined using INAA and XRF in order to 
determine the elemental composition of the ceramics and to answer the question if  wares of 
similar stylistic features came from one or more workshops located in the same region [5,6]. 
The goal of studies on the ancient silver and gold antiquities, carried out in collaboration with 
the National Archaeological Museum in Warsaw is to obtain information which would enable 
further studies on ancient goldsmith technologies, localization and range of goldsmiths’ 
workshops, emerging and adaptation of ornamentation styles and commercial links inside the 
so called Barbaricum and with the Roman Empire. In our opinion, first general conclusions 
could be drawn on the basis of analysis of about 300 objects. In addition to objects made of 
ores, the examined materials include various antiquities made of other metals (copper alloys, 
iron, tin).  
The results of preliminary analyses indicate that ancient jewellers obtained metal from local 
deposits-nuggets, which throws new light on the problem of old silver and gold metallurgy in 
the territory of Poland [6]. 

Neutron-induced autoradiography 
Apart from INAA, SEM-EDX and XRF, while conducting complex examination of the Venetian 
painting, we have included a modified neutron activation, i.e. neutron-induced 
autoradiography. All the paintings under analysis were irradiated in a specially designed 
station at the research reactor MARIA in Swierk.     
  Beta rays emerging from the painting surface irradiated by thermal neutrons 
recorded on a X-ray film display distribution of elements used for creating individual layers of 
the painting. It allows for tracing the particular phases of the painting structure invisible for the 
naked eye [9,10]. This method was presented on NEMEA-1 Workshop in Budapest [11] 

Conclusions 

The last decade of collaboration between the Institute of Nuclear Chemistry and Technology 
and art historians, conservators and archaeologists in the field of examining works of art has 
proved very successful. It must be emphasized that among various methods used for 
technological examinations of art objects the INAA is essential, however, it can be truly 
beneficial only after combining results obtained from the use of other methods. 
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Abstract. The next generation spallation neutron sources, neutrino factories or RIB 
production facilities currently being designed and constructed around the world will increase 
the average proton beam power on target by a few orders of magnitude. Increased proton 
beam power results in target thermal hydraulic issues leading to new target designs, very 
often based on liquid metal targets such as Hg, Pb, PbBi. Radioactive nuclides produced in 
liquid metal targets are transported into hot cells, into pumps or close to electronics with 
radiation sensitive components. Besides the considerable amount of photon activity in the 
irradiated liquid metal, a significant amount of the Delayed Neutron (DN) precursor activity 
can be accumulated in the target fluid. The transit time from the front of a liquid metal target 
into areas, where DNs may be important, can be as short as a few seconds, i.e. well within 
one half-life of many DN precursors. Therefore, it is necessary to evaluate the DN flux as a 
function of position and determine if DNs may contribute significantly to the activation and 
dose rate. 

The multi-particle transport code MCNPX combined with the material evolution 
program CINDER’90 is used to predict the DN precursors and construct the DN tables. These 
DN tables are employed within the generalized geometrical model of the MegaPie spallation 
target at PSI (Switzerland). We show that the contribution of DNs and prompt spallation 
neutrons to the neutron flux is comparable at the very top of the liquid PbBi loop. We also 
demonstrate that these estimates of DNs within MCNPX are very much model-dependent. No 
experimental data are available for DN yields and time spectra from high energy fission-
spallation reactions. An experiment to perform these measurements is proposed. 

Introduction  

Liquid PbBi metal loop in the case of the MegaPie spallation target, as in most of the high 
power spallation targets based on liquid metal technologies (e.g., [1]), extends much further 
compared to the primary proton – heavy metal interaction zone (~27 cm defined by the 575 
MeV proton stopping range). As it is presented in Fig. 1 (on the right), the activated PbBi 
reaches as high as 400 cm arriving in the heat exchanger, from where it returns to the initial 
position. It takes ~20 s for the entire ~82 liters of PbBi make a “round trip” at a flow rate ~ 4 
liters/s. It is clear that a big part of the DN precursors, created in the interaction region via 
high energy fission-spallation, will not have enough time to decay completely even at the very 
top location of the liquid metal. The main goal of this work is to provide quantitative estimates 
of the neutron fluxes due to DNs at the top position of the heat exchanger (see Fig. 1) and 
compare it with the prompt neutron flux at the same location.  

Calculation procedure

Similarly as in [1] we employ the multi-particle transport code MCNPX [2] combined with the 
material evolution program CINDER’90 [3]. The DN data (emission probabilities and decay 
constants) were based on the ENDF/B-VI evaluations [4]. For the MegaPie project we used 
575 MeV (1.75 mA; 1 MW) proton beam interacting with the liquid PbBi target. We modeled 
the 3-D geometry of the target in detail by taking into account all materials used in the design 
[5].    
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Figure 1. On the right: a schematic view of the MegaPie target with dimensions given in 
(mm). PbBi flow directions are indicated by arrows. On the left: cross section of the liquid 
PbBi loop as a function of the PbBi geometrical position – trajectory x (cm).    

The following procedure was applied to estimate the DN parameters for MegaPie: 
1) calculation of independent fission fragment distributions with MCNPX; 
2) calculation of cumulative fission fragment yields with CINDER’90; 
3) identification of DN precursors and construction of the 6-group DN tables. 

After having built the DN table we developed a generalized geometrical model to estimate the 
DN activity densities at any position x of the MegaPie target loop (see Fig 1.). Within this 
model the DN activity at position x can be expressed as 

with τa ,s - activation time (PbBi under irradiation); T, s - total circulation period of PbBi; τd , s - 
transit (decay) time to reach the point x; λi , s

-1  - decay constant of the DN precursor i; ai , 
n/(s cm3) - density of DNs due to the precursor i. 

Results 

By the use of the above equation and Table 1 we found that at the very top position of the 
MegaPie PbBi loop (400 cm level above the target window) the DN activity is of the order of 
2x105 n/(s cm3) if the INCL4 model is used (see Fig 2 and Table 1). This intermediate result 
permitted us to estimate the neutron flux level in the MegaPie heat exchanger. For this 
purpose again using MCNPX we modeled in detail the heat exchanger geometry and 
recalculated neutron flux now inserting the volumetric DN source as a function of x. We found 
that the neutron flux at this position due to DN and prompt spallation neutrons is of the same 
order of magnitude, both equal to a few 106 n/(s cm2).  This preliminary result shows that 
activation and dose rates due to DN should not be neglected. 

Model dependence of DN estimates 

Unfortunately there is no experimental data available for DN yields from high energy fission-
spallation reactions to test our predictions. In addition, the best available data for isotopic 
fission fragment distributions [6] contain only one delayed neutron precursor for each Z, being 
the last measured isotope on the neutron rich-side (e.g. 87Br  and 92Rb in Fig. 3). Furthermore, 
in the case of a thick spallation target one would need data for all energies to take into 
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account the proton transport phenomena. Therefore, a number of different intra-nuclear 
cascade models within MCNPX [2] were tried in order to evaluate possible uncertainties in our 
results. 

Figure 2. DN activity as a function of the PbBi geometrical position x (see Fig. 1). 
Contributions due to the individual DN groups (from 1 to 6) are also presented.  

Table 1. DN parameters (6-group representation) in the case of the MegaPie target. Note that 
DN yields are normalized for 106 incident protons. 

INCL4 model CEM2k model 

Group T1/2, s ai, n/p times 106 T1/2, s ai, n/p times 106

1 55.489 0.87 55.600 6.78 

2 16.290 0.89 16.346 15.25 

3 4.985 0.44 4.658 23.58 

4 1.900 1.19 1.629 174.24 

5 0.519 0.21 0.451 129.95 

6 0.197 0.00 0.108 233.52 

Total (averaged) (18.703) 3.59 (1.903) 583.35 

Fig. 3 presents fission fragment distributions for the p(1 GeV) + Pb reaction in the case of Br 
and Rb isotopes: both theoretical and experimental values [6] are presented. After 
examination of these and other isotopic distributions with the precursors of DNs we choose 
only two physics models to construct the delayed neutron tables, namely INCL4 and CEM2k. 
The INCL4 predictions are the closest to the experimental data, while CEM2k results in 
systematic overestimation of neutron rich nuclei. In other words, the DN estimates based on 
these two models would give limiting values of possible DN fluxes within MCNPX.  

In Table 1 we provide the 6-group DN parameters based on different physics models, 
namely INCL4 and CEM2k as discussed above. In brief, both the yields and time spectra of 
DNs are model-dependent nearly by two orders of magnitude. This analysis shows that DN 
yields and time spectra from high energy fission-spallation reactions should be measured 
since no data of this type are available. This data would certainly constrain the physics 
models within the MCNPX code, and the fission fragment distributions on the neutron rich-
side in particular. 

In this context we propose to perform DN measurements using 1 GeV protons 
interacting with massive Pb target at PNPI Gatchina, St Petersburg, Russia. DNs will be 
detected with optimized He-3 counters following specific irradiation intervals, namely with long 
(~300 s), short (~10 s) and very short (~50 ms) irradiation periods in order to enhance the 
contribution of different periods of DN precursors. With available proton beam intensity of 
~10-100 nA we expect to produce up to ~105-106 n/s of DNs over 4� .  Estimated counting 
rate with a single He-3 detector is of the order of ~50 n/s at t = 0. Not only the total yield of the 
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DNs but also their decay curves will be measured in order to extract the corresponding decay 
constants and single group weighting factors within the 6-group DN model. 
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Figure 3. Fission fragment distributions form the p(1 GeV) + Pb reaction for Br and Rb 
isotopes. Both theoretical model calculations and experimental data [6] are presented.

Summary 

The DN flux and corresponding time spectra were estimated in the case of the MegaPie 
spallation target at PSI (Switzerland). For this purpose a generalized geometrical model was 
built, and could be used for other liquid metal targets. The DN tables within 6-group model 
were constructed for the first time for high energy fission-spallation reactions.  

We showed that the neutron fluxes at the very top position of the MegaPie due to 
DNs and due to prompt spallation neutrons were of the same order of magnitude, i.e. both 
equal to a few 106 n/(s cm2). This result warns that DNs can result in operational issues, 
which must be taken into account in detailed design studies of high power spallation targets 
based on liquid metal technologies. 

We also demonstrated that the final estimates of DNs were very much model-
dependent within the MCNPX code. No experimental data are available for DN yields from 
high energy fission-spallation reactions. The experiment to perform these measurements is 
proposed and will be carried out in 2005.  
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Abstract. An increased urgency has been associated with the development of new and 
improved means for the non-destructive characterization of nuclear waste or weapon grade 
materials that might be hidden in large storage blocks or cargo containers. Passive detection 
methods based on measurements of neutrons and/or photons are either inapplicable or 
impractical in many such cases. Active interrogation with neutrons or photons in a variety of 
forms currently depends upon the observation of 

�
-delayed neutrons following induced fission 

to provide a unique signature for fissile material. However, the shielding provided by a thick 
waste container envelope, typically made of concrete of high density as well as with high 
water content, could be so large that this method will fail or will have very low detection 
sensitivity. Equally for identical reasons only high-energy neutrons or high-energy gammas 
have high enough range to activate the enclosed actinides. 

In this paper we provide quantitative estimates on the detection limits of fissile 
material in the case of typical nuclear waste containers surrounded by massive concrete 
layers with variable contents of hydrogen. Signals of prompt photo-fission neutrons, 

�
-delayed 

gammas and 
�
-delayed neutrons are examined for direct comparison. Advantages and 

disadvantages detecting all these observables are discussed. We show that 
�
-delayed 

gamma rays can offer an increase in sensitivity for the detection of fissile materials by as 
much as 2-3 orders of magnitude (depending on the hydrogen content in the waste envelope) 
when compared to the detection of 

�
-delayed neutrons. Due to the lack of experimental data 

on decay photons from photo-fission fragments an experimental program is proposed to 
confirm these investigations. 

Introduction  

The material interrogation via photo-fission consists of irradiating radioactive matter 
with high-energy Bremsstrahlung photons in order to produce ( ,fiss) reactions in the 
enclosed actinides. Measurements are based on detecting either delayed neutrons 
(DN) [1], or prompt neutrons (PN) [2], or delayed photons (DN) [3] in order to 
establish the quantity of fissile material present as shown in Fig. 1. The major goal of 
this work is to provide quantitative comparison among the above three observables in 
terms of the expected signal of fissile material in the case of typical nuclear waste 
containers surrounded by massive concrete layers with variable contents of 
hydrogen. 

Figure 1. A schematic view of the photo-fission interrogation: emission of either PNs, 
or DNs , or decay DPs will take place following the photo-fission event. 
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Waste characterization with DNs, PNs, and DPs 

The three measuring methods have their advantages and drawbacks. Below we try to 
summarize some of them: 

Delayed Neutrons 
An advantage of this method is that the DN signal is proportional to the actinide mass in the 
waste. In principle, it is unaffected by photo-neutron interference and the gamma-flash [1]. 
However, the signal itself is rather weak, i.e. there are only ~ 1 % of DNs emitted per fission. 
DN averaged energy is ~ 0.6 MeV, i.e. attenuation level is high and emitted DNs will have 
strong dependence on hydrogen content in the waste matrix. The signal interference due to 
the reaction 18O(� ,p)17N (the threshold ~15 MeV) and emission of DNs (T1/2 = 4.17 s) in some 
cases may become a limiting factor. Finally, the signal background due to thermal neutrons 
also might be an issue.      

Prompt Neutrons 
This method is statistically satisfactory [2]. A number of prompt neutrons emitted in fission is 
typically by two orders of magnitude greater than the number of delayed neutrons. In addition, 
prompt neutron energy (~2.0 MeV) is somewhat higher than delayed neutron energy (~0.6 
MeV), what favors higher permeability through the waste matrix to the detection system. On 
the other hand, (� ,xn) reactions on the converter target and also on different materials other 
than ACTINIDEs produce signal interference that increases proportionally to the energy of the 
incident photons. Further more, the interrogation photons may “blind” the measurement 
system for a period up to ~1 ms (the “gamma flash”), what limits the counting of the prompt 
signal. Finally, as in the case of DNs, PN signal will be very much dependent on the waste 
matrix and its hydrogen content in particular.     

Delayed Photons 
The main advantage of this method is that it will not depend on the hydrogen content in the 
waste matrix. In addition, detection of delayed photons would increase the detection 
sensitivity due to the relatively high intensity of

�
-delayed �  rays (2-photons/fission. Large 

area and low resolution plastic scintillators are potential candidates for such a detection 
system [3]. Since, like in the case of DNs, one is detecting a delayed signal, this method is 
unaffected by prompt photo-neutron interference and the gamma-flash. On the other hand, 
decay photons from different activation products (other than actinides) may produce 
interference that would increase proportionally to the intensity of the incident Bremsstrahlung 
photon flux. 

Calculation procedure

In order to compare the above three methods we employ the multi-particle transport 
code MCNPX [4] combined with the material evolution program CINDER’90 [5]. The 
DN and DP data (DN emission probabilities, DP intensities and decay constants of 
fission fragments) were based on the ENDF/B-VI evaluations [6] from neutron 
induced fission. Our choice to use the decay data from neutron induced fission is 
mainly due to the absence of equivalent data for photo-fission. However, by following 
the systematic approach in terms of the same composite nucleus before fission and 
comparable excitation energy for photon and neutron induced reactions, we expect 
our results be justified and valid at least within a factor of two. 
 We model a typical concrete block, characterized by its dimensions of 120 x 
120 x 150 cm3 and density of  = 3 g/cm3. A volumetric waste source is placed in the 
center and defined as a ~2 liters cylinder. Within this volume either DNs, or PNs, or 
DPs start their transport history and outgoing particles are tracked using Monte Carlo 
techniques within MCNPX. Realistic energy spectra of all particles are taken into 
account in detail. The main variable in our modeling is the hydrogen level in the 
concrete matrix. This quantity is allowed to vary from 0 to 2.5 %. 
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Results 

As it was mentioned above, the main disadvantage of DPs is that some of the 
activation products may produce undesirable background. However, by conditioning 
detected DPs in terms of their energy and measuring time one can overcome this 
drawback. From Fig. 2 (on the left) one can see that photon decay curves from 
fission fragments are defined by their characteristic averaged half-lives (similarity to 
DN time spectra). For example, for 235U this <T1/2> is of the order of 19 s within the 
cooling time interval from ~20 s to ~60 s. Decay photons from activation products 
inside concrete are either very short lived (both high and low energy photons) or very 
long lived (high energy photons only) as presented in Fig. 2 (on the right). Therefore, 
by selecting only high energy photons from fission fragments with specific half-lives, 
high energy photons from activation products would contribute only to the constant 
background (within a certain period of data taking).  

Figure 2. Intensity of total and high energy (E�  > 2.5 MeV) DPs as a function of cooling time: 
on the left – from fission fragments of 235U; on the right – from activation products of concrete 
and its impurities (>200 typical impurity isotopes were taken into account).  

How these DPs compare with DNs or PNs escaped from the concrete matrix and 
detected afterwards? In Fig. 3 we present a number of escaped particles as a 
function of hydrogen level in the concrete. Note that in the case of DPs only high 
energy photons are taken into account and the escape signal is normalized per one 
fission event in 235U. From the very preliminary analysis of these calculations we can 
conclude that one of the ways to increase the actinide detection sensitivity would be 
to measure the relatively high intensity of -delayed  rays with energies higher than 
~2.5 MeV that are emitted from short lived fission products. These -delayed  rays 
have yields that are nearly an order of magnitude higher than the corresponding -
delayed neutrons. In addition, these high energy gammas are likely to be transmitted 
through the hydrogenous material at least one order of magnitude better than -
delayed neutrons. As a result, the detection sensitivity of nuclear material could be 
increased by 2 or 3 orders of magnitude (compare green and blue bars). Another 
important result is that, as expected, the DPs escape is not dependent at all on 
hydrogen level of the waste matrix. Finally, we note that at hydrogen content as high 
as 2.5 %, DP signal becomes equivalent even to the PN signal.       

We continued our analysis with delayed photons even further. In Ref. [7] the 
authors argued that isotopic identification of actinides is experimentally feasible by 
measuring delayed neutron time spectra of composite material and by knowing with a 
good precision the base lines of separate isotopes (e.g., identification of 235U and 
239Pu in the Pu-U mixture). In brief, this result was possible because of difference in: 
1) absolute yields of DNs, namely DN(235U)/DN(239Pu)~2.6; and 2) averaged half-lives 
of DN decay curves, namely <T1/2>(235U)~8.8 s and <T1/2>(239Pu)~10.2 s. We 
performed similar analysis in the case of 235U and 238U mixture but using delayed high 
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energy photons from fission as observable. It seems that also with this method 
isotopic identification of actinides would be feasible, again because of difference in 1) 
absolute yields of DPs, namely DP(235U)/DN(238U)~2.0; and 2) averaged half lives of 
DP decay curves, namely <T1/2>(235U)~19 s and <T1/2>(238U)~15 s within the cooling-
detection time interval from ~20 s to ~60 s. Due to the lack of the data on delayed 
photon yields and their time spectra from photo-fission an experimental program 
should be carried out to confirm our results. 

Figure 3. Expected escape particles over 4 �  (PNs, DNs and high energy DPs) as a function 
of hydrogen level in the concrete block. The normalization is per one fission event. In all 
cases the same detection efficiency of 100 % is assumed.  

Summary

Actinide waste detection by photon interrogation and expected delayed photon 
counting was examined and quantitatively compared with counting of delayed 
neutrons and prompt neutrons following the photo-fission event. We conclude that 
with DPs the detection sensitivity of nuclear material could be increased by 2-3 
orders of magnitude if compared to DNs. In addition, contrary to neutrons, the DP 
escape is not dependent at all on hydrogen level or neutron absorbers in the waste 
matrix. Finally, our preliminary calculations show that DPs also could be used for 
isotopic identification of actinides in different sample mixtures in the matrix-free 
environment. In order to confirm the above findings some test measurements will be 
performed at SAPHIR electron accelerator of CEA Saclay already in 2005. 
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Abstract: The Romanian TRIGA Reactor is a material test reactor, operated by the Institute 
for Nuclear Research since 1979. It is a dual core pool type reactor, having a 14 MW steady-
state core (SSR) and an Annular Pulsing Core (ACPR). Besides the material testing activities, 
the reactors are also used as neutron source for experimental facilities related to the neutron 
physics: the graphite thermal column with a 50 cm dia spherical irradiation cavity, the ΣΣ
Secondary Intermediate Energy Reference Neutron Field (installed into the thermal flux 
cavity), prompt gamma neutron activation analysis facility, neutron diffractometry and small 
angle neutron spectrometry, two neutron radiography facilities. The neutron flux density in the 
thermal flux cavity ranges between 2⋅108 and 5⋅1010 n/cm2s. In the ΣΣ facility the neutron flux 
density is 1.4⋅108 – 3.5⋅1010 n/cm2s. The prompt gamma neutron activation facility, linked to 
the radial beam tube of the ACPR core, has an available thermal neutron flux density of 106

n/cm2s. The focusing neutron diffractometer allows a high resolution, i.e. neutron peaks width 
of about 15 min. The underwater neutron radiography facility is used for nondestructive 
control of the nuclear fuel elements. The dry facility installed at the tangential beam tube of 
the ACPR core extends the domain of the applications in the non-nuclear field. The paper 
presents the main characteristics and performances of the above mentioned facilities. 

Reference neutron irradiation facilities at the TRIGA-SSR thermal column 

The TRIGA Reactor thermal column is a graphite block (1716x1144x710 mm) made up of 98 
rectangular graphite cells (12 rows x 8 bricks) in Aluminium cladding placed into the reactor 
pool, positioned on the North side of the steady-state core. The graphite bricks (with adequate 
positioning end gaps) are positioned on a support grid fastened on the bottom of the reactor 
pool. A new device, containing a graphite block with a spherical central dry cavity (50 cm 
diam large) has been placed in the thermal column by replacing 36 central bricks. The 
thermal flux cavity is prolonged by 8 m high dry channel for access and instrumentation 
purposes. A biological shielding (borate polyethylene and lead) is placed on the upper part of 
the dry channel, at about 3 m from the graphite plug. 
The device was designed in such manner that it allows the placement of the ΣΣ standard 
system into the cavity.  
ΣΣ is a thermal-fast coupled spherical assembly located within a conventional graphite 
thermal column. The spherical natural uranium shell, 24.5 cm outer diameter x 5 cm thick, is 
centered in a 50 cm diameter spherical cavity in graphite. It contains also a 1.5 cm thick 
Aluminum-clad spherical shell of vibrocompacted natural boron carbide, which in turn 
surrounds the central intermediate-energy exposure hole of 11 cm diameter. The concept of 
the intermediate-energy standard neutron field ΣΣ has been promoted by CEN-SCK Mol, 
since 1967 [1]. The natural uranium shell acts as a thermal-fast converter; the bulk of the 
fission neutrons is created within the first outer centimeter of this source and undergoes 
appreciable energy degradation through scattering collisions in the system components 
(uranium shell and graphite). The boron carbide shell is aimed to “cut” the neutron low-energy 
tail. An Aluminum holder ring, attached to the graphite plug using zirconium rods, supports the 
uranium shell. The uranium shell attached to the graphite plug is inserted into the cavity, via 
dry channel, using adequate coupling and manipulation tools attached to the crane. The 
device attached in the upper part of the plug allows instrumentation with fission chambers 
placed into the ΣΣ cavity. The instrumentation procedure involves manual assembling of the 
boron carbide and uranium shells. 
The neutron flux and spectrum measurements have been performed using foil activation 
techniques and fission rate measurements by sealed fission chambers, followed by spectrum 
unfolding procedure. The absolute fission reaction measurements, using calibrated fission 
chambers, allow the neutron flux density unit transfer from international reference neutron 
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fields. The fission chambers have been calibrated in the framework of international 
intercomparison programs and have been used for measurements in the reference facilities at 
CEN/SCK Mol. 
The MCNP-4C code package [2] was used for neutron spectrum computations in the thermal 
flux cavity and in the ΣΣ system. The computed spectra were used as guess spectra for 
unfolding procedures. For spectrum unfolding the SAND-II code [3], coupled with the 
IRDF90_V2 Dosimetry File [4] was used. Neutron self-shielding effects have been taken into 
account using corrected cross section data generated by the SELFS-3 code [5]. The neutron 
characterization results of the thermal flux cavity and the ΣΣ reference system are 
summarized in Table 1. 

Table 1. Irradiation facilities characteristics
  Thermal flux cavity ΣΣ System 

Neutron flux density Φ/MON1   (6.48±0.32)x108 n/m2·s 
(n/m2·s·cps) Φ/MON2   (9.14±0.46)x1010 n/m2·s (5.72±0.28)x1010 n/m2·s 

Neutron flux density range 2⋅1010 - 5⋅1014 n/m2·s 1.4⋅1010 – 3.5⋅1014 n/m2·s 
Thermal spectrum temperature (40 ± 4) oC  
Cadmium ratio for gold reaction 52.1 ± 3% 
Thermal neutrons 

(E>0.135 eV)
weight 

(95.2±1)% 

Spectrum mean energy  0.865 MeV 
Irradiation facility  Spherical, 50 cm dia. 

30 cm plug for access 
and instrumentation 

Spherical, 11 cm dia. 

The neutron characterization program demonstrates the accurate knowledge of spectrum 
characteristics and neutron flux densities reported to the local monitoring system count rates. 
Some discrepancies, as compared to other similar facilities, have been identified. These are 
caused by our thermal column particularities: the presence of a water layer between the 
graphite cells (thermal neutron absorption) and smaller geometrical dimensions (neutron 
escape phenomena).    

Multi-element determination by neutron induced prompt gamma ray analysis 

A prompt gamma neutron activation analysis (PGNAA) is an elemental and isotopic analytical 
technique that allows the measurement of the prompt gamma ray emitted within 10-13s after 
neutron capture. Although this analytical methodology is similar to the instrumental neutron 
activation analysis (INAA), PGNAA is characterized by its capability for nondestructive multi-
elemental analysis and by its ability to analyze elements that cannot be determinate by INAA. 
In according to the calculations [6], the analytical sensitivity of PGNAA is higher that of INAA 
in the same neutron fluxes and gamma-ray measurement conditions.  
The PGNAA system is linked to the radial beam tube of ACPR reactor. The schematic layout 
for neutron and gamma ray filter and collimator is presented in Figure1.  
The neutron beam characteristics are:  

� Diameter = 50 mm 
� Cadmium ratio for gold reaction ≅ 80 
� Maximal thermal neutron flux ≅ 106 n/cm2s (ACPR reactor operated at 100 kW steady 

state mode). 
10B and 157Gd concentrations in samples extracted from Cernavoda NPP shut–down systems 
were measured by reporting the count rate/gram of the peaks of the analysed samples to the 
standard ones. Isotopes determination accuracy was less than 4%. The measurements for 
method sensitivity determination and for calibration were performed for B, Gd and Sm. A 
number of aqueous dilutions, containing the above mentioned elements, in various 
concentrations, have been prepared. 
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Figure 1. Schematic layout of PGNAA facility at TRIGA - ACPR reactor 

Focusing high-resolution neutron diffractometer DIR1 

The high-resolution neutron diffractometer DIR1 is linked to the radial beam tube from the 
TRIGA-SSR core.  
The main characteristics of this instrument are: the monochromatic beam take-off angle of 
830, the wave-length of 1.3855 A, the silicon perfect crystal monochromator of 200mm 
diameter and 3mm thickness cut upon the (100) plane, the reflexion plane (511), “the cutting 
angle” of χm = -15.80. The distances source-monochromator, monochromator-sample and 
sample-detector are 5200, 2800 and 1200 mm, respectively. The sample-detector distance 
can be modified in the range 1200-3000 mm and the detector window width can be chosen in 
the range 0-10mm. The sample positioning can be done using a step-by-step motor. 
An important component of the focusing configuration is the pneumatically bending system. 
Changing the pressure inside the bending device, the crystal radius of curvature can be 
modified; the most convenient values lie in the range 7-15 m. The bending system, allowing 

both the pressure changing and its 
control during the diffraction pattern 
raising, is formed by a pressure 
transducer, a step-by-step motor, an 
analog-to-digital conversion card, a PC 
486 computer and the bending device 
itself. 
As neutron detector a BF3 proportional 
counter (2” diameter, type RS-P1-1613, 
manufactured by Reuter Stokes) is 
used. A silicon monocrystal filter (450 
mm length, 100 mm diameter) is used 
in order to reduce the background. The 
angular positions are controlled using 
incremental rotation transducers TIRO. 
The difractometer operation is fully 
automatic. 
The resolution performances of the 
DIR1 diffractometer are presented in 
Figure 2. The figured resolution 

parameter is the full line width (w1/2) given as function of the scattering angle. For comparison, 
the figure presents the resolution properties of the conventional configuration installed at the 
3-rd channel of the VVRS reactor Bucharest, the conventional high-resolution configurations 
from Grenoble and Lucas Heights - Australia (two of the best conventional instruments) and 
the focusing diffractometer installed at the 4-th channel of the VVRS reactor in Bucharest.  
Analysing the resolution performances presented in Figure 2, on can conclude that while in 
the Bucharest conventional configuration the line width increase significantly for scattering 
angles greater than 600, in our focusing configuration the line width (w1/2) is around 15 - 20 

Figure 2. Resolution performances of DIR1 
diffractometer
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minutes for the whole range of the scattering angle, similar to the best conventional 
instruments. 

Neutron Radiography Facilities 

Two neutron radiography facilities are in operation at the Institute for Nuclear Research. Both 
facilities use the neutrons supplied by the Annular Core Pulsing Reactor (ACPR). 
The underwater removable neutron radiography facility was used since 1989 for neutron 
radiography of the experimental CANDU type fuel elements irradiated in the SSR reactor (14 
MW), TRIGA-HEU and TRIGA-LEU fuel elements (unirradiated and irradiated) and also for 
reactor control rods examinations. The images obtained represented the basis for qualitative 
examinations and dimensional determinations for characterization of these fuel elements. In 
order to perform the analysis of the films obtained through transfer exposure method based 
on indium and dysprosium, a system based on an illuminator and a good resolution CCD 
camera is used. The images captured from the negative films are stored on the computer and 
than processed and analysed with appropriate software.  

The neutron beam has an intensity 
of 5⋅106  n/cm2/s in the plane of the 
object. The geometric unsharpness 
is 60 µm and the image is 0.735 % 
bigger than the object.  
The image of an experimental 
nuclear fuel pin is presented in 
Figure 3. 
The new dry facility, placed at the 
tangential beam tube of the ACPR 
core, will enlarge the application 
area of the neutron radiography, 
will diversify the applied methods 
and will make the neutron 
radiography easier, in comparison 
with the older underwater facility. 
The design of the dry neutron 
radiography facility has begun in 
2000 and their components were 

manufactured in the last years.  
The dry facility uses the same transfer methods at this moment. Some tests, using the track-
etch method to improve the resolution of the images, were performed and good results have 
been obtained. 
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Figure 3. Image of experimental nuclear fuel pin
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Abstract: In the cross sections of nuclei as a function of neutron energy sharp peaks, 
‘resonances’, occur, which are typical for each isotope. They can, therefore, be used to 
identify and to quantify elements in materials and objects. Recently this has been explored at 
the GELINA facility of IRMM in Geel (B). ‘Neutron-Resonance-Capture-Analysis (NRCA)’ 
determines the bulk elemental composition; it does not require sample preparation and results 
in negligible residual activation. NRCA is therefore fully non-destructive as objects concerned. 
At first this analytical method has been used for archaeological objects. In this paper we 
discuss the applicability in other fields like material science and for biomedical subjects. 

Introduction 

A well-known neutron-based method for analyzing the bulk composition of materials and 
objects is instrumental neutron-activation-analysis (INAA). Normally small samples are taken 
from an object for irradiation inside a nuclear reactor with thermal neutrons. Energies and 
intensities of gamma rays from the induced radioactivity are determined with a high-resolution 
detector to identify and quantify the elements of the sample. A more recent method based on 
neutrons is the observation of prompt gamma rays after neutron capture to analyze objects. 
This method, prompt-gamma-neutron-activation-analysis (PGNAA) requires also a high 
resolution detector and a (sub)thermal neutron beam. This method has already found many 
applications. Finally the resonances occurring in the energy differential capture cross section 
have been explored in a joint project of IRI (Delft, NL) and IRMM (Geel, B) as an analytical 
method. Large scintillation detectors can be used, energy selection is not necessary. This 
method, neutron-resonance-capture-analysis (NRCA) is non-destructive, it is applicable to 
almost all stable isotopes, it determines the bulk elemental composition, it does not require 
sample taking and results in a negligible residual radioactivity. Fig.1 pictures the three 
neutron-based methods in a neutron capture scheme. NRCA has been used for studying the 
composition of copper-alloy (pre)historical artefacts[1]. Apart from this line of research we 
started to explore applications with other kinds of materials and within other fields of interest. 
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Figure 1. Schematic comparison of INAA, PGNAA and NRCA. 

Experimental set-up 

The NRCA method requires the determination of energies and count rates in neutron 
resonances. This is readily done with a pulsed neutron source and the time-of-flight (TOF) 
technique. This is available at the GELINA facility of the Institute for Reference Materials and 
Measurements in Geel, Belgium. This facility has been designed and built especially for high-
resolution neutron cross-section measurements[2]. It is a multi-user TOF facility, providing 
pulsed ‘white’ neutron beams with energy ranges from about 1 meV to 20 MeV. The linear 
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electron accelerator of the GELINA facility provides very short electron pulses in the order of 
1ns., which produce neutrons by hitting a piece of uranium metal. To produce a neutron 
spectrum in the low energy region, two water-filled Be containers, 4 cm thick, are used as 
moderators. The moderated spectrum shows a Maxwellian distribution with a maximum at 45 
meV plus a tail of partially moderated neutrons with an approximate 1/E behavior. The 
neutron fluence rate ϕ(En) at distance L from the neutron source is, for neutron energies 
above 1 eV, in good approximation given by: 

ϕ(En) = 1.16x106/L2En
0.92 cm-2s-1eV-1 with En in eV and L in m.  (1) 

The TOF of a neutron is determined by the time between the start pulse, given at each 
electron burst of the linac, and the stop signal from the prompt gammas detected with a set of 
scintillation detectors. The TOF pulses are sent to a Fast Time Coder (FTC) with a 0.5 ns time 
resolution, designed at IRMM[3]. The TOF together with the pulse height of detected gamma 
radiation of a capture event is recorded in list mode using a data acquisition system 
developed at IRMM[4]. The list mode allows off-line analysis. A set of BF3 proportional 
counters are mounted close to the target hall to control the stability of the accelerator. They 
can be used to normalize spectra to the same number of neutrons. In the measurement 
stations the shape of the neutron spectrum is also measured with an ionization chamber 
normally placed 80 cm before the detection system. This chamber has a cathode with a thin 
layer of 10B. 
Two beam lines with measuring stations at flight paths of 14 and 30 m were available for 
NRCA measurements. For the first measurements a set of four BGO detectors were used. 
Later two C6D6 detectors were made available. We compared the performance of these two 
detection systems and used different shielding configurations. The main conclusions are[5]: 
- Shielding around the detection system made little difference concerning the peak to 

background ratio. Shielding against radiation from other, neighboring beams is important. 
- Above about 1 keV the performance of C6D6 detectors is much better compared to the 

BGO detectors. Although the C6D6 detectors have lower gamma-detection efficiency, they 
have much lower neutron sensitivity and considerably better time resolution. 

- Especially for the higher resonances, above 1 keV, a good resolution is required. When 
resonances are isolated, measurements at the shorter flight path are preferred. The loss 
in neutron fluence at the longer flight path is not compensated by the improved resolution. 

- We do not observe a substantial improvement by a selection of specific prompt gamma-
ray energies using BGO. Detectors with better energy resolution are required. 

Data analysis 

In the case of a regular object with thickness d, the number of capture events Yc in an isolated 
resonance of nuclide k is given by: 
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The total and capture cross section for a nuclide k are expressed as σt,k and σγ,k, respectively. 
The number density of the element k is denoted by nk. The term in brackets accounts for the 
self-shielding effect and µ for the multiple scattering correction. For a correct treatment of the 
self-shielding the total cross-section should be Doppler broadened. The observed count rate 
N also depends on the efficiency εc to detect a capture event. The line shape is a convolution 
of Eq.2 with the time resolution of the spectrometer. For a weak resonance and/or a thin 
sample, that is if nkσt,kd << 1, the self-shielding can be neglected in Eq.2 and the capture yield 
becomes a simple function of the resonance parameters. When the weak resonance/thin 
sample approximation is not valid, self-shielding and scattering followed by capture are 
important. Then resonance shape analysis codes, such as REFIT and SAMMY, could be 
used to account for the resolution and (multiple) scattering in the object. So far we have 
preferred to determine weight ratios of elements in materials or an object by comparing with 
standard samples of known elemental ratios. That is. we use the expression[6]: 
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The weights of elements k and m are given by wk and wm respectively, and the integrated 
areas of the chosen resonances are N(Er,k) and N(Er,m). The factor R is the ratio of the self-
shielding factors of the resonances at Er,m and Er,k. Ac is a factor, which is determined by a 
measurement of the area ratio for the same resonances of a calibration sample with known 
elemental composition. If necessary, Ac is corrected for self-shielding effects at the two
resonances. Self-shielding factors can be calculated with Eq.2. The thickness of an object can 
be deduced from the ratio of the integrated areas of two resonances of different strengths 
from the same element. This is demonstrated in Fig. 2 for the 230 and 578 eV resonances of 
copper[7]. A theoretical curve is fitted to the data points only by adjusting a normalisation 
factor. The latter accounts for the different detection efficiencies for the two resonances.  

Figure 2. The ratio of the integrated areas of the 230 and 578 eV resonances as a function of 
Cu-thickness in gr/cm2 with the theoretical curve normalised to the data point. 

To verify the consistency of the resulting elemental ratios, we use several resonances per 
element. For copper the 230, 650, 994 and 1631 eV resonances; for tin the resonances at 
38.8 and 111 eV. Combining these resonances in pairs, eight Sn/Cu weight ratios are 
obtained, see Fig. 3. Without self-shielding correction these ratios differ considerably. With 
proper analysis of the self-shielding effect, the weight ratios agree within their errors[1]. 

Figure 3. The Sn/Cu weight ratio of a prehistoric axe determined from eight pairs of 
resonances without and with self-shielding corrections 

Improvements 

Most of the applications so far are related to copper-alloy archaeological artefacts. Apart from 
copper, they contain tin or zinc as other major elements, and As, Ag, Sb, Co, Fe and In as 
minor or trace elements. Lead is often added intentionally. In the first NRCA experiments we 
were limited to the neutron energy range of 0.7 to about 1000 eV. At higher energies the 
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resolution was not sufficient, and overlap made analysis of elements with resonances in the 
keV region difficult. In the case of lead the lowest resonance of lead at 1685 eV coincides with 
the 1683 eV resonance of As and thus this lead resonance is not suitable for elemental 
analysis. There are two other resonances of lead at 3063 and 3357 eV, which appear to be 
useful. However, at the 14 m station they could not be sufficiently resolved. By moving the 
detection system to the longer flight path of 30 m and using C6D6 detectors, the time 
resolution could be improved sufficiently to analyse the lead content of the copper-alloy 
artefacts on the basis of these resonances.  
Recently we started tests with materials containing calcium. Since calcium has only keV-
resonances, it is paramount to have improved time resolution. Fig.4 shows the separation of 
Ca-resonances at 100.5 and 101.3 keV. Thus, sufficient time resolution is obtained to study 
materials with resonances well into the keV region, however, at the expense of intensity. 
Several improvements and extensions of the equipment will be implemented in the near 
future. A new detection system will cover the solid angle up to 80 % using specially designed 
C6D6 detectors. A prototype detector is already available and tested satisfactorily. Further we 
like to combine capture and transmission experiments. We aim for improved data reduction 
based on resonance shape analysis including Doppler broadening, time resolution, self-
shielding and multiple scattering effects in a user friendly way.  

New applications 

Preliminary experiments have been carried out both on bone-like synthetic materials 
(hydroxyapatite) and on bovine ribs to determine the Ca/P ratio. With hydroxyapatite NRCA 
resulted in 2.0 (0.1), which agrees with chemical analysis 2.05 (0.02)[8]. For bone ribs 2.2 (0.2) 
agrees with INAA data, 2.13 (0.32)[9]. 
Another application is the determination of chlorine and sulphur in marble. The combined 
effect of weathering and salts (chlorides and sulphates) results in embrittlement of marble and 
accelerates its decay[10]. NRCA might be a suitable tool to determine relative chlorine and 
sulphur concentrations without treating samples prior to analysis. Due to the high penetration 
powers of neutrons and prompt capture gammas it is possible to measure their 
concentrations deep into the marble. Measurements on pure marble samples loaded with 
small amounts of chlorides have been carried out and compared to INAA measurements. 
NRCA resulted in 0.00180 (20) in agreement with 0.00171 (6) derived with INAA. 
The application areas will be increased. Notably heavy metals in various matrices and 
impurities in reference materials appear to be of interest. An example is 103Rh metal of which 
a 0.5 % impurity contributes to the thermal cross section. 
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Abstract: An activation of CuCrZr alloy (the material for a heat sink in the first wall of ITER) 
was investigated to provide integral experimental data for benchmarking the nuclear data 
base of EASY. The CuCrZr-alloy samples were activated in neutron field provided by the NPI 
cyclotron-based fast neutron source reaction d(17MeV)+Be(thick target). The induced 
gamma-emitting radioactivity was then determined repeatedly, after different cooling time 
intervals, by gamma ray spectrometry using HPGe detectors. Measured activities were 
compared with preliminary calculations carried out employing the Fispact-2003 code with 
EASY-2003 library. Final C/E results will be done after the neutron spectrum and flux density 
at the position of irradiated samples for the NPI d-Be neutron source will be determined 
correctly utilizing the combination of experimental and calculation methods. 

Introduction 

The radioactivity induced on CuCrZr alloy - the material for a heat sink in the first wall of ITER 
- was previously investigated at the D-T neuron generator of the Technical University Dresden 
[1]. After that, the benchmark experiment was considered utilizing the Karlsruhe d-Be white 
spectrum neutron field before the ending of Karlsruhe cyclotron operation.  
Continuing this program, the CuCrZr-alloy sample was activated in an intense white neutron 
field provided by the d-Be neutron source of the NPI cyclotron. 
The results are compared with calculation using the European Activation System (EASY). The 
calculation-over-experiment ratios thus obtained will serve as input for further improvement of 
the EASY data base including the uncertainty predictions. 

Experimental arrangement and the determination of spectral neutron flux 

The CuCrZr-alloy samples were activated in neutron field provided by the NPI cyclotron-
based fast neutron source. To simulate the neutron spectral characteristics of Karlsruhe 
source, the d(17MeV)+Be(thick target) source reaction was utilized with a source-to sample 
arrangement similar to that of FZK experiment  In present work, the investigated samples 
were located at 16 mm distance from the front surface of 9 mm thick Be disc compared to 13 
mm distance at FZK. The reason is in the row of the cooling-medium on back side of the Be 
disc. The neutron spectral flux at the position of irradiated sample was taken from Karsruhe 
data: total flux 1.72x1010 n/s/cm2 at 1 � A [2].  
Up to kW beam power could be utilized due to intensive cooling of Be disk, but only up to 8 � A 
of deuteron beam was delivered to the target. 
For the monitoring of neutron flux, the aluminum activation foils were located at front and back 
surface of the samples. All samples were of 10 mm square dimension. 

Irradiation of CuCrZr sample.

Two samples were activated at neutron flux density of about 8x1010 n/s/cm2 for 0.2, 1.4 and 
8.9 hours. Activation parameters for CuCrZr-alloy activation in the NPI d(17.1MeV)+Be 
neutron are shown in Table 1. Neutron flux was monitored by the deuteron current (beam 
charge in 100s intervals). The time-profile for all three irradiations of samples are shown in 
Figure 1. Relatively stable time-profile of irradiation was achieved for long-time irradiation. 
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Table1. Activation parameters for CuCrZr-alloy activation in the NPI d(17.1 MeV)+Be neutron 
field. 

Run 
No 

Sample / 
Weight 
 (mg) 

Dim. 

(mm) 

x 

(mm) 

Activation 
time TA 

(s) 

Beam 
charge  
( � C) 

Neutron 
flux 

(n/cm2) 
R05 N5 / 827.41 10x10 4.1 807 3.13 E+03 5.38 E+12 
R06 N4 / 828.34 10x10 4.1 5036 2.41 E+04 4.15 E+13 
R07 N5 / 827.41 10x10 4.1 31 812 1.63 E+05 2.80 E+14 

Figure 1. Time profile of the irradiation of the CuCrZr-alloy, Run05 (left), 06 (middle) and 07 
(right). The intensity of neutron flux at the sample position is proportional to the deuteron-
beam current (in µC/s). 

Composition of CuCrZr-alloy has been taken from [1]. Main components of sample consist of 
Cu (98.573), Cr (0.754), and Zr (0.163%). Main important admixtures relevant to possible 
induced radiation are Fe (0.00)9, Al (0.006), and W( 0.006%). 

Measured gamma radioactivity induced in CuCrZr 

Gamma spectrometry of the activated samples was performed at different cooling times, 
ranging from minutes to 150 days. The activated samples were investigated by two calibrated 
HPGe detectors of 23 and 50% efficiency and of FWHM 1.8 keV at 1.3 MeV. Evaluation of  
spectra was performed by the NPI/DEIMOS code [3]. 
The resulting specific activities in Becquerels per kilogram of sample material at different 
cooling times for short time irradiation are given in Figure 2.

Figure 2. The activities measured at different cooling times, short-time irradiation, Run 05. 
The line is the result of exponential decay fit. 

In summary, the 12 activation products were reliably determined from irradiation of CuCrZr 
samples in the d-Be neutron field. Activities in Becquerels per kilogram related to the end of 
irradiation and corresponding to the decay calculated for relevant reaction products from 
weighted averaging of experimental data are given in Table 2. The uncertainty includes 
statistical errors and the uncertainty of the efficiency calibration (including the geometry 
factor). 
Compared to results obtained for CuCrZr at Dresden (14 MeV dT-source) [1] the additional 
product of Cu 66 (5.12 m) was determined. Further investigated transition was ascribed to the 
V 52 (3.7 m) as resulting from the (n,p) reaction on Cr 52. Observed strong annihilation peak 
accompanying the �

+-emitters Zr 89, Cu 62 and Cu 64, that could present an important 
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source of radiation hazard, have led to difficulties in present analysis of spectra, especially for 
the measurement of sample of short-time irradiation. We also observed the Na 24 isotope 
originating from 27Al(n,� ) reaction. Nevertheless, the origin of which could come from a skim 
of sandwiching Al flux monitors.  

Table 2. Resulting specific activities of radioisotopes originated with neutron irradiation of 
CuCrZr-alloy. Tabulated data related to the end of irradiation correspond to the decay 
calculated for relevant reaction products from weighted averaging of experimental data.  

Isotope Reaction T1/2 Short 
Ac[Bq/kg]

Err 
[%]

Middle 
Ac[Bq/kg]

Err 
[%]

Long 
Ac[Bq/kg]

Err 
[%]

Va 52 52Cr(n,p)52V 3.74 m 5.49E+7 10    
Cr 51 52Cr(n,2n)51Cr 27.7 d   2.65E+5 3 1.65E+6 3 
Mn 56 55Mn(n,� )56Mn 2.58 h   6.10E+5 10 2.92E+6 21 
Co 60 63Cu(n,� )60Co 5.27 y     8.06E+5 2 
Co 61 65Cu(n,n’� )61Co 1.65 h 7.74E+6 5 5.15E+7 2 1.02E+8 17 
Co 62m 65Cu(n,� )62mCo 13.9 m 4.93E+7 5 1.27E+8 5  
Ni 65 65Cu(n,p)65Ni 2.50 h 5.37E+7 4 3.66E+8 2 9.70E+8 2 
Cu 62 63Cu(n,2n)62Cu 9.74 m 9.30E+9 10    
Cu 64 65Cu(n,2n)64Cu 

63Cu(n,� )64Cu 
12.7 h 2.40E+8 5 1.71E+9 2 8.72E+9 3 

Cu 66 65Cu(n,� )66Cu 5.12 m 4.33E+8 10    
Zr 89 90Zr(n,2n)89Zr 3.27 d   3.64E+5 3 2.33E+6 5 
Zr 95 94Zr(n,� )95Zr 

96Zr(n,2n)95Zr 
64.4 d   4.89E+3 12 3.52E+4 3 

Comparison with the FISPACT prediction 

For a benchmark analysis of resulting data the Fispact-2003 code was utilized. For the 
analysis the neutron spectrum and overall flux density at the position of irradiated samples 
were taken from Karlsruhe d-Be source [2]. 
The time-profile of the source strength during the irradiation as recorded by the beam-current 
integrator and as represented in the FISPACT calculation is shown in Figure 3. 

Figure 3. The time profile of the source 
strength during the irradiation as recorded 
by the beam-current integrator and as 
represented in the calculation. 

Figure 4. Calculation-to-Experiment ratios 
for CuCrZr-alloy for Run 05 (S), 06 (M) 
and 07 (L). Calculation was made by the 
Fispact-2003 code with EASY-2003 
library.
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The comparison of calculated and measured activities indicates very good agreement for Cr 
51, and Zr 89 radio-nuclides and an overestimation for other ones. Resulting C/E values 
concentrate along C/E = 1.23 which could result from slightly non-correct evaluation of the 
neutron flux. These statements are also illustrated in the Figure 4 and by the comparison of 
present results with data of other authors, presented in the Table 3. 

Table 3. Comparison of the C/E ratio from these three runs (and calculation Fispact-2003 
code) with that of TUD measurements. 

Nuclide T1/2

NPI 
dBe 

CuCrZr 
EAF03 

S 

NPI 
dBe 

CuCrZr 
EAF03 

M 

NPI 
dBe 

CuCrZr 
EAF03 

L 

TUD 
dT 

CuCrZr 
EAF99 

[1] 

TUD 
dT 

CuCrZr 
EAF01 

[1] 
Cr 51 27.7 d  1.02(3,5) 1.12(3,5) 1.16(5,11) 1.16(5,11) 
Mn 56 2.58 h  1.18(10) 0.8(21)   
Co 60 5.27 y   1.26(2,26) 1.21(10,49) 1.14(10,49) 
Co 61 1.65 h 0.71(5,20) 0.64(2,20) 0.75(17,20) 1.73(9,20) 1.73(9,20) 

Co 62m 13.9 m 2.23(5,20) 2.21(5,20)  0.26(11,62) 1.53(11,62) 
Ni 65 2.50 h 1.58(4,15) 1.51(2,15) 1.74(2,15) 1.24(7,10) 1.19(7,10) 
Cu 62 9.74 m 1.42(10,5)   1.09(11,5) 1.09(11,5) 
Cu 64 12.7 h 1.31(5,9) 1.34(2,9) 1.47(3,9) 1.13(35,5) 1.13(35,5) 
Zr 89 3.27 d  0.96(3,19) 0.98(5,19) 1.12(10,51) 1.12(10,51) 
Zr 95 64.4 d  1.22(12.5) 1.16(3,5)   
Cu 66 5.12 m 1.31(10,44)    
V 52 3.74  m 1.89(10,10)       

Conclusion 

The activation of CuCrZr samples was performed using the NPI-neutron field to complete 
previous investigation on ITER-related materials at FZK. The quantitative results with 
experimental uncertainties and relevant parameters of the experiment are given as a basis for 
next benchmark calculation at FZK. Preliminary results of C/E analysis carried out by the 
Fispact (EAF 2003) show good agreement for all resulting nuclides (where comparable) 
investigated at different runs. It indicates the consistency of measurement.   
For most of nuclides the C/E values slightly overestimate the C/E=1, which indicates the need 
for further investigation of the flux characteristics of d-Be source. Good agreement for Cr 51, 
Co 60 and Zr 95, slight overestimation for Ni 65, Cu 62, Cu 64 and disagreement for Co 61, 
Co 62m when compared results with analysis of Dresden activation experiment (d-T source, 
EAF99/01). Further analysis of data seems to be needed.  
The results are compared with calculation using the European Activation System (EASY). The 
calculation-over-experiment ratios thus obtained serve as input for further improvement of the 
EASY data base including the uncertainty predictions. 
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Abstract. 232Th(n,f), 232Th(γ,f) and  230Th(n,f) cross section are calculated using an advanced 
fission formalism based on the optical model for fission as implemented in reaction code 
EMPIRE 2.19. The fission coefficients are deduced in WKB approximation for a complex 
potential featuring a real triple-humped barrier and an imaginary absorption potential in the 
second well. The good agreement of the calculations with measured cross section data 
confirm the possibility of attributing the gross resonant structure in the fission cross section of 
thorium isotopes to the undamped vibrational states in the tertiary well of the fission barrier. 

Introduction 

The scientific interest raised lately by the fission of light actinides is due mainly to their 
involvement in Th-U fuel cycle and in relation with an effect named 20 years ago as a 
“thorium anomaly” [1]. It was demonstrated that in the thorium region second-order shell 
effects split the outer fission barrier giving the so-called triple-humped structure. Triple-
humped barriers, allowing the existence of exotic hyper-deformed class III vibrational states, 
could explain the structure in the fission cross section of Th, Pa and light U isotopes. Many 
theoretical and experimental studies have been dedicated to this subject in the last decades 
[2]. Different predictions about the fission barrier parameters have been made based on 
different types of analysis. None of these papers present fission cross section calculations 
reproducing the resonant structure of the measured data on energy ranges wider than few 
hundreds keV. In an attempt to accomplish this task for evaluation purposes, a fission 
formalism based on the optical model for fission allowing for multi-humped barriers was 
implemented in the reaction code EMPIRE 2.19 [3].       
The aim of this paper is to demonstrate that applying this formalism, a consistent set of fission 
barrier parameters can be derived allowing for an accurate fission cross section evaluation. 
We will show calculations for neutron induced fission cross section of 232Th in the energy 
range 0.5-20 MeV using for the second and third fission chances information obtained from 
the analysis of 232Th(γ,f) and 230Th(n,f) reactions. 

Model description 

The optical model for fission [4,5] was developed to describe the resonant structure of the 
fission cross section at sub-barrier excitation energies due to the vibrational states in the 
second well of a double-humped fission barrier. In this model, the damping of the class II 
vibrational states and their coupling with the class I states (i.e. the absorption of the incident 
flux in the isomeric well) are considered by introducing an imaginary potential in the 
deformation range corresponding to the second minimum. Generalized relations for the decay 
probabilities accounting for all the possible transmission mechanisms through the fission 
barriers have been deduced [4,6]. The fission coefficients entering these relations are 
determined in WKB approximation [5].  
Applied before only to the study of the fissionable nuclei exhibiting double-humped barrier 
[4,7], the optical model for fission was recently extended to light actinides by including the 
relations for the transmission coefficients through a complex triple-humped fission barrier 
deduced by Ventura [8]. The real part of the fission barrier is parameterised as a function of 
the nucleus deformation by five smoothly joined parabolas. The imaginary potential is 
introduced only in the deformation range corresponding to the second well because the 
tertiary well is supposed to be shallow enough to neglect the damping of class III vibrational 
states. The transition states are assumed to be rotational states built on vibrational or non-
collective band-heads. As the excitation energy increases, the shell effect, which causes the 



154

splitting of the outer barrier, diminishes and the outer humps lump into a single one. 
Therefore, in the present formalism, triple-humped barriers are associated only to the discrete 
transition states; the contribution of continuum to the fission coefficients is calculated 
considering a double-humped barrier [9]. The parameters of the second single barrier 
equivalent with the outer humps are being determined from the condition of equal 
transmission coefficients. The saddle-point transition states in continuum are described by 
level densities (BCS below the critical energy and a modified version of Fermi Gas above [3]) 
accounting for collective enhancements specific to the nuclear shape asymmetry at each 
saddle point (axial symmetry at the inner saddle and mass-asymmetry at the outer saddle).   

Results and discussions 

The neutron cross sections of 232Th in the energy range 0.5-20 MeV for all relevant channels 
have been calculated with the EMPIRE 2.19 code. The direct interaction cross sections and 
the neutron transmission coefficients for the elastic channel were obtained within Coupled 
Channel method using ECIS03 code [10] (as incorporated in Empire 2.19 code). The 
dispersive coupled  channel optical model parameters of Soukhovitskii et al [11] were used for 
the neutron and proton channels. For the compound nucleus cross sections calculation the 
HRTW version of the statistical model with decay probabilities deduced in the optical model 
for fission was used. To improve the accuracy of the second and third chance fission 
evaluation, beside 232Th(n,f), the 232Th(γ,f) and 230Th(n,f) reactions have been simultaneously 
analysed.  
Crucial for the fission cross section calculation is finding the most appropriate set of fission 
barrier parameters consisting in: (i) the heights and widths of the parabolas describing the 
fundamental barriers, the discrete transition states at saddles and in wells, (iii) the level 
densities at saddles. For the present calculations these parameters have been empirically 
determined from the analysis of the measured fission cross sections considering also the 
values suggested in literature, as outlined below. Because the fission parameters are 
influenced by the parameters describing the competitive channels, it is important to remark 
that they have been deduced from an overall fit of the available experimental data. 
(i) One of the controversial subjects in literature is the shape of the inner barrier. The change 
of slope exhibited by the fission cross section of 231Th and 233Th around the neutron incident 
energy of 1 MeV and the values of the fission cross section at low energies indicates a height 
of 5.9 ±0.2 MeV and a width of 0.9±0.2 MeV. These values are supported by some of the 
recent calculations and are in disagreement with the earlier predictions of a lower, wide inner 
hump. The parameters of the second well could be deduced from the position of the wide 
resonances at low energies due to the existence of class II vibrational states. The 
experimental data is scarce in this energy range so we adopted the typical values for 
actinides: 2.2±0.2 MeV for the depth (defined with respect to the ground state) and 1.0±0.2 
MeV for the width. The most reliable information about the height of the second and third 
hump comes from the fission threshold.  The best description of data is obtained considering 
the heights 6.3±0.1 MeV and 6.4±0.1 MeV for the second and the third hump respectively. 
The widths of these humps are deduced from the slope of the fission barrier at excitation 
energies above the inner barrier. The parameters of the third well represent another 
controversial subject: early calculations predict a shallow well with a depth (defined with 
respect to the heights of the second and third well) of 0.2-0.5 MeV accommodating undamped 
vibrational states, while recent experimental and theoretical studies advance the idea of a 
much deeper well with a depth up to 3 MeV which would require a partial damping. The fact 
that the present formalism does not consider the damping of class III vibrational states could 
affect the shape of the resonances, but not their positions. Our calculations show that a deep 
third well gives rise to a resonant structure especially at energies below the threshold, while a 
shallow well produces resonances in the plateau region, above the threshold. The measured 
fission cross section would indicate a rather shallow third well (a significant exception is the 
resonance at 700 keV of 231Th fission cross section whose description requires a deeper third 
well). The best description of the data was obtained using a depth of 0.8±0.3 MeV and a width 
of 1.2±0.2 MeV.  
(ii) The parameters of the barriers associated to the discrete transition states have been 
deduced mainly from fit, considering also the asymmetry of the third well.  
(iii) The contribution of continuum to the fission coefficients is calculated using double-
humped fission barrier. The shell correction, pairing and asymptotic value of the level density 
parameter at each saddle have been calculated as recommended in RIPL-2 [12].  
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Using the optical model for fission and the barrier parameters presented before a good 
description of the first chance fission of 233Th (Figure 1) and 231Th (Figure 3) is obtained.  
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Figure 1. First chance fission cross section of 233Th 

The photo-fission of 232Th is presented in Figure 2. The second chance fission is calculated 
using the parameters deduced from 230Th(n,f) reaction. The agreement with the measured 
data confirms the applicability of this consistent method. Extending this approach by using the 
fission barrier parameters determined from the analysis of 232Th(n,f), 232Th(γ,f) and 230Th(n,f)  
cross section in the energy range corresponding to the first fission chance, a more accurate 
and consistent evaluation of 232Th(n,f) cross section up to 20 MeV is obtained (Figure 4). 

Incident Energy (MeV)

C
ro

s
s

 S
e

c
ti

o
n

 (
b

a
rn

s
)

232Th( ,f)γ

Figure 2. Photo-fission cross section of 232Th 

Conclusions

A consistent set of parameters describing the triple-humped fission barrier of three thorium 
isotopes has been derived using the new treatment of the fission channel implemented in 
EMPIRE 2.19 code. A very good agreement with the measured fission cross section have 
been achieved. The results confirm the attribution of the gross resonant structure in fission 
probability of these light actinides to the undamped vibrational states in the tertiary well.
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                      Figure 3. Fission cross section of 231Th 
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          Figure 4. Fission cross section of 233Th              
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Abstract: The available ENDF/B-VI, JENDL-3, JEF-2 (JEFF-3.0), BROND-2 and CENDL-3 
evaluations for the neutron induced cross sections of 74,76,77,78,79,80,82Se, 78,80,82,83,84,85,86Kr, 
85,87Rb, 88Sr, 95Zr, 133,135,136,137Cs, and 132,140Ba have been reviewed in the region 10-5 eV - 20 
MeV. Experimental data from the EXFOR/CSISRS library as well as additional information 
(e.g. BNL-325 evaluations) have been used for assessment. Evaluation methodologies, origin 
and updates, completeness and physical consistency have also been considered. Total, 
capture, elastic, inelastic, (n,2n), (n,p) and (n,� ) cross sections have been analysed. Inter-
comparison plots of evaluated and experimental data have facilitated the conclusions. 
Emphasis has been placed on the best performing evaluations as well as on those that show 
most significant inconsistencies. As a result of the assessment, independent 
recommendations for best evaluations (or assembling such evaluations) separately in the 
thermal and resonance region, and fast neutron region, have been made. The assessment 
could be (and has already been) used in the evaluation work on updating neutron cross-
section files of the major libraries (e.g. 133Cs in ENDF/B-VII). Reviews present the author’s 
contribution to the WPEC Subgroup 21 (http://www.nndc.bnl.gov/sg21) established on the 
project “Assessment of neutron cross-section evaluations for the bulk of fission products”. The 
reviews have been appreciated and recommendations finalized by the concluding Subgroup 
21 Workshop. 

Introduction 

The present work has been performed in the frame of the WPEC Subgroup 21 (SG21) project 
[1], which was conducted in 2001-2004 with the objective to review all evaluations available 
for 211 fission products (FPs) (Z=31-68) and recommend the best. The project reviews were 
distributed among 11 reviewers: 4 from ENDF/B, 3 from JENDL, 2 from BROND, and 2 from 
CENDL. Acting formally on behalf of the ENDF/B SG21 team, the author was appointed to 
assess the ENDF/B-VI.8, JENDL-3.3, JEF-2.2 (JEFF-3.0), BROND-2.2 and CENDL-3.0 
neutron cross-section evaluations available for 74,76,77,78,79,80,82Se, 78,80,82,83,84,85,86Kr, 85,87Rb, 
88Sr, 95Zr, 133,135,136,137Cs, and 132,140Ba, and to make recommendations for best evaluations. 
One reason that justifies such an activity is the obsolete methodology and obvious 
deficiencies of many FP evaluations. For instance, analysis of 200 FP evaluations in ENDF/B-
VI.8 reveals that: 65% of them have been performed more than 25-30 years ago; 55% use 
isotropic angular distribution for elastically scattered neutrons; 30% use point-wise 
representation in the resonance region; and 30% use single-level Breit-Wigner representation 
in the resolved resonance (RR) region. Another justification of the project was the needed 
cost-effective solution for improving the FP evaluations, namely by choosing (merging) the 
best parts of the available evaluations. Ultimately, the distant goal of the SG21-project activity 
has been the creation of internationally recognized FP library of neutron cross-section 
evaluations adopted by the major nuclear data projects.  

Review methodology 

For the 24 fission products under consideration, JENDL-3.3 is practically the same as JENDL-
3.2; and JEFF-3.0 is the same as JEF-2.2 except the JEFF-3.0 79Se and 132Ba evaluations 
(adopted from JENDL-3.2), and JEFF-3.0 133Cs evaluation (adopted from ENDF/B-VI.8). 
Review methodology, in the energy range 10-5 eV - 20 MeV, included the following major 
steps: 
• Initial analysis: Analysis of files and available experimental data including authorship and 

history of evaluations. 
• Graphical inter-comparison: Comparison of data from 5 evaluated libraries with 

measurements from CSISRS (EXFOR) library. The inter-comparison plots have allowed a 
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detailed inspection of the evaluations in an interactive way. For illustration, on Figure 1 is 
presented the inter-comparison of evaluated and experimental data on capture cross 
section of 133Cs, which is the 5-th most important FP nuclide for in-core reactor calculations.  
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Figure 1. Capture cross section of 133Cs. Shown is the comparison of all available 
evaluations with experimental data from CSISRS (EXFOR) library. 

• Review of thermal and resonance region: Assessment of quality of evaluations, taking into 
account the resolved resonance formalism, physical consistency, and comparison with 
experimental data: 1) for the low energy and RR region, focusing on the resonance capture 
integral (RCI), thermal capture cross section, and thermal scattering (THS) data as zero-
energy scattering cross section σ0

s in terms of the coherent and incoherent scattering length 
- bcoh, binc (Table 1); and 2) for the unresolved resonance (UR) region, considering average 
cross sections. Besides EXFOR (X4), additional information as BNL-325 evaluation has also 
been used for comparison and assessment. 

Table 1. Summary of thermal cross sections, RCI, and (related to a free atom) σ0
s of 

133Cs+n. All quantities are given in barns. Uncertainties are in units of the last digit. 

Source Total Capture Elastic RCI σσσσ0
s

ENDF/B-VI.8 32.973 29.002 3.971 421 3.96 
JEFF-2.2 32.987 29.094 3.893 438 3.88 
JEFF-3.0    (≡ ENDF/B-VI.8) 32.973 29.002 3.971 421 3.96 
JENDL-3.3 33.323 29.012 4.311 396 4.30 
CENDL-3.0 33.323 29.012 4.311 396 4.30 
Koester (1978) b

coh
= g

+
b

+
+ g

-
b

-

X4 20581  
Glaettli (1979) b

inc
= b

+
- b

-

    3.84(6) 

Steinnes (1972) X4 20188    437(26)  
Brown (1961) X4 12022    370(50)  
Goldman (1968)   30.0(15)    
Hickman  (1965)  33.1(8)     
BNL-325 (1981)  29.0(10)    

• Review of fast neutron region: Assessment of quality of evaluations considering evaluation 
methodology, physics and codes used, completeness, physical consistency and comparison 
with experimental data on total, capture, elastic, inelastic, (n,2n), (n,p) and (n,� ) cross 
sections. In some cases, account was taken also of (n,3n), (n,np), (n,n� ) or (n,2p) cross 
sections. 
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• Writing report with recommendations: Report containing all findings and assessments, with 
separate recommendations for best evaluation (or assembling such evaluation) in the 
thermal & resonance region and in the fast neutron region (Table 2). 

Table 2 Recommended libraries 

No Nuclide Thermal & 
Resonance region 

Fast Neutron 
Region 

Comment 
Resonance region 

Comment 
Fast Region 

1 34-Se-74 JEFF-3.0(THS) 
+ JENDL-3.3 JENDL-3.3 Koester’s THS data 

2 34-Se-76 JENDL-3.3 JENDL-3.3   

3 34-Se-77 JENDL-3.3 JENDL-3.3 Rurarz’s exp. (n,n’) 

4 34-Se-78 JENDL-3.3 JENDL-3.3 JENDL el. peak at 
11MeV 

5 34-Se-79 JENDL-3.3 JENDL-3.3 No EXFOR data 
No RRP up to 38 eV 

No EXFOR data 

6 34-Se-80 JENDL-3.3 JENDL-3.3   

7 34-Se-82 JENDL-3.3 JENDL-3.3
RI discrepancy by 
factor of 30 with 

Mughabghab-2003 

JEFF for (n,p); 
JENDL el. peaks at 

9.4 and 12MeV 

8 36-Kr-78 ENDF/B-VI(RR) +
JENDL-3.3(UR) JENDL-3.3 RR region unsatisfying 

9 36-Kr-80 JENDL-3.3 JENDL-3.3   

10 36-Kr-82 No recomm. (RR) 
+ JENDL-3.3(UR) JENDL-3.3 Large discrepancies  

with Mughabghab-2003 
JENDL el. peak  at 

11MeV 

11 36-Kr-83 CENDL-3.0 CENDL-3.0   

12 36-Kr-84 JENDL-3.3 JENDL-3.3 No RCI in EXFOR JENDL el. peak  at 
11MeV 

13 36-Kr-85 JENDL-3.3 JENDL-3.3 
CENDL-3.0 No RRP up to 1 keV No EXFOR data 

14 36-Kr-86 JENDL-3.3, 
CENDL-3.0 JENDL-3.3 No RCI in EXFOR;  

No URP 

15 37-Rb-85 JEFF-3.0(THS) 
+ JENDL-3.3

JENDL-3.3, 
ENDF/B-VI Koester’s THS data 

JENDL issue: (n,p); 
ENDF/B-VI best for 
(n,tot), (n,p); JENDL 
el. peak at 10MeV 

16 37-Rb-87 JENDL-3.3 JENDL-3.3 Koester’s THS data - 
higher 

JENDL el. peak  at 
10MeV 

17 38-Sr-88 JENDL-3.3, 
CENDL-3.0 CENDL-3.0 No URP; Background 

of CENDL - clarification 

18 40-Zr-95 JENDL-3.3 JENDL-3.3 No EXFOR data  
No RRP up to 125 eV No EXFOR data 

19 55-Cs-133 JEF-2.2, 
ENDF/B-VI.8 JENDL-3.3 Different (n,el) and 

(n,tot) in UR region 
Unsatisfying (n,el)& 
(n,γ) above 10 MeV 

20 55-Cs-135 ENDF/B-VI.8 JENDL-3.3 Discrepancy with RCI 
experiment 

CENDL-3 (n,p) 
seems unreasonable 

21 55-Cs-136 JENDL-3.3 JENDL-3.3 No EXFOR data No EXFOR data 

22 55-Cs-137 JENDL-3.3 JENDL-3.3 No RRP up to 1.7 keV No EXFOR data 

23 56-Ba-132 CENDL-3.0 JENDL-3.3   

24 56-Ba-140 JEFF-3.0 JEFF-3.0  No EXFOR data 

Summary recommendations 

Recommendations for the 24 FPs under discussion are presented in Table 2. The most 
frequently recommended library was JENDL-3.3 with 12 recommendations for the full 
evaluated files of 76,77,78,79,80,82Se, 80,84Kr, 87Rb, 95Zr, and 136,137Cs. In addition, JENDL-3.3 was 
recommended once for the entire resonance region only, 7 times for the fast neutron region 
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only, 6 times as an alternative evaluation in the resonance region, and twice as an alternative 
evaluation in the fast neutron region. This is not surprising, considering that JENDL-3.3 is 
based on evaluations performed in 1990 and later, which employed up-to-date physics and 
methodology. JENDL-3.3 is followed by CENDL-3.0 released in 2001 (FPs only), which in 
general offers solid and independent recommendations in the fast neutron region. CENDL-3.0 
file was recommended entirely once (83Kr) and JEFF-3.0 file also once (140Ba). Generally, the 
JEFF library largely follows ENDF/B-VI and brings some small improvements. FPs 
evaluations of ENDF/B-VI.8 are often obsolete and were recommended in a very few cases 
for the resonance or fast region, as can be seen from Table 2. The BROND-2.2 library was 
not recommended among the 24 FPs considered. 

Deficiencies and inconsistencies 
According to the reviews, some of the obvious and frequently met deficiencies of the major 
libraries for the above 24 FPs are: 
• Negative elastic cross sections: ENDF/B-VI.8 - 74,76,77,78,80,82Se. Provided the negative output 

is not changed to zero in the library derived files, ENDF/B-VI.8 evaluations would present 
also negative total cross sections for 76,78,80,82Se. 

• Total cross section following the energy structure of the inelastic cross section: ENDF/B-VI.8 
& JEFF-3.0 - 78,80,82,84,86Kr, 133Cs. 

• Average total cross section showing a sudden and sharp change of its energy dependence: 
CENDL-3.0 - 133,137Cs. 

• Capture cross section too low at high energies (direct, semi-direct capture not taken into 
account): ENDF/B-VI.8 & JEFF-3.0 - 78,82,83,84,86Kr, 87Rb. 

• Unrealistic shape of (n,inl) cross section (nearly flat at high energies) due to neglecting 
(n,2n) reaction: ENDF/B-VI.8 - 136,137Cs; JEFF-3.0 - 85Rb; ENDF/B-VI.8 & JEFF-3.0 - 
74,76,77,78,80,82Se, 85Kr, 88Sr, 95Zr; ENDF/B-VI.8 & BROND-2.2 - 135Cs. 

• Unrealistic shape of (n,inl) cross section (nearly flat at high energies) due to (n,2n) growth 
solely at the expense of (n,el) decrease: JENDL-3.3 - 83Kr. 

• Unrealistic shape of (n,2n) cross section (nearly flat at high energies) due to neglecting 
(n,3n) reaction: ENDF/B-VI.8 & JEFF-3.0 - 133Cs; JEFF-3.0 & BROND-2.2 - 95Zr. 

• Reaction cross section below the experimental isomeric production cross section for the 
reaction channel: ENDF/B-VI.8 & JEFF-3.0 - 78Se(n,g), 84Kr(n,p); JENDL-3.3 - 77Se(n,inl). 

• Peak(s) in the elastic cross section at ~10 MeV due to inconsistency between (n,inl) and 
(n,2n) cross sections: JENDL-3.3 (see comment in Table 2); or at ~18 MeV due to 
inconsistency between (n,2n) and (n,3n) cross sections: CENDL-3.0 - 133Cs. 

• Interpolation inconsistencies leading to unreasonable cross-section shapes: ENDF/B-VI.8 - 
74Se(n,g), 74Se(n,tot); ENDF/B-VI.8 & JEFF-3.0 - 76,78,82Se(n,g), 78,80,82,84Kr(n,g),  82,84Kr(n,el), 
82,84Kr(n,tot); CENDL-3.0 - 95Zr(n,g), 137Cs(n,g). 

• Lack of (n,p) and (n,� ) evaluations (neglected): ENDF/B-VI.8 - 74,76,77,78,80,82Se, 85Kr, 
135,136,137Cs, 140Ba; BROND-2.2 - 135Cs. 

Conclusions 

In accordance with its initial charge, the present work delivered review reports for all available 
neutron cross-section evaluations of the 24 materials under discussion, as well as 
recommendations for best evaluations. The reports are available on the WPEC SG21 Web 
Site (http://www.nndc.bnl.gov/sg21). All findings have been examined and recommendations 
finalized by the concluding Subgroup 21 Workshop [2]. The assessment is supposed to be 
used in the following-up activities on producing (assembling) actual data files based on the 
recommendations. 
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Abstract: We report our preliminary results concerning the preparation of nuclear data base 
for the investigations on a small accelerator driven system - Subcritical Assembly at Dubna 
(SAD). The main characteristics of this ADS project and MYRRHA European project are 
presented. These systems are aimed to the solution of nuclear spent fuel problem. The risk 
from nuclear radwaste (transuranic actinides, in particular isotopes of Pu, Np, Am, and long-
lived fission products Tc, I) is considered in relation with the possibility of their transmutation 
to short-lived or stable nuclei. The advantages in ecology of the Thorium-Uranium fuel cycle 
as an alternative for accelerator driven systems are reviewed. In this context some our results 
in the study of 232Th resonance neutron cross section are summarized. 

Introduction 

Solutions of the problem of radioactive waste management have been increasingly 
investigated since the latter 15 years. Several spent fuel management options have been 
suggested. After discharge, composition of spent nuclear reactor fuel consist enormous 
concentration of radioactive nuclei. Plutonium is the largest contributor to the long-term 
radiotoxic inventory of Spent Fuel (SF). Minor Actinides (MA) Am, Np and Cm are the next 
larger contributors to the radiotoxicity. Some fission products such as Strontium 90Sr and 
Cesium 137Cs are heat generating isotopes with about 30 years half-lives and they are not 
considered to be significant problems. The very Long-Lived Fission Products (LLFP) 
Technetium 99Tc and Iodine 129I with roughly one million year half-lives present potential risks 
of being released into the environment via ground water movement [1]. Nevertheless 
reprocessing facility are not loaded even more permanent process of work missing, because 
of the high reprocessing costs. Recently, considerable attention has been devoted to 
separate actinides and LLFP from SF, to transmute them, and to dispose off the remaining 
waste in optimal waste forms. Transmutation is a nuclear transformation that effectively 
converts one isotope into another. This involves fissioning the transuranic isotopes and 
converting the LLFP into stable or short-lived isotopes [2]. 

Methods to achieve nuclear transmutation are through exposure of material to neutrons, 
either in a critical nuclear reactor or in an Accelerator Driven subcritical System (ADS). In the 
latter, additional neutrons result from an accelerator beam of high-energy particles, e.g. 
protons, that collide with a dense, high-atomic-number target (Pb, Bi, W). These neutrons are 
then multiplied through interactions with fuel materials in a surrounding blanket arrangement. 
In either case, the exposure of materials to neutrons results in their transformation and 
destruction through a variety of nuclear processes.

Accelerator driven system (ADS) 

In a subcritical reactor, the number of neutrons originating from fission is not sufficient to 
overcome the losses. Therefore, under no circumstances can a chain reaction be self-
sustained. The reaction can proceed if continuously supply neutrons from an external source. 
In an ADS, this external neutrons are created by spallation when a medium energy proton 
beam reacts with a heavy target (Tungsten, Bismuth, Lead). The supply of neutrons is 
proportional to the proton intensity, which can be modified precisely and with a very short time 
constant. The proton beam plays the role of the control bars in a reactor. The ADS systems 
possess a positive gain of energy and possibility of transmute all MA, Pu isotopes by fission 
and some LLFP by neutron capture. In this way, the radio toxicity can be reduced by a factor 
of a hundred and respectively the final repository storage from thousand to hundred years [3]. 
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MYRRHA Project 
MYRRHA [4] is an innovative project that will trigger different research and industrial activities 
in fields such as accelerator reliability, nuclear waste management (transmutation), 
development of new materials, environmental medicine, structural material corrosion and 
safety of nuclear installations. Increasing knowledge and know-how in these fields will 
contribute to aspects of sustainable development and offer a potential for industrially 
applicable spin-offs. In its present status of development, the MYRRHA project is based on 
the coupling of an upgraded commercial proton cyclotron with a liquid Pb–Bi windowless 
spallation target, surrounded by a subcritical neutron multiplying medium in a pool type 
configuration (fig.1).The accelerator parameters presently considered are 5mA current at 
350MeV proton energy. The spallation target circuit is fully separated from the core coolant as 
a result of the windowless design. 

The core pool contains a fast spectrum core, cooled
with liquid Pb–Bi or Pb, and several islands housing 
thermal spectrum regions located in In- Pile 
Sections (IPS) at the periphery of the fast core. The 
fast core is fuelled with typical fast reactor fuel pins 
and the central position is left free for housing the 
spallation module. The core is made of 18 fuel 
assemblies of which 12 have a Pu content of 30% 
and 6 a Pu content of 20%. The MYRRHA design is 
determined by the requirement of versatility in 
applications and the desire to use as much as 
possible existing technologies. The accelerator is to 
be installed in a confinement building separated 
from the one housing the subcritical core and the 
spallation module. The proton beam will be 
impinging on the spallation target from the top. 

Figure 1: Global view of MYRRHA. 

Subcritical assembly at Dubna (SAD) project 
The project SAD (fig.2) proposes creation of experimental installation on the basis of the 
existing at JINR proton accelerator with energy 660 MeV with 3.2 µA maximal current and 
subcritical MOX blanket with Uranium-Plutonium fuel. The accelerator can give beam up to 1 
kW powers that enables thermal power more than 15 kW. In addition has to note also that keff

should be less or equal to 0.98 at all modes of operation, including projected accidents. 

Figure 2: SAD -General design. Figure 3 Neutron spectra at the tree experimental 
channel in the middle of core: in the center, top 
and bottom. 

The realisation of the installation SAD in Dubna is a successful proposal for relatively cheap 
way for application and innovative concepts. The project is intended to be safe and 
ecologically improved nuclear power facility of the modern nuclear industry in JINR. This is 
achieved by using the available proton accelerator and the modernised fuel elements of BN-
600 reactor type, which are serially realised. The scientific and technical potential of JINR is 
an important advantage of this project [5].  
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One of the most important assignments for the SAD project will be computer codes and 
nuclear data (fig.3). The Neutron data laboratory in INRNE-BAS calculates some reaction 
rates and cross section using the SAMMY code for accurate calculation of physical 
characteristics and technology requirements of ADS installations.  

Advantages of Th-U fuel cycle 

Possibility of using Thorium for 233U production is very important because of its high 
abundance and good nuclear data. The Thorium fuel cycle can be used in modem nuclear 
reactors of all types and ADS with keeping up main design features and safety of nuclear 
power plants. This save subcritical system is based on an abundant and inexpensive 
resource, which is natural Thorium and can be built using present day technology. For that 
matter, the Th-U fuel cycle is very attractive because: 1) It is far less toxic during its mining 
stage. 2) It results in much smaller toxicities of Actinides after burnup. 3) These Actinides can 
be recycled as seeds for the next fuel load. 
Although the interest in thorium cycles is currently very localized and some negative aspects 
are: 1) Built-up of 232U nuclides with half-live of about 70 years and strong γ- quanta 
(2,6MeV). 2) Nuclei of 232Th have more high fission threshold and essentially lower fission 
cross section in comparison with 238U. 3) Nuclei of 233U are produced in � -decay of 233Pa with 
half-live of 27 days. At a shutdown of power reactor or decrease of its power level the 
production of 233U because of the 233Pa decay gives the reactivity increase of the system. 
The 232Th (n,� ) neutron capture cross-section is of great importance for ADS based on the Th-
U fuel cycle. It can be easily shown that a ± 10% uncertainty on � c of the 232Th data can 
produce an uncertainty of approximately 30% on the proton current requirement if the system 
has to be operated at a subcritical level of Keff

�  0, 97 [6]. 

Nuclear data role 

Much of the nuclear data currently needed for ADS have become available with sufficient 
accuracy, which allowed an initial assessment of the concept. As the design becomes more 
precise and sophisticated, a considerable amount of more accurate data is required. As the 
basis for ADS is the neutron yield. Extensive investigations have been carried out on the 
target, number of neutron per incident proton as a function of energy. Because of the wide 
range in both proton and neutron energies encountered in the accelerator and the 
target/blanket, it appears to take considerable time to develop a comprehensive type of 
evaluated nuclear data library, such as was done for reactor systems. For all transmutation 
studies a large number of additional nuclear data, which have not yet been available, is 
needed as mentioned. The data needs range from general reaction cross-sections, radiation 
as well as transmutation reaction to radiation damage and activation. Such data are needed 
not only for protons and neutrons, but also for the various products for technologically 
important elements and nuclei. Presently neutron data below 20 MeV have been developed 
extensively and appreciably high accuracy are assured through the exercise in fission reactor 
programs. Thus, major focus of data need research has been on the data at the high-energy 
region above 20 MeV up to several GeV. For protons and other light charged particles 
existing measurements and suitable compilations are still poor [7]. 
We performed the testing of average resonance parameters of 232Th derived from 
experimental data of neutron resonance capture in the region of unresolved resonances 
(energy region 4-100 keV) [8].The result of cross sections averaging, of 232Th in particular, 
over the large energy interval containing many resonances is presented by Hauser-Feshbah 
formula: 
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The function F accounts for the resonance fluctuation effects and can be chosen roughly the 
same as in the resolved region by the parameterization of 232Th radiation capture cross 
section (fig. 3). The combined analysis of the total and radiation cross sections confirms the 
parameter set obtained in the resonance analysis of the recent GELINA 232Th capture 
experimental data [8]. The analysis of 232Th resonance neutron total cross section is 
illustrated on (fig.4); the ENDF/B-6(8) data file is used as experimental data [8]. 

Figure 3.  232Th capture cross section  
experimental data. 

Figure 4. Fitting of 232Th total cross section 
in the energy interval 4 – 100 keV. 

The present status of data need was summarized as follows: 
1) Total and differential cross-sections for medium-energy proton reactions (mainly 

spallation and fission) on spallation target materials.  
2) Neutron and � - transport cross-sections in the energy range from 20 MeV to several GeV 

for all important target, blanket and structural materials. 
3) Cross section for all important transmutation reactions for MA and LLFP.  
4) Spallation products yield and induced radioactivity production cross-section for all 

potential material components. 
5) Yield of MA and LLFP, transmutation cross sections for fuel burn-up. 
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Abstract. A partial update of the d+6,7Li data evaluation is based on both microscopic and
full phenomenological optical potential analysis of the elastic scattering of deuterons on 6,7Li, 
for D-energies up to 50 MeV, in order to improve the calculation of the D-Li neutron source 
term for EURATOM-Fusion IFMIF project. The elastic-scattering angular distributions have 
been analyzed by using the computer codes SCAT2 for pure elastic scattering processes and 
FRESCO for the coupled reaction channels for taking into account the effects of the elastic 
and inelastic alpha transfer in the d+6Li interaction. The description of the experimental data 
of elastic scattered deuterons on 6Li at energies of 12 MeV, 14.7 and 19.6 MeV is obviously 
improved by the coupled reaction channel (CRC) model analysis taking into account also the 
coupling to the first excited state of 6Li by strongly deformed potentials. 

Introduction 

The International Fusion Materials Irradiation Facility (IFMIF) will produce an intense fast 
neutron field by ~40 MeV deuterons interacting with thick pure Lithium target. In order to 
calculate the yield, the energy spectra and angular distributions of these neutrons as well as 
of all other reaction products high accuracy nuclear data are required. Among them the 
interaction cross sections of the deuterons with 6,7Li nuclei is the most important. In the 
present work a partial update of the d+6,7Li data evaluation [1] is carried on by calculation of 
the elastic scattering of deuteron on 6,7Li, for energies up to 50 MeV, using a 
phenomenological OMP. The previous analyses of deuteron elastic scattering from 6,7Li [2-8] 
proved the reliability of the optical model potential (OMP) but the systematic behavior of the 
energy dependence of the corresponding parameters was not considered. The present work 
looks for the average OMP parameters able to describe the bulk of deuteron elastic scattering 
data on 6,7Li targets from the 3 MeV up to 50 MeV.  

Phenomenological optical potential analysis 

The optical potential involved in this work has the standard form consisting of a Coulomb 
term, a central volume Woods-Saxon real potential, a derivative Woods-Saxon surface 
imaginary potential, and a L.S spin-orbit potential of the Thomas form. The common feature 
of the experimental elastic scattering angular distributions of deuterons on 6,7Li shown in Figs. 
1-2 is the strong backward enhancement. The same behaviour was reported by Igo et al. [9] 
within the study of the 11.8 MeV deuterons scattered on C, Al, and Mg targets. In order to 
describe this peculiar behaviour of the angular distributions Abramovici et al. [6] used 
increased values of the spin-orbit depth VSO up to four times the typical values (~8 MeV). The 
same deep spin-orbit potential we found in the previous analysis done with the semi-
microscopic optical potential [10]. Owing to the missing of the polarization experimental data 
we can not found any justification for such a strong spin-orbit interaction, which could only 
hide some other specific feature of the deuteron interaction processes with 6,7Li. In this 
respect the backward rise in the angular distribution of the elastic channel evidenced in the 
experimental data should be the signature of the well-known elastic transfer process [11]. The 
specific cluster structure of both target nuclei and the corresponding small separation 
energies (6Li=d + � , 1.48 MeV, and respectively 7Li = t+ � , 2.45 MeV) favors the breakup 
process, and the �  elastic transfer from the target nucleus to the projectile has to be 
considered [10] at least for 6Li. The angular distributions of the elastic scattered deuterons on 
6Li targets calculated with the code SCAT2 [12]. The good overall agreement finally obtained 
with the bulk of the experimental data for both 6,7Li target nuclei (Figs. 1-2) can be considered 
as a suitable validation of the actual potential. On the other hand neither Lohr-Haeberli [13] 
and Daehnick et al. [14] nor Perey-Perey [15] parameter sets may describe the backward 
behavior of the experimental angular distributions either with or without a spin-orbit potential. 
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Figure 1. Comparison of experimental angular distributions of deuteron elastic scattering and 
calculated values obtained by using the present OMP (solid curves), the global parameters of 
Daehnick [14] (dashed), Perey-Perey [15] (dot-dashed), and Lohr-Haeberli [13] (dashed-dots). 

CRC analysis for the d+6Li elastic scattering 

The search for phenomenological OMP for elastic scattered deuterons on 6Li at 14.7 and 19.6 
MeV leaded to a good description only at forward angles. The appropriate description of the 
backward angular distributions for 6Li at energies higher than 12 MeV is obtained by taking 
into account the contribution of the elastic � -transfer following the 6Li breakup (Fig. 3) in the 
frame of the (CRC) method [16]. The OMP parameters were refitted in order to obtain nearly 
the same elastic scattering cross sections at forward angles while the sum of the elastic 
scattering and elastic � -transfer is describing the backward angular distribution. The adoption 
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Figure 2. The same as in Fig. 1 but for the target nucleus 7Li. 

of the CRC method makes possible the explicit treatment of the 6Li target higher-order effects, 
the target cluster structure (d+� ), and coupling to the deformed first excited state.  
The CRC calculations were carried out with the version FRXY.1h of the FRESCO  code [16] 
where the parameters of Timofeyuk et al. [17] for the bound states wave functions of the � -
particle and deuteron in 6Li as well as Yoshimura et al. [18] spectroscopic amplitude have 
been used for calculation of the overlap integrals <

�
d|

�
6Li >. The coupling to the first excited 

state of 6Li and the reorientation processes (3+-3+) are calculated with the collective form 
factor [16], the deformation parameter being obtained from the empirical transition rate B(E2). 
Finally the difference between the pure elastic scattering and CRC calculations may not be 
significant at small angles but proves to be important in the backward hemisphere (Fig. 3). 
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Figure 3. CRC calculations for deuteron scattering angular distribution on 6Li at 14.7 MeV and 
19.6 MeV, and the coupling scheme with the elastic � -transfer shown by full line and inelastic-

�  transfer to the 3+ state shown by dotted lines. 
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Abstract. The present work is a part of a more complex project related to the replacement of the 
original stainless steel adjuster rods with cobalt assemblies in the CANDU 6 reactor core. The 
60Co produced by 59Co irradiation could be used extensively in medicine and industry. The paper 
will mainly describe some of the reactor physics and safety requirements that must be carried into 
practice for the Co adjuster rods. The computations related to the neutronically equivalence of the 
stainless steel adjusters with the Co adjuster assemblies, as well as the estimations of the activity 
and the heating of the irradiated cobalt rods are performed using the Monte Carlo codes MCNP5 
[1] and MONTEBURNS 2.1 [2]. The activity values are used to evaluate the dose at the surface of 
the device designed to transport the cobalt adjusters. 

Introduction 

In CANDU reactors, one has the ability to replace the stainless steel adjuster rods with 
neutronically equivalent Co assemblies with a minimum impact on the power plant safety and 
efficiency. However, the production of 60Co implies some requirements which must be fulfilled, 
such as: minor changes in the reactor operation and safety during outage, shielding requirements 
related to the removal and transportation of the Co adjusters, field operator safety, etc. 
The paper will mainly describe the work performed in order to accomplish the above neutronically 
equivalence, to evaluate the activity and the heating of cobalt rods after one year irradiation, and 
to estimate the dose at the surface of the device designed for the removal and transportation of 
cobalt adjuster assemblies. 
The needed number of cobalt pellets which are supposed to be irradiated in vertical tubes, their 
axes being symmetrically placed on a cylindrical surface, and their spatial arrangement are 
estimated by reactor physics computations using the Monte Carlo codes MCNP5 and 
MONTEBURNS. The Monte Carlo method is the most appropriate to simulate complex 3-D 
geometries and to solve the complicated problems involving statistical processes such as the 
radiation interaction with materials. Therefore, all the simulations are performed for the actual, 
detailed geometry and material compositions of the fuel bundles and reactivity devices. 
The 60Co activity and heating evaluations are closely related to the neutronics computations and 
to the density evolution of cobalt isotopes during assumed in-core irradiation period. 
The results of the above computations control the shielding requirements related to the device 
(the flask) used to remove the cobalt adjusters from the active core and to transport them to the 
dedicated place of storage. The shielding dimensions and the materials involved has been 
designed to ensure a surface contact dose rate of 100 mR/h or less for the most active assembly, 
which the flask has to handle. 

Cobalt adjuster rods 

CANDU type reactors are supplied with 21 stainless steel adjuster rods, of four types, named A, 
B, C and D which major aim is to perform the spatial control of the power (the flux flattening) and 
to provide positive reactivity, when needed, by their removal from the active core. At their turn, 
adjusters A and C are divided into two types of segments: A-outer, A-inner and C-outer, C-inner, 
respectively. 
The neutronically equivalence consists in identical reactivity values and the same effects on the 
spatial distribution of the neutron flux for both stainless steel and cobalt adjuster rods. Generally,
each cobalt adjuster assembly consists in a number of bundles, each of them containing up to six 
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cobalt pencils. The number of cobalt bundles is controlled by the negative reactivity requirements 
for each adjuster type characterized by a particular location in the reactor core.  
As a result, criticality computations for both adjuster types (stainless steel and cobalt) are 
performed using the MCNP5 code. The analysis of the k-infinity values and of the flux-spectrum 
carried out the conclusion regarding the number of Zircaloy pencils containing the Co pellets, 
their symmetrically cylindrical geometries, and the equivalent Co masses, implicitly. 

Activation and heating 

The computations of the activity and heating of the irradiated cobalt assemblies are performed 
using the MONTEBURNS and ORIGEN 2.1 codes. Realistic numerical values for the local fission 
power and for the irradiation period were assumed for investigation. 
The activities of 60Co and 60mCo (meta-stable) isotopes are of interest for shielding design and for 
dose estimations. Unfortunately, the activities of these isotopes could not be evaluated directly 
using the burn-up capabilities of the MONTEBURNS code because of the lack of their neutron 
cross-section from the MCNP5 code library. As a result, ORIGEN 2.1 [3] (isotope generation and 
depletion code) and its appropriate cross-section library, CANDUNAU, were preliminary used in 
order to evaluate the burn-up of cobalt during the irradiation period. 
Additional MCNP5 runs for all the cobalt assemblies have been done in order to compute the flux-
spectrum, the 59Co and the 60Co radiative capture reaction rates in the adjusters. The   60mCo 
cross-section was estimated using the flux-spectrum and the ORIGEN2.1 code capabilities 
THERM and RES.  These computational steps allowed the evaluation of the one-group cross-
section for the radiative capture reactions of cobalt isotopes. The values obtained replaced the 
corresponding ones from the ORIGEN library, which have been estimated using the flux-
spectrum specific to the fuel. 
With these changes, the ORIGEN runs carried out the activity and the heating values for each 
type of cobalt adjusters. 

Shielding device (the flask)

The removal and the transportation of the cobalt adjusters are performed using a special device 
that dimensions and material composition have to carry into practice the requirements related to 
the space restrictions and to the operator and public safety. 
Essentially, the flask is a shielded tube with an inner diameter of 165 mm and about 7.6 m long. 
The shielding requirements imposed by the most active assembly that must be handled are 
accomplished using stainless steel, lead and steel carbon layers. 
In this paper, surface-contact dose calculations for the most active cobalt adjuster are performed 
using the MCNP5 code. 

Results and discussions

Criticality computations using the MCNP5 code are performed in order to accomplish the first step 
of the present work regarding the neutronically equivalence of the stainless steel adjusters with 
the cobalt ones which consist in identical k-infinity eigenvalues. A lot of calculations for the actual, 
detailed 3-D geometries and material composition for each type of adjuster rod were performed. 
Their aim is to find out the appropriate number of cobalt pencils and their spatial arrangement that 
fulfill the above requirements. 
The systems modeled in the MCNP5 code input consist in eight standard CANDU cells (37 fuel 
pins of natural uranium) and the corresponding segment of the adjuster type which has to be 
analyzed. All the external surfaces of the cells were considered as being reflective in order to 
estimate the eigenvalue k-infinity. In the calculations performed a Watt spectrum was used as 
starting source of neutrons with a uniform volume distribution in all the fuel pins. The material 
temperatures were accounted for in the neutron cross-section evaluations using the TEMP card 
for each material region in the MCNP code input; the code adjust automatically the elastic and the 
total neutron cross-section involved in free gas thermal treatment of neutron interactions. 
All the Monte Carlo runs were performed using the KCODE capability (criticality computation) of 
the MCNP5 code with the following options: a total of 4000 cycles to be done, 80 inactive cycles, 
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and a number of 3000 source histories per cycle. In Tab.1 the absolute values for the local 
reactivity (defined as 1000*(|1/kref - 1/ki|) for the stainless steel adjuster rods and for the 
corresponding Co adjuster assemblies are presented. kref represents the "reference" k-infinity 
value computed for the eight standard CANDU cells described previously (without adjuster 
segment inserted) and ki are the values obtained for each adjuster type.  

                 Table 1. Adjuster reactivity values 

The computations of 
cobalt rod activities 
after one year of in-
core irradiation are 
performed using the 
MONTEBURNS1.0 
code (it links the 
MCNP code with the 
radioactive decay and 
burn up code 
ORIGEN2.1) and the 

ORIGEN2.1 as stand-alone code.  
Besides the input file needed by the MCNP code, some additional data are required in order to 
perform Co burn up computations using the MONTEBURNS code. Therefore, the one-year in-
core irradiation was divided in 8 burn-up steps and an average thermal power value has been 
considered for each step. For the future safety analysis report, longer irradiation intervals should 
be also taken into account. As mentioned previously, the code cannot burn 59Co; instead, it offers 
information about the fluxes for each burn up step, the one group cross-section for each type of 
neutron interaction, and the mass of 59Co at the end of steps.  
Consequently, the ORIGEN2.1 is used as a stand-alone code in order to obtain information about 
the activities of 60Co and 60mCo isotopes, which are of interest for safety evaluations. 
As described previously, the ORIGEN2.1 one-group cross-sections for radiative capture reactions 
of cobalt isotopes have been replaced with the values obtained by weighting the corresponding 
reaction rates with the flux-spectrum calculated for each type of the Co adjusters using MCNP5 
code. A detailed energy grid of 30 points in the range 0.0 eV – 20 MeV was used in simulation in 
order to obtain an accurate description of the flux in the thermal, epithermal and fast range.  In 
succession, the ORIGEN2.1 runs were performed using the IRF option (it means, irradiation for a 
single interval with the neutron flux specified). The flux values in each Co adjuster and for each 
irradiation step were supplied based on prior MONTEBURNS code runs.   
It's a well-known fact that the ORIGEN2.1 code is used in simulating nuclear fuel cycles and 
computing the nuclide compositions of the materials contained. Thus, the one-group cross-
sections provided in the code databases are highly reactor- and fuel-type specific being 
calculated using the neutron energy spectrum in the fuel as weighting factor. 
As a result, all the computational steps described previously are needed in order to accommodate 
the code for burn up evaluations when the flux-spectrum is different from that one in the fuel 
region. 
The accuracy of the new cross-section values used in the ORIGEN2.1 code was confirmed by the 
agreement of the results obtained by MONTEBURNS code runs (it means, the one-group cross-
sections for radiative capture and the mass of 59Co isotope) with the evaluations performed using 
the flux-spectrum computed by MCNP5 in the Co adjuster assemblies and the cross-sections for 
cobalt isotopes provided by NNDC (National Nuclear Data Center, Brookhaven National 
Laboratory). This agreement leads to the conclusion that the activity values of the cobalt isotopes 
obtained using the ORIGEN2.1, as stand-alone code is reliable. 
Therefore, in Table 2 the activity and the heating values per lattice pitch (28.575 cm) are 
presented for each cobalt adjuster segments after one year of in-core irradiation. The 
replacement of all Co adjusters is performed during routine reactor maintenance shutdowns, and 
as a result, a time “window” of few days for the cooling of the assemblies in the active core is 
provided. The activity of 60mCo isotope that has a half-life time of 10.47 min becomes negligible 
during this time and the overall activity is mainly due to 60Co.  

Adjuster segment 
type Stainless steel  Fresh cobalt  

A-outer 24.492 25.583 
A-inner 29.387 30.490 

B 44.295 45.337 
C-outer 17.779 18.052 
C-inner 39.119 40.384 

D 26.096 27.325 
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              Table 2. Activity and heating of cobalt adjuster segments 

The next step 
consists in the 
evaluation of the 
dose rate at the 
surface of the 
flask. The 
calculation was 
performed using 
the MCNP5 code 
for a detailed 
description of the 
device regarding 
the actual 
dimensions and 
material 
composition. The 
source of the 
photons has a 
uniform volume 
distribution in all 
the cobalt regions 
of the adjuster 
with the discrete 
energy distribution 

specific to 60Co isotope (the gamma lines of 1173. keV and 1332. keV). In order to estimate the 
dose rate, the photon flux-to-dose rate conversion factors that could be selected automatically 
from MCNP5 library were used.  
The dose rate obtained from simulation is normalized to the activity value of the “hottest” (the 
most active) cobalt adjuster assembly. Thus, the surface contact dose rate for the cobalt adjuster 
type B evaluated at the top of the flask (where an operator could handle the device for a short 
period of time) is of 41 mRem/h; this is an acceptable value taking into account the additional 
shielding already provided. 

Conclusions

The present work clears up the reactor physics problems regarding the power spatial control and 
the reactivity equivalence of the original stainless steel adjusters with the cobalt assemblies. 
The heating values obtained for all the cobalt adjuster rod types do not require additional cooling 
during their handling. 
The dose rates were computed for the most active cobalt adjuster assembly which has to be 
handled by the existing flask and their values do not impose a supplemental shielding besides the 
ones already designed. 
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Cobalt adjuster 
type 

Cobalt 
isotopes 

Activity (Ci) Heating (Watts) 

60Co 16290.0 251.150 
A-outer 60mCo 37750.0 14.105 

61Co 669.5 2.167 
60Co 20675.0 318.750 

A-inner 60mCo 49060.0 18.330 
61Co 833.5 2.697 
60Co 32330.0 498.400 

B 60mCo 80900.0 30.220 
61Co 1131.5 3.662 
60Co 11525.0 177.700 

C-outer 60mCo 26545.0 9.920 
61Co 505.0 1.634 
60Co 28345.0 437.000 

C-inner 60mCo 69250.0 25.880 
61Co 1044.5 3.380 
60Co 18040.0 278.150 

D 60mCo 42130.0 15.740 
61Co 739.5 2.393 
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Abstract: The romanian VVR-S research reactor is a tank type, light water moderated and 
cooled. The nominal reactor power was 2 MW. It was first reached critically in July 1957 and 
operated until December 1997 when it was shutdown. During  the ’70 to IFIN-HH was design and 
built the Spent Nuclear Fuel National Repository. There are four storage pools where, beginning 
whit the ’80 years, the spent fuel from reactor was disposed for interim wet storage. The storage 
water  quality was monitored occasionally  until 1997 when the reactor was shutdown and a lot of 
fuel aluminum assemblies have been stored here. In 1997  a permanent monitoring of a few 
parameters began: pH, conductivity, chlorides, solid residue, oxygen dissolved and gamma 
activity. This monitoring allowed to fabricate and test a water filtering and purification system 
consisted of: a mechanical filter for  60-90µm particles, a fine filter for  0,1-0,45µm particles and  a 
mixed bed resin ion exchange for water deionization. The gamma activity measurements showed 
existing the failed fuel assemblies which have been perforated and are leaching 137Cs into the no. 
3 pool water. To prevent continued degradation of these fuel assemblies they need to be isolated 
from the pool basin water. With this aim a visual examination and a sip test will be performed. 

Introduction

The Romanian VVR-S research reactor is  located 15 kilometers from Bucharest in the town of 
Magurele and was operated by the “Horia Hulubei” National Institute of Physics and Nuclear 
Engineering (IFIN-HH). The reactor first reached criticality in July 1957 and operated until 
December 1997 when was permanently shutdown. During its 40 years of operation, the reactor 
was used for commercial isotope production as well as nuclear research to further the Romanian 
nuclear power program and for the continued development of in-country nuclear expertise. 
The VVR-S is a tank type, light water moderated and cooled. The nominal reactor power was 2 
MWt, but could be raised to 3 MWT by intensification of the cooling circuit, which was first 
achieved in 1959.The U. S. S. R. Performed the design and fabrication of reactor components, 
but the construction was performed by the IFIN-HH. 
During  the 70’s, the Spent Nuclear Fuel National Repository was designed and built at IFIN-HH. 
There are four storage pools where, beginning with the 80’s, the spent fuel from reactor was 
disposed for interim wet storage.  Table 1 shows the present position of these fuels in the pools. 

Table 1.  The present position of fuel assemblies in the pools 
Fuel  
type 

Number of fuel element assemblies 

No. 1 No. 2 No.3 No.4 
   Empty
1990 1992   1994 1997 1980 1983 1986 1990 1980

S36  1 - 2 12 - - - -  
EK10  15 10 9 - 14 13 23 1 59 

Aluminum alloys have been used as cladding materials for nuclear fuel, storage racks and pool 
liner because of their low  thermal neutron absorption cross-section. Also, aluminum has an 
excellent corrosion resistance in most  environments owned to the oxide barrier film formed on 
and strongly bonded to its surface.  
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Chemical and physico-chemical analysis 

In order to assess the corrosion of aluminum  and the clad spent fuel status  some parameters  
water have been monitored on a quarterly basis. Table 2 shows these parameters and their 
values during 1997-2000 periods. 

Table 2. The parameters monitored  quarterly in 1997-2000 
                        Pool 
Parameter 

No.2 No.3 No. 4 At-reactor 

pH 5-5,5 5-5,5 5-5,5 5-5,5 

Conductivity,µS/cm 10-25 9-26 9-26 10-90 

Chlorides, ppm  <2 <2 <2 <2 

Dissolved oxygen, ppm 63.4  56.8  49.3 84.5 

Solid residue  at 1050C, mg/L 5-20 8.5-17.3 6-13.1 13.4-51.5 
water 
sample 

500-10,000 14,000-50,000 1,000-6,000 300 γ activity of 
137Cs, Bq/L 

solid 
residue 

300 10,000-34,000 800-2,000 300 

� pH was performed using un Mettler Toledo MP 225 pH-meter with U402-88-TE S7/120 
electrode for distillate water; 

� conductivity  was performed using a Mettler Toledo MK 226K conduct meter; 
� chlorides were determinate by turbidimetric method; 
� dissolved oxygen was determined by Winkler method;
� solid residue was obtained by sample evaporation at 900C  and drying at 1050C; 
� activity of 137Cs was determined  by using a high resolution gamma-ray spectrometric system 

with HP Ge type semiconductor detector (25% relative efficiency and 2.2 keV energy 
resolution at 1332.5keV). The system was previously calibrated in energy and efficiency for 
the 20mLwater samples. 

At the 2000’s end IFIN-HH bought deionizated water  and changed out the water from no.2, no.3, 
and no.4 away-from-reactor pools. Although the water conductivity was 0.6 µS/cm, unfortunately 
the water parameters was  damaged, the water became turbid and the aluminum level increased 
(Table 3). 

Table 3. The parameters values in January 2001 
                        Pool 
Parameter 

No.2 No.3 No. 4 

pH 4.75 4.00 4.50 

Conductivity,µS/cm 28 29 24 

Chlorides,ppm* - - - 

Aluminum, ppm 0.5 0.4 0.3 

Solid residue at 1050C, mg/L 52.2 54.3 18.6 
γ activity of 137Cs, Bq/L - 1700 300 

*The water turbidity didn’t allow to determine the chlorides concentration. 

After this experience the IFIN-HH personnel have fabricated and tested a water filtering and 
purification system to install in the Spent Nuclear Fuel National Repository. This system is 
designed in order to maintain the proper water chemistry and conditions in the spent fuel pools to 
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ensure a long life of stored spent fuel while the fuel is awaiting shipment to another off-site 
location. The  water filtering and purification system consist of: 

1. Peristaltic  pump 
2. Coarse  filter –60-90µm retention 
3. Tampon reservoir 
4. Fine  filter -  0,1-0,45µm  retention   
5. Mixed bed resin ion exchange for water deionization 

The results obtained  during the test  are shown in Table 4.  

Table 4. The parameters values during the test of water filtering and purification system 
                        Pool 
Parameter 

No.2 No.3 No. 4 At-
reactor 

pH 5,76 6.3 6.5 6.6 

Conductivity,µS/cm 4 3.29 2.73 15 

Chlorides,ppm  <0.1 0.2 <0.125 1.3 

Dissolved oxygen, ppm 6.25 22 22 22 

Solid residue at 1050C, mg/L 4,9 4.8 1.9 8.2 
γ activity of 137Cs, Bq/L <150 1350 <150 250 

137Cs  activity 

One can observe at Table 5 there is some  failed fuel assemblies that have been perforated and 
are leaching 137Cs into the no. 3 pool water. 

Table 5. The gamma  activity of 137Cs in the pool no.3 
Nr. 
crt. 

Date Counting 
time, sec 

γ activity of 137Cs, Bq/L Uncertainty, 
 ± 1σ

1. 11.02.02 9000 2577 ±12% 
2. 25.03.02 9000 2918 ±12% 
3. 29.04.02 9000 3013 ±12% 
4. 27.05.02 9000 3240 ±12% 
5. 10.06.02 9000 3413 ±12% 
6. 20.07.02 9000 4580 ±12% 
7. 23.08.02 9000 5199 ±12% 
8. 10.05.04 9000 1524 ±7% 
9. 14.06.04 9000 1970 ±6% 
10. 12.07.04 9000 2300 ±6% 
11. 30.08.04 9000 3050 ±7% 

The results show a straight line with an approximate leaking rate of 8 Bq/day. To prevent 
continued degradation of these fuel assemblies, and to resolve the operational difficulties of 
accumulating the 137Cs in the water purification system, the failed fuel assemblies need to be 
isolated from the pool basin water. With this aim a visual examination and a sip test will be 
performed. 

Conclusions 

The  actual  IFIN-HH objectives are focused on the safety upgrades and surveillance programs 
relating to the continued safe storage of the spent fuel. The tasks are as follows: 
1. Perform full baseline characterization of water in the four away-from-reactor pools and predict 

storage life 
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2. Implementation water surveillance program  
3. Implementation corrosion surveillance program 
4. Identify failed fuel assemblies in no.3 pool 
5. Vacuum silt from pools and change out water 
6. Storage pool purification system to achieve water purity goals 
7. Water level instrumentation upgrades. 
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Abstract. This document presents the progress in the frame of the safety assessments 
related to the potential near-surface Romanian National Repository, as well as to the 
geological repository in salt rock for CANDU spent fuel. 
The safety assessment of the near-surface repository follows the ISAM methodology. The 
repository design consists of a vault, in which the wastes resulted from the operation and 
decommissioning of the CANDU reactor from Cenavoda Nuclear Power Plant (CNPP) are 
disposed off. A layered unsaturated zone overlying a variable thickness confined aquifer, 
which consists of barremian limestones, characterizes the site. The interface with biosphere is 
considered to be the Danube-Black Sea Channel. The document summarizes the results of 
the post-closure safety assessment for the design scenario.  
As to the final disposal of the CANDU spent fuel from the CNPP, we assumed that the 
repository is built in a salt dome. Up to now there are no detailed characterization studies of 
salt formations in Romania, from the point of view of the suitability as a repository site. 
Therefore, generic data for hydro geological characterization of the site have been used, 
coming from the Gorleben site in Germany. 
The spent fuel containers are disposed off in galleries, somewhere 500 m bellow the cap rock 
of the salt dome. The temporal loading scheme of the repository is based on a sequential 
filing of the disposal fields, with a delay of 10 years between filling of two neighbouring 
disposal areas. The disposal fields are accessed via a shaft. After filling of a disposal gallery, 
the remaining space is backfilled with salt powder and the gallery is sealed with compacted 
salt bricks. The access galleries are also backfilled and sealed. Only the reference scenario is 
considered, in which groundwater from the aquifer overlying the cap rock intrudes into the 
repository.  

Introduction 

Romania became a radioactive waste producer since 1996 (CNPP  Unit 1 Commissioning). 
CNPP is equipped with five PHWR-CANDU 6 type reactors of 705 MW(e) gross capacity; 
each of them are in different implementation stages. Unit 1 is in commercial operation, Unit 2 
is under construction and Units 3, 4, 5 are under preservation. According to the current 
provisional strategy for the management of radioactive waste produced in the CNPP, short-
lived low and intermediate radioactive waste will be disposed off in a near surface repository 
[1]. An investigation program was been started in 1992 to select an appropriate site for a 
future near surface repository.  
Together with the site selection and confirmation processes for a near surface repository, the 
preliminary post-closure safety assessment (SA) was developed. The studies followed the 
ISAM [2] methodology and the key elements of the SA model were defined according to the 
repository development phases. Because this post-closure safety assessment is undertaken 
in the early stage of repository development, the availability of data was limited. Given the 
lack of data for the near field the “literature” and “simplification” approaches were used. For 
the unsaturated and saturated zones several parameters are obtained by combining 
laboratory and field measurements. The results presented in this document are based on very 
conservative approaches regarding the release of the radionuclides from disposal unit near 
and far fields transport and the dose assessment. The results increase the confidence that 
the site will be suitable for waste disposal. From the analysis of the results obtained for design 
scenario it might appear that the site has good characteristics, especially because the thick 
unsaturated zone and low hydraulic conductivity of the materials.  
Spent nuclear fuel is generated by CNPP and two research reactors – TRIGA and VVR-S. 
The current operations for the management of the CNE Cernavoda spent fuel are: (i) 6 to 7 
years wet storage in the Spent Fuel Pond; (ii) 50 years dry storage in the Spent Fuel Dry 
Storage Facility (this period may be extended up to 100 years, if the storage performance will 
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match the present suppositions); (iii) deep geological disposal in a national repository, that 
has to be operational within a maximum of about 45 years from now. 
This document investigates the long-term safety consequences of direct disposal of the spent 
fuel in a deep repository located in salt. Salt was chosen as the host rock because of some of 
its favourable long-term performance characteristics: low permeability and convergence. 
Thus, under normal conditions, no release of radionuclides from the salt to the biosphere is 
expected. Nevertheless, over a long time period, the uplift of the salt dome and subsequent 
erosion by groundwater are possible mechanisms that may result in contamination of the 
biosphere. Model calculations were performed using computer codes EMOS 5/7, a 
deterministic approach was applied and local sensitivity analyses were performed.  

Safety Assessment for the New Romanian Near Surface Repository  

In this study we applied the ISAM methodology, based on: definition of an assessment 
context, description of the system, development of scenarios, formulation and implementation 
of models, consequences analysis, study of the adequacy of the safety assessment, review 
and modification (iteration). The main purpose of the safety assessment is to increase 
confidence that the Saligny site will be suitable for waste disposal and to recommend further 
data collection and alternative conceptual models to be used in the next safety assessment 
iterations. In this assessment, no explicit cut off time was imposed, and the calculations were 
carried out until the dose peak value has been reached.  
The facility was drawn upon El Cabril design using public domain documents [3]. The safety-
critical radionuclide for the repository is C-14 and, as five CANDU reactors are assumed to 
operete at CNPP, the C-14 inventory raises to about 2000 TBq [3]. The Saligny site presents 
a rather deep unsaturated zone consisting in a pile of loess and clay, under this zone it is a 
calcareous aquifer. The main surface water is the Danube river, that supplies water to 
Danube-Black Sea Channel (DBSC) and to CNPP. 
Because the facility is in the intended stage, only the design scenario is considered. For this 
repository which is still in the planning phase, we decided to follow the approach adopted by 
the ISAM Vault Safety Case Group (VSC Group) [2].  
The interaction matrix (IM) method was adopted for this safety assessment to develop the 
conceptual model for design scenario. Conceptually, the IM for the Saligny design scenario is 
identical with the IM for the ISAM Vault Test Case design scenario, liquid release [2]. We 
developed different conceptual models for near and far fields using a step by step increase in 
the models complexity. All the mathematical models used in this document are based on 
deterministic approach using a best estimate set of parameter values.  
The near field, models selected to represent the fluid flow, container degradation, waste form 
leaching and radionuclide transport processes influencing release are incorporated in the 
computer codes DUST [4] and MCCM [5]. The simplest mathematical model for the 
unsaturated zone (it actions only as a delay mechanism for the release of radionuclides into 
the aquifer) was implemented in PEGAN [6] computer code. A more elaborated one-
dimensional model is developed in accordance with the algorithm implemented in computer 
code DUST. This model simultaneously represents the radionuclides release from the waste 
forms, near field transport and their migration through the unsaturated zone. A two-
dimensional model including unsaturated-aquifer zones was implemented in the SWMS_2D 
[7] code. The coupling of unsaturated flow and transport with the aquifer flow and transport 
allows the continuity mass conditions at the interface between the two zones. This is the only 
mathematically correct approach. In this model the source term is transferred in the 
unsaturated zone as a top boundary condition. The annual individual dose was estimated by 
the DOSE [8] computer code with parameter taken from the ISAM documents [2]. Regarding 
the annual individual dose from using of hypothetical well located below the disposal unit, the 
one-dimensional models provide the dose from all pathways that exceeds 1 mSv/yr. In 
contrast with the dose from using of well water, the  annual individual dose from using of 
DBSC water are insignificant. The large differences in the individual doses estimated with the 
PAGAN- DOSE and DUST-SWMS_2D - DOSE computer codes arise from the differences in 
the conceptual and mathematical models used in the two computational systems.  
The results obtained in the previous section indicate that, for the design scenario and DBSC 
biosphere interface, the peak dose summed across all pathways for C-14 is insignificant, 
regardless the conceptual or mathematical models used. For the hypothetical well biosphere 
interface located below the disposal unit, the peak dose exceeds the dose constraint 
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(1mSv/yr) for the one-dimensional conceptual models. However, all the results are obtained 
using very conservative hypothesis. 

Safety Assessment for Repository in a salt dome 

Salt is chosen as host rock due to some favourable characteristics regarding long-term 
performance. Among these are the low permeability and the creeping behaviour. Due to the 
low permeability, the environment of the waste containers is usually dry because flow of water 
is negligible. The creeping behaviour of salt (also called convergence), results in sealing of 
any faults that may appear by mechanical stresses and which may provide a path for the 
release of radioactivity. Thus, under normal conditions and on a short time scale, no release 
of radionuclides from the repository to the biosphere is expected. But on a long time scale the 
uplift of the salt dome and following erosion by groundwater are possible mechanisms that 
may result in a contamination of the biosphere [9]. Besides the normal evolution of a salt 
dome, some exceptional situations may appear which may result in a release of radionuclides 
from the salt to the geosphere. These situations are modelled by altered evolution scenarios, 
and are related to the presence of water in the neighbourhood of the waste containers. 
Three scenarios were taken into account: erosion as the normal evolution of the salt dome, a 
combined scenario with brine intrusion from the overburden and from undetected brine 
pockets, and a cavern scenario representing future human actions. The scenarios differ 
mainly for the near field models. Geosphere and biosphere are modelled in the same way for 
the combined accident and the human intrusion scenario. For the erosion scenario the 
geosphere is not modelled explicitly. Radionuclide transport through the overburden is 
modelled by a one-dimensional convection-dispersion equation, taking into account sorption 
processes. Calculation of radiological consequences starts from the radionuclide 
concentrations in near-surface ground water which are converted to radiation exposure by 
means of dose conversion factors. 
The combined-accident scenario is characterized by: (i) anhydrite vein crosses the main field; 
(ii) anhydrite represents the path for groundwater flow into the repository; (iii) groundwater 
intrusion into the main field, at the time of intrusion, t = 85 years has no radiological 
consequences; (iv) consider a combination of brine intrusion from the overburden and from 
brine pockets near the emplacement galleries, (v) volume of the brine pockets is 260 m3.  
The entire repository consists of 5 emplacement fields, successively filled after 10 years 
intervals. Each emplacement field is divided into 3 structural units, each with a main gallery 
and 20 transverse disposal galleries, each containing 39 Pollux containers.   
The brine flows into the main field at the 85 years post-closure time with a flow rate 0f 80.4 
m3/y.  After 251.6 years post-closure time, the brine flow in main field changes its directions, 
i.e., brine is squeezed out of the main field due to convergence. The porosity decreases due 
to convergence process, and porosity decrease is influenced by temperature, particularly in 
the disposal galleries. After fill-up, the porosity decreases is slowed down due to the effect of 
pressure build-up that influences the convergence ratio in inverse proportion.    
The disposed waste from CANDU nuclear power plants are CANDU fuel bundles exclusively. 
The sources for radio toxic elements in spent fuel are activation and fission products from the 
UO2 matrix, activation products from the Zircaloy sheath and activation products from 
impurities in both the fuel and the Zircaloy sheath. 
The brine flow into the repository is modeled as follows: (i) existent brine pockets in disposal field 9 
(associated to RS50), respectively 8 (RS49); (ii) convergence drops due to pressure increase in 
RS50C (section completely filled-up); (iii) the transverse disposal gallery QS50B 
accomplishes the role of the radionuclide trap due to the salt rock convergence reduction 
process. The mobilization of the radionuclides from the 78 containers disposed in the ES50A 
galleries lasts for 1100 years. The relevant radionuclide release rates out of the main field into 
the biosphere attains theirs maximum after about a 8,000 years post-closure time. For some 
few radionuclides, for instance C-14 and Se-79 the release rate decreases rapidly due to 
radioactive decay process, and for the other radionuclides the release rates decrease as a 
result of the reduction of expelled brain flux.  
The annual radiation exposure attains a first maximum of 3.2×10-7 Sv/y at t = 1.2x104 years, 
due to I-129 and a second maximum of 4.4x10-7 Sv/y at t = 4.5x105 years caused mainly by 
Ra-225. 
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Conclusion  

In this document, the steps involved in the ISAM methodology are examined in detail using, 
the first iteration in the safety assessment for the Planned Near Surface Repository. However, 
the issue of siting a near surface repository for radioactive waste will be reconsidered by the 
strategy to be elaborated by the National Agency for Radioactive Waste Management 
(ANDRAD). 
The results presented in this document are focused on two alternative conceptual models: a 
very simple one including high conservatism and the second based on more evolved 
mathematical model. In all simulations  conservative parameters and hypothesis regarding 
the release and migration of radionuclide were used. These results, increase the confidence 
that the site will be suitable for waste disposal. From the analysis of the results obtained for 
design scenario it might appear that the site has good characteristics, especially due to the 
thick unsaturated zone and low hydraulic conductivity of the materials.  
The main assessment end-point considered in the present study is the annual individual 
effective dose. The results presented in the previous section indicate that, for the design 
scenario and DBSC biosphere interface, the peak dose summed across all pathways for C-14 
is insignificant, regardless of the conceptual or mathematical models used. For the 
hypothetical well biosphere interface located below the disposal unit, the peak dose exceeds 
the dose constraint (1mSv/yr) for the one-dimensional conceptual models. However, all the 
results are obtained using very conservative hypothesis.    
In the combined accident scenario an intrusion of brine from the overburden into the 
repository via the main anhydrite is considered in combination with a limited brine intrusion 
from brine pockets which are located in the neighbourhood of the emplacement galleries. 
Applying best estimate values of the input parameters, the maximum radiation exposure for 
this scenario is 9×10-6 Sv/y, and the most relevant nuclides are I-129 and Ra-225. Three 
parameters have been assumed to be important to radiological consequences in the 
combined accident scenario: volume of brine pockets, time of brine intrusion from the 
overburden, and  reference convergence rate. Brine pockets are important because an early 
intrusion of brine into emplacement galleries leads to an early radionuclides mobilization and 
a slower convergence process. 
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Abstract. The paper   presents the results obtained in the standardization of a 177Lu solution 
and its use for the calibration of the measurement equipment used in the 
Radiopharmaceutical Unit from the Radioisotope Department of IFIN-HH. The standardization 
method was the 4πPC-γ coincidence, in the variant of the detection efficiency extrapolation. 
The standardized solution was used for the calibration of the secondary standard, 
CENTRONIC IG12/20A ionization chamber, allowing for the subsequent calibration of other 
commercial radioisotope calibrators. At the same time, some vials, containing various 
quantities of standard solution were prepared, in order to carry out measurements for 
biodistribution of the radiopharmaceuticals based on 177Lu, administrated to experience 
animals.

Introduction 

The present interest in the new targeted radiotherapy methods to be used in nuclear medicine 
is mainly focused on the use of some chemical as well as biological labeled compounds. The 
modern trend is to use short lived radionuclides, belonging to alpha decaying category, such 
as 211At, pure beta emitters, 32P, 89Sr, 90Y, and a particular category of beta-gamma emitters, 
the so called triangular decay scheme radionuclides. Their main advantage is the strong 
emission of beta radiations, to be used as cytotoxic agents, combined with a weak emission 
of gamma rays, within the energetic interval, 100 keV- 250 keV, suited for the monitoring of 
the biodistribution of the administrated radiopharmaceutical in the patient body with a normal 
gamma camera used in the radiodiagnosis, in SPECT procedures. At the same time, the 
weak gamma-emission is not so dangerous for the medical personnel, as in the case of other 
therapy radiopharmaceuticals, such as those based on the use of 131I. The most used 
radionuclides, belonging to this category are: 153Sm, 186Re, 188Re, and more recently, 177Lu. All 
these radionuclides can be produced in a Nuclear Reactor. Regarding 177Lu, it can be 
obtained by two types of nuclear reactions. One way is the reaction 176Lu(n,γ)177Lu, with an 
activation cross section of 4000 barn. 176Lu has a natural abundance of 2.61%. The saturation
specific activity, is obtained after about 30 days of irradiation.  Usually, a  thermal neutron flux 
of 5x1013 n cm-2 s-1 (obtainable at the TRIGA SSR- 14 MW, from SCN-Pitesti)  and an 
enrichment to 60.7% are used, resulting specific activities of  maximum 500 MBq/µg Lu,  high 
enough  for biomolecule labeling. Another way of obtaining is the reaction 176Yb(n,γ)177Yb, β-

,177Lu, when carrier free radionuclide results. Radionuclide 177Lu is studied in our Department 
as a component of the research contract nr.12122/2002-2005, sponsored by the IAEA [1].  
Some results regarding the preparation and in vitro evaluation of 177Lu radiopharmaceuticals 
have been already obtained and reported [2]. 

Preparation of sources and solutions 

A concentrated 177Lu solution, as carrier free LuCl3 in 0.05N, in a total volume of 0.067 mL, 
was bought from the Nordion Company. Two subsequent dilutions, using as dilution agent a 
0.05 N HCl solution, and weighing by the use of an analytical balance, were made: The first 
dilution  was made with a dilution factor F1=16.6731 ±0.1%, obtaining the solution A1. The 
second dilution had the dilution factor, F2=575.797± 0.1%, resulting the solution A2. The 
precise values of the dilution factors were necessary for the calculation of original and A1

solutions. From A2 solution, several samples were prepared. One vial, type AP6, used for 
distribution of the radiopharmaceuticals, containing M0=5.0131 g, was prepared for the 
calibration of the CENTRONIC IG12/20A ionization chamber and other calibrators. Three 
vials, having the same geometries with those used for the measurement of the experiment 
animal organs in biodistribution studies, with the masses of solution: M1=1.0065g, 
M2=0.4589g, M3=0.1435g were prepared. A number of 8 solid sources, with masses within 



182

the interval 20mg–51mg, weighted, with the microanalytical balance Mettler M5, dispensed on 
double golded VYNS film, were standardized absolutely.  

Standardization of the solution and calibration of the measurement  equipment 

The radionuclide 177Lu has the decay scheme presented in Fig.1. 

Figure 1. Decay scheme of   177Lu 

Table 1 presents decay data from three references,[3-5]; the values presented between 
brackets are from 28.07.2004 : E.Browne, ENSDF citation NDS 68,747 (1993), reconsidered, 
in December 2002 [5]. According to this Document, T1/2= 6.734 (12) days. 

Table 1. Decay parameters of 177Lu 
Electrons Energy,keV Intensity, sγ,% Photons Energy,keV Intensity,% 
ec1 4.6 5.2 XK 54.6(54.61) 

55.8(55.79) 
63.2(62.99-65.94) 

1.6(1.62) 
2.9(2.83) 
1.2(1.17) 

ec2 101.7 
110.3 

7.0 
1.7 

�
1 72.0 (71.65) 0.2(0.154) 

�
1 Max    

175.8(176.98) 
Mean     47.3 

12.2(12.2) �
2 112.95(112.95) 6.5(6.4) 

�
2 247.8(248.63) 0.2(0.053) �

3 208.36(208.37) 11.0(11.0) �
3 Max    

384.1(385.35) 
Mean  111,3 

9.5(9.1) �
21 136.72 0.048 

�
4 Max    

497.1(498.3) 
Mean  148.9 

78.2(78.6) �
 4 249.67 0.21 

�
2 = 1.34; �

3 = 0.11 

From Table 1 one concludes that the decay scheme parameters are not yet well established 
and their study must continue, if the medical use of the radionuclide will be extended. 

Standardization of the solution 
The radionuclide belongs to the category of triangular decay scheme, and the 4� � -� , 
coincidence method, in the variant of the detection efficiency extrapolation method was used 
[6-8]. 
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As it is well known, the standardization uncertainty obtained by the application of this  method 
is not affected by the decay scheme parameters’ uncertainties. 
The standardization equipment is a classical 4πPC-γ installation, provided with a flow 
proportional counter (PC) and a NaI(Tl) crystal.On the PC channel, beta and conversion 
electrons were counted, while on the gamma channel, the energetic detection window was 
placed between 88 keV and 280 keV. For all the 8 sources, the extrapolation procedure and 
the buoyancy correction were applied, resulting a mean value of the massic activity: a2=825.6 
kBq/g on 27.07.2004, 700H, UTC (1000Local time);  the statistical (type A) uncertainty was: 2.0 
kBq/g (0.24%). The composed uncertainty, uc, calculated by the quadratic summation of the 
type A and B uncertainties, was uc=6.8 kBq/g (0.82%) 

Gamma spectrometry measurements and check of impurities 
Two sources, absolutely measured, were then measured by using a calibrated HPGe gamma 
spectrometer, with an uncertainty of uc=4%. The difference between the two results was 
4.1%, what confirms that the uncertainties were correctly evaluated. The high value of 
uncertainty in the spectrometry method is due to low gamma ray intensities, and poor 
knowledge of the decay scheme (see Table 1).On the other side, it was suspected the 
occurrence of the long lived 177mLu(T1/2=155 d). Its  check was accomplished after 40 days,  a 
period long enough for a significant decay of  177Lu. No impurity, higher than the detection 
limit, 0.01%, was detected.    
Ionization chamber calibration    
The absolutely determined value of the A2 solution was used to calibrate the ionization 
chamber CENTRONIC IG12/20A. The activity of the prepared vials was  calculated as the   
product between the mass of solution and the massic activity, a2, corrected for decay.  The 
calibration figures were: R5 = (0.001466±0.000016) (V/s)/MBq, corresponding to 
(1.441±0.016) pA/MBq for the 5 mL vial, respectively R1 = (0.001510±0.000016) (V/s)/MBq, 
corresponding to (1.484±0.016) pA/MBq for the 1 mL one. The result, as expected, is strongly 
dependent on the detection geometry. From measurement data and calculation models, a 
theoretical estimation of the expected response value was made. Experimental 
determinations and calculations were carried out, and published for the radionuclides 
186Re,188Re, 153Sm, [7,8] ; they were used for 177Lu calculations. 

Beta radiation response 
From the data presented in the Table no.1, one may calculate the mean beta energy, Eβ
mean= 132.79 keV. Considering an approximate quadratic relation between mean energies 
and bremsstrahlung ray efficiencies, one may write an approximate relation:  

(Rβ)Lu-177=[ (Eβ)Lu-177/ (Eβ)Re-186]
2(Rβ)Re-186                       

(1) 

Where: (Eβ)Re-186 = 349.8keV,  (Rβ)Re-186  =0.47 pA/MBq. Then, from the relation (1) results:
 (Rβ)Lu-177=0.068 pA/MBq; one may  evaluate an uncertainty of about 50%, due to relation  (1)  
Gamma radiation response 
An empirical equation for the calculation of the gamma-ray efficiencies, as function of gamma 
energy, Eγ, keV, valid within the interval 25-200 keV, was deduced [8], by processing 
measurement data for  241Am, 57Co, 99mTc,  measurement and calculations for 186Re and 
188Re, [7].  

εγ [ x106 pA/( γ s-1)] = - (2.69±0.83) + (0.114±0.013)Eγ - (0.000296±0.000050) Eγ2         
(2) 

The calculations for 177Lu and reference values are presented in Table 2. 

Table 2.
Radionuclide Energy,keV εγ [ x106

pA/( γ s-

1)]

sγ Rγ,pA/MBq Determination 
Mode 

Lu-177 54.6 2.652 0.0162 0.043 Calculated 
Lu-177 55.8 2.749 0.0283 0.078 Calculated 
Am-241 59.54 3.324 0.359 1.193 Measured 
Lu-177 63.2 3.333 0.0117 0.039 Calculated 
Lu-177 71.65 3.958 0.00154 0.006 Calculated 
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Lu-177 112.95 6.410 0.064 0.410 Calculated 
C0-57 123.7 7.267 0.964 7.005 Measured 
Re-186 136.4 7.220 0.100 7.220 Measured, 

calculated 
Lu-177 136.72 7.363 0.0005 0.004 Calculated 
Lu-177 208.37 8.212 0.110 0.903 Calculated 
Re-188 209.9 8.230 0.175 1.440 Measured, 

calculated 
Lu-177 249.67 9.463* 0.0021 0.020 Calculated 
Ba-133 266.87 10.099 1.352 13.65 Measured 
*) Interpolation 

The gamma response, calculated from Table 2 is: Rγ =1.504 pA/MBq,with an uncertainty of 
about 6% . 
The calculated 177Lu response is: R = Rβ + Rγ   = 1,572 pA/MBq, with the uncertainty of 7%. 
The calculated response value is 9% higher than the measured one, which is a good 
agreement, if one takes into account all the uncertainties in calculations, as well as those due 
to the decay scheme parameters. The calculated value is also a test for necessary ionization 
chamber response evaluations in the case of other new, unstandardized radionuclides. 

Conclusions

� The radionuclide 177Lu is a very important option in  the future preparation and use as a 
therapeutical radiopharmaceutical product 

� The absolute standardization method, based on the use of the 4� � -� , coincidence 
method, in the variant of the detection efficiency extrapolation, allowed for a high 
precision measurement of activity. 

� Calibration of the secondary standard CENTRONIC IG12/20A ionization chamber allows 
us to measure the activity in the future applications; the supplementary  response 
calculations allow for theoretical response estimations for other, new radionuclides. 
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