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Summary

The project NATT, Neutron data for Accelerator-driven Transmutation Technology, is 
performed within the nuclear reactions group of the Department of neutron research, 
Uppsala university. The activities of the group are directed towards experimental studies 
of nuclear reaction probabilities of importance for various applications, like transmutation 
of nuclear waste, biomedical effects and electronics reliability. The experimental work is 
primarily undertaken at the The Svedberg Laboratory (TSL) in Uppsala, where the group 
has previously developed two world-unique instruments, MEDLEY and SCANDAL.

Highlights from the past year:
• An article on three-body force effects has been on the top-ten downloading list of 

Physics Letters B, one of the very most prestigious journals in subatomic physics. 
• Uppsala had the largest foreign delegation at the International Conference on Nuclear 

Data for Science and Technology in Santa Fé, New Mexico, USA, and presented the 
largest number of papers of all experimental groups.

• A neutron flux monitor for the new FOI neutron beam facility has been developed, 
commissioned and taken into regular operation. 

• Within the project, one licentiate exam has been awarded. 
• The new neutron beam facility at TSL has been taken into commercial operation and is 

now having the largest commercial turnover of all European facilities in the field.
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Sammanfattning

Projektet NATT, Neutrondata för Acceleratordriven Transmutationsteknik, bedrivs inom 
kärnreaktionsgruppen vid institutionen för neutronforskning, Uppsala universitet. Gruppens 
verksamhet är inriktad mot experimentella studier av kärnfysikaliska reaktionssannolikheter 
för olika tillämpningsområden, som transmutation av kärnavfall, biomedicinska effekter och 
tillförlitlighet hos elektronik. Den experimentella verksamheten bedrivs huvudsakligen vid 
The Svedberglaboratoriet (TSL) i Uppsala, där gruppen tidigare utvecklat två världsunika 
instrument, MEDLEY och SCANDAL.

Höjdpunkter från det gångna verksamhetsåret:
• En artikel om trekropparkrafter har varit en av de tio mest nedladdade från den mycket 

prestigefylla tidsskriften Physics Letters B.
• Vid den internationella konferensen om kärndata för vetenskap och teknologi i Santa Fé, 

New Mexico, USA, utgjorde Uppsala den största utländska delegationen, och fick flest 
presentationer av alla experimentgrupper. 

• En monitor för neutronflödesbestämningar har utvecklats och tagits i reguljärt bruk vid 
FOIs nya neutronfacilitet.

• Inom projektet har en doktorand disputerat för licentiatexamen. 
• Den nya neutronfaciliteten som gruppen utvecklat vid The Svedberglaboratoriet har 

tagits i reguljär kommersiell drift och har nu Europas största omsättning inom området.
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1 Background

1.1 The NATT project
The present project, Neutron data for Accelerator-driven Transmutation Technology 
(NATT), supported as a research task agreement by Statens Kärnkraftinspektion (SKI), 
Svensk Kärnbränslehantering AB (SKB), Ringhalsverket AB and Totalförsvarets 
forskningsinstitut (FOI), started 2002-07-01. The primary objective from the supporting 
organizations is to promote research and research education of relevance for development  
of the national competence within nuclear energy.

The aim of the project is in short to:
• promote development of the competence within nuclear physics and nuclear technology 

by supporting licenciate and PhD students,
• advance the international research front regarding fundamental nuclear data within the 

presently highlighted research area accelerator-driven transmutation,
• strengthen the Swedish influence within the mentioned research area by expanding the 

international contact network,
• provide a platform for Swedish participation in relevant EU projects,
• monitor the international development for the supporting organizations,
• constitute a basis for Swedish participation in the nuclear data activities at IAEA and 

OECD/NEA.

The project is operated by the Department of Neutron Research (INF) at Uppsala 
University, and is utilizing the unique neutron beam facility at the The Svedberg  
Laboratory (TSL) at Uppsala University.

In this document, we give a status report after the third year (2004-07-01–2005-06-30)  
of the project.
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2 Introduction

Transmutation techniques in accelerator-driven systems (ADS) involve high-energy 
neutrons, created in the proton-induced spallation of a heavy target nucleus. The existing 
nuclear data libraries developed for reactors of today go up to about 20 MeV, which covers 
all available energies for that application; but with a spallator coupled to a core, neutrons 
with energies up to 1–2 GeV will be present. Although a large majority of the neutrons 
will be below 20 MeV, the relatively small fraction at higher energies still has to be 
characterized. Above about 200 MeV, direct reaction models work reasonably well, while 
at lower energies nuclear distortion plays a non-trivial role. This makes the 20–200 MeV 
region most important for new experimental cross section data /Blomgren, 2002, 2004/.

Ten years ago, very little high-quality neutron-induced data existed in this energy domain. 
Only the total cross section /Finlay et al. 1993/ and the np scattering cross section had been 
investigated extensively. Besides this, there were data on neutron elastic scattering from UC 
Davis at 65 MeV on a few nuclei /Hjort et al. 1994/. Programmes to measure neutron elastic 
scattering had been proposed or begun at Los Alamos /Rapaport and Osborne/ and IUCF 
/Finlay et al. 1992/, with the former resulting in a thesis on data on a few nuclei.

The situation was similar for (n,xp) reactions, where programmes have been run at UC 
Davis /Ford et al. 1989/, Los Alamos /Rapaport and Sugarbaker, 1994/, TRIUMF /Alford 
and Spicer, 1998/ and TSL Uppsala /Olsson, 1995; Blomgren, 1997/, but with limited 
coverage in secondary particle energy and angle. Better coverage had been obtained by the 
Louvain-la-Neuve group up to 70 MeV /Slypen et al. 1994/.

Thus, there was an urgent need for neutron-induced cross section data in the region around 
100 MeV, which is an area where very few facilities in the world can give contributions. 
By international collaboration within an EU supported Concerted Action, which has been 
followed by the full scale projects HINDAS and EUROTRANS, the level of ambition for 
the present project has been increased, and the potential of the unique neutron beam facility 
at The Svedberg Laboratory in Uppsala has been well exploited.

During the last few years, the situation has improved dramatically, especially due to the 
HINDAS activities. At present, the nuclear data situation for ADS applications is relatively 
satisfactory up to 100 MeV. At 100 MeV, the hitherto most common energy at TSL, there 
are elastic neutron scattering data, neutron-induced light ion production data, neutron-
induced activation, and fission cross sections available, in all cases on a series of nuclei. 
Some results have been published already, and there is a wealth of data under analysis and 
documentation. The present report will present some glimpses of this ongoing work.

Looking into the future, it can be envisioned that the coming 5–10 years will be devoted to 
similar activities at higher energies, i.e. up to 180 MeV, which is the highest neutron energy 
available at TSL. This has been made possible by the development of a new neutron beam 
facility, which is described below.
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Figure 2-1. The TSL neutron beam facility.
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3 Experimental setup and techniques

3.1 The TSL neutron beam facility
At TSL, quasi-monoenergetic neutrons are produced by the reaction 7Li(p,n)7Be in a 7Li 
target bombarded by 50–180 MeV protons from the cyclotron, as is illustrated in Figure 2-1. 
(Appendix XII). After the target, the proton beam is bent by a dipole magnet into a concrete 
tunnel, where it is stopped in a well-shielded Faraday cup, used to measure the proton beam 
current. A narrow neutron beam is formed in the forward direction by a collimator with a 
total thickness of about one metre.

The energy spectrum of the neutron beam consists of a high-energy peak, having 
approximately the same energy as the incident proton beam, and a low-energy tail. About 
half of all neutrons appear in the high-energy peak, while the rest are roughly equally 
distributed in energy, from the maximum energy and down to zero. The thermal contribution 
is small. The low-energy tail of the neutron beam can be reduced using time-of-flight (TOF) 
techniques over the distance between the neutron source and the reaction target.

The relative neutron beam intensity is monitored by integrating the charge of the primary 
proton beam, as well as by using thin film breakdown counters, placed in the neutron beam, 
measuring the number of neutron-induced fissions in 238U.

Two multi-purpose experimental setups are semi-permanently installed at the neutron beam 
line, namely MEDLEY and SCANDAL. These were described in detail in the annual report 
1999/2000 of the previous KAT project, and only a brief presentation is given here.

3.2 The MEDLEY setup
The MEDLEY detector array /Dangtip et al. 2000/, shown in Figure 3-1, is designed for 
measurements of neutron-induced light-ion production cross sections of relevance for 
applications within ADS and fast-neutron cancer therapy and related dosimetry. It consists 
of eight particle telescopes, installed at emission angles of 20–160 degrees with 20 degrees 
separation, in a 1 m diameter scattering chamber, positioned directly after the last neutron 
collimator. All the telescopes are fixed on a turnable plate at the bottom of the chamber, 
which can be rotated without breaking the vacuum.

Each telescope is a ∆E-∆E-E detector combination, where the ∆E detectors are silicon 
surface barrier detectors with thicknesses of 50 or 60 µm and 400 or 500 µm, respectively, 
while the E detector is a 50 mm long inorganic CsI(Tl) crystal. ∆E-∆E or ∆E-E techniques 
are used to identify light charged particles (p, d, t, 3He, α). The chosen design gives a 
sufficient dynamic range to distinguish all charged particles from a few MeV up to more 
than 100 MeV.

The solid angle of the telescopes is defined by active collimators, designed as thin hollow 
plastic scintillator detectors, mounted on small photomultiplier tubes. A signal from such 
a detector is used to veto the corresponding event, thereby ensuring that only particles that 
pass inside the collimator are registered.
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3.3 The SCANDAL setup
The SCANDAL setup /Klug et al. 2002/ is primarily intended for studies of elastic neutron 
scattering, i.e. (n,n) reactions. Neutron detection is accomplished via conversion to protons 
by the H(n,p) reaction. In addition, (n,xp) reactions in nuclei can be studied by direct 
detection of protons. This feature is also used for calibration, and the setup has therefore 
been designed for a quick and simple change from one mode to the other.

The device is illustrated in Figure 3-2. It consists of two identical systems, in most cases 
located on each side of the neutron beam. The design allows the neutron beam to pass 
through the drift chambers of the right-side setup, making low-background measurements 
close to zero degrees feasible.

In neutron detection mode, each arm consists of a 2 mm thick veto scintillator for fast 
charged-particle rejection, a neutron-to-proton converter which is a 10 mm thick plastic 
scintillator, a 2 mm thick plastic scintillator for triggering, two drift chambers for proton 
tracking, a 2 mm thick ∆E plastic scintillator, which is also part of the trigger, and an array 
of 12 large CsI detectors for energy determination. The trigger is provided by a coincidence 
of the two trigger scintillators, vetoed by the front scintillator. The compact geometry allows 
a large solid angle for protons emitted from the converter. Recoil protons are selected using 
the ∆E and E information from the plastic scintillators and the CsI detectors, respectively. 
The energy resolution is about 3.7 MeV (FWHM), which is sufficient to resolve elastic 
and inelastic scattering in several nuclei. The angular resolution is calculated to be about 
1.4 degrees (rms) when using a cylindrical scattering sample of 5 cm diameter.

When SCANDAL is used for (n,xp) studies, the veto and converter scintillators are 
removed. A multitarget arrangement can be used to increase the target content without 
impairing the energy resolution, which is typically 3.0 MeV (FWHM). This multitarget 
box allows up to seven targets to be mounted simultaneously, interspaced with multi-wire 
proportional counters (MWPC). In this way it is possible to determine in which target 

Figure 3-1. The MEDLEY setup.
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layer the reaction took place, and corrections for energy loss in the subsequent targets 
can be applied. In addition, different target materials can be studied simultaneously, thus 
facilitating absolute cross section normalization by filling a few of the multitarget slots 
with CH2 targets. The first two slots are normally kept empty, and used to identify charged 
particles contaminating the neutron beam.

3.4 New neutron beam facility at TSL
The rapidly increasing number of neutron beam users has motivated a new facility to 
be built. Practical work begun in spring 2002, which included re-building of beam line 
magnets, removal of obsolete heavy equipment and procurement of concrete for the new 
shielding walls. Major installations were undertaken in autumn 2003, during which the 
experimental program was resting. First beam was delivered early January 2004. During the 
first half of spring 2004, a series of commissioning runs were undertaken to characterize the 
beam, i.e. to measure beam energy spectra, intensity profiles, etc. First beam to commercial 
customers was delivered in May 2004, and the first physics experiment were carried out in 
August 2004.

During 2004–05, the new neutron beam facility has gone into regular operation. The 
largest use is commercial, i.e. tests of the sensitivity of electronics concerning the neutron 
component of cosmic radiation. This is a rapidly growing reliability concern of the 
electronics industry, and it is commonly believed that this effect could terminate the further 
development of silicon-based circuit technology /Slayman, 2004; Tang/. This new facility 
has rapidly become the largest installation in Europe for this purpose, and the commercial 
potential is large. In combination with proton therapy of cancer, neutron irradiations of 
electronics provide adequate funding for the operation of TSL. 

Figure 3-2. The SCANDAL setup.
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3.5 Future activities
The new neutron beam facility provides a significantly higher intensity than the previous 
installation. This allows nuclear data experiments of high quality to be extended from the 
previous practical limit of 100 MeV up to the maximum energy of the facility, i.e. 180 MeV. 
This requires, however, a matching upgrade of the experimental devices. Both multipurpose 
experimental setups (MEDLEY and SCANDAL) are in principle possible to upgrade, i.e. 
the techniques as such can be expected to work also at higher energies. The cost, however, 
is very different. The MEDLEY setup is already under upgrade, since the cost is fairly 
limited, while upgrading of SCANDAL is pending due to financial limitations.

A new nuclear data project, similar to the present NATT project, but concentrating on light-
ion production and fission studies at higher energies, is under consideration.
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4 Results

4.1 Elastic scattering 
A number of experimental observations seem to indicate that three-body forces exist in 
nuclei. Recent calculations /Witala et al. 1998/ have indicated that measurements of the 
differential cross section for elastic neutron-deuteron (nd) scattering in the 60–200 MeV 
range should be useful in searches for three-nucleon (3N) force effects. The nd elastic 
scattering differential cross section has been measured using both MEDLEY and 
SCANDAL at 95 MeV incident neutron energy. The results are presented in Figure 4-1 
as the ratio between proton and deuteron production. It is evident that models based on 
inclusion of 3N forces describe nd data in the angular region of the cross-section minimum 
very well, while models without 3N forces cannot account for the data. The MEDLEY 
data have previously been analyzed and published, and during the last year, additional 
data obtained with SCANDAL have been analyzed. The results corroborate the MEDLEY 
results, and a paper has recently been accepted for publication. A large publication, 
describing the experiments and analysis in detail is underway.

Results on elastic scattering from carbon and lead have been published before. New 
experiments on carbon, nitrogen, oxygen, silicon, calcium, iron and yttrium are under 
analysis.

Figure 4-1. The ratio of the neutron-deuteron and neutron-proton scattering cross sections at 
95 MeV. The solid line is a theory prediction based on two-body forces only, while the dotted line 
includes three-body forces. Open symbols refer to previously published data with the MEDLEY 
setup, while filled symbols are the newly analyzed SCANDAL results.
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4.2 (n,xlcp) reactions
In parallel with the other experiments mentioned above and below, data have been taken 
with the MEDLEY setup on light-ion production reactions. During the last years, results on 
silicon, iron, lead and uranium have been published. A publication on oxygen is in a final 
stage, and data on carbon, calcium, silver and molybdenum remain to be analyzed.

4.3 (n,xn’) reactions
We have a collaboration project with a group from Caen, France, on (n,xn’) reactions. For 
these studies, a modified SCANDAL converter (CLODIA) has been designed and built 
in Caen. A large experiment on lead and iron targets was conducted in August 2004. This 
experiment is our deliverable in the EU 6th FWP EUROTRANS.

4.4 Tagged neutron-proton scattering
Neutron-proton scattering is the reference cross section for fast-neutron reactions, i.e. it is 
the standard which all other cross sections are measured relative to. Besides our activities 
at TSL, we have been involved in a similar experiment at Indiana University Cyclotron 
Facility (IUCF), Bloomington, Indiana, USA. The results have recently been published in 
Physical Review Letters (Appendix III).

4.5 Fission
We are working on the development of a setup for fission studies, based on MEDLEY 
in a revised geometric configuration. The setup has been tested and found to meet the 
specifications, and first experiments are in progress. One interesting feature of the new 
setup is that it allows a precise determination of the absolute cross section by measuring np 
scattering simultaneously. This is important, since only one previous experiment on high-
energy fission has been performed with a reasonably good control of the absolute scale. 
Preliminary results have been presented at international conferences (Appendix XIII).

In addition, we have a long-term collaboration with a fission experiment group at Khlopin 
Radium Institute (KRI) in St. Petersburg, Russia (Appendices I, IV, VI, VII, VIII, IX 
and XVI).

4.6 Neutron beam monitoring
A facility for neutrons in the 1–20 MeV range has recently been installed at the Swedish 
Defense Research Agency (FOI), Stockholm. A monitor for flux measurements has been 
developed within a joint INF-PTB-FOI collaboration /Hildebrand, 2005/. The monitor has 
been built and tested at the Physikalisch-Techniche Bundesanstalt (PTB), Braunschweig, 
Germany. Angelica Hildebrand has spent a three-month research internship there for 
the development. The monitor has now been installed at FOI, it works according to the 
specifications and is used in regular operation. 
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5 International activities

5.1 Collaborations
During 2005, the 6th EU framework program EUROTRANS started. Our group and 
our long-term collaborators from LPC Caen, France, have merged our activities in 
EUROTRANS, and we have a joint deliverable concerning (n,xn’) reactions (see above).

The enlargement of the European union has motivated a process of merging nuclear data 
activities in the EU and the candidate countries. Jan Blomgren has participated in this 
process, exemplified by a contribution to a recent enlargement workshop (Appendix XXI). 

5.2 Meetings and conferences
During the last year, the largest conference in the field, Nuclear data for Science and 
Technology, was held in Santa Fé, New Mexico, USA. Our group was very well represented 
(Appendices V–XVIII), i.e. 14 accepted contributions which was the largest number by any 
experimental group. Moreover, in total only three PhD students gave oral presentations, all 
of them being from Uppsala, whereof two active in the NATT project.

Nils Olsson is Swedish representative in the OECD/NEA Nuclear Science Committee 
(NSC) and its Executive Group. 
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6 Administrative matters

6.1 Staff and students
During the project year, Jan Blomgren has been project leader, active on a 25–50% basis 
within the project. His other major activities are teaching and duties as director of studies, 
both at INF and the Swedish Nuclear Technology Center (SKC). Assistant professor 
(forskarassistent) Stephan Pomp has worked essentially full time within the project with 
research and student supervision. Associate professor (universitetslektor) Michael Österlund 
is involved in part-time research within the group. Leif Nilsson, retired professor, has been 
employed on about 10% time for student supervision. Nils Olsson was adjunct professor 
(20%) until 2004-12-31.

Two PhD students are directly connected to and financed by the present project, Angelica 
Hildebrand (from June 2005 named Angelica Öhrn due to marriage) and Philippe Mermod, 
which both are connected to the research school AIM (Advanced Instrumentation and 
Measurements). 

6.2 Reference group
The reference group consists of Per-Eric Ahlström (SKB), Benny Sundström (SKI), 
Katarina Wilhelmsen (FOI) and Fredrik Winge (BKAB). A reference group meeting was 
held in Uppsala 2005-05-18. Scientific and administrative reports on the progress of the 
project were given at the meeting.

In addition to this meeting, the progress of the work has continuously been communicated 
to the reference group members by short, written, quarterly reports.
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Appendix I

Measurements of neutron-induced fission cross sections for 209Bi, natPb, 208Pb, 197Au, natW,
and 181Ta in the intermediate energy region

A. N. Smirnov,* V. P. Eismont, and N. P. Filatov
V. G. Khlopin Radium Institute, 2oi Murinskiy Prospect 28, Saint-Petersburg 194021, Russia

J. Blomgren† and H. Condé
Department of Neutron Research, Ångström Laboratory, Uppsala University, Box 525, S-751 20 Uppsala, Sweden

A. V. Prokofiev‡

The Svedberg Laboratory, Uppsala University, Box 533, S-751 21 Uppsala, Sweden
and V. G. Khlopin Radium Institute, 2oi Murinskiy Prospect 28, Saint-Petersburg 194021, Russia

P.-U. Renberg
The Svedberg Laboratory, Uppsala University, Box 533, S-751 21 Uppsala, Sweden

N. Olsson
Department of Neutron Research, Ångström Laboratory, Uppsala University, Box 525, S-751 20 Uppsala, Sweden

and Swedish Defense Research Agency (FOI), S-172 90 Stockholm, Sweden
(Received 8 July 2004; published 4 November 2004)

Neutron-induced fission cross-section ratios natPb/ 209Bi, 208Pb/ 209Bi, 197Au/ 209Bi, natW/ 209Bi, 181Ta/ 209Bi,
and 209Bi/ 238U have been measured in the 30–180 MeV energy range using the neutron beam facility at The
Svedberg Laboratory in Uppsala. The 7Li�p ,n� reaction was employed as a neutron source. The fission frag-
ments were detected by thin-film breakdown counters. Cross sections at specific energies were determined
using unfolding techniques with respect to the excitation function and the neutron spectra, the latter obtained
from recent measurements and an evaluation. The absolute fission cross sections were obtained using the
standard 238U�n , f� cross section. The natW�n , f� and 181Ta�n , f� cross sections have been measured for the first
time. The results for 209Bi�n , f� , natPb�n , f� , 208Pb�n , f�, and 197Au�n , f� cross sections have been compared
with available literature data. A universal easy-to-use parametrization has been suggested for all measured
cross sections. The common features of subactinide neutron-induced fission cross sections are found to be
similar to those of the proton-induced fission data.

DOI: 10.1103/PhysRevC.70.054603 PACS number(s): 25.85.Ec, 25.40.�h, 28.20.�v, 27.80.�w, 27.70.�q

I. INTRODUCTION

Concepts of accelerator-driven systems (ADS) for incin-
eration of long-lived radioactive waste and energy produc-
tion (see, e.g., [1]) suggest irradiation of a massive target
made of heavy elements by a high-intensity charged particle
beam. As a result of nuclear interactions in the target, caused
by the primary beam and secondary particles, an intense
spallation neutron source is created with an energy distribu-
tion extending up to the incident particle energy. This source
is intended to feed a subcritical reactor that surrounds the
neutron production target and contains the nuclides to be
transmuted.

One of the prerequisites for computational modeling of
ADS is the availability of evaluated nuclear data for the most
important reactions involved. This motivates the choice of
nuclides and reactions included in the high priority request
list of intermediate-energy nuclear data, which is formulated

and periodically updated by Koning et al. [2]
The recent high priority list includes requests for nucleon-

induced fission cross-section data for a few nuclides consid-
ered as prospective spallation target materials. The fission
channel contributes to the radioactivity produced in the spal-
lation target, as well as to the chemical and radiological tox-
icity of the reaction products. For example, fission products
in a lead target irradiated by 1.6-GeV protons will contribute
10–15 % to the overall residual activity after one year of
cooling [3]. On the other hand, the predictive power of avail-
able nuclear reaction models and codes (e.g., LAHET [4],
CEM95 [5]) with respect to the description of the fission
process is not sufficiently good at present (see, e.g., the stud-
ies of Prael [4], Prokofiev et al. [5], Duijvestijn et al. [6], and
a recent comparison of codes for activation yield calculation
[7]). For example, the natW�p , f� cross section predicted by
the LAHET code was found to be about 20 times lower than
the experimental result of Ref. [6]. Further progress in
nuclear reaction modeling, especially with respect to fission,
may therefore lead to significant improvements in ADS per-
formance calculations.

Data on intermediate energy fission cross sections are im-
portant also for nuclear theory, e.g., in connection with stud-
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ies of the dynamic effects of the nuclear fission process,
which reflect the connection between collective and single-
particle degrees of freedom in nuclei (see, e.g., [8]).

Proton-induced fission cross sections have been studied
extensively (see, e.g., a recent review [9] and references
therein). On the other hand, neutron-induced fission experi-
ments above 20 MeV are sparse, mainly because of the lack
of suitable neutron sources. In addition, a truly monoener-
getic neutron source is not available in this energy domain.
Neutron data measurement and processing techniques are
therefore unavoidably more complicated than in the case of
charged particle beams.

The �n , f� cross-section database is especially poor for
subactinide nuclei. The early experiments of Kelly and Wie-
gand [10], Goldanskiy et al. [11], Reut et al. [12], and
Dzhelepov et al. [13] are rather of a qualitative character.
The studies of Vorotnikov and Larionov [14] and Vorotnikov
[15] are of a high methodological quality, but cover only a
narrow energy region near the fission barrier, where the cross
sections are extremely small, and therefore only upper limits
for cross sections could be obtained in many cases.

During the last decades, a new generation of intermediate
energy neutron sources has become available. At a few of
them, �n , f� cross-section measurements, in particular, for
subactinide nuclei have been included in the experimental
programs.

The measurements at the LANSCE neutron facility at Los
Alamos National Laboratory were performed by Vonach et
al. [16] and Staples et al. [17,18] in the early 1990s using a
parallel-plate ionization chamber. None of these studies has
resulted in a final publication. A similar technique was em-
ployed in the work of Shcherbakov et al. [19] performed at
the neutron facility GNEIS at Petersburg Nuclear Physics
Institute in Gatchina, and in the work of Nolte et al. [20]
performed at neutron facilities in Louvain-la-Neuve and
Cape Town. A complication in interpreting data of this type
is the need to separate subactinide fission events from back-
ground of nonfission products, which contribute significantly
to the pulse height spectra.

The �n , f� cross-section measurements at the neutron fa-
cility in The Svedberg Laboratory (TSL) in Uppsala are part
of an experimental program performed in the framework of
collaboration between V.G. Khlopin Radium Institute, St. Pe-
tersburg, and Uppsala University. Measurements for subac-
tinide nuclei have been performed using two different tech-
niques for fission fragment detection, thin-film breakdown
counters (TFBC) [21–26], and a Frisch-gridded ionization
chamber [24,27–29].

This paper presents final �n , f� cross-section data for
209Bi, natPb, 208Pb, 197Au, natW, and 181Ta, obtained with the
TFBC technique. The measurements for natural lead, tung-
sten, and tantalum are important because these elements are
either considered as candidates to the neutron production tar-
get material in concepts of future ADS or are already used in
existing spallation neutron sources. The doubly magic
nucleus 208Pb is included because of its importance for im-
provements in the theoretical modeling of the fission process.
In addition, the 197Au�n , f� cross section was studied in view
of its recent application in neutron monitoring [30].

Earlier analyses and preliminary experimental data have
been published elsewhere [21–26]. In the present study, the
results of further measurements have been added, and the
data from our earlier studies have been reanalyzed using new
neutron spectrum data [31] and new calculations of energy-
dependent detection efficiency corrections [32,33].

II. EXPERIMENTAL APPARATUS AND PROCEDURE

The measurements were performed at the TSL neutron
beam facility in Uppsala, using the Gustaf Werner cyclotron
to produce neutrons through the 7Li�p ,n� reaction. The neu-
tron beam facility and the positioning of the experimental
chambers in the beam are described in Sec. II A.

Because of the low beam intensity, inherent for secondary
beams, the irradiation position for the most measurements of
the present experiment was chosen to be at a short distance
from the neutron production target. The incident neutron
spectrum is not monoenergetic, but consists of a high-energy
peak accompanied by a low-energy tail, which also contrib-
utes to the fission reaction rate. To determine the �n , f� cross
section at the energy of the peak, one needs to know the
fraction of fission events due to that peak. This fraction can
be determined using the time-of-flight (TOF) technique.
However, in most cases it was not possible to implement the
TOF techniques because of the short flight path in combina-
tion with the limited time resolution, dominated by duration
of the proton beam pulse. Therefore, the fraction of peak
fission events was obtained in an iterative unfolding proce-
dure, taking into account relative fission reaction rates at as
many incident neutron energies as possible, together with
corresponding information on the neutron spectra. The deter-
mination of the latter is discussed in Sec. II B.

A severe �-radiation background was present at the irra-
diation position chosen for most of the studied reactions.
This hampered the use of traditional fission fragment detec-
tion techniques and justified the choice of TFBCs, which are
sensitive only to particles with specific ionization losses ex-
ceeding the detection threshold. The TFBCs and the experi-
mental chambers are described in Sec. II C.

The preparation and characterization of the samples are
discussed in Sec. II D. Finally, an outline of the electronics
and the data acquisition system is given in Sec. II E.

Most of the studied cross sections were measured relative
to the 209Bi�n , f� one. The latter has already been studied in
earlier experiments (see, e.g., [21,22]) and has been adopted
by IAEA/NDS as a secondary neutron standard [34]. How-
ever, further measurements of the 209Bi�n , f� cross section
and a new analysis of the earlier results have led to some
changes that are discussed in Sec. IV B.

A. Neutron beam facility

An overview of the neutron beam facility is presented in
Fig. 1. A comprehensive description of the facility can be
found in [35,36], and therefore only the features essential for
the present experiment are discussed below.

The proton beam from the Gustaf Werner cyclotron im-
pinged on a 4–15-mm-thick target of lithium, enriched to
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99.98% in 7Li. Downstream of the target, the proton beam
was deflected by two magnets into an 8-m-long tunnel,
where it was focused onto a water-cooled graphite beam
dump. The neutrons produced within a 60-msr cone around
0° passed through a collimating system before reaching the
experimental hall at a distance of about 8 m from the pro-
duction target. The respective area is marked as Irradiation
position 2 in Fig. 1. This position was employed in our ear-
lier studies [21,22] and kept in the present work for the
209Bi/ 238U ratio measurements above 50 MeV, due to a
rather large magnitude of the studied cross sections. On the
contrary, it was found impractical to measure cross sections
of nuclei lighter than Bi and the 209Bi�n , f� cross section
below 50 MeV in Irradiation position 2 because of insuffi-
cient neutron flux density and small cross-section values.
Therefore, in these cases the experimental setup had to be
positioned closer to the production target. On the other hand,
the neutron field in the irradiation position has to be clean
from contamination by primary or scattered protons. In ad-
dition, locations close to the 0° direction are preferable, be-
cause the production of high-energy neutrons is strongly
forward-peaked. The given conditions were satisfied by plac-
ing the experimental setup between the proton bending mag-
net and the first neutron collimator, at a distance of about 2 m
from the production target (Irradiation position 1, see Fig. 1).
To facilitate simultaneous experiments at the neutron beam
line, the setup was placed outside the vacuum tube at an
angle of about 4° to the beam axis.

Thus, the TFBC-based chambers with samples of
238U, 209Bi, natPb, 208Pb, 197Au, natW and 181Ta were in-
stalled in Irradiation position 1, and the chambers with 238U

and 209Bi were installed in Irradiation position 2. In addition
to count-rate determination, the chamber with 238U was em-
ployed as a neutron spectrum sensor (see Sec. II B).

Table I shows thicknesses of the 7Li targets and various
energy parameters of the primary proton and secondary neu-
tron beams employed in the different irradiations. In most of
the runs, the energy of the protons irradiating the lithium
target was measured by time-of-flight techniques with an un-
certainty as given in Table I. From this information, the peak
neutron energy was calculated using the reaction Q value and
the energy loss in the lithium target, estimated using the SRIM

code [37].
The proton beam current at the production target was typi-

cally 4–6 µA in the 30–100 MeV energy range and 0.3–0.6
µA at the higher energies. The resulting flux density of high-
energy peak neutrons at Irradiation position 1 amounted to
�3�104�–�3�105� s−1 cm−2, which is a factor of 30–40
more than in Irradiation position 2. This gain was acquired at
the price of a limited access to the setup in the course of the
experiment and harder requirements on the stability of the
detectors with respect to radiation.

The Irradiation position 1 was situated close to the facility
for neutron activation studies [36,38]. In Ref. [38], the rela-
tive proton (and/or H0 atom) contamination in the neutron
field was estimated to be as much as 4�10−3. However, in
that case most of the protons were produced inside the acti-
vation target stack itself. Since the thickness of the stack was
much larger than the total amount of material between the
neutron production target and any sample in the present ex-
periment, the estimate given above can be considered as an
upper limit for the proton or H0 atom contamination of the
neutron beam that encounters the fission samples.

B. Neutron spectrum

As was mentioned, an unfolding procedure is needed to
obtain fission cross sections from the measured reaction

TABLE I. Thicknesses of the 7Li targets and energy parameters
of the primary proton and secondary neutron beams.

Ep

primary

7Li
target thickness

Ep average
in the target

Enpeak

average

(MeV) (mm) (MeV) (MeV)

37.96±0.07 4 36.4 34.5

49.2±0.1 4 48.2 46.3

69.1±0.2 4 68.4 66.6

76.4±0.2 4 75.8 73.9

92.1±0.3 4 91.4 89.6

96.8±0.3 4 96.3 94.5a

8 95.6 93.8a

114.2±2.0 8 113.1 111.3

136.7±1.0 15 134.7 132.9

148.4±0.6 15 146.4 144.6

177.3±1.0 15 175.2 173.3

aThe peak neutron energy averaged over the two production modes
is 94.1 MeV.

FIG. 1. An overview of the neutron beam facility.
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rates. Information on the neutron spectrum at the irradiation
position for the various incident neutron energies is therefore
required.

A complete set of characterization measurements is not
available for the TSL neutron beam. Moreover, the intense
background radiation around the production target would
hamper the use of most instruments for neutron beam char-
acterization. The present study therefore relies on the follow-
ing assumptions about the neutron spectrum:

(i) The neutron spectrum at the Irradiation position 1 is a
sum of two components. One of them originates directly
from the 7Li target. The other is a background arising from
interactions of primary protons with the beam transport sys-
tem, the beam dump, the walls, and other material in the
surroundings, with subsequent propagation and slowing-
down of secondary neutrons.

(ii) The background component dominates in the low-
energy end of the spectrum and vanishes at neutron energies
of about 10 MeV [38]. This component could hamper cross-
section measurements for reactions with a threshold at lower
energy, e.g., 238U�n , f� or 235U�n , f�. For subactinide nuclei,
with the fission reaction threshold of about 20 MeV or more,
the influence of the low-energy background is negligible.

(iii) The energy and angular distribution of neutrons in
the first component is defined only by the double-differential
cross section (DDX) of the 7Li�p ,n� reaction. The basis of
this assumption is that no significant amounts of material
were present between the neutron production target and the
fission samples.

Support for the last assumption is given by the fact that
the neutron spectra measured at TSL agree with data from
other sources. Figure 2 shows neutron spectra obtained in the
course of earlier n-p scattering studies at TSL [35,39] at 0°
for the peak neutron energies 98, 133, and 160 MeV (shown
by filled circles). For comparison, neutron spectra from other
facilities are shown as open symbols. The shown spectra
were obtained by Byrd and Sailor [40] (triangles) and by
Stamer et al. [41] (diamonds) at the Indiana University Cy-
clotron Facility, and by Nakao et al. [42] at the RIKEN fa-
cility (squares) at peak neutron energies close to the ones in
the TSL data. For readability of Fig. 2, the spectra from Refs.
[40–42] are shifted by a few MeV in order to match the
position of the high-energy peaks. The solid curves represent
the neutron spectrum calculations discussed further in the
text.

As seen in Fig. 2, the neutron spectrum consists of a high-
energy peak and a low-energy tail. The high-energy peak
corresponds to the 7Li�p ,n� reactions that leave the 7Be
nucleus in the ground state or in the first excited state at 0.43
MeV. The low-energy tail is related to excitation of higher
states in 7Be and to break-up reactions.

The neutron spectrum calculations were performed in two
different ways depending on the peak neutron energy. For
peak energies below 45 MeV, interpolated and smoothed ex-
perimental data of Byrd and Sailor [40], Baba et al. [43], and
Schuhmacher et al. [44] were used. In cases when the mea-
sured spectra do not cover a sufficiently wide range of sec-
ondary neutron energies, we used a constant extrapolation to
lower energies, which was found to be a reasonable approxi-
mation, according to Nolte et al. [45]. Above 45 MeV, the

calculations employed semiempirical systematics developed
in [31], which is based on a phase-space distribution [46]
corresponding to the three-body breakup process
7Li�p ,n3He�4He for description of the continuum part of
neutron spectra and an empirical correction factor taking into
account experimentally observed peculiarities of the high-
energy part of the continuum spectra.

As has been mentioned, the experimental setup in Irradia-
tion position 1 was placed at an angle of 4° with respect to
the primary proton beam direction. As soon as the production
of high-energy neutrons is strongly forward-peaked, the dif-
ference between the neutron spectra at 0° and 4° has to be
taken into account.

A correction taking into account the decrease in high-
energy peak neutron production at 4° relative to 0° was ob-
tained by least-squares fitting to experimentally measured
angular distributions from the literature [47–51], with subse-
quent fitting with respect to incident proton energy. The cor-
rection increases from 4% at 38 MeV to 24% at 177 MeV.

FIG. 2. Neutron spectra from the 7Li�p ,n� reaction at 0° for the
peak energy of 98, 133, and 160 MeV. The filled circles represent
measurements at the TSL neutron facility [35,39] in Irradiation po-
sition 2. The open symbols represent data from other facilities: the
Indiana University Cyclotron Facility [40,41] (shown as triangles
and diamonds, respectively) and the RIKEN facility [42] (shown as
squares). The lines represent the neutron spectrum calculations dis-
cussed in the text. All spectra are normalized so that the area under
the high-energy peak is unity.
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For continuum neutron production, similar corrections
were calculated, which depend on the incident proton energy
and the secondary neutron energy. The calculations em-
ployed angular distribution data for continuum neutrons from
the 7Li�p ,n� reaction included in the LA150 library [52]. The
latter were obtained with the GNASH code [53], which, in
turn, employs the Kalbach representation of the angular dis-
tribution [54]. At the 150–175 MeV region, where the
LA150 data are not available, an extrapolation was made on
the basis of the correction obtained at lower energies.

Validation of the calculations was carried out by means of
folding of the calculated spectra with the standard 238U neu-
tron fission cross section [34], followed by conversion to the
TOF scale and folding with a function that takes into account
the time resolution of the measurement system. Modeled in
this way, time distributions of 238U neutron-induced fission
events were compared with experimental data obtained both
at 0° at Irradiation position 2 and at 4° at Irradiation position
1 simultaneously in the same neutron beam.

In Fig. 3, we show the calculated relative neutron spectral
fluence at 0° and 4° for several incident proton energies used
in the present experiment, and corresponding calculated and
experimental time distributions of fission events in 238U. The
spectra at 4° are the sum of the two components mentioned
above. The background component is described by a 1/En
distribution. The relative intensity of the background compo-
nent was fitted to reproduce the experimental distributions of
the 238U�n , f� events obtained at Irradiation position 1.

As seen in Fig. 3, the experimental time distributions of
the 238U�n , f� events can be successfully reproduced by the
model. This ensures adequacy of the chosen representation
of the neutron spectra.

C. Fission fragment detectors and experimental chambers

The fission fragments were detected by thin-film break-
down counters (TFBC). A detailed description of the TFBC
technique can be found in [55] and references therein; only a
brief description is given here. The operation principle of the

TFBC is based on the phenomenon of electric breakdown in
a MOS structure caused by an ion passing through a thin
silicone dioxide layer. The breakdowns are nonshorting,
since they lead to vaporization of a small part of the elec-
trode area and leave no conducting path between the elec-
trodes. The features of the TFBCs are threshold behavior,
i.e., the insensitivity to light charged particles, neutrons and
�-radiation, real-time operation and good timing properties,
easy operation (no high voltage required, no gases, large out-
put signals, which makes preamplifiers unnecessary), com-
pact design, and long-term stability under heavy radiation
conditions. The last feature was of primary importance for
the present experiment, because of the severe �-radiation
background in the Irradiation position 1.

The choice of detection system design is governed first by
the low beam intensity, which necessitates the use of sand-
wich geometry, i.e., the detector has to be situated as close as
possible to the fission sample. The sample-detector sandwich
and its mechanical housing constitute an experimental cham-
ber, which is placed in the neutron beam. The amount of
material in a chamber along the beam direction is dominated
by the thickness of the TFBC (0.3 mm Si). Consequently, the
probability of interaction of an incident neutron with the
chamber is small, and it is possible to stack several chambers
after each other in the neutron beam without any significant
influence on the beam characteristics. In this way, relative
fission cross sections can be measured using detectors sand-
wiched with samples of different nuclides and being irradi-
ated by the same neutron beam.

The detection system design is further governed by a
trade-off between count rate and time resolution. The latter
can be as good as several hundreds of picoseconds for a
single TFBC of 1 cm2 sensitive area. However, to get suffi-
cient statistics, a larger area is required. This can only be
achieved at the price of a worsening of the time resolution,
because of the unavoidable spread in propagation time of
signals originating from different parts of the sensitive area.
To achieve both good timing and sufficient count rate, mo-
saic TFBC arrangements were employed.

FIG. 3. Calculations of neutron spectra (left
panel) for the incident proton energies of 69.1 (a),
96.8 (d), 136.7 (g), and 177.3 MeV (j) used in the
present experiment for 0° (solid lines) and 4°
(dashed lines). The middle panel (b, e, h, k) rep-
resents experimental (symbols) and calculated
(lines) distributions of 238U fission events in-
duced by neutrons at a flight path of about 10 m
at 0° (in Irradiation position 2). The right panel
column (c, f, i, l) represents experimental (sym-
bols) and calculated (lines) distributions of 238U
fission events induced by neutrons at a flight path
of about 2 m at 4° (in Irradiation position 1).
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The design of a single experimental chamber is shown in
Fig. 4. The chamber consists of a mosaic arrangement of
detectors, a similar arrangement of samples, and a thin me-
chanical housing. Each chamber contains six TFBCs with a
diameter of about 1 cm, placed symmetrically in the plane
perpendicular to the neutron beam direction. Six samples of
the same nuclide were placed face-to-face to the detectors so
that the sensitive area of each detector received fission frag-
ments emitted by the corresponding sample in the forward
hemisphere. The distance between the sample and the detec-
tor sensitive area (not more than 0.5 mm) could be passed by
fission fragments in air without any significant energy loss.
Therefore, evacuation of the chamber was not necessary. Up-
stream and downstream of the sample-detector sandwiches,
the incident neutron beam passed through the entrance and
exit windows, respectively, which were made of 0.2-mm-
thick aluminum foils.

The entire experimental setup consisted of six to nine
chambers described above, depending on the specific irradia-
tion. The chambers were stacked along the neutron beam
direction, so that each set of sample-detector sandwiches was
exposed to virtually the same neutron fluence. Each chamber
was equipped either with samples of one of the studied nu-
clides (209Bi, natPb, 208Pb, 197Au, natW, and 181Ta) or with
the monitor samples (238U or 209Bi).

All detectors have common bias voltage and a common
signal output. Typically, the mosaic arrangement provides an
output pulse height of about 1–2 V and a time resolution of
about 2 ns (full width at half maximum).

D. Fission samples

The samples were prepared by deposition on circular 0.1-
mm-thick aluminum backings of 1 cm2 area. In all cases, the
area of the sample exceeded the sensitive area of the respec-
tive TFBC. Therefore, the latter defined the effective area of
the sandwich.

The employed deposition techniques, the chemical com-
position, and the thickness of the samples are listed in Table
II. The samples of 208Pb and 238U had an isotopic purity of

98.7% and 99.999%, correspondingly, while the other
samples contained either monoisotopic elements
�209Bi, 197Au, 181Ta� or natural isotopic compositions
�natPb, natW�.

The thickness of the samples was determined by Ruther-
ford backscattering spectroscopy (in the case of the subac-
tinide targets), by direct �-spectroscopy (in the case of 238U),
and/or by direct weighing of the sample backing before and
after deposition of the material.

Since the expected fission cross sections of the studied
subactinide nuclei were a few orders of magnitude smaller
than those of actinide nuclei, the actinide contamination of
the samples was checked using the following techniques:

(i) Direct �-spectroscopy measurements using semicon-
ductor detectors.

(ii) �-activity measurements using low-background
nuclear track detectors [56].

(iii) Irradiation by a 21-MeV neutron beam. Because of
the very low fission cross sections of the studied nuclei at
this energy, virtually all detected fission events could be at-
tributed to actinide contaminants.

In addition, an upper limit of the contamination could be
deduced from the TOF spectra of fission events accumulated
during the irradiations. The results obtained with the listed
techniques were mutually compatible. The obtained upper
limit for the relative abundance of actinide nuclei in the sub-
actinide samples amounted to 10−5–10−6 depending on the
studied nuclide.

E. Electronics and data acquisition system

A schematic view of the electronics and the data acquisi-
tion system is shown in Fig. 5. Since the signals from the
TFBCs are large (see Sec. II C), they could be fed into a fast
multichannel leading-edge discriminator without any preced-
ing amplification. The discrimination level could always be
set so that virtually all detector pulses were accepted. The
logical signals from the discriminator were summed and fed
into the start input of a TDC. A pulse, phase-locked to the
cyclotron RF, served as the stop signal for the TDC. In ad-
dition, the discriminated signal from each fission chamber
was recorded by a scaler, and this information was used in
the analysis to separate the TOF spectra of fission events
from the different chambers. The TOF spectra and the count-

TABLE II. Characteristics of the fission samples.

Chemical Deposition
Average sample

thickness

Target composition technique �mg/cm2�

238U 238U3O8 multiple smearing 0.1–1.1
209Bi 209Bi vacuum evaporation 1.1–3.1
natPb natPb vacuum evaporation 1.1–2.4
208Pb 208Pb vacuum evaporation 1.3–2.4
197Au 197Au vacuum evaporation 2.8
natW natWO3 vacuum evaporation 2
181Ta 181Ta magnetron evaporation 0.5–1.2

FIG. 4. The design of an experimental chamber.
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rate data were stored in a computer on an event-by-event
basis and could be inspected on-line.

As discussed above, in most cases it was not possible to
fully separate the high-energy peak fissions from those of the
low-energy tail using TOF techniques. Nevertheless, TOF
techniques were useful for rejection of intrinsic detector
background events, as well as of those from spontaneous
fission of contaminating nuclides. In addition, inspection of
the low-energy part in the TOF spectra allowed us to check
that no significant actinide contamination was present in the
subactinide fission samples.

III. DATA ANALYSIS

A. Fission cross-section ratio

The number of detected fission events per unit incident
energy, induced by neutrons with an arbitrary spectrum, is

nf�E� = �Ssample�n�E�� f�E���E� , �1�

where E is the incident neutron energy, � is the number of
nuclei in the sample per unit area, Ssample is the sample area
(1 cm2 in our case), �n�E� is the spectral density of the neu-
tron fluence, � f�E� is the fission cross section, and ��E� is the
detection efficiency, defined as the ratio of the number of
detected fragments to the number of fissions in the sample.

The efficiency, as defined above, accounts for the aniso-
tropy of the fragment angular distribution in the laboratory
frame, as well as for loss of fragments due to a possible
mismatch between the area of the sample and the sensitive
area of the TFBC, STFBC. Since each TFBC was exposed to a
calibration sample of 1 cm2 area containing 252Cf, the differ-
ence between Ssample and individual STFBC was automatically
taken into account, and the detection efficiency for fragments
of neutron-induced fission can be expressed as

��E� = k��E��Cf, �2�

�Cf = nsf/asf , �3�

where nsf is the count rate of fragments from spontaneous
fission, asf is the spontaneous fission activity of the 252Cf
sample, and

k�
X�E� =

�ac
X �E�
�ac

Cf , �4�

where �ac
Cf and �ac

X are the calculated absolute detection effi-
ciencies of the TFBC and a sample of unit area for the frag-
ments of 252Cf spontaneous fission and induced fission of
nuclide X, respectively.

Combining Eqs. (1) and (2) gives

nf�E� = ���Cf�k�
X�E��n�E�� f�E� , �5�

where ���Cf� is the product of the values � and �Cf averaged
over all sandwiches for the corresponding fission chamber.
Integration over the entire incident neutron spectrum gives
the total number of detected fissions,

Nf = ���Cf��
0

Emax

k�
X�E��n�E�� f�E�dE . �6�

The number of fissions induced by the high-energy peak neu-
trons in the quasimonoenergetic spectrum can be obtained by
integration over the peak only. Since the relative efficiency
and the fission cross section vary slowly with energy, they
can be replaced by the values corresponding to the peak en-
ergy E0, i.e., k�0=k�

X�E0� and � f0=� f�E0�. Thus,

Nfpeak = ���Cf�k�0� f0�n0, �7�

where �n0 is the fluence of the high-energy peak neutrons.
The fraction of detected fissions due to the peak, kpeak
=Nfpeak /Nf, can be deduced from Eqs. (6) and (7),

kpeak =
� f0k�0�n0

�
0

Emax

k��E��n�E�� f�E�dE

. �8�

Combining Eqs. (6) and (8) gives the peak fission cross sec-
tion

� f0 =
Nfkpeak

���Cf�k�0�n0
. �9�

Finally, the fission cross-section ratio measured with a pair of
sandwich arrangements X and Y, stacked one after the other
in the neutron beam, is

FIG. 5. A schematic view of the electronics and the data acqui-
sition system.
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� f0�X�

� f0�Y�
=

Nf�X����Cf��Y�kpeak�X��ac
X �E0�R�X�

2

Nf�Y����Cf��X�kpeak�Y��ac
Y �E0�R�Y�

2 , �10�

where R is the distance between the production target and the
chamber. The quantities ���Cf� , R, and Nf were obtained in
direct measurements for the respective chambers. The latter
quantity was corrected for intrinsic detector background on
the basis of the obtained TOF spectra of fission events. The
determination of the remaining parameters in Eq. (10),
�ac

X �E� and kpeak, is discussed in Secs. III B and III C, respec-
tively.

B. Determination of the detection efficiency

The detection efficiency of a TFBC in sandwich geometry
cannot be directly measured for a particle source with un-
known intensity and arbitrary angular-energy distribution,
since the counting characteristics (efficiency versus bias volt-
age) does not have a plateau corresponding to detection of all
fragments that reach the sensitive area. Instead, a model cal-
culation has to be employed, and the parameters of the model
have to be determined in dedicated measurements for each
specific detector (or for a group of detectors with similar
properties), operated at a given bias voltage.

A model and a computer code for calculation of the TFBC
detection efficiency have been described in our earlier report
[32]. A thorough description is going to be published else-
where [33]. A brief outlook of the model and the code is
given below.

The model and the code are based on semiempirical de-
pendences of the detection threshold voltage on specific en-
ergy losses of fission fragments in SiO2 and on the incident
angle of fission fragments to the sensitive surface of the de-
tector [57]. The code makes use of Monte Carlo techniques
to model the process of detection for fission fragments from
either spontaneous or nucleon-induced fission. The model
takes into account angular anisotropy of fission and trans-
ferred longitudinal momentum that define angular distribu-
tions of fission fragments. A change in fission fragment ki-
netic energy due to the transferred momentum is taken into
account, as well as the energy losses of fission fragments in
the sample material and their dependence on the fragment
angular distribution.

The input data of the code include the following.
(i) Charge, mass, and kinetic energy distributions of fis-

sion fragments, taking into account the emission of prefission
neutrons. In the case of the 238U�n , f� reaction, experimental
data of Zoller [58] were employed. At present, data of this
type for neutron-induced fission of subactinide nuclei remain
unmeasured. Therefore, we used symmetric Gaussian-shaped
charge and mass distributions that are typical for similar fis-
sioning systems formed in reactions of charged particles with
subactinide nuclei [59,60].

(ii) The total kinetic energy of fission fragments from the
systematics of Viola et al. [61].

(iii) Energy-range data [62] for fission fragments in
sample materials and SiO2.

(iv) Energy-dependent data on fission anisotropy and lon-

gitudinal linear momentum transferred to fissioning nuclei,
from systematics developed in [26].

The code was verified using experimental results for
TFBC detection efficiency for spontaneous fission of 252Cf as
well as for proton- and neutron-induced fission of different
nuclides [32,33]. The estimated error of the calculated effi-
ciency is not more than 5% for the whole range of the pro-
jectile energies.

The calculated absolute efficiency is plotted in Fig. 6 ver-
sus incident neutron energy for the samples of
238U3O8, 209Bi, natPb, 208Pb, 197Au, natWO3, and 181Ta
samples employed in the present study. The values given in
the graphs represent the sample thickness, averaged over the
corresponding mosaic arrangement. As can be seen, the effi-
ciency for a given sample material and neutron energy de-
creases with the sample thickness, which reflects the increase
in the fraction of fragments escaping detection due to the
energy loss in the sample. The results for different sample
materials show a decrease in efficiency from the heaviest
considered nuclides, 238U and 209Bi, to the lightest, 181Ta,
which is mainly governed by a decrease in the average frag-
ment kinetic energy. A special case is the samples of tungsten
trioxide. The presence of oxygen atoms in the sample mate-
rial increases its stopping power and, therefore, diminishes
the detection efficiency. This effect is not so pronounced for

FIG. 6. The calculated fission fragment detection efficiency for
the TFBC and a sample of the unit area, versus incident neutron
energy.
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the 238U3O8 samples because of their relatively small thick-
ness.

The same model and code were employed in processing
of experimental data on proton-induced fission cross sections
[32], obtained at the broad proton beam facility at TSL [63]
with the same detector arrangement as in the present study.
The relative �p , f� cross-section results are presented in Fig.
7 together with data of other authors from a review [9]. As
seen in Fig. 7, the data of our work [32] agree with the
literature data within the uncertainty limits. This provides an
additional check of the developed model and code for detec-
tion efficiency calculations.

C. Determination of the fraction of peak fission events

To determine the fraction of peak fission events, kpeak,
defined in Eq. (8), two different methods were employed.

(i) For the 238U�n , f� reaction, we used TOF techniques
supplemented by model calculations (see Sec. III C 1).

(ii) For the other studied reactions, an iterative unfolding
procedure was used (see Sec. III C 2).

Uncertainties in determination of the factor kpeak are dis-
cussed in Sec. III C 3.

1. Determination of the factor kpeak using TOF techniques

Distributions of 238U fission events on the relative neutron
TOF were measured using an experimental chamber placed
at a flight path of about 10 m at 0°. An exemplary distribu-
tion, shown in Fig. 8, was obtained in irradiation by neutrons
with the peak energy of 173.3 MeV. The light-gray area in
the spectrum corresponds to fission events induced by the
high-energy peak neutrons. Thus, the sought factor is a ratio
between the light-gray area and the total area under the spec-
trum.

Fission events in the dark-gray area in Fig. 8 originate
from high-energy continuum neutrons with energy above
about 60 MeV. The black area corresponds to fission events
induced by “wrap-around” neutrons with energy lower than
60 MeV, which are produced by previous proton beam mi-
cropulses. In order to estimate and subtract the last two com-
ponents, the studied TOF distribution was modeled. Input
data for the model calculations included the standard
238U�n , f� cross section [34] and the incident neutron spectra.
The latter were either calculated according to the systematics
[31] or interpolated or extrapolated from the experimentally
measured spectra [35,39–44]. The resulting values of the fac-
tor kpeak are given in Table III.

Similar TOF spectra were obtained for 209Bi fission events
at the same flight path of about 10 m. However, the statistics
was not sufficient for the spectrum decomposition procedure.
The decomposition was not possible either for the nuclides
lighter than Bi, because those measurements were performed
only at a short flight path. Therefore, for all subactinide nu-
clei, we had to skip the TOF information and to employ an

FIG. 7. Energy dependences of the 209Bi/ 238U, 208Pb/ 209Bi, and
197Au/ 209Bi proton-induced fission cross-section ratios. The filled
symbols represent the results of the present work. The open sym-
bols represent results extracted from a compilation of literature ex-
perimental data [9].

FIG. 8. The TOF spectrum of 238U neutron-induced fission
events induced by neutrons from the 7Li�p ,n� reaction with the
peak neutron energy of 173.3 MeV and its decomposition. The sym-
bols represent experimental data of the present work. The dashed
curve represents calculated TOF distribution of fission events in-
duced by the continuum part of the neutron spectrum. The light-
gray area represents fission events induced by high energy peak
neutrons. The events in the dark-gray area originate from high en-
ergy continuum neutrons with energy above about 60 MeV. The
black area corresponds to fission events induced by ”wrap-around”
neutrons with energy lower than 60 MeV, which are produced by
previous proton beam micropulses.
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iterative unfolding procedure discussed in the subsequent
subsection.

2. Determination of the factor kpeak using the iterative
unfolding procedure

The unfolding procedure in the present work is similar to
the one that was implemented in an analysis of neutron-
induced single-event upsets performed by Johansson et al.
[64]. However, the present study makes use of a more ad-
vanced description of the incident neutron spectrum (see Sec.
II B). The procedure is described below for the 209Bi�n , f�
reaction.

To get a first estimate of the factor kpeak, we con-
structed a trial input cross section � f�

209Bi�
=� f�

238U�Nf�
209Bi� /Nf�

238U�, where � f�
238U� is the standard

238U�n , f� cross section [34], and Nf denotes the fission count
rate for a given nuclide, integrated over the whole corre-
sponding TOF spectrum. The trial cross section, fitted by a
smooth curve, together with the experimental [35,39–44] or
calculated [31] neutron spectra at 0° and the relative detec-
tion efficiency, were used to calculate the factor kpeak for
each beam energy employed in the study. Then, the
209Bi/ 238U fission cross-section ratios were calculated ac-
cording to Eq. (10), using the factors kpeak�

209Bi� obtained as
described above and the factors kpeak�

238U� obtained with
TOF techniques as described in Sec. III C 1. Finally, multi-
plication of the obtained 209Bi/ 238U ratios and the standard
238U�n , f� cross section [34], with subsequent smoothing of
the energy dependence, resulted in the new trial 209Bi�n , f�
cross section. The procedure was repeated until convergence
was reached. Usually, two iterations were sufficient. The cor-
rection in the last iteration did not exceed 0.5%. The result-
ing values of kpeak�

209Bi� are presented in Table III.
A similar procedure was employed for the studied reac-

tions with the nuclei lighter than Bi. In this case, only the

calculated neutron spectra at 4° were used. The factor kpeak
for the monitor 209Bi�n , f� reaction was calculated using the
parametrization of the experimental cross section obtained in
the present work (see Sec. IV D). In all cases, the result was
found to be independent of the initially assumed cross sec-
tion.

3. Uncertainties in the factor kpeak

The uncertainties in the factor kpeak amounted to 2–3 %
depending on the neutron energy and the studied reaction. In
the case of the 238U�n , f� reaction, the uncertainties reflect
statistical errors in the TOF spectra, as well as uncertainties
in the input data of the model calculations and ambiguities in
the spectrum decomposition procedure. For the other reac-
tions, the uncertainties reflect the ones in the neutron spec-
trum data, which served as input in the unfolding procedure.

The studied excitation functions of the subactinide fission
reactions have rather similar shapes, and therefore it is pos-
sible to further suppress the contribution that comes from the
determination of the factor to the total uncertainty in the
relative cross-section measurement. For this purpose, we
studied sensitivity of the ratio kpeak�X� /kpeak�

209Bi� (where X
denotes the studied target nuclide) to the neutron spectrum
data used as input in the unfolding procedure. Using different
experimental [42,43] and calculated [31] neutron spectra, we
estimated that the variation in the ratio kpeak�X� /kpeak�

209Bi�
did not exceed 1% for any studied nuclide.

IV. EXPERIMENTAL RESULTS

A. The 209Bi„n , f… cross section

The 209Bi/ 238U ratios measured in the present work were
converted into absolute values using the standard 238U�n , f�
cross section taken from the work of Carlson et al. [34]. The
209Bi�n , f� cross sections obtained in our earlier studies
[21,22] have been revised using the new approach to the
fission fragment detection efficiency and the factor kpeak, and
have been taken into account in processing of the results of
the present work. The results are presented in Table IV.

TABLE III. Correction factor kpeak for the 238U�n , f� and
209Bi�n , f� reactions for neutron spectra at 0°.

Enpeak kpeak�
238U� kpeak�

209Bi�
(MeV)

34.5 0.55±0.02 0.98±0.02

34.5 0.43±0.02a 0.97±0.02a

34.5 0.35±0.02b 0.96±0.02b

46.3 0.44±0.01 0.95±0.03

66.6 0.37±0.01 0.82±0.01

73.9 0.36±0.01 0.81±0.01

89.6 0.37±0.01 0.73±0.02

94.1 0.37±0.01 0.71±0.02

111.3 0.37±0.01 0.67±0.02

132.9 0.39±0.01 0.64±0.01

144.6 0.35±0.01 0.61±0.01

173.3 0.42±0.01 0.63±0.01

aCorrection factor at the position of the facility for activation stud-
ies [36,38] at about 1°.
bCorrection factor at the irradiation position 1 at about 4°.

TABLE IV. Neutron-induced fission cross section of 209Bi.

Enpeak
209Bi�n , f� / 238U�n , f� 209Bi�n , f� cross section

(MeV) cross-section ratio (mb)

34.5 �1.90±0.20��10−4 0.311±0.034

46.3 �1.05±0.10��10−3 1.71±0.17

66.6 0.0054±0.0005 8.42±0.81

73.9 0.0082±0.0007 12.6±1.2

89.6 0.0133±0.0012 19.2±1.9

94.1 0.0157±0.0014 22.4±2.2

111.3 0.0247±0.0027 33.5±3.9

132.9 0.0307±0.0027 40.5±4.1

144.6 0.0335±0.0031 44.2±4.7

160.0 0.0415±0.0038 54.6±5.7

173.3 0.0417±0.0040 54.9±5.9
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The uncertainties in the absolute fission cross sections
given in Table IV include the uncertainty in the standard
238U�n , f� cross section [34], which amounts to 2–5 % de-
pending on the neutron energy. The uncertainties in the rela-
tive measurements are discussed in Sec. IV B for all studied
reactions together.

Our data on the 209Bi�n , f� cross sections are shown in
Fig. 9 together with earlier data of Vorotnikov et al. [14], as
well as with recent data of Nolte et al. [20] and Shcherbakov
et al. [19]. In order to avoid complicating the figure, we do
not show data of Staples et al. [17,18], because they are very
close to the results of Shcherbakov et al. [19].

As seen in Fig. 9, our data agree within the uncertainties
with the data of Shcherbakov et al. [19] in the neutron en-
ergy range above about 95 MeV. However, there is a system-
atic deviation at lower energies. The latter data systemati-
cally exceed our data in the energy range from 30 to about 95
MeV. The deviation is most clearly seen in the energy region
below about 50 MeV. This could possibly be explained by a
well-known problem of nonfission background in ionization
chambers discussed frequently in the literature (see, e.g.,
[29]). The data of Nolte et al. [20] are in good agreement
with our data in the entire neutron-energy range of their mea-
surements.

The 209Bi�n , f� cross section has been adopted as standard
in 1996 [34], and the corresponding parametrization is
shown in Fig. 9 as a dashed line. However, in the recommen-
dations of the IAEA [34], it was noted that the available
experimental database was not sufficient, and new experi-
mental results were needed in order to make a more accurate
parametrization. Such new parametrization is suggested in
the present work (see Sec. IV D) and shown in Fig. 9 as a
solid line. A comparison of the recent parametrization with
the standard one [34] shows considerable differences. The
standard fit lies about 40% lower than the new one in the

FIG. 9. Absolute neutron-induced fission cross sections of 209Bi.
The scale of the vertical axis is logarithmic and linear in the upper
and lower panels, respectively, in order to show the behavior of the
cross section in the different energy regions.

FIG. 10. Neutron-induced fission cross-section ratios
natPb/ 209Bi, 208Pb/ 209Bi, 197Au/ 209Bi, natW/ 209Bi, and 181Ta/ 209Bi
versus incident energy. The results of the present study are shown as
filled squares. The open squares and circles show data deduced
from the results of Shcherbakov et al. [19] and Staples et al.
[17,18], respectively.
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20–45 MeV energy range, and about 20% higher between 50
and 90 MeV. For energies above 90 MeV, the standard fit lies
not more than 10% higher than the new one. The mentioned
differences, however, are within the declared uncertainties
for the standard parametrization [34].

B. Relative cross sections for the nuclei lighter than Bi

The fission cross-section ratios obtained in this work for
the nuclei lighter than Bi are given in Table V and are shown
in Fig. 10 together with data deduced from the previously
reported results of Staples et al. [17,18] for
209Bi/ 235U, natPb/ 235U, and 197Au/ 235U fission cross-section
ratios and Shcherbakov et al. [19] for 209Bi/ 235U and
natPb/ 235U.

The following uncertainties for the relative fission cross
sections were considered.

(i) Sample thickness determination (2–7 % depending on
specific sample arrangement).

(ii) Counting statistics in the 252Cf calibration (1–2 % de-
pending on specific detector arrangement).

(iii) Calculation of relative detection efficiency (5%).
(iv) Variations of neutron beam intensity, sample thick-

ness, and detection efficiency from one sandwich to another
in a mosaic arrangement (�0.3% in most cases, 0.6% in the
worst case).

(v) In-beam counting statistics and subtraction of back-
ground (0.5–50 % depending on neutron energy and specific
detector-sample arrangement).

(vi) Determination of the fraction of peak fission events
kpeak (�4% for the 209Bi/ 238U ratio and �1% for the other
ratios, see Sec. III C 3).

The total uncertainties of the obtained cross-section ratios
given in Tables IV and V amount typically to 10–15 %,
depending on the studied reaction and neutron energy. At the
lowest energy points, the total uncertainties are dominated by
statistical errors and amount to 20–50 % depending on the
studied reaction.

A number of other possible error sources were considered.
The direct measurements of the irradiation geometry gave
uncertainty contributions of not more than 0.1%. The influ-
ence on the results caused by proton (and/or H0 atom) con-
tamination in the neutron field was estimated using the �p , f�

TABLE V. Relative neutron-induced fission cross sections for the nuclei lighter than Bi.

Fission cross-section ratios

Enpeak
natPb/ 209Bi 208Pb/ 209Bi 197Au/ 209Bi natW/ 209Bi 181Ta/ 209Bi

(MeV)

34.5 0.15±0.07 0.028±0.006 �0.012

46.3 0.197±0.019 0.084±0.007 0.060±0.011 �0.0023

66.6 0.306±0.023 0.208±0.016 0.096±0.011 0.0023±0.0011 �7.2±2.8�10−4

73.9 0.336±0.026 0.230±0.018 0.096±0.010 0.0033±0.0006 0.0016±0.0004

89.6 0.252±0.020

94.1 0.383±0.028 0.297±0.023 0.126±0.013 0.0063±0.0007 0.0028±0.0003

111.3 0.301±0.026

132.9 0.414±0.031 0.310±0.024 0.151±0.017 0.0132±0.0015 0.0059±0.0007

144.6 0.452±0.034 0.39±0.03 0.184±0.021 0.0127±0.0014 0.0066±0.0008

173.3 0.50±0.04 0.36±0.03 0.187±0.023 0.019±0.002 0.0076±0.0009

TABLE VI. Absolute neutron-induced fission cross sections.

Fission cross section

Enpeak
natPb 208Pb 197Au natW 181Ta

(MeV) (mb) (mb) (mb) (mb) (mb)

34.5 0.047±0.021 0.0087±0.0021 �0.0038

46.3 0.336±0.044 0.143±0.018 0.103±0.019 �0.004

66.6 2.58±0.30 1.75±0.21 0.81±0.12 0.020±0.010 0.0061±0.0024

73.9 4.24±0.47 2.90±0.33 1.20±0.17 0.041±0.008 0.020±0.005

89.6 4.8±0.5

94.1 8.6±1.0 6.6±0.8 2.81±0.39 0.141±0.020 0.063±0.009

111.3 10.1±1.3

132.9 16.8±1.7 12.6±1.3 6.1±0.9 0.53±0.08 0.24±0.04

144.6 20.0±2.3 17.3±2.0 8.1±1.2 0.56±0.08 0.29±0.05

173.3 27.5±3.7 19.9±2.7 10.3±1.6 1.04±0.15 0.42±0.07
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systematics [9] and was found to be negligible. The attenu-
ation of the neutron beam along the stack of the experimental
chambers in Irradiation position 1 was measured directly
with a pair of chambers with 209Bi samples placed upstream
and downstream of the other chambers in the stack, and no
significant effect was found. No correction was necessary for
neutron-induced and spontaneous fission of contaminating
heavier nuclides in the subactinide samples. The calibrations
with a 252Cf sample were performed before and after each
experimental period, in order to reveal possible changes in
the detector efficiency and sensitive area. In addition, pos-
sible drifts of the detector parameters during the beam expo-
sure were checked by monitoring the respective count-rate
ratios. In all cases, no effect was found outside the statistical
uncertainties.

In many cases, the presented data were determined with
samples of different thicknesses and obtained during differ-
ent experimental periods. In all cases, the results agreed
within the uncertainties, and therefore the respective
weighted average values were adopted as final.

The presented upper limits of the cross sections were ob-
tained using the prescriptions of Schmidt et al. [65] for
analysis of data with small counting statistics.

C. Absolute cross sections for the nuclei lighter than Bi

The relative fission cross sections for the nuclei lighter
than Bi were converted into absolute ones using the revised
set of the experimental 209Bi�n , f� cross-section data given in
Table IV. The resulted absolute cross sections are given in
Table VI and shown in Fig. 11 together with our earlier data
for 208Pb [21,22], as well as with earlier data of Reut et al.
for 197Au and natPb [12], Dzhelepov et al. for natW [13],
Vorotnikov et al. [14], Shcherbakov et al. [19], and Nolte et
al. [20] for natPb, Vorotnikov [15], and Staples et al. [17,18]
for 197Au. The given uncertainties of our results include
those of the new data set for the 209Bi�n , f� cross section (see
Table IV). The absolute data of Staples et al. shown in Fig.
11 were deduced by multiplying the 197Au/ 235U ratios
[17,18] with the standard 235U�n , f� cross section [34].

D. Cross-section parametrizations

Parametrizations of the absolute �n , f� cross sections of
subactinide nuclei suggested in the present work are based
on our data presented in Tables IV and VI, together with the
data of Nolte et al. [20] for 209Bi and natPb. The following
universal parametrization of the cross section � f versus neu-
tron energy En is suggested:

� f�En� = P1exp�− �P2/En�P3� , �11�

where P1 , P2, and P3 are fitting parameters that depend on
the target nuclide. The values of the parameters, obtained by
the least-squares method, are given in Table VII. The param-
etrizations are shown as solid lines in Figs. 9 and 11.

V. DISCUSSION

The first published measurement results are presented for
the natPb, 197Au, natW, and 181Ta�n , f� cross sections. The

208Pb�n , f� reaction has been studied by our group earlier
[21,22], and those results, shown as crosses in Fig. 11, are in
reasonable agreement with the present ones. The only exclu-
sion is the datum at 45 MeV, which is believed to be errone-
ous in our early study, due to a poor signal-to-background
ratio in that particular measurement. The present results are

FIG. 11. Absolute neutron-induced fission cross sections of
natPb, 208Pb, 197Au, natW, and 181Ta. The results of the present
study are shown as filled squares. Crosses represent our earlier data
for 208Pb [21,22]. Filled triangles represent recent data of Nolte et
al. for natPb [20]. Open squares, circles, and triangles represent data
of Shcherbakov et al. [19], Staples et al. [17,18], and Vorotnikov et
al. [14,15], respectively. Results of Reut et al. [12] and Dzhelepov
et al. [13] are shown as diamonds, with horizontal error bars that
represent the energy spread of the neutron beam. The lines represent
parametrizations of the present work (see the text).
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obtained with better counting statistics and more sophisti-
cated data processing techniques.

Earlier measurements for 197Au and natPb in the energy
region 18–23 MeV were performed by Vorotnikov [15] and
Vorotnikov and Larionov [14], respectively, using a d-T neu-
tron source and solid-state nuclear track detectors. Their re-
sults for natPb are compatible with the present data, while the
results for 197Au seem to be too high.

A measurement for natPb and 197Au was performed by
Staples et al. [17,18] using a parallel-plate ionization cham-
ber irradiated by neutrons from the LANSCE facility with a
“white” spectrum. Only preliminary data are available. The
data for 197Au are in reasonable agreement with the present
ones, while the data for natPb lie systematically higher. In the
energy range below about 50 MeV, the data of Staples et al.
for natPb are distinctly larger. The disagreement increases
with decreasing incident energy and amounts to about one
order of magnitude at 35 MeV. Furthermore, the natPb/ 209Bi
ratios deduced from the data of Staples et al. (see Fig. 10)
show an unexpected energy dependence. As the neutron en-
ergy decreases to below 50 MeV, the smooth decrease of the
ratio turns into a sharp rise, which is difficult to understand,
having in mind that the fission barrier for lead isotopes is
higher than that for bismuth [66]. This leads to the sugges-
tion that some background contribution may not have been
fully taken into account in the LANSCE measurements. A
similar feature is seen in the dataset of Shcherbakov et al. for

natPb [19] obtained at the “white” neutron source at the
GNEIS facility in Gatchina. Their data are similar to the data
of Staples et al. at neutron energies above about 45 MeV,
although at lower energies they are somewhat closer to our
results. The disagreement with our data amounts to a factor
of about 3 at about 35 MeV.

Early measurements by Reut et al. [12] for natPb and
197Au and by Dzhelepov et al. [13] for natW were made using
neutrons from the Cu�d ,n� reaction with a broad spectrum,
as indicated by the horizontal error bars in Fig. 11. The re-
sults agree qualitatively with the more recent and precise
data.

The data presented in Fig. 11 allow some conclusions on
common features of subactinide neutron fission cross sec-
tions. The cross section increases with neutron energy and
with the atomic number of the target nucleus. The slope of
the cross section versus energy is steepest in the near-barrier
region (20–25 MeV), and becomes flatter with increasing
energy. The slope at a specific incident energy is steeper for
lighter nuclei. The properties summarized above (see also
[24]) are similar to those of the �p , f� data (see, e.g., [9]).

VI. CONCLUSIONS

Experimental �n , f� cross sections for subactinide nuclei
in the intermediate energy region have been measured. Most
of the data are obtained for the first time. Progress in data
processing has been achieved due to good control of the
incident neutron spectrum and the detection efficiency cor-
rections. In most cases, the results are compatible with
scarcely available earlier data, but a large discrepancy is ob-
served with respect to the recent data of Staples et al. [17,18]
and Shcherbakov et al. [19] for the 209Bi�n , f� and natPb�n , f�
cross sections at energies below 50 MeV.
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Appendix II

A NEW NEUTRON FACILITY FOR SINGLE-EVENT 
EFFECT TESTING
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D. Wessman, V. Ziemann, J. Blomgren1), S. Pomp1), M. Österlund1), U. Tippawan1,2)

The Svedberg Laboratory, Uppsala University, Box 533, S-751 21 Uppsala, Sweden 
1) Department of Neutron Research, Uppsala University, 
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Abstract 
A new facility producing intense mono-energetic neutron beams has been developed at The Svedberg 
Laboratory (TSL), Uppsala, Sweden. The facility utilizes the existing cyclotron and a flexible lithium 
target in a rebuilt beam line. The new facility can operate at unsurpassed mono-energetic neutron 
intensities and provides flexibility of the neutron beam properties, like energy and geometrical shape. 

1. Introduction 
Careful testing of neutron-induced single-event effects (SEE) in semiconductor materials [1] using 

the natural flux of cosmic neutrons is very time-consuming. To speed up the measurements, one needs to 
use neutron beams produced with particle accelerators. 

The procedures for the accelerated testing of memory devices are summarized in the recent JEDEC 
Test Specification [2]. According to the standard, one of the ways to perform the accelerated testing is to 
irradiate a device under study by monoenergetic neutrons with nominal energies of 20, 50, 100, and 150 
MeV. Such an approach is a viable alternative to the testing with a “white” neutron spectrum, if the 
intensity of monoenergetic neutrons is enough to cause reasonably high SEE rates. 

To satisfy these needs, an upgrade of the old neutron facility [3, 4] at The Svedberg Laboratory 
(TSL) has been undertaken with a primary goal to increase the neutron beam intensity and, thereby, to 
make the facility competitive for SEE testing and for studies of SEE mechanisms. In addition, the new 
facility offers an unsurpassed flexibility of the neutron beam properties, like energy and geometrical 
shape. 

2. Technical Specification 
An overview of the neutron beam facility is presented in Fig. 1. The facility makes use of the proton 

beam from the Gustaf Werner cyclotron with the energy variable in the 20-180 MeV range. The proton 
beam is incident on a target of lithium, enriched to 99.99% in 7Li. The available targets are 2, 4, 8, 16, 
and 24 mm thick. The targets are rectangular in shape, 20x32 mm, and are mounted in a remotely 
controlled water-cooled copper rig. An additional target position contains a fluorescent screen viewed by 
a TV camera, which is used for beam alignment and focusing. Downstream the target, the proton beam 
is deflected by a magnet into a 10-m long dumping line, where it is guided onto a heavily shielded water-
cooled graphite beam dump. 

The neutron beam is formed geometrically by a cylindrically shaped iron collimator block, 50 cm in 
diameter and 100 cm long, with a cylindrical or conical hole of variable diameter. The collimator is 
surrounded by concrete to form the end wall of the production line towards the experimental area. 
Thereby, efficient shielding from the production target region is achieved. A modular construction of the 
collimator allows the user to adjust the diameter of the neutron beam to the needs of a specific 
experiment. At present, the available collimator openings are 2, 3, 5.5, 10, 15, 20, and 30 cm. Other 
collimator diameters in the 0-30 cm range, as well as other shapes than circular can be provided upon 
request. Even beam diameters of up to 1 m are obtainable at a larger distance from the production target. 
The increased diameter of the beam may be used for testing a larger number of devices simultaneously, 
or a larger device like a whole electronic card.
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After passing the collimator, 
neutrons reach the experimental area 
at a distance of about 3 m from the 
production target. Reduction of this 
distance to the minimum has led to 
an increase of the neutron flux by 
about one order of magnitude in 
comparison with the old TSL 
neutron facility [3, 4]. 

3. Commissioning, tests and 
characterization of the 
facility 

The first neutron beam at the 
new facility was delivered in 
January 2004. An extensive 
characterization of the facility has 
been performed, including 
measurements of neutron flux, 
spectra, and profile. Below, first 
results are reported. They were 
acquired with a proton beam of 
about 100 MeV energy and about 5 
µA intensity, incident on an 8-mm 
thick lithium target. 

3.1 Dumping efficiency 

The dumping efficiency, i.e., 
the share of primary protons that 
reach the beam dump after passing 
the lithium target, was typically 90-
95%. Taking into account the 
uncertainty in the measurement of 
about 10% and loss of protons due to nuclear reactions in the target (up to 2% depending on proton 
energy and target thickness), one can conclude that few protons are lost on their way from the target to 
the dump. 

3.2 Neutron flux 
The typical neutron flux during the test runs amounted to about 5*105 cm-2s-1 at the entrance to the 

experimental area. This value is about one order of magnitude larger than at the old neutron facility at 
TSL [3, 4] with the same target thickness, proton energy and current. 

3.3 Neutron spectrum 
First results for the neutron spectrum at the experimental area are shown in Fig. 2. The spectrum is 

mainly defined by the double-differential cross-section of the 7Li(p,n) reaction at forward angles. The 
reaction energy spectrum is dominated by a peak situated a few MeV below the energy of the primary 
protons. The high-energy peak in the neutron spectrum comprises about half of the total number of 
neutrons. The measured spectra (shown by symbols connected by a solid line) are compared with 
predictions of the systematics for the 7Li(p,n) reaction developed by Prokofiev et al. [5] (shown by a 
dashed line in panels b, c, d). For the lowest of the studied incident energies (24.7 MeV), the 
systematics [5] is not applicable. Instead, an evaluation of Mashnik et al. [6] was employed for the 
description of the neutron spectrum. The differential cross-section for high-energy peak neutron 
production at 0° was obtained my multiplication of the total cross-section of the 7Li(p,n)7Be reaction 
[6] to the "index of forwardness" from the systematics of Uwamino et al. [7]. The narrow peaks in the 
upper continuum region correspond to excitation of higher states in residual 7Be nuclei. This process 
was included in the model calculation of Mashnik et al. [6]. However, the energy resolution in the 
experiment does not allow us to observe these peaks. 

Figure 1. An overview of the neutron beam facility. 
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Figure 2. The neutron spectra at 0º for different incident proton energies and 7Li target thicknesses. Symbols connected by a 
solid line represent experimental data obtained in the present work. A dashed line in panels b, c, d represents the predictions of the 
systematics developed by Prokofiev et al [5]. A dash-dotted line in panel a represents the LA150 evaluation [6] combined with 
systematics of Uwamino et al [7]. In all cases, the width of the predicted high-energy peak component is adjusted to the experimental 
data. Both experimental and calculated data are normalized so that the area under the high-energy peak is unity.
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The overall agreement between the presented experimental data and the calculations [5, 6] is not 
worse than to a factor of 2. 

3.4  Contamination of the neutron beam 
Measured contamination of the neutron beam at the experimental area due to interactions of the 

primary protons with beam transport elements (mainly the target frame) did not exceed 0.2%. Such 
interactions can only lead to a weak surplus of neutrons at the experimental area, because any charged 
particles produced near the lithium target and upstream are bent away by the deflection magnet. 

The contamination of protons (above 15 MeV) in the neutron beam amounts to about 10-5, which can 
hardly be a problem for any application. 

3.5 Residual radioactivity 
No significant excess of radioactivity over natural background has been detected in the experimental 

area. This, together with the fully functional laboratory radiation protection system, ensures safety for 
beam users and personnel. 

3.6 Availability for users 

The facility is now available for regular operation. First beams for commercial electronics testing, as 
well as applied nuclear physics research, have already been delivered. 

4. Summary and outlook 
A new neutron facility, optimized for SEE testing, has been constructed and put into operation at 

TSL, Uppsala, Sweden. The facility is capable to deliver neutrons in the 20-175 MeV range. This makes 
TSL the only laboratory in the world offering full monoenergetic neutron testing according to the 
JEDEC Test Specification [2]. In addition, TSL offers testing with protons in the 20-180 MeV energy 
range, and with a wide range of heavy ions. Thus, TSL has the unique feature to provide neutron, proton, 
and heavy ion testing at the same laboratory. 

Further information on the neutron facility and characterization measurements is presented elsewhere 
[8]. 
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We describe a double-scattering experiment with a novel tagged neutron beam to measure differential
cross sections for np backscattering to better than �2% absolute precision. The measurement focuses on
angles and energies where the cross section magnitude and angle dependence constrain the charged pion-
nucleon coupling constant, but existing data show serious discrepancies among themselves and with
energy-dependent partial-wave analyses. The present results are in good accord with the partial-wave
analyses, but deviate systematically from other recent measurements.
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The neutron-proton elastic scattering database at inter-
mediate energies is plagued by experimental inconsisten-
cies and cross section normalization difficulties [1–3].
These problems have led the most sophisticated partial-
wave analyses (PWAs) of the data [4–6] to ignore the
majority (including the most recent) of measured cross
sections, while the literature is filled with heated debates
over experimental and theoretical methods [7,8], including
proposed radical ‘‘doctoring’’ (angle-dependent renormal-
ization) to ‘‘salvage’’ allegedly flawed data [9].
Meanwhile, an empirical evaluation of a fundamental pa-
rameter of meson-exchange theories of the nuclear force—
the charged �NN coupling constant f2

c—hangs in the
balance [8]. We report here the results of a new experiment,
carried out utilizing quite different techniques from earlier
measurements in an attempt to resolve the most worrisome
experimental discrepancies.
The present experiment involves a kinematically com-

plete double-scattering measurement to produce and utilize
a ‘‘tagged’’ intermediate-energy neutron beam [10], thus
greatly reducing the usual systematic uncertainties associ-
ated with the determination of neutron flux. Products from
the second scattering were detected over the full angle
range of interest simultaneously in a large-acceptance
detector array, to eliminate the need for cross normaliza-
tion of different regions of the angular distribution. The use
of carefully matched solid CH2 and C targets permitted
frequent measurement and accurate subtraction of quasi-
free scattering background, thereby minimizing reliance
on kinematic cuts to isolate the free np scattering sample.
These methods, combined with multiple internal cross-
checks built into the data analysis procedures, have al-
lowed us to achieve systematic error levels in the
absolute cross section below 2%. In addition to addressing
the previous discrepancies, the results provide a useful
absolute cross section calibration for intermediate-energy
neutron-induced reactions.

The experiment was carried out during the final year of
operation of the Indiana University Cyclotron Facility’s
Cooler ring [11], with apparatus illustrated in Fig. 1 and
described in detail in [10]. Neutrons of 185–197MeVwere
produced via the charge-exchange reaction p� d ! n�
2p, initiated by a stored, electron-cooled 203 MeV proton
beam, with typical circulating current of 1–2 mA, in a
windowless deuterium gas jet target (GJT) of thickness �
2–4 � 1015 atoms=cm2. The ultrathin target permitted de-
tection of the two low-energy recoil protons in an array
(‘‘tagger’’ in Fig. 1) of four 6:4 � 6:4 cm2 double-sided
silicon strip detectors (DSSD’s) with 480 �m readout
pitch in two orthogonal directions, each followed by a
silicon pad (‘‘backing’’) detector (BD) of the same area.
Only recoil protons (&11 MeV) that stopped in either the
DSSD’s or BD’s were considered in the data analysis.
Measurements of energy, arrival time, and two-
dimensional position for both recoil protons in the tagger,
when combined with precise knowledge of cooled p beam
direction and energy, allowed four-momentum determina-
tion for each produced neutron on an event-by-event basis.
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FIG. 1 (color online). Top view of the np scattering experi-
ment setup.
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The (uncollimated) tagged neutrons were distributed over a
significant range in energy and angle, but these parameters
were measured for each produced neutron with resolutions
�E � 60 keV and �angle � 2 mrad.
The forward setup included a solid secondary scattering

target of CH2 or graphite positioned 1.1 m downstream
of the GJT, centered on a neutron production laboratory
angle of 14.0 �. Both solid targets had transverse di-
mensions 20 � 20 cm2 and thickness of 0:99 �
1023 carbon atoms=cm2. The typical rate of tagged neu-
trons with energy above 185 MeV intercepting the second-
ary target was 200 s�1. A large and a small upstream veto
scintillator (LUV and SUV, respectively, in Fig. 1) vetoed
tagged neutrons that interacted before the secondary target.
Following the target was a forward array of plastic scintil-
lators for triggering and energy information and a set of
three (three-plane) multiwire proportional chambers
(MWPC’s) to track forward protons. The forward detector
acceptance was nearly 100% for np scattering events with
�c:m: � 130 �, falling to 50% by �c:m: � 90 �. The MWPC
between the secondary target and �E scintillator allowed
discrimination against np events initiated in that scintilla-
tor. The rear hodoscope comprised 20 plastic scintillator
bars of sufficient thickness (20 cm) to stop 200 MeV
protons and give 15–20% detection efficiency for 100–
200 MeV neutrons.
Specially designed DSSD front-end electronics [10]

permitted a tagger-based event trigger on neutron candi-
dates (consistent with two distinct tagger hits and no
accompanying signals from LUV or SUV), whether or
not the neutrons interacted in the forward target and/or
detectors. Tagged neutron events were recorded in three
mutually exclusive event streams [10], coupling the tagger
trigger with (1) no rear hodoscope coincidence (providing
a prescaled sample for neutron flux monitoring); or (2) a
coincidence with both the �E scintillator and rear hodo-
scope (for np scattering candidates); or (3) a coincidence
with the rear hodoscope but not �E (for evaluating the
neutron detection efficiency of the hodoscope).
Comparative analyses of the three separate event streams,
with respective yields N1, N2, and N3, facilitated cross-
checks to calibrate the system [10] and to study potential
systematic errors.
Neutron beam properties were defined by identical cuts

for all three event streams, so that associated systematic
uncertainties would cancel in the yield ratios from which
the absolute np scattering cross section is extracted.
Among the common cuts are ones on DSSD vs BD energy
deposition in the tagger [10], used to select two tagged
neutron classes for analysis: (a) ‘‘2-stop’’ events, where
both recoil protons stopped inside the DSSD’s (either the
same or different quadrants of the tagger); (b) ‘‘1-punch’’
events, where one of two recoil protons incident on differ-
ent quadrants punched through into the corresponding BD
and stopped there. These classes differ significantly in
neutron energy (En) and position profiles [10], allowing

an important crosscheck on the accuracy of the tagging
technique by comparing np cross sections extracted inde-
pendently from each class. Other common cuts defined a
fiducial area for neutrons impinging on the secondary
target and eliminated common-mode BD noise (via
pulse-height correlations among quadrants) that sometimes
led to misidentification of event class.
Additional misidentification discovered during data

analysis was attributed to an electronics malfunction in
the gating or clearing circuit for one analog-to-digital
converter module, that removed all valid BD energy sig-
nals for some fraction of events. The corrupted events were
misidentified as 2-stop events, with systematically incor-
rect predictions of tagged neutron trajectory (since some
recoil proton energy was missed), and hence of np scat-
tering angle for event stream 2. A subsample of these
corrupted events could be isolated by means of their valid
BD timing signals, and their properties were accurately
reproduced by appropriately scaling the surviving sample
of all events with valid BD energies and times, after setting
these energies to zero in software. Thus, the surviving
punch-through events permitted a reliably unbiased sub-
traction of the corrupted 2-stop events, independently for
each event stream. The subtraction confirmed that the same
fraction (typically 23%) of punch-through events was lost
from each event stream, with no net effect on the extracted
1-punch cross sections.
Kinematic cuts applied exclusively to event stream 2 to

define np free-scattering events from the secondary target
were used sparingly. We relied instead on accurate back-
ground subtraction facilitated by frequent interchange of
the carefully matched CH2 and C targets. The CH2 and C
runs were normalized via the pd elastic scattering yield
from the GJT measured in a fourth event stream for the two
targets. The pd events were identified by their clear kine-
matic locus in the energy of recoil deuterons detected in the
tagger vs the position of coincident forward protons in the
front MWPC. The subtraction removed not only quasifree
scattering off carbon nuclei in the target, but also back-
ground from other sources, such as tagged n scattering
from the aluminum support platform on which the second-
ary target sat, or protons produced in the GJT that passed
above the top of the LUV and SUV scintillators, mocking
up np backscattering events.
The success of the background subtraction is illustrated

in Fig. 2, where 2(a) and 2(b) show the vertical position
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(ytag) of neutrons on the secondary target, as reconstructed
from the tagger, for CH2 and normalized C targets, and for
their difference. Figure 2(c) shows the �E pulse-height
spectrum within a given scattering angle (�scp ) bin for both
targets and for their difference. Prominent background
features associated both with the secondary target (e.g.,
the long quasifree scattering tail in �E) and with other
sources [e.g., the peak in frame (a) from the Al support
platform] are simultaneously accurately removed by the
subtraction. The subtraction reveals in frame (b) a ytag

distribution reflecting the tagged n (2-stop � 1-punch)
beam profile, convoluted with the np scattering cross
section, forward detector acceptance and sharp CH2 target
edges (the sharpness illustrating the good spatial resolution
of the tagging).

Background-subtracted spectra such as that in Fig. 2(c)
were used to evaluate efficiencies for the few loose cuts
imposed on event stream 2 to improve the free-scattering
signal-to-background ratio, including ones on �E vs �scp
and on MWPC proton track quality. Cuts on the hodoscope
pulse height were avoided, to remove reliance on detailed
understanding of the nuclear reaction tail for protons stop-
ping in this thick scintillator.

The forward detector acceptance was determined as a
function of �scp from simulations matched to measured
distributions of np free-scattering events in proton azimu-
thal angle �p. In the simulations, the longitudinal coordi-
nate of the n production vertex within the GJT and its
transverse coordinates on the secondary target were gen-
erated randomly for each event, but within distributions
determined from the experiment. These coordinates deter-
mined the incident n angle. Generated outgoing p trajec-
tories were accepted if they produced signals above the
hodoscope threshold (required in the trigger) and in all
three MWPCs (required in the data analysis). Forward

detector location parameters were tuned to reproduce the
measured �p distributions for all �scp bins and for 1-punch
and 2-stop samples simultaneously. Typical fits in Fig. 3
reveal a structure of purely geometric origin, from rectan-
gular detector edges projected on � and �. For �scp � 24 �

the measured and simulated � distributions are uniform,
since the scattered protons are completely contained within
the forward array.

Absolute differential cross sections were obtained from
the yields in event streams 1, 2, and 3 defined above:

�
d�
d�

�
lab

� N2��scp �
Q

ci
�N1 � N2 � N3�tHjd cos��scp �ja���scp �

; (1)

where Nj represents the number of events (corrected for
prescaling where appropriate) surviving all relevant cuts
and background subtractions for event stream j; the ci
are small corrections, summarized in Table I, for ineffi-
ciencies, tagged neutron losses or backgrounds, and soft-
ware cut and dead time differences among event streams;
tH � �1:988 � 0:008� � 1023 H atoms=cm2 for the CH2
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TABLE I. Correction factors (ci) and systematic uncertainties in correction factors for the np cross sections.

Source Correction factor Uncertainty

Accidental tagger coincidences 1.0003 <� 0:001
Non-D2 tagger background 1.0067 (2-stop); 1.0044 (1-punch) �0:002
n position uncertainty on CH2 1.0000 �0:001
n attenuation before CH2 1.005 �0:0025
C background subtraction 1.0000 �0:004
Reaction tail losses 1.004 �0:002
Neutron polarization effects Angle dependent: >0:9988 (1-punch); <1:0014 (2-stop) �0:001
Software cut losses 1.010 �0:005
Sequential reactions and xtag�n� errors 1.063 �0:010
CH2 target thickness 1.0000 �0:004
np scattering acceptance 1.0000 ��0:001 (>120�) !�0:017 (90 �)
MWPC inefficiency 1.017 �0:002
Trigger inefficiency 1:002 � 0:008 � cos2��LAB

p � ��0:001 � 0:004 � cos2��LAB
p ��

Dead time differences 0.991 �0:005
Scattering angle errors 1.000 angle dependent, � �0:004
Corruption subtraction 1.000 <� 0:001
Net � 1:10 � �0:015
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target; and a� is the azimuthal acceptance determined
from simulations for the given angle bin. The data were
analyzed in 1 MeV wide En slices from 185 to 197 MeV.
An effective cross section at hEni � 194:0 � 0:15 MeV
was extracted by applying small (always<1%) corrections
to the results for each En slice, based on the energy
dependence calculated with the Nijmegen PWA [4].
Cross sections extracted independently for the 1-punch

and 2-stop samples agree within statistical uncertainties
(�2=point � 1:0) in both magnitude and angular shape.
This comparison supports the reliability of the experiment
and analysis, as these events come from complementary
regions of the tagged beam spatial and energy profiles [10].
Cross sections extracted for different time periods within
the production runs, and with different sets of cuts, are also
consistent within the uncertainties. The results, averaged
over the 2-stop and 1-punch samples, are compared in
Fig. 4 with previous experimental results at 162 MeV [3]
and with the Nijmegen partial-wave analysis (PWA93) at
the two relevant energies [12].
By using a tagged beam, we have sacrificed statistical

precision for better control of systematic errors, in order to
assess which previous experiments may have suffered from
unrecognized systematic problems. Each systematic uncer-
tainty summarized in Table I has been evaluated in a
separate analysis, sometimes involving auxiliary measure-
ments. The errors are, except where noted otherwise in the
Table, angle-independent normalization uncertainties. The
largest correction to the data and attendant uncertainty
arise from cuts to remove stream 2 (but not 1 or 3) events
where the np scattering vertex transverse coordinates pre-
dicted from n tagging vs p ray tracing disagree by more
than 3 times the resolution�. The removed events (6.3% of
the total sample) are affected by several factors—e.g.,
sequential reactions in the secondary target and upstream
material, or errors associated with recoil protons stopping

in dead layers within the tagger— that lead to ambiguities
in neutron energy and scattering angle. Combining all
effects in Table I and summing uncertainties in quadrature,
the net correction (

Q
ci) applied to raw cross sections is

� 1:10 � 0:015, with an angle dependence of the system-
atic uncertainty indicated by the shaded band in Fig. 4.
The present results are in quite good absolute agreement

with the Nijmegen PWA93 calculations, over the full an-
gular range covered. The small deviations seen might be
removed by minor tuning of phase shifts. In contrast, the
present results deviate systematically, especially in the
steepness of the back-angle cross section rise, from earlier
measurements [2,3] that the Nijmegen group had rejected
in their analyses by applying controversial criteria. These
deviations are larger than the differences expected from the
neutron energy changes among the various experiments.
As the back-angle rise is particularly influential in pole
extrapolations used [8,13] to extract the pion-nucleon-
nucleon coupling constant, the present data strongly favor
the value (f2

c � 0:0748 � 0:0003) given by the Nijmegen
[6] and other [5] partial-wave analyses.
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Abstract

Fission fragment angular distributions have been measured for the 232Th(n,f ) and 238U(n,f )
reactions in the neutron energy range 20–100 MeV. The fragment angular anisotropy for 232Th was
found to be systematically larger than that for 238U. The obtained results have been analyzed in
the framework of the statistical saddle-point model combined with pre-equilibrium and Hauser–
Feshbach calculations of partial fission cross sections. The calculations have revealed that fission
following multiple neutron emission takes place in both reactions, resulting in a considerable contri-
bution of high chances to the total fission fragment angular anisotropy. This gives grounds to expect
that the observed difference is mainly due to nuclei fissioning at the end of the neutron evaporation
chain.
© 2005 Elsevier B.V. All rights reserved.
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PACS: 24.75.+i; 25.85.Ec; 27.90.+b

Keywords: NUCLEAR REACTIONS 232Th, 238U(n,f ), E = 10–100 MeV; measured fission fragments angular
distributions, anisotropy. 232Th, 238U(n,f ), E; 80 MeV; 232Th, 238U(n,2n), (n,3n), (n,xnf ), E; 20 MeV;
calculed σ , fission fragments angular anisotropy. Multichance fission, saddle-point statistical model analysis.

1. Introduction

Multichance fission (i.e., fission preceded by neutron evaporation) is possible if the ex-
citation energy of the compound nucleus (CN) exceeds the sum of the fission barrier and
the neutron binding energy. In this case, any fission observable, including fission frag-
ment angular distribution (FFAD), is a superposition of contributions from various fission
chances. From theoretical arguments (see, e.g., Ref. [1]), it follows that rather “cold” nu-
clei undergoing fission at the late stages of the statistical decay can play an important role
in the formation of the resulting FFAD. The strongest effect can be expected for nuclei in
the vicinity of thorium, for which the multichance fission is not as strongly suppressed as
for subactinides or heavier actinides.

Studies of FFAD for such nuclei have some important aspects. The first one is related
to the chance structure of the fission cross section, which is crucial for an adequate de-
scription of fission observables. At present there is no consensus on this subject even
in case of well-explored reactions. For instance, the decomposition of the fission cross
section into chance components recently made by Kawano et al. [2] for the 238U(n,f ) re-
action (at neutron energies En � 20 MeV) differs dramatically from the one given in the
Evaluated Nuclear Data File (ENDF/B-VI) [3], especially at high chances. If it is granted
that FFAD is sensitive to the chance structure, the inclusion of angular anisotropy into
the statistical-model analysis may impose additional constraints on the model parameters.
Notice that the existing theory of intermediate-energy neutron-induced fission runs into
problems with consistent description of integral and differential fission observables. For
example, Duijvestijn et al. [4] had to use different values of the saddle-point to ground
state level density ratio, af /an, in order to reproduce fission cross sections and fragment
mass distributions for the 238U(n,f ) reaction.

Another direction of fission studies concerns properties of strongly deformed neutron-
deficient nuclei, which could reveal themselves in characteristics of FFAD for fission fol-
lowing multiple neutron emission. Recent experiments on electromagnetic-induced fission
of various nuclides between actinium and uranium at excitation energies peaked around
11 MeV [5] showed that a transition from asymmetric to mixed (triple-humped) fission
takes place at less neutron-deficient isotopes for thorium than for uranium. Since the forma-
tion of mass and angular distributions is closely related to features of the potential-energy
landscape behind the second minimum, it would be of interest to understand to which
extent the topography of this landscape could affect the FFAD in multichance fission.

Considering different aspects of FFAD studies at intermediate energies, one should bear
in mind that at En � 15 MeV fission is preceded not only by compound processes, but also
by pre-equilibrium ones, including multiple pre-equilibrium emission (MPE). In terms of
fragment angular anisotropy, pre-equilibrium emission may result in two opposite effects.
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First, in contrast to statistical evaporation, emission of fast pre-equilibrium particles can in-
volve a significant decrease and deorientation of angular momentum of a fissioning nucleus
and, as a result, a decrease in the total anisotropy. On the other hand, the pre-equilibrium
emission is an effective de-excitation channel. The decrease in average excitation energy
of fissioning nuclei leads to an increase in anisotropy. The competing influence of these
two factors on fragment angular anisotropy has never been studied in detail.

The present work is the first systematic study of fission fragment angular anisotropy
for the 232Th(n,f ) and 238U(n,f ) reactions in the 20–100 MeV energy region. The ex-
perimental arrangement and the data analysis are briefly described in Section 2. Section 3
contains the framework of the standard saddle-point statistical model (SSPSM) [6] applied
to (n,f ) reactions at intermediate energies. The details of the calculation procedure are
described in Section 4. The calculation results are presented and discussed in Section 5.

2. Experiment, data analysis and results

The experimental part of this work has been described in detail recently [7], and there-
fore only a brief survey is given below. The measurements were performed at the neutron
beam facility of The Svedberg Laboratory (TSL) [8] (see Fig. 1). Quasi-monoenergetic
neutrons with peak energies of 21, 35, 46, 66, 75 and 95 MeV were produced via the
7Li(p,n)7Be reaction in targets of 99.98% isotopically pure 7Li. After passage through the
target, the proton beam was bent into a well-shielded beam dump. Neutrons were guided
to the experimental area through a system of three collimators. The vacuum system was
terminated after the first collimator with a 1-mm-thick aluminum plate. Charged particles
produced in the plate were deflected by a clearing dipole magnet.

Fig. 1. Overview of the TSL neutron beam facility.
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Fig. 2. Angular distributions of forward emitted fragments for the 232Th(n,f ) and 238U(n,f ) reactions at the
neutron energies 35 and 66 MeV. The distributions are fitted with a function W(θ)∼ 1 + B cos2 θ in the cosine
range 0.3–0.9 (solid lines).

Fission fragments were detected with a twin Frisch-gridded ionization chamber Ref. [7].
The fission targets, 232ThO2 and natU3O8, were deposited back-to-back on a common
cathode within a circle of 78 mm in diameter. The target thicknesses were 0.49 mg/cm2

and 0.42 mg/cm2 for the thorium and uranium samples, respectively. The detector was
positioned at a distance of about 10 m from the lithium target, where the intensity of high-
energy peak neutrons was about 106 s−1 over the fission target area. The detector could
simultaneously measure energy of a fission fragment and its emission angle with respect
to the neutron beam axis. To take into account the linear momentum transfer, the measure-
ments were performed with two opposite orientations of the chamber axis relative to the
neutron beam direction. Examples of FFAD in the forward hemisphere are given in Fig. 2.
The distortions visible at the ends of the distributions are caused by fragment losses in the
deposit and by finite angular resolution of the detector. The data were fitted in the undis-
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Table 1
Anisotropy factors (in c.m.s.) obtained for the 232Th(n,f ) and 238U(n,f ) reactions

En [MeV] B (n + 232Th) B (n + 238U)

21 0.57 ± 0.16 0.56 ± 0.13
35 0.53 ± 0.07 0.30 ± 0.06
46 0.63 ± 0.08 0.41 ± 0.06
66 0.53 ± 0.09 0.29 ± 0.06
75 − 0.21 ± 0.07a

95 0.35 ± 0.09 0.22 ± 0.06

a The datum is from our earlier work [9].

torted region (0.3 < cos θ < 0.9) with a function W(θ) ∼ 1 + B cos2 θ . The anisotropy
factor B =W(0◦)/W(90◦)− 1 in the center of mass system was deduced as the average
of the ones obtained for the two orientations of the chamber.

The high frequency of proton beam pulses (13–25 MHz) resulted in a frame-overlapping
structure of the time-of-flight (TOF) spectra. This complicates separation of “peak” fis-
sion events from the low-energy background. In order to correct the measured angular
anisotropy for admixture of fission events induced by “non-peak” neutrons, Monte Carlo
simulations of TOF spectra and FFAD have been performed for each experimental run (see
Ref. [7] for more details). The final anisotropy factors are presented in Table 1 together
with uncertainties, which largely stem from the fitting procedure. It can be seen that the
fission fragment angular anisotropy for the 232Th(n,f ) reaction is larger than the one for
the 238U(n,f ) reaction in the whole studied energy region.

3. Theoretical framework

The SSPSM is based on the following postulates: (1) the fission fragments separate
along the nuclear symmetry axis, and (2) the component of the total angular momentum
along the nuclear symmetry axis (the parameter K) is a good quantum number beyond the
saddle point of the fission process. Under these assumptions, the FFAD is uniquely defined
by the rotational wave function dJM,K(θ) [1]:

WJ
M,K(θ)= 2J + 1

2

��dJM,K(θ)
��2
, (1)

where J is the total angular momentum, M is its projection on a space-fixed Z axis, and
θ is the angle between the nuclear symmetry axis and the space-fixed axis, which is usu-
ally taken as the beam direction. As long as the transition nucleus is “cold” enough, the
fission process occurs through one or only a few transition states (channels) with specific
quantum numbers. As the excitation energy increases, a continuum set of transition states
comes into play. Statistical consideration in conjunction with a Fermi gas model predicts
the distribution of the parameter K to be Gaussian. The square of its standard deviation
K2

0 is related to the temperature above the fission barrier T and to the effective moment of
inertia at the saddle point Jeff as follows:

K2
0 = JeffT

h̄2 . (2)
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The Jeff is defined as Jeff = J⊥J�/(J⊥ −J�), where J⊥ and J� are the moments of iner-
tia about axes perpendicular and parallel to the symmetry axis, respectively. The effective
moment of inertia is a function of the atomic number of the fissioning nucleus Z, its mass
number A, and the excitation energy at the saddle point U . The latter is given by

U =E −Bf = af T
2, (3)

where E is the excitation energy at the equilibrium deformation, Bf is the fission barrier
height, and af is the level density parameter at the saddle point. In the statistical domain,
Eq. (1) takes the following form:

WJ
M,U (θ,Z,A)∝ 2J + 1

2

K=J�
K=−J

��dJM,K(θ)
��2 exp

�−K2/2K2
0 (U,Z,A)

�
. (4)

Since a large number of nuclides with different A, Z, J , M , and E can undergo fission
at intermediate energies, the resulting FFAD reads as

W(θ)∝ 1

σ tot
f

�
A,Z,J,M

�
WJ
M,U (θ,Z,A)σf (A,Z,J,M,E)dE, (5)

where the total fission cross section σ tot
f is the sum of partial fission cross sections

σf (A,Z,J,M,E) (per unit energy) taken over all the nuclei and nuclear states contribut-
ing to fission:

σ tot
f =

�
A,Z,J,M

�
σf (A,Z,J,M,E)dE. (6)

Thus, the calculation of partial fission cross sections σf (A,Z,J,M,E) is the main
problem to be solved if one wants to calculate the fission fragment angular distribu-
tions at fairly high excitation energies. Along with σf (A,Z,J,M,E), it is important to
know the energy dependence of WJ

M,U (θ,Z,A). Actually, this problem is reduced (as

seen from Eq. (4)) to the variation of K2
0 (or Jeff) with U . The calculation procedure for

σf (A,Z,J,M,E) and K2
0 (U) is discussed in more detail in the subsequent section.

4. Calculation procedure

4.1. Partial fission cross sections

The partial fission cross section depends on the reaction paths leading to the formation
of the nuclide with A, Z, J , M and E as well as on the fission probability for this system.
The basic relation is given by the statistical model of nuclear reactions:

σf (A,Z,J,M,U)=
�
π

P (α)
Γf (α)

Γtot(α)
, (7)

where α denotes a state of nucleus with A, Z, J , M , E and parity π , P(α) is the popula-
tion of α-state (in terms of cross section per unit energy), Γf (α) and Γtot(α) are the fission
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and total decay widths, respectively. Since neutron emission and fission are the only im-
portant statistical decay channels, the relation Γtot(α) ≈ Γn(α)+ Γf (α), where Γn(α) is
the neutron decay width, holds with good accuracy.

4.1.1. Calculation of P(α)
The population of the compound nucleus state αc is given by

P(αc)= σabs(αc)fpre(αc)δ
�
Ec − � −Bn

c

�
. (8)

Here � and Bn
c are incident and binding neutron energies, σabs(αc) is the partial neutron

absorption cross section, and fpre(αc) is the fractional reduction of σabs(αc) due to pre-
equilibrium reactions. The partial neutron absorption cross section for a spinless target can
be expressed in terms of optical model transmission coefficients Tl(�) as follows:

σabs(αc)= 1

2

π

k2

(2Jc + 1)

(2sn + 1)

Jc+ 1
2�

l=|Jc− 1
2 |
η(l,πc)Tl(�), (9)

where k and sn are the wave vector and spin of a neutron, while the function η(l,πc) =
δ(−1)l ,πc ensures parity conservation. The factor 1

2 in Eq. (9) accounts for populating of
αc with a particular Mc (± 1

2 ). The transmission coefficients Tl(�) averaged over entrance
channel spin have been obtained using the non-relativistic SCAT2 code by Bersillon [10]
with the optical potential proposed by Young [11].

The factor fpre(αc) in Eq. (8) can be defined as

fpre(αc)= 1 − 1

σabs(αc)

�
i

σ ipre(αc), (10)

where the sum runs over all the pre-equilibrium reactions going through the intermediate
state αc. In our calculations, only neutron and proton pre-equilibrium emission has been
considered.

The states of the residual nucleus with Ac − 1 and Zc (specified below by α1) are popu-
lated through emission of either statistical or non-equilibrium neutrons from the compound
nucleus:

P(α1)= ρ(α1)
�
Jc,πc

Ec�

E1+Bnc

P (αc)
Γn(αc → α1)

Γtot(αc)
dEc + dσn,n�(α1)

dE1
, (11)

where Γn(αc → α1) is the neutron decay width of the compound nucleus state αc into the
state of the residual nucleus α1 with the continuum level density ρ(α1), and Γtot(αc) is the
total decay width of αc-state. The latter term in Eq. (11) is the cross section for formation of
α1-state by pre-equilibrium (n,n�) reactions. The summation includes all αc-states related
to the α1-state via spin and parity conservation laws.

In addition, the contribution of (n,2n), (n,p), and (n,np) reactions to the level popu-
lation of the residual nuclides was taken into account. By analogy with Eq. (11) one can
write
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P(α2)= ρ(α2)
�
J1,π1

Ec−Bn1�

E2+Bn1

P(α1)
Γn(α1 → α2)

Γtot(α1)
dE1 + dσn,2n(α2)

dE2
, (12)

P(α3)= dσn,p(α3)

dE3
, (13)

P(α4)= ρ(α4)
�
J3,π3

Ec−Bpc�

E4+Bn3

P(α3)
Γn(α3 → α4)

Γtot(α3)
dE3 + dσn,np(α4)

dE4
. (14)

Here α2, α3 and α4 denote the states of nuclides with nucleon composition (Ac−2,Zc),
(Ac − 1,Zc − 1) and (Ac − 2,Zc − 1), respectively. Hereinafter, the notation Bn(p)

i is used
for the neutron (proton) binding energy relevant to αi -state.

The corresponding precompound cross sections were obtained with the geometry de-
pendent hybrid model (GDH) [12] modified to account for the MPE processes and Jπ -
conservation as proposed in Refs. [13] and [14,15], respectively. The population of α-states
different in nucleon compositions from those listed above has been calculated within the
statistical Hauser–Feshbach theory implemented in the computer code STAPRE [16,17].

4.1.2. Statistical decay widths
For an equilibrated system, the neutron decay width is given by the statistical decay

theory as

Γn(α)= 1

2πρeq(α)

∞�
J �=0

�
π �

J �+J�
j=J �−J

E−Bn�

0

ρn(α
�)T l,jn (E −Bn −E�)dE�, (15)

where Bn is the neutron binding energy for a fissioning nucleus in the α-state (A,Z,J,M,

E,π ), ρn(α�) and ρeq(α) are the level densities of the residual and fissioning nuclei at the

equilibrium deformation, respectively, and T l,jn (�) stands for the transmission coefficient
for a neutron having channel energy � = E − Bn − E� and orbital angular momentum l.
The latter is coupled with the neutron spin to form the channel angular momentum j .

The fission decay width reads:

Γf (α)= 1

2πρeq(α)

NANB

NA +NB

, (16)

where NA and NB are the numbers of available levels at the first (inner) and the second
(outer) barrier, respectively:

N =
∞�

0

ρf (α)
�
1 + exp

�
2π(U +Bf −E)/h̄ω

��−1 dU. (17)

Here Bf and h̄ω are the height and curvature of fission barrier for nucleus in α-state, U
is the excitation energy above the barrier, and ρf (α) is the level density of the fissioning
nucleus at the saddle configuration. The parity selection rules are implicit in Eqs. (15)
and (17).
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The level densities at the equilibrium deformation were calculated with the back-shifted
Fermi gas model by Dilg et al. [18] with the model parameters from Ref. [19]. Calculations
of fission level densities were performed using the phenomenological level density model
by Ignatyuk et al. [20] with shell corrections from Ref. [21]. The fission barrier heights and
curvatures were also taken from Ref. [21]. The ratio af /an was 1 for all nuclides except
239U and 238U, for which values 1.06 and 1.01 were used, respectively.

4.2. Calculation of K2
0

For nuclides contributing to fission, the energy dependence of K2
0 has been calculated

with the following function:

K2
0 =





2.5, U � 1 MeV,
k1 + k2U, 1 MeV<U �Ucr,

k3 + k4U, Ucr <U �Usym,

J LDM
eff

�
U/af /h̄

2, U > Usym,

(18)

where Ucr is the critical energy for the phase transition between the superconductive (su-
perfluid) state and the Fermi gas, and Usym is the transition energy from asymmetric to
symmetric fission. The meaning of the factors k1, . . . , k4 is explained in the subsequent
text.

The SSPSM is expected to fail at excitation energies only slightly larger than the fission
barrier, because in this case the fission process goes through only a few transition state
levels. We have assumed that K2

0 is never less than a fixed value over the excitation energy
interval from 0 to 1 MeV, otherwise (when K2

0 → 0) the SSPSM predicts the anisotropy
to go to infinity. This value was set as 2.5 to fit the anisotropy “jumps” at the thresholds of
(n,nf ) and (n,2nf ) reactions.

At excitation energies larger than Usym, the symmetric fission becomes dominant. This
may be interpreted as a wash-out of the nuclear shell structure. In this case, the effective
moment of inertia is a characteristic of liquid drop deformation, and K2

0 shows a square-
root dependence upon U , as predicted by the Fermi gas model (see Eq. (2)). The transition
energy from asymmetric to symmetric fission was set (for all nuclides) at Usym = 30 MeV
according to conclusion made by authors of Ref. [22], where the neutron-induced fission
of 235U has been studied for incident neutron energies from 1 to 250 MeV. The liquid drop
values of the effective moment of inertia JLDM

eff were calculated with the rotating-liquid-
drop model (RLDM) by Sierk [23] implemented in the MOMFIT code [24].

The critical energy was found from the relation Ucr � 0.481af∆f [1], where 2∆f is
the pairing gap at the saddle point. For all nuclides we have used the value ∆f = 1.7 MeV
obtained for 236U [25]. This gives the critical energy at the saddle point about 9.5 MeV with
af =A/9. The same value of the critical energy was obtained by Smirenkin et al. [26] for
240Pu. The parameter Jeff differs from the liquid drop value J LDM

eff in the energy interval
between a few MeV and Ucr, because of nuclear pairing interactions and shell structure
effects [27]. Bearing this in mind and assuming a linear increase of K2

0 with the excitation
energy, the coefficients k1 and k2 were derived from the following boundary conditions:

2.5 + δ = k1 + k2, K2
0 (Ucr)= k1 + k2Ucr. (19)
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Here δ stands for the step height of K2
0 at U = 1 MeV. The value of δ was chosen to

fit the anisotropy data below the threshold of the (n,nf ) reaction, whereas K2
0 (Ucr) was

obtained according to Eq. (2) as

K2
0 (Ucr)= J ETFSI

eff

h̄2

�
Ucr

af
, (20)

where the effective moment of inertia at the saddle point J ETFSI
eff was calculated with the

shape parameters {c,α,h} [28] obtained in Ref. [29] with the use of the extended Thomas–
Fermi plus Strutinsky integral (ETFSI) method. The JETFSI

eff value appears to be smaller
than the liquid-drop one, but approaches it at the excitation energy Usym. For the sake of
simplicity, we assumed a linear increase of K2

0 with the excitation energy in the interval
(Ucr,Usym), so that the coefficients k3 and k4 can be readily derived from the boundary
conditions.

5. Calculation results and discussion

5.1. Cross sections of neutron-induced reactions

In order to impose constraints on the model parameters, we have performed a consis-
tent analysis of experimental and evaluated data on neutron-induced reactions for 232Th
and 238U. In particular, the calculated cross sections of (n,f ), (n,2n), (n,3n) and (n,px)
reactions have been compared with available data. The data on (n,f ), (n,2n) and (n,3n)
reactions at incident neutron energies below 20 MeV were taken from the ENDF/B-VI
library [3]. The experimental 232Th (n,f ) cross section above 20 MeV was taken from
Ref. [30]. For 238U, both the evaluated (n,f ) cross section [31] and the experimental total
cross section for (n,px) reaction [32] have been considered above 20 MeV.

In Fig. 3, the GDH predictions for the total cross section of the 238U(n,px) reaction are
compared with the experimental data. It is seen that the GDH model enables description
of the proton emission probability at the pre-equilibrium stage. Notice that emission of
other light charged particles (lcp) has been ignored in the present calculations. As follows
from Ref. [32], the relative contribution of (n,dx), (n, tx) and (n,αx) reactions to the total
(n, lcpx) cross section of 238U is as low as about 30% at the incident neutron energies up
to 63 MeV at least.

As seen from Fig. 4, the theoretical calculations fit well the experimental and evalu-
ated total fission cross sections for both 232Th and 238U. On the other hand, the calcula-
tions slightly overestimate the (n,2n) reaction cross sections in both cases. The similar
overestimation has been observed in Refs. [33,34], where a comprehensive analysis of
neutron-induced reaction cross sections of 238U was performed. It is conceivable that these
discrepancies are caused by a common reason. A better fit can be achieved by adjusting
the optical potential or pre-equilibrium model parameters (see, e.g., Ref. [35]).

In addition, our results on the chance decomposition of the total (n,f ) cross section
of 238U have been compared with the ones from the ENDF/B-VI library [3] and with the
calculations by Kawano et al. [2]. Cross sections of (n,xnf ) reactions for 232Th and 238U
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Fig. 3. Experimental total cross sections of the (n,px) reaction on 238U [32] (filled circles) versus incident
neutron energy compared to the present GDH calculations (solid line).

are given in Fig. 5 in the neutron energy range from the fission threshold up to 20 MeV.
It is seen that the present calculations are in good agreement with the ENDF/B-VI data
for 238U, but differ dramatically from semi-empirical data presented in Ref. [2]. Note that
similar calculations recently performed by Maslov et al. [36] at incident neutron energies
below 20 MeV tend to support our results.

The above-mentioned difference in the (n,xnf ) cross sections is hidden if one compares
the total fission cross sections obtained by summing over all fission chances. This is not
the case, however, for the total angular anisotropy, which appears to be quite sensitive to
the chance structure of the total fission cross section. This is discussed in more detail in the
subsequent subsection.

5.2. Angular anisotropy

The energy dependence of the fission fragment angular anisotropy for the 232Th(n,f )
and 238U(n,f ) reactions has been calculated with the set of the model parameters con-
strained by the cross section calculations described in the preceding subsection. The results
of the anisotropy calculations are given in Fig. 6 in comparison with existing experimental
data taken from the library of experimental nuclear reaction data (EXFOR) [37]. As one
can see, the theoretical calculations predict that the periodic structure of anisotropy related
to the onsets of (n,nxf ) reactions is not extended beyond the threshold of (n,4nf ) reac-
tion at incident neutron energy En � 30 MeV. Above this energy, a smooth decrease of the
fragment anisotropy is predicted. From Fig. 6 it is also seen that the calculations reproduce
well the data for 238U, but underestimate the ones for 232Th above 30 MeV. To elucidate
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Fig. 4. Calculated (n,f ), (n,2n) and (n,3n) cross sections (solid lines) in comparison with evaluated and ex-
perimental data for 232Th (left panel) and 238U (right panel). Filled and open circles show the evaluated data
from ENDF/B-VI [3] and Ref. [31], respectively. Experimental data on (n,f ) cross sections for thorium above
20 MeV [30] are shown as filled squares.

the cause of this disagreement, we have analyzed the role of the pre-equilibrium emission
as well as of the emission of statistical neutrons in the formation of FFAD.

5.2.1. Influence of pre-equilibrium emission on fragment anisotropy
A qualitative analysis starts from Eq. (4), which describes the FFAD for a specific α-

state. This expression, complemented by Eq. (18) for K2
0 , has been used to estimate the

sensitivity of anisotropy to the variation of nuclear characteristics that undergo changes
with neutron emission. As an example, Fig. 7 shows one-argument variations of anisotropy
with J , M , and U relative to the initial value corresponding to fission of the compound
nucleus formed in reaction 238U +n (40 MeV) at the maximum angular momentum.

The role of particles emitted at the pre-equilibrium stage is difficult to estimate, because
the pre-equilibrium emission can be responsible for significant changes of J , M , and U .
In addition, the contribution of non-statistical processes to the total reaction cross section
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Fig. 5. Calculated (n,xnf ) reaction cross sections for 232Th and 238U (solid lines) in comparison with calcula-
tions by Kawano et al. [2] (dashed lines) and the ENDF/B-VI evaluations. Full and open circles correspond to
uranium and thorium evaluated data, respectively.

depends strongly on the incident neutron energy. Fig. 8 shows the calculated neutron ab-
sorption cross section σabs of 238U as a function of En in comparison with the total cross
section of the key pre-equilibrium reactions σpre (i.e., those resulting in population of the
α1−4-states). The above cross sections are related as follows:

σabs = σR(CN)+ σpre,

σpre = σpre(n,n
�)+ σpre(n,np)+ σpre(n,2n)+ σpre(n,p),

where σR(CN) is the cross section of the pure compound processes going without pre-
equilibrium emission. From Fig. 8 one can see that σpre increases rapidly with increasing
En, whereas the σR(CN) goes down. The main contribution to σpre comes from the (n,n�)
reaction leading to the population of α1-states (see Eq. (11)). In order to estimate the effect
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Fig. 6. Calculated fission fragment angular anisotropy for the 232Th(n,f ) and 238U(n,f ) reactions as a function
of incident neutron energy (solid lines) in comparison with existing experimental data taken from the EXFOR
database [37].

of this reaction on fragment anisotropy, we have turned to a simplified expression for the
anisotropy factor

W(0◦)
W(90◦)

− 1 = �J 2�
4K2

0

, (21)

which is often used for analysis of FFAD in heavy-ion induced fission [38]. Here �J 2� is
the mean square spin of fissioning nucleus. If only statistical neutrons are emitted from the
compound nucleus (σpre = 0), it is straightforward to calculate the anisotropy as a function
of En, taking the liquid drop values of K2

0 at U = En − Bf − 2TCN and approximating
�J 2� for α1-states by the expression �J 2� � 2.5En commonly applied to the compound nu-
cleus [6]. Anisotropy calculated for the 238U(n,nf ) reaction without taking into account
pre-equilibrium reactions is shown in Fig. 9 by the dashed line. For comparison, a more
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Fig. 7. One-argument variations of anisotropy with J (a), M(b), and U (c), calculated with Eqs. (4) and (18). The
initial anisotropy value marked with the filled circle is the characteristic of the compound nucleus fission taking
place in reaction 238U +n (46 MeV) at the maximum angular momentum.

realistic anisotropy estimation is presented in this figure by the solid line. The latter cal-
culation was also done with Eq. (21), but in this case, an allowance for the 238U(n,n�f )
reaction has been included into analysis by averaging of J 2 and U over all α1- states ac-
cording to Eq. (11). One can see that, in the absence of pre-equilibrium emission, the
anisotropy of fissions taking place from the α1-states tends to increase with En, but this in-
crease is reduced to zero by the (n,n�) reaction starting from En of about 20 MeV. Eq. (21)
ignores the deorientation of angular momentum of fissioning nuclei due to neutron emis-
sion. Meanwhile, emission of fast pre-equilibrium neutrons can lead to the population of
nuclear states with M �Mc, and, as a result, to an additional decrease of the anisotropy
(see Fig. 7b). This effect is clearly seen in Fig. 10 where the full-scale anisotropy calcula-
tions (the same as in Fig. 6) are given in comparison with the ones, in which the projection
of angular momentum is “frozen” at Mc = 1/2.

From the aforesaid it is believed that emission of non-statistical neutrons can have a
profound impact on the fission fragment anisotropy in (n,f ) reactions at intermediate ener-
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Fig. 8. The neutron absorption cross section of 238U (solid line), the sum of the pre-equilibrium cross sections
(dashed line) and the cross section of pure compound reactions (dotted line) calculated versus En.

Fig. 9. The effect of pre-equilibrium neutron emission on fragment angular anisotropy in the 238U(n,nf ) reac-
tion. The solid and dashed lines represent the simplified anisotropy calculations (see Eq. (21)) with and without
considering the (n,n�) reaction, respectively.
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Fig. 10. The effect of deorientation of angular momentum on fragment angular anisotropy in the 238U(n,f )
reaction. The solid line is the same as in Fig. 6. The dashed line presents the similar calculations, but without
variation of the parameter M .

gies. However, the optical+GDH model predicts the same contributions of non-compound
processes to the total reaction cross section for 232Th and 238U. Thus, it is hard to expect
that the difference in anisotropy observed for the 232Th(n,f ) and 238U(n,f ) reactions (see
Table 1) is caused by the pre-equilibrium stage of the reaction.

5.2.2. Influence of multichance fission on fragment anisotropy
The average angular momentum carried away by a neutron evaporated at the statisti-

cal decay stage is about 0.5h̄ that results in only a slight variation of original J and M

values along the decay chain. At the same time, the successive neutron evaporation is as-
sociated with “cooling" of the nucleus at a rate of about 7–8 MeV per evaporated neutron.
As a consequence, there is an enhancement of anisotropy values for fissions taking place
after emission of statistical neutrons (see Fig. 7c). Within the framework of the calcula-
tion procedure described in Section 4, we have traced the change of fragment anisotropy
with the number of neutrons emitted before fission. Fig. 11 shows the average cumulative
anisotropy versus the number of pre-fission neutrons in the 232Th(n,f ) and 238U(n,f )
reactions at En = 46 MeV. The proton emission is negligible at this incident neutron en-
ergy, so the anisotropy in either reaction is essentially determined by the isotope chain of
the original compound nucleus. It is seen from Fig. 11 that the cumulative anisotropy in-
creases progressively with the number of neutrons emitted, and, as a result, fission of the
neutron-deficient isotopes has a decisive influence on the resulting anisotropy. At the same
time, the distinction in the cumulative anisotropy of thorium and uranium is predicted over
all fissioning isotopes starting from the compound nuclei. Such a shift of the cumulative
anisotropy can be attributed to 10–15% difference in values of K2

0 for thorium and uranium
isotopes that follows from both RLDM and ETFSI estimations of Jeff. However, this effect
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Fig. 11. Average cumulative anisotropy calculated versus the number of pre-fission neutrons in the 232Th (n,f )
(open circles) and 238U (n,f ) (open squares) reactions at En = 46 MeV. The full circles represent anisotropy of
thorium calculated with reduced values of K2

0 (see the text).

is too small to explain the difference in anisotropy of thorium and uranium observed in the
experiment (see Table 1).

Bearing in mind the large contribution of the later-chance fissions to the resulting
anisotropy, one can gain a better description of the thorium data at En � 30 MeV by vary-
ing the function K2

0 (U) for neutron-deficient isotopes. The full circles in Fig. 11 represent
the cumulative anisotropy for thorium calculated with values of K2

0 reduced from those
used to this point. The change of K2

0 was implemented for all nuclides with A � 230
through a reduction of K2

0 (Ucr) in Eq. (20) by 30%. The effect of such a variation of K2
0

on the resulting anisotropy of thorium is shown in Fig. 12 for En above the threshold of
the 232Th(n,4nf ) reaction.

A similar effect can be attained by modifying the chance structure of the total fis-
sion cross section of thorium. In particular, one can increase the relative number of the
later-chance fissions (e.g., through a reduction of the ratio af /an) that will involve an en-
hancement of the resulting anisotropy. It is seen from Fig. 12 that changing the ratio af /an
from 1 to 0.98 (without variation of K2

0 ) enables an adequate description of the thorium
data. However, the reduction of the ratio of af /an renders the calculation procedure incon-
sistent, since it leads to an underestimation of the total fission cross section of thorium.

The variation ofK2
0 discussed above for neutron-deficient isotopes of thorium has no in-

fluence on the fission cross section, but the issue of its validity remains open. An argument
in favour of differences in values of K2

0 between neutron-deficient isotopes of thorium and
uranium may be adduced starting from the following experimentally established facts. The
first one is the difference in threshold energies for symmetric and asymmetric fission of
light actinides. For nuclei in the Th–U region, it was found that the barrier leading to the
mass-symmetric valley is 2–3 MeV higher than the barrier leading to the mass-asymmetric
valley [39,40]. In addition, there is an observation that the probability of symmetric fis-
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Fig. 12. The effect of reduction of K2
0 (dashed line) and of the ratio af /an (dotted line) on fragment anisotropy

of thorium. The solid line is the same as in Fig. 6.

sion of thorium isotopes at low excitation energies is significantly larger than that for
uranium ones [5] that appear after emission of the same number of neutrons from the
respective compound nucleus. Both these observations are consistent with recent calcula-
tions of potential-energy surfaces of fissioning nuclei by Möller et al. [41]. The calculations
performed for radium and light actinides revealed that the fission paths beyond the second
minimum split into symmetric and asymmetric valleys with different outer saddle point
energies. The two valleys are separated from each other by a ridge which is different in
height for thorium and uranium isotopes. The ridge for thorium is high enough to keep the
symmetric and asymmetric valleys well separated until scission, whereas the lower sepa-
rating ridge for uranium allows the symmetric path to revert back to the asymmetry valley.
If this is the case, one can expect that the average saddle point temperature (and hence K2

0 )
of the neutron-deficient isotopes of thorium is lower than for uranium ones.

6. Conclusions

A difference in fission fragment angular anisotropy has been observed for the neutron-
induced fission of 232Th and 238U in the incident energy range 20–100 MeV. Analysis of
the obtained data was performed starting from the SSPSM combined with pre-equilibrium
and Hauser–Feshbach calculations of partial fission cross sections. The calculations fit well
to the uranium anisotropy data, while the thorium ones appear to be underestimated.

According to the calculations, emission of both pre-equilibrium and statistical neu-
trons plays an important role in the formation of FFAD. At the pre-equilibrium stage, the
(J,M)-variation caused by emission of non-statistical neutrons has a stronger influence on
fragment anisotropy than the corresponding de-excitation of fissioning nuclei. As a result,
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a smooth decrease of anisotropy takes place with incident neutron energy above 30 MeV.
At the same time, our calculations give no grounds to expect that the difference in frag-
ment anisotropy observed for the 232Th(n,f ) and 238U(n,f ) reactions is determined by
the pre-equilibrium processes.

At the stage of the statistical decay, the neutron evaporation competes successfully with
the fission process. As a consequence, multichance fission takes place in both reactions
under study with a considerable contribution of high chances to the resulting angular
anisotropy. Note that an important role of multi-chance fission in formation of other fission
observable, fragment mass distribution, has been recently assumed by Maslov [42] to re-
produce the measured branching ratio of symmetric and asymmetric fission events for the
238U(n,f ) reaction at neutron energies up to 200 MeV.

The anisotropy appears to be sensitive to the variation of the chance structure of the total
fission cross section as well as to variation of the function K2

0 (U) for nuclei fissioning at
the later chances. A reduction of either the ratio af /an or K2

0 (Ucr) enables an adequate fit
of the thorium data. However, further investigations are needed to justify one or the other
option.
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Neutron and Light Charged Particle Production in Neutron 
or Proton-induced Reaction on Iron, Lead and Uranium at 

Intermediate Energy (20 to 200 MeV) – The HINDAS
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Abstract. The process of particle emission in the pre-equilibrium stage has a very important contribution in this energy 
region and several approaches have been proposed to explain it. Their prediction power must be tested using comparison 
with the data for a variety of configurations. Calculations have been done using the exciton model and two main ap-
proaches proposed to improve its predictive power for complex particle emission. Data reported in this work allow the 
extension to higher energies of databases that are now limited to energies around 60 MeV. Together with other experi-
mental results available in the literature they allow a more global view on the capabilities of each approach. 

INTRODUCTION

An accelerator-driven system (ADS) consists of the 
coupling of a high-energy intense proton beam 
(~1 GeV) with a spallation target and a subcritical 
core. The proton beam that is incident on the ADS 
target will create a large amount of spallation products, 
mainly neutrons, protons and light charged particles 
with energies covering the full range up to the GeV 
region. 

Although a large majority of the neutrons will be 
below 20 MeV, the relatively small fraction at higher 
energies still has to be characterized. Above 200 MeV, 
the already measured data have given enough con-
straints and the cross sections are predicted rather ac-
curately by Intra Nuclear Cascade (INC) model [1,2]. 
For energy lower than 20 MeV, nuclear data libraries 
are nearly complete and have been extensively used 
for nuclear plant design and control under the IAEA 
direction. 

In between (20-200 MeV), the situation is clearly 
the most unsatisfactory on the experimental and theo-
retical point of view. Very little high-quality data exist 
in this energy domain in particular above 60 MeV. The 
introduction of the so-called pre-equilibrium process 
in order to explain the smooth dependence of particle 
emission probability with angle and energy was the 
first major step in the evolution of nuclear reaction 
models in this energy range. During the last 40 years 
several approaches giving a theoretical description of 
the pre-equilibrium process have been proposed. 
While most of them have shown from the beginning a 
good predictive power for energy distributions of nu-
cleons in nucleon-nucleus reactions over a wide body 
of experimental results, for complex particles however 
great difficulties have been encountered when trying to 
reproduce experimental distributions, since the 
production rate for these particles was systematically 
underestimated. 
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A good example in that sense is the Griffin (or ex-
citon) model originally introduce in 1966 [3]. Along 
the way, much physics has been added and important 
modifications have been made to this model in order to 
get a reasonable theoretical description especially for 
complex particle emission. The introduction of cluster 
formation probability during the nucleon-nucleon in-
teraction inside the nucleus in the pre-equilibrium 
phase proposed in 1973 [4] and the completely differ-
ent approach formulated by Kalbach in 1977 [5] con-
sidering the contribution of direct pick-up and knock-
out mechanism in the outgoing spectra of complex 
particle are the two most important approaches and 
were developed in order to get a satisfactory agree-
ment with the experimental results [5,6]. 

Using a new set of data recorded in the framework 
of the HINDAS program [7], we have tested the exci-
ton model that is implemented in the GNASH code [8] 
and its improved version following the two approaches 
described above. In section I typical experimental re-
sults obtained within HINDAS are presented.  

Comparisons with the several theoretical approaches 
all based on the exciton model are shown in section II. 
Competition between pre-equilibrium emission and 
equilibrium emission is studied in section III. The con-
clusions of this work are given in the last section. 

I. EXPERIMENTAL RESULTS 

In the framework of the HINDAS program using 
several facilities available along Europe, we have per-
formed a “complete” set of experiments in order to 
measure Double Differential Cross-Sections (DDCS) 
for neutrons and/or light charged particles (up to A=4) 
emitted in neutron or proton-induced reaction on iron, 
lead and uranium at intermediate energy. Full lists of 
the available results are presented in Table 1 below. 
As an illustration, some results obtained 96 MeV neu-
trons on iron, lead and uranium are presented in Fig. 1. 
More details can be found in the following references 
[9,10]. 

TABLE 1. HINDAS contribution at intermediate energy.
Incident Particle Incident Energy Emitted Particle Target Facility 

neutron, proton 63 MeV N, p, d, t, 3He, 4He Co, Pb, U Cyclone – Belgium 
neutron 96 MeV p, d, t, 3He, 4He Fe, Pb, U TSL – Sweden 
proton 135 MeV p, d, t, 3He, 4He Fe, Pb, U AGOR – Nederland 

For a detail comparison with theoretical models, 
energy distributions are needed. They are derived from 
DDCS using the Kalbach systematic [11]. Results for 
the 96 MeV neutron-induced reaction on iron, lead and 
uranium are presented in Fig. 2. 

One can see that for the heaviest target the distribu-
tions are quite similar in shape, small differences can 
be found in amplitude with an increase emission prob-
ability over all emitted particles for the uranium target. 
The main difference is found at low energy (below 20 
MeV) where an isotropic component is dominant for 
the iron target. These low-energy particles are emitted 
mainly following the evaporation process of excited 
nuclei; for the lead and the uranium targets, this emis-
sion is strongly inhibited by Coulombian effects. 

Integral yield can be extracted from energy distri-
butions for each type of particle. Cross-sections in mb 
are listed for 96 MeV neutron-induced reactions on 
iron, lead and uranium in Table 2. One of the main 
information that can be extracted from those values is 
the contribution of complex particles over light 
charged particles. This contribution correspond at least 
to 30% whatever the target is and underline the need 
for theoretical approaches to be able to reproduce this 
contribution. 

TABLE 2. Integral yield (mb) for 96 MeV neutron-induced 
reactions.

Emitted Particle Fe Pb U 
proton 584±29 485±24 589±29 
deuteron 131±06 137±07 170±08 
triton 21±01 53±03 54±03 
helium 3 10±01 --- --- 
helium 4 167±08 45±02 52±03 

II. COMPARISON WITH 
THEORETICAL PREDICTIONS 

The exciton model [3] is one of the most common 
models used in calculation of the pre-equilibrium 
emission in nucleon-induced reactions at intermediate 
energy. In this approach, it is assumed that the excita-
tion process takes place by successive nucleon-
nucleon interactions inside the nucleus. Each interac-
tion produces another exciton leading the system to the 
final state of statistical equilibrium through more com-
plex states. Occasionally a particle can receive enough 
energy to leave the system and then be emitted. The 
pre-equilibrium spectrum is the sum of contribution 
from each state, particles emitted in the earlier stages 
having more energy than those emitted in the later 
stages. Only energy distributions of emitted particle 
can be calculated in the framework of this model. 
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FIGURE 1. Left part: DDCS in 96 MeV neutron-induced proton emission on iron (left picture, triton emission on lead (central 
picture) and alpha particle emission on uranium (right picture) at 20° (black circle), 60° (open square), 100° (black square) and
140° (open circle). Right part: Energy Distribution for light charged particles emitted in 96 MeV neutron-induced reactions on 
iron (left picture), lead (central picture) and uranium (right picture); black circle are proton, open square deuteron, black square
triton, open cross 3He and open circle alpha particles. 

The GNASH code [8] used the exciton model to 
calculate the pre-equilibrium component while the 
equilibrium contribution is calculated using the 
Hauser-Feshbach formalism [12]. Cross-sections 
evaluated using GNASH are implemented in MCNPX, 
a largely used code in specific applications. The results 
obtained for neutron-induced reactions at 96 MeV on 
lead are compared to our data in Fig. 2. 

FIGURE 2. Energy distribution for proton, deuteron, triton 
and alpha particles emitted in 96 MeV neutron-induced reac-
tions on lead. GNASH evaluation (curve), experimental 
results (dot). 

While the proton emission is relatively well de-
scribed, the production of complex particles is strongly 
underestimated in the GNASH calculations. This sug-
gests the need of significant improvements in the exci-
ton model in order to increase its prediction level in 
the case of cluster emission. 

The first improvement was proposed by Ribansky 
and Oblozinsky [4] in 1973 by introducing in the par-
ticle production rate expression a multiplicative term 
containing the cluster formation probability. The 
physical background of this parameter has been given 
in [13] in the framework of the coalescence model. 
The cluster formation probability is a free parameter of 
the model and is calculated by adjusting energy differ-
ential distributions to experimental data. This approach 
is available to the community via the PREEQ program 
[14] and the latest version of the code GEANT, which 
is intensively used in simulations [15]. 

The first step in our analysis was the calculation of 
the free parameter using data recorded at 96 MeV neu-
tron-induced reactions on iron and lead. The cluster 
formation probability has been determined by 
normalizing the calculated energy distributions for 
complex particles to the experimental data. The results 
are presented in Fig. 3 for the Fe(n,X) and Pb(n,X) 
reactions at 96 MeV incident energy. The shape of 
calculated distributions in the pre-equilibrium region is 
in good agreement with the experimental results. The 
amplitudes of the distributions in the case of protons 
are very well described by the model. However, no 
conclusion can be retained for the moment concerning 
the amplitude of calculated distributions for complex 
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amplitude of calculated distributions for complex par-
ticles since they were obtained by adjusting the cluster 
formation probability. 

FIGURE 3. Energy distribution for light charged particles 
emitted in 96 MeV neutron-induced reactions on iron (top 
pictures) and lead (bottom pictures). PREEQ code (curve) 
and Experimental results (dot). 

Therefore, the second step of our analysis was to 
check the stability of this free parameter while chang-
ing the incident energy and/or the projectile. Calcula-
tions have been redone for the reactions Bi(p,X) at 
39 MeV and Pb(p,X) at 63 MeV incident energies us-
ing the same values for cluster formation probability. 
The calculations results are compared to data from 
[10] and [16] in Fig. 4. Again a good agreement is 
found between calculations and experimental results in 
the pre-equilibrium region (the contribution of direct 
reactions is not calculated by the model and is sup-
posed to be dominant for high emission energies). The 
good reproduction of the amplitude of experimental 
distributions demonstrates a good predictive power of 
the model. 

A completely different approach has been proposed 
in 1979 by C. Kalbach [5]. It is based on the fact that 
direct reactions are no taking into account in the exci-
ton model. Therefore their contribution must be calcu-
lated and then added to the pre-equilibrium contribu-
tion calculated with the original exciton model. The 
code PRECO-2000 [17] calculates nucleon and com-
plex particles pre-equilibrium spectra in nucleon-
induced reactions using this approach and is open to 
the community via Data Bank Computer Program Ser-
vices of NEA. The same approach has been recently 
implemented in the TALYS code [18], which is still 
under development and should be soon available to the 
community. 

FIGURE 4. Energy distribution for light charged particles 
emitted in 39 MeV proton-induced reactions on bismuth (top 
pictures) and 63 MeV proton-induced reaction on lead (bot-
tom pictures). PREEQ code (curve) and Experimental results 
(dot).

Calculations have been done with PRECO-2000 
first for the reactions at 96 MeV neutrons. The results 
are presented in Fig. 5. The disagreement with the ex-
perimental distributions is rather strong for both reac-
tions. In the case of the iron target non-equilibrium 
complex particle emission is overestimated while in 
the case of the lead target, its production is underesti-
mated. Even if not so strong as in the case of complex 
particles, a disagreement is found however also for 
proton emission. Better agreement can be found when 
changing the incident energy and/or the projectile as it 
can be seen in Fig. 6. This shows that model predic-
tions strongly depend on incident energy and the pro-
jectile type that is of course a shortcoming of the 
model. Same conclusions are obtained with the 
TALYS code. 

III. COMPETITION BETWEEN PRE-
EQUILIBRIUM EMISSION AND 

EQUILIBRIUM EMISSION 

The calculations performed using the code PREEQ 
have shown that this approach allows a better descrip-
tion of particle emission in the pre-equilibrium stage. 
For this reason the results obtained using this model 
will be used in the further discussions. 
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FIGURE 5. Energy distribution for light charged particles 
emitted in 96 MeV neutron-induced reactions on iron (top 
pictures) and lead (bottom pictures). PRECO-2000 code 
(curve) and Experimental results (dot). 

FIGURE 6. Energy distribution for light charged particles 
emitted in 39 MeV proton-induced reactions on bismuth (top 
pictures) and 63 MeV proton-induced reaction on lead (bot-
tom pictures). PRECO code (dashed curve), PREEQ code 
(full curve) and Experimental results (dot). 

The experimental results presented in Fig. 1 sug-
gest that for heavier target nuclei almost all particles 
are emitted during the pre-equilibrium stage of the 
reaction while for light target nuclei the low energy 
component in the experimental distributions suggests 
that the particle emission at equilibrium is important in 
this case. This equilibrium contribution is calculated 
separately assuming that it results from two sources; 
the first one is the so-called “pure evaporation” and 
concerns the evaporation of the compound nucleus 
arrived at the statistical equilibrium; the second one is 
the evaporation of residual nuclei resulting after pre-
equilibrium emission. 

The fraction of pre-equilibrium emission consider-
ing n, p, d, t, He3 and alpha particles is determined 
using the pre-equilibrium spectra calculated with the 
PREEQ code. The result for Fe(n,X) reaction at 

96 MeV is found to be 0.993 and is in agreement with 
other results obtained for the same reaction at lower 
incident energy. This means that the evaporation of the 
compound nucleus gives a very small component since 
its contributions is inferior to 1%. Again using PREEQ 
in order to determine the excitation energy of the re-
sidual nucleus resulting after pre-equilibrium emission 
and its formation probability, we were then able to 
calculate the evaporation spectra associated to the two 
sources using the Hauser-Feshbach formalism. The 
results obtained for the Fe(n,X) reaction at 96 MeV are 
given in Fig. 7 together with the pre-equilibrium com-
ponent calculated in section II. The total particle emis-
sion spectrum given by the sum of the pre-equilibrium 
emission and equilibrium emission is also presented in 
the figure. The agreement found over the full energy 
range is relatively good except for alpha particles in 
the energy region around 20 MeV where the calculated 
distributions are below the experimental results. The 
same effect has been found for Pb(n,xHe4) reaction at 
96 MeV, showing that pre-equilibrium contribution is 
underestimated in this energy region for all targets. 

FIGURE 7. Energy distribution for light charged particles 
emitted in 96 MeV neutron-induced reactions on iron. Pre-
equilibrium component (dashed line), Equilibrium compo-
nent (dotted line), Total particle emission spectrum (full 
curve) and Experimental results (black dot). See text for 
more details. 

Another way to study the competition between pre-
equilibrium emission and equilibrium emission is to 
use the Kalbach parameterization [11] to calculate the 
fraction fPE of the pre-equilibrium emission. In this 
parameterization, double differential distributions are 
derived from energy distributions. In Fig. 8 are pre-
sented the results obtained for proton emission in 
96 MeV neutron-induced reactions on iron and lead 
for three energy domains selected from the emission 
spectra. A general agreement is found when  
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comparing calculation results with the experimental 
distributions. These calculations allow a better identi-
fication of different mechanisms that low energies, 
both evaporation and pre-equilibrium particles are 
emitted, their contribution depending on the target 
nucleus. The evaporation process is dominant for light 
targets (1- fPE =0.88 and a quasi-isotropic distribution 
in the case of iron) while for the heavier target even 
low energy particles are emitted in the pre-equilibrium 
stage (fPE=0.80 and a slightly forward peaked distribu-
tion). The emission of energetic particles occurs before 
equilibrium (fPE =1). Similar agreement was also found 
for complex particle emission, showing that this 
parameterization is able to give a proper description of 
double differential distributions. 

FIGURE 8. Angular distribution for proton emission in 
96 MeV neutron-induced reactions on iron and lead and for 
three energy domain (8-12 MeV continuous line, 40-44 MeV 
dashed line, 68-72 MeV dotted line). Symbols are the ex-
perimental results obtained by our collaboration. 

CONCLUSIONS 

The extension to higher energies of the available 
results on nucleon-induced reactions in the  
20-200 MeV range in the framework of the European 
Collaboration HINDAS together with the data already 
existing in the literature at lower energies allowed a 
detailed study of the predictive power of the exciton 
model and its improved version for the description of 
nucleons and complex particles emission. While all 
approaches are in a reasonable good agreement with 

experimental results for nucleon emission, only the 
PREEQ code was able to reproduce complex particle 
emission that represents at least 30% of the total cross-
section for light charge particle emission. At interme-
diate energy and for all targets, the pre-equilibrium 
emission is the dominant process. Equilibrium emis-
sion comes mainly from the decay of residual nuclei 
obtained after pre-equilibrium emission. The Kalbach 
parameterization proposed by C. Kalbach for double 
differential distributions is still valid. This underlines 
the need for theoretical models to provide at least a 
good description of the energy-differential cross  
section. 
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Abstract. The mass distributions of fragments produced by proton-induced fission of 232Th, 235U, 238U, and 237Np at 
proton energies of 50 and 96 MeV have been measured. The measurements were carried out at The Svedberg 
Laboratory, Uppsala, Sweden using a high-precision time-of-flight spectrometer for fission fragments and fission 
neutrons. The measured mass distributions are compared to ones calculated using the TALYS code. Using proton-
induced reactions to simulate the outcome of more difficult measurements with neutron beams is discussed.  

INTRODUCTION 

The properties of the fission-fragment mass 
distributions and, in particular, the presence of 
symmetric and asymmetric mass splits of the 
fissioning nucleus, remains the one of the major 
questions in fission physics. Study of these properties 
over a wide excitation energy range may contribute to 
a better understanding of the fission process. Fission-
fragment mass distributions are relatively well known 
only at low excitation energies (below 20 MeV). New 
technological developments, such as ADS, stimulate 
the study of fission-fragment mass distributions at 
higher energies. This paper presents measurements of 
the fission fragment mass distributions for the fission 
of 232Th, 235U, 238U, and 237Np induced by 50- and 
96-MeV protons. Data for 235U and 237Np in this 
energy range were obtained for the first time. 

EXPERIMENTAL 

The measurements were carried out at the Gustaf 
Werner cyclotron of The Svedberg Lab, Uppsala 
University, within the framework of an international 
collaboration studying the fission process. The 
experiment was done with the use of a high-precision 
time-of-flight spectrometer for fragments and neutrons 
[1]. Experimental details and results of the neutron 
emission study (neutron multiplicity and energy 
distributions) are given in [2]. This paper presents 
experimental measurements of the properties of the 
fission fragments. The experimental setup involves a 
thin-walled stainless steel vacuum chamber with an 
array of fission fragment detectors inside. Fission 
fragment velocities were measured using a time-of-
flight technique. The fission fragments passed through 
a pair of microchannel plate detectors (MCP) placed 
on either side of the target at 90o with respect to the 
beam. Electrons, knocked out by fission fragments in 
passing through aluminum oxide foils (first foil: 
60 µg/cm2, 15 mm in diameter, located at distance of 
10 mm from the target, second foil: 60 µg/cm2, 30 mm 
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in diameter, located at distance of 80 mm from the 
target), were focused on MCPs (start and stop 
detector). After passing through the time-of-flight arm, 
fission fragments could also strike silicon detectors 
(30 mm in diameter, 80 mm distance from the target), 
which were used to measure the fragment energies and 
to act as stop detectors for the time-of-flight 
measurement. The time resolution of the MCP 
detectors was 80 ps. This did not worsen the intrinsic 
fission-fragment mass resolution (due to the recoil of 
emitting neutrons) significantly. This resolution was 
found to be about 2 amu. As fission neutrons do not 
change the average velocity of fragments, fission-
fragment masses defined according to this time-of 
flight technique are the primary, “pre-neutron 
emission” values. 

The measured mass distributions (normalized to 
200%) are shown in Fig. 1. The results for the fission 
of 232Th at 50 MeV are compared to the results 
obtained in [4,5] for the same nucleus at Ep = 53 MeV 
by measuring energies of coincident pairs of fission 
fragments using surface barrier detectors. The results 
for 238U at 50 MeV are compared to results [6] at the 
same energy, obtained by time-of-flight technique with 
two position sensitive avalanche counters, placed at 
90o to the beam and having angular acceptance of 56 

degrees. The data for 232Th at the higher excitation 
energy as well as the data for 235U and 237Np are new 
measurements. Our data agree with the previous 
measurements for the widths of the fission mass 
distributions. However, our data show more 
pronounced structure for near symmetric mass splits. 
At 96 MeV for 232Th and 238U, a symmetric fission 
peak in the mass distribution is especially pronounced, 
particularly for 232Th. In comparing data from the 
various papers [4-6] at the same projectile energy one 
should take into account that the difference in mass 
distribution behavior may be due, in part, to an angular 
anisotropy of “cold” (asymmetric) and warmer 
(symmetric) fission. The higher symmetric fission 
yields for 232Th may represent a nuclear structure 
effect in fission. 

MASS DISTRIBUTION 
CALCULATIONS AND COMPARISON 

TO EXPERIMENTAL DATA. 

Calculations of the fission mass distributions were 
carried out with the nuclear reaction code TALYS 
[10]. Fission cross sections were calculated assuming a 
Hill-Wheeler penetrability through a double-humped  
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FIGURE 1. Mass yield curves for the proton-induced fission of 232Th, 235U, 238U, 237Np at Ep=50 MeV and 96 MeV. 
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fission barrier, including an explicit treatment of the 
collective effects on the level densities. The 
competition of all other reaction channels is taken into 
account over the whole evaporation chain. 
Subsequently, the fission-fragment mass yields are 
computed per fissioning system in two steps [3]: (i) the 
relative contributions of the different fission modes are 
evaluated using Hill-Wheeler penetrabilities with 
ground-state level densities and temperature-dependent 
barrier parameters, (ii) the mass yield curve 
corresponding to each fission mode is calculated in the 
framework of the multi-modal random-neck rupture 
model (MM-RNRM) by Brosa [7]. For each of the 
reactions studied in the present paper two results are 
presented: (a) Default TALYS calculations using the 
fission barriers for the fission modes SL, STI, and STII 
as they are predicted by the Brosa model (calc def) and 
(b) TALYS calculations with all SL-barriers reduced 
by 5% (calc 95). 

As shown in Fig. 1, the calculations are sensitive to 
the height of the symmetric fission barrier. By means 
of a mass distribution decomposition into symmetric 
and asymmetric components, it was determined that 

the best fit to the experimental results was obtained 
with a 5% reduction of the SL barrier. A comparison 
of the calculated and measured results reveals a 
systematic underestimation of the mass distribution 
width. Furthermore, the calculation is not able to 
reproduce the distinct symmetric hump in the 
experimental mass yield curve of 232Th and 235U. 
Apparently, the MM-RNRM model overestimates the 
width of the SL mode and underestimates the width of 
the ST mode. In general, the fission-product mass 
yields are predicted within 30% for the mass range  
90-140. The pre-fission (pre-equilibrium,νpre, and 
equilibrium, νeq) neutron multiplicities are a very 
important input for the theory, because they allow one 
to estimate the nuclear temperature at the scission 
point. Measured and calculated numbers of pre-fission 
neutrons are compiled in Table 1 for the reaction 
studied in this work. There is some disagreement 
between theory and experiment as to the relative 
numbers of pre-equilibrium and equilibrium neutrons. 
The total number of neutrons, however, agrees on 
average within the limits of the experimental 
uncertainties.

TABLE 1. Number of νpre and νeq neutrons emitted prior to fission.
Ep=50 MeV Ep=96 MeV 

Exp. Calc. [10] Exp. Calc. [10] Target
νpre νeq νpre νeq νpre νeq νpre νeq

232Th 0.5+0.3 2.4+0.3 0.3 3.2 1.1+0.3 3.4+0.3 0.4 5.0 
238U 0.5+0.3 2.6+0.3 0.2 1.3 1.1+0.3 2.9+0.3 0.3 3.0 
235U 0.5+0.3 1.5+0.3 0.3 1.6 1.1+0.3 2.7+0.3 0.4 3.7 

237Np 0.5+0.3 1.9+0.3 0.3 1.6 1.1+0.3 3.0+0.3 0.4 3.2 

COMPARISON OF FISSION 
FRAGMENT MASS DISTRIBUTIONS IN 

PROTON AND NEUTRON INDUCED 
FISSION.

Fission fragment yields at intermediate neutron 
energies (above 20 MeV) are of interest in accelerator 
transmutation of waste. Theoretical studies of the mass 
distributions in proton- and neutron-induced fission at 
intermediate energies have been carried out [3]. If the 
same compound nucleus is produced in neutron and 
proton-induced reactions, then one expects the 
characteristics of fission will be identical. In reactions 
of neutrons and protons with heavy nuclei at energies 
less than 10-15 MeV, one expects a small contribution 
of direct reactions and most reactions will involve 
compound nucleus formation. In a recent paper [8], 
where variation of the ratio of yields of symmetric and 
asymmetric fission versus number of neutrons in the 

compound nucleus at the same excitation energy 
(14 MeV above fission threshold) was studied, no 
significant differences between neutron- and proton-
induced reactions has been found. In all cases, the 
fraction of symmetric fission grows as the number of 
neutrons in the compound nucleus decreases. 
Generally speaking, at higher energies, as a result of 
the difference in direct processes for protons and 
neutrons, a difference in the properties of the 
fissioning nuclei (Z, N, E*) is possible, and hence, of 
integral yields observed in the experiment. Mass 
distributions obtained in this work and in [6] for the 
proton-induced fission of 238U at proton energies  
20-60 MeV were compared to results of [9] for 
neutron-induced fission of 238U at neutron energies up 
to 200 MeV. In all cases the experimental mass 
distributions were represented by the sum of three 
Gaussians (two of them corresponding to asymmetric 
fission and one to symmetric fission). It was assumed 
that positions of maximum of the Gaussians were 
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defined by the mass of composite nucleus (corrected for 
pre–fission neutron emission), and that the widths and 
areas of the Gaussians corresponding to asymmetric 
component of fission, are equal. The symmetric fission 
yields so determined are presented in Fig. 2 as a 
function of the energy of the incident particles. It is 
seen that in each reaction the fraction of symmetric 
fission increases as the incident nucleon energy 
increases, but the rate of increase decreases with 
increasing energy. As in the above-considered case of 
the fission of compound nuclei the probability of 
symmetric fission increases as the number of neutrons 
decreases: from N=147 for 238U+n to N=146 for 
238U+p and N=144, 143, 142 for 237Np, 235U and 
232Th+p, respectively. The observed trends are 
consistent with calculations [10]. 
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FIGURE 2. A comparison of the experimental and 
calculated [10] (calc 95) values of the percentage of 
symmetric fission for proton- and neutron-induced reactions. 

The role of the nuclear structure of the composite 
nucleus in intermediate energy reactions, similar to the 
role of compound nucleus in low-energy reactions, 
was noted in [11]. In the latter work, the proton- and 
neutron-induced fission cross sections for composite 
nuclei with the same Z2/A values were equal. This was 
explained by the similarity of the relevant nuclear 
characteristics (Z, N, E*) prior to fission. Thus, it 
seems that a determination of the dependence of 
fission mass distributions on the nuclear structure of 
the composite nuclei at various incident proton 
energies may replace measurements with neutrons. 
The latter are much more labour-intensive and 
uncertain since intermediate-energy neutron fluxes are 
105-106 times lower than those of protons. Moreover 

the necessity for experimental setups with high 
detection efficiency (ionization chambers) do not 
allow direct determination of the masses because they 
do not measure velocities of fission fragments but their 
kinetic energies (which are distorted by neutrons 
emitted by the fragments). Low-intensity neutron 
beams do not allow experiments with coincidences 
with neutrons or charged particles following the 
fission process, and thus information about the energy 
of the fissioning system at different stages of the 
fission process is lost.  

CONCLUSION

Fission-fragment mass distributions were analyzed 
for a number of newly studied nuclei in a wider energy 
range and in a coincidence with fission neutrons. One 
was able to study the “sensitivity” of calculations of 
mass distributions to the symmetric fission barrier 
height, to compare mass distributions for neutron- and 
proton-induced fission in the energy range up to 
100 MeV, and to make conclusions about the 
possibility of using measurements with proton beams 
as surrogates for the more difficult measurements with 
neutron beams. 
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Appendix VII
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Abstract. Recently measured energy dependences of fission cross sections of lead isotopes 204,206-208Pb at incident 
nucleon energies up to 180 MeV were analyzed. Regularities were established of the fission cross-section variation with 
the mass number of isotopes pointing to incomplete dumping of shell effects even at nucleon energies 150–180 MeV. 
The fission cross sections of lead isotopes, assumed as spherical nuclei, are compared with those of deformed nuclei. 
The experimental data are compared with calculations by the code TALYS. 

INTRODUCTION 
208Pb is the only nucleus among the stable heavy 

nuclei that has closed proton and neutron shells 
(Z=82, A=126). The microscopic (shell) correction to 
its binding energy is about 14 MeV and approxi-
mately equal to the macroscopic contribution to the 
fission barrier. For better understanding of the 
behaviour of shell effects with increasing excitation 
energy, an interesting comparison is made of the 
variation of the fission cross section of this nuclide 
and its lighter isotopes having lower barriers. The 
fission barriers, Bf , fall with the decrease of atomic 
mass, A, due to the decrease of the shell corrections; 
thus ∆Bf  for 208Pb and 204Pb is about 3 MeV. Such a 
comparison is carried out for the first time, and it has 
become possible due to the measurements of proton- 
and neutron-induced fission cross sections for 
separated lead isotopes (and neighbouring nuclei) in 
the intermediate energy region in the work [1].  

The problem of the role of nuclear deformation 
(the sphericity of nuclei having closed shells) in the 
competition between fission and neutron emission - 
the possibility that the stabilizing influence of a high 
barrier is compensated by destabilizing effects due to 

the low collective enhancement of the level density 
of spherical nuclei - was recently raised in 
connection with the determination of the fission cross 
sections of Ra isotopes (near N=126) [2]. This issue 
is investigated by a comparison of the fission cross 
sections of lead isotopes with the ones of deformed 
nuclei.  

The experimental data are compared with 
calculations performed by the code TALYS [3]. 

RELATIVE NEUTRON-INDUCED 
FISSION CROSS-SECTIONS OF  

LEAD ISOTOPES NEAR THE  
UPPER BOUNDARY OF THE  

ENERGY REGION 

In Fig. 1, experimental data on neutron- and proton-
induced fission cross sections relative to those of 
209Bi are presented for lead isotopes [1]. It is seen 
from the figure that in the high-energy region, the 
ratios for all isotopes reach a plateau for both 
neutrons (2a) and protons (2b). The values of the 
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(n,f) cross-section ratio at the plateau are 0.35, 0.48, 
0.6, and 1.0 for the isotopes 208Pb, 207Pb, 206Pb, and 
204Pb, with corresponding errors of about 5%. The 
values of the (p,f) cross-section ratio at the plateau 
are 0.47, 0.52, 0.64, and 1.06 for the same isotopes 
with errors of about 10%. It is not hard to find from 
these data that at high energies, fission cross sections 
of the isotopes can be connected by the following 
relation: 

x
ff qx /)204()204( σσ =+ ,

where the coefficient q is equal to 1.30±0.07 for 
neutrons and 1.25±0.13 for protons, and x is equal to 
2, 3, and 4 for 206Pb, 207Pb, and 208Pb, respectively. 
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FIGURE 1. Experimental fission cross-section ratios of 
lead isotopes relative to the cross-section of 209Bi for 
protons (a) and neutrons (b). Curves are the best fits. 

In Fig. 2, results of calculations for the (p,f) and 
(n,f) cross-section ratios of the lead isotopes to 209Bi 
are presented, obtained by the code TALYS. It is 
seen from the figure that in the high-energy region 
(above about 150 MeV), reasonable agreement is 
obtained between the calculation and the 
experimental data, represented by the best fits from 
Fig. 1. The values of the parameter q obtained from 
the calculated fission cross-section ratios are 1.23 for 
neutrons and 1.25 for protons. 
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FIGURE 2. Fission cross-section ratios of lead isotopes 
relative to the cross section of 209Bi for protons (a) and 
neutrons (b) calculated by the code TALYS. Curves are the 
best fits from Fig. 1. 

Assuming that at excitation energies correspond-
ing to this case, 

]T/)BB[(exp~ nff −−σ ,

where Bf is the fission barrier, Bn is the neutron 
binding energy, and T is the temperature of a 
nucleus, connected with the excitation energy, E*,
and a level density parameter, a, by the relation: 

2/1)a/*E(T = ;

then, for any neighbouring isotopes with the mass 
numbers A and A-1

qTABABABAB nnff ln)()1()1()( ⋅=−−+−−  . 

Calculations show that at a nucleon energy of about 
180 MeV, the average excitation energy is about 
80 MeV, and the average mass is about 200 
(moreover the charge shifts by unity). Thus, at a =
A/10, temperature T = 2 MeV, and experimental 
values of q, the value of Bf(A) -Bf(A-1) + Bn(A-1)-
Bn(A) is equal to 0.52 MeV for neutrons and 
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0.44 MeV for protons. Since in this mass region 
Bn(A-1) - Bn(A) � 0.14 MeV (after averaging over 
odd-even effects), Bf(A) - Bf(A-1) is equal to 0.38 for 
neutrons and 0.30 for protons. These values are 
smaller than the differences between the fission 
barriers of neighbouring nuclei, amounting to about 
0.75 MeV, as was pointed out above. However, at 
present, in view of the uncertainty of the 
calculations, it is difficult to conclude to what degree 
the ratio of the barriers is connected with the change 
of the structure of the fissioning nuclei (the 
difference from magic or double magic target nuclei) 
or with the increase of the excitation energy. At the 
same time, the obtained value of �Bf/�A seems to be 
larger than expected from the liquid drop model. 
Possibly, it gives evidence for a larger stability (i.e., 
for a lower value of the coefficient of the damping of 
shell effects) of nuclei having large microscopic 
corrections. 

COMPARISON OF THE FISSION 
CROSS-SECTION OF THE LEAD 

ISOTOPES AND DEFORMED NUCLEI 

To study incomplete damping of shell effects at 
energies higher than several tens of MeV, 
dependences of the (n,f) cross section for nuclei from 
181Ta to 238U on the parameter Z2/A for neutron 
energies >60 MeV have been plotted (there are no 
experimental data on the (n,f) cross sections for 
nuclei lighter than gold for lower energies). These 
dependences are shown in Fig. 3. It is seen that at a 
neutron energy of 60 MeV, the fission cross sections 
of the lead isotopes lie slightly lower than the 
common straight dependence, and the difference 
becomes stronger towards 208Pb. With the increase of 
neutron energy, these irregularities become smaller. 
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FIGURE 3. The (n,f) cross sections for a wide range of nuclei, from 181Ta to 238U, vs. the parameter Z2/A of composite nuclei 
for different incident neutron energies. 

However, in the comparison of fission cross 
sections of the lead isotopes, 209Bi and 205Tl with the 
cross sections of the other nuclei, i.e., 181Ta and natW
(at the left of lead isotopes) and 232Th and 238U (at the 

right), one should keep in mind the difference in the 
shape of the basic states of the nuclei - the spherical 
shape of the lead isotopes and neighbouring nuclei, 
having closed or almost closed shells, and the 
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deformation of lighter and heavier nuclei, which 
influences the channel of neutron emission, which is 
competing with the fission channel. Recently this 
was shown in [2], where the cross sections of radium 
isotopes were measured. In this work no indications 
of the expected decrease of the cross sections near 
N=126 were found, though the excitation energy 
exceeded the barrier by a few MeV. It was concluded 
that a stabilizing influence, resulting from the higher 
fission barrier, seems to be compensated, or even 
over-compensated, by the destabilizing effect of the 
lower collective enhancement in the spherical 
ground-state shape. 

CONCLUSION 

From the comparison of the (n,f) and (p,f) cross 
sections of the lead isotopes with A = 208, 207, 206, 
and 204 at incident nucleon energies of about 
150-180 MeV, a conclusion has been made about a 
possible incomplete damping of shell effects at 
average excitation energy of fissioning nuclei in the  

lead region at about 80 MeV, corresponding to the 
aforementioned energy of incident neutrons. In 
connection with this, it is noted that the absence of an 
expected large discrepancy between the behaviour of 
the cross sections of the lead isotopes and their 
neighbouring nuclei, in comparison with lighter and 
heavier nuclei, can be caused by the influence of the 
extent of shell filling on the shape of the nucleus in 
the ground state. 
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Abstract. New results of measured anisotropy coefficients for proton-induced fission of 204,206,207,208Pb and 209Bi are 
presented at proton energies of 48, 98, and 177 MeV These results, together with earlier ones, are used for an estimation 
of the dependence of the anisotropy coefficients on proton energy in the framework of the standard statistical model, 
taking into account the characteristics of the intermediate compound nuclei formed in the process of the interaction of 
protons with lead and bismuth nuclei. 

INTRODUCTION 

Measurement of fission-fragment angular 
anisotropy is a way to determine the state of a 
fissioning nucleus at the saddle point. This is 
necessary for the understanding of the key 
characteristics and dynamics of the fission process. A 
semi-empirical description of experimental results on 
the anisotropy of fission induced by protons and 
neutrons in the energy range above 20 MeV has been 
presented recently [1], in the framework of the 
standard statistical (transition state) model [2,3]. 
Fission of heavy nuclei: 232Th, 233U, 235U, and 238U was 
considered. The correlation between experimental data 
on the angular anisotropy for (n,f) and (p,f) reactions 
has been analysed, and it has been concluded that the 
anisotropy for neutron-induced fission may be 
calculated using the anisotropy for proton-induced 
fission at the same energies for composite systems 
having the same fissility parameter, Z2/A, taking into 
account the difference of the introduced momenta. 

In the present work results of measurements of 
angular anisotropy in proton-induced fission of 
204,206,207,208Pb and 209Bi are presented. Data for 204Pb 
are obtained for the first time. The other results 
supplement essentially those of other work in this 

energy region. As in previous work, the dependence of 
the anisotropy on proton energy is estimated in the 
framework of the standard statistical model [2,3], 
taking into account the characteristics of the 
intermediate compound nuclei formed in the process 
of the interaction of protons with lead and bismuth 
nuclei. The latter are calculated using the TALYS code 
[4], for which a comparison with experimental values 
of anisotropy is a new form of testing and verification.

MEASUREMENTS AND 
EXPERIMENTAL RESULTS 

Measurements of fission-fragment angular distribu-
tions for intermediate energy proton-induced fission of 
204,206,207,208Pb and 209Bi were carried out at the proton 
beam of the The Svedberg Laboratory of the Uppsala 
University, Sweden, at the proton energies 49, 98, and 
177 MeV. The experimental setup, measurement 
conditions, and the procedure of the processing of 
experimental results are described in detail in our 
report [5]. The anisotropy factor: 

1)90(/)0( −°′°′= WWC ,
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where W’(0°) and W’(90°) are the probabilities of 
fragment emission at 0° and 90° with respect to the 
direction of the projectile beam, was obtained by 
means of fitting of the experimental angular 
distribution using well known expressions (see, e.g., 

[6]). The results for 209Bi and 204,206,207,208Pb are 
presented in Table 1 and shown in Fig. 1, together with 
earlier results of other authors [7]. As can be seen from 
the figure, the results of the present work are in good 
agreement with the earlier data within the stated errors. 

TABLE 1. The anisotropy factor for proton-induced fission fragments.
Ep [MeV] 209Bi 204Pb 206Pb 207Pb 208Pb

48±1 0.35±0.05 0.42±0.07 0.35±0.07 0.4±0.1 0.35±0.10 
98±2 0.22±0.05 0.25±0.1 0.4±0.1 — — 
177.3±1.2  0.11±0.05 0.15±0.04 0.17±0.03 0.12±0.03 0.17±0.05 
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FIGURE 1. Energy dependence of the anisotropy factor 
for proton-induced fission.

SEMI-EMPIRICAL ANALYSIS OF 
ANGULAR ANISOTROPY 

In the transition state model [2,3] the anisotropy 
factor C  is merely connected with the mean square 
of the angular momentum of a nucleus at the saddle 
point �I2� and the dispersion of the momentum 
projection on the axis of the fissioning nucleus, Ko

2:

2
0

2 K/IC = ,

where Ko
2 is determined by the effective moment of 

inertia, Jeff, and temperature, T, of a nucleus in this 
state, 

TJ)/1(K eff
22

0 �= .

To describe the dependence of the anisotropy 
factor on the projectile energy E, it is necessary to 
take into account the change with E of �I2� and Ko

2.
For calculation of the maximum angular momentum 
introduced by protons, the following expression was 
used [8]:  

30E17.4I2I 22
m −== .

A change of Ko
2 can be connected, in principle, to 

a change of both Jeff and T. However, in this work, 
the energy dependence of Jeff is not taken into 
account, because on one hand the minimum proton 
energy, for which experimental data exist, is about 
25 MeV, and therefore the excitation energy at the 
saddle point is almost equal to a critical value, 
~6 MeV, above which a transition begins from 
superfluid to the normal Fermi-gas state [9]. On the 
other hand, at higher energies, where shell effects 
could be revealed, the most striking feature of the 
experimental behaviour of Jeff is found to be a sudden 
change of its dependence on the parameter Z2/A at 
Z2/A=30 predicted by the liquid-drop model, which 
indicates a liquid-drop state of the nucleus at the 
saddle point [9]. Unfortunately, theoretical calcula-
tions of the influence of possible shell effects on the 
moment of inertia for nuclei in the lead region were 
not carried out. Jeff can also depend on the angular 
momentum, but the dependence is found to be strong 
only for Io≥20 �. However, for such light particles 
such as protons and neutrons, the value of I does not 
exceed 20 � even at the maximum energy 200 MeV 
considered here. A small value of introduced angular 
momentum reduces, of course, the value of the 
anisotropy and makes a measurement of it difficult, 
but allows for avoiding the necessity of taking into 
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account the dependence on I of Jeff and other 
parameters of the model: the fission barrier Bf, and 
the level density parameter af. This is a stimulating 
factor for carrying out measurements of the angular 
anisotropy for light particles. 

The temperature of a nucleus at the saddle point 
is calculated by the following relationship: 

2/1
f )a/*E(T =

dfp EEBBE*E −−−+= ν ,

where E is the proton energy in the center of mass 
system, Bp is the proton binding energy, Eν is the 
energy taken away by neutrons evaporated before the 
saddle point, and Ed is the energy taken away by the 
cascade and pre-equilibrium particles. Calculations 
show that even at E=200 MeV, the temperature T ≤
2 MeV, and therefore the change of Bf with 
temperature was not taken into account. The 
dependence Bf(I) was also not taken into account, 
because, like the dependence Jeff(I), it is found to be 
weak at Io≥20 �. [10]. The values of Bp and Bf used 
are from [9] and [11], respectively. For calculation of 
Eν, it was supposed that one neutron is evaporated 
for every 6 MeV of excitation energy, which is close 
to the value from the statistical model. Cascade and 
pre-equilibrium particles arise in faster processes 
preceding fission in reactions with intermediate 
energy nucleons. As a result of these processes, a 
broad set of residual nuclei arises, which differ in 
nucleon composition, excitation energy, and 
magnitude and spatial orientation of the angular 
momentum. At sufficient excitation energy, such 
residual nuclei become “ancestors” for chains of 
emission (multi-chance) fission, i.e., for fissioning 
nuclei having new masses, excitation energies, and 
angular momenta. Each one of such nuclei introduces 
its own contribution to the anisotropy in accordance 
with �I2�, and Ko

2. Therefore a quantitative analysis of 
the anisotropy requires a “differential” approach. 
Such an approach was applied in our previous work 
[12]. Here an “integral” description is given, where 
�I2� and Ko

2 are averaged over the states of the 
fissioning nuclei. The use of this approach is caused 
by the complexity of a quantitative consideration of 
the mentioned processes and is adequate for the tasks 
of the present work. 

In accordance with this approach, we use the 
following relation to estimate the energy dependence 
of the anisotropy: 

)EBBE(J4/kI)a(C fpeff
22/1

f ∆−−+= ,

where the coefficient k takes into account the angular 
momentum carried away and disoriented during the 
cascade and pre-equilibrium emission of the 
particles. The energy ∆E carried away by these 
particles was calculated using the code TALYS. In 
the absence at present of similar calculations for 
disoriented angular momenta, the coefficient K(E)
was fitted with the goal of getting a better description 
of the energy dependence of the anisotropy for the 
209Bi(p,f) reaction, for which a larger amount of 
experimental data exists. This parameter is equal to 1 
below 20 MeV. Starting from this energy, i.e., the 
energy where direct processes arise, the coefficient 
falls, leading to a weak dependence of the anisotropy 
on E  at E ≥150 MeV. For all other nuclides, as well 
as for the (n,f) reactions, K(E) was supposed to be 
the same (just as for the value of ∆E which, in 
accordance with calculations, is found to be almost 
the same for all nuclides). Of all the considered 
nuclides, only 209Bi has a large spin, Io=4/2 �.
However, in this case the correction to the 
anisotropy, 

2
000

2 18/)]1(2[ KIII +−  , 

is found to be small due to a large value of Ko
2

already at a nucleon energy of 25 MeV.  

The dependence of the anisotropy factor 
calculated in this way is shown in Fig. 2. It is seen 
that the calculated curves satisfactorily describe the 
experimental results. The anisotropy drops as the 
proton energy exceeds the threshold value (Eth=Bp-
Bf), shown in the figure by arrows. Then, the 
anisotropy increases, reflecting the increase of 
introduced angular momentum, and then drops again 
as a result of the disorientation of the momentum by 
fast particles preceding fission (and some increase of 
the excitation energy of the intermediate compound 
nuclei). The main difference in the behaviour of the 
anisotropy for different nuclei takes place at low 
proton energies and is connected with the difference 
of the fission barriers (and, correspondingly, Eth). At 
higher energies individual differences disappear, as 
should be expected. The maximum of the anisotropy 
factor for all nuclides, with C~0.4, is found to be at 
an energy of about 70 MeV, while at an energy of 
about 150 MeV and higher, the anisotropy remains 
constant at a level of C=0.1-0.15. 

In the same manner, the anisotropy for neutron-
induced fission was calculated. Values of Bn and Bf
for composite nuclides were taken from [11] and [9]. 
The introduced angular momentum was adopted to 
be �I2� =2.5 E [9], Eν did not change, and Ed was 
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calculated using the code TALYS. Small corrections 
were introduced to the moment of inertia, Jeff, i.e., 
from 2% to 10%, on the already mentioned 
dependence Jeff (Z2/A) [9]. The results are presented 
in Fig. 2.  
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FIGURE 2. Energy dependence of the anisotropy factor 
for neutron-induced fission. 

Comparison of Figs. 1 and 2 indicates somewhat 
higher values of the anisotropy coefficient for 
neutrons, Cn, than for protons, Cp, especially on the 
left side of the maximum, which is connected with 
the higher value of �I2�. However, the energy 
dependences of Cn and Cp are essentially the same. 
Only one experimental result is published for Cn at 
En =75 MeV [12], shown in Fig. 2. It has large 
errors, but does not contradict the calculated data. 
Measurements of the anisotropy of neutron–induced 
fission are of most interest for 208Pb and 209Bi, having 
a closed neutron shell (N=128), where, according to 
the code TALYS, the fission branch of the composite 
nuclei 209Pb and 210Bi remains at more than 75% up 
to neutron energies of 50 MeV, as well as 
measurements for the 207Pb nucleus, where the 
composite nucleus 208Pb, with closed neutron 
(N=128) and proton (Z=82) shells, forms.  

For determining the influence of the shells, 
differential calculations are necessary, i.e., taking 
into account a consecutive contribution to the 
anisotropy of all intermediate compound nuclei with 
their inherent �I2�, Ko

2 and formation probability. The 
problem can be facilitated by the fact that at 
comparatively low proton and neutron energies, 
below 50 MeV, where the influence of shell effects 
may be significant, the contribution to fission and, 
correspondingly, to the anisotropy, is introduced by  

no more than 4–5 composite nuclei. Probably, with 
such a differential approach, conclusions can be 
made about the presence or absence of non-statistical 
pre-saddle neutrons, caused by a dynamic delay of 
the fission process. 

CONCLUSION 

It is shown that the magnitude of the angular 
anisotropy, and its dependence on energy, can be 
described in the framework of the standard statistical 
model, taking into account the characteristics of 
intermediate compound nuclei formed in the process 
of interaction of intermediate energy protons and 
neutrons with bismuth and lead nuclei. For studying 
the influence of shell effects, differential calculations 
are necessary. 
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Abstract. Neutron- and proton-induced fission cross-sections of the lead isotopes 204,206-208Pb and 205Tl in the intermediate 
energy region have been measured at the Svedberg Laboratory in Uppsala, Sweden. Average fissilities of the composite nuclei 
and the dependence on the nucleon energy and the parameter Z2/A were determined. On this basis, the correlation between the 
proton- and neutron-induced fission cross sections has been established in the atomic mass region A ~ 200 and for nucleon 
energies above 50 MeV, where shell effects do not play a very significant role. The correlation is discussed in the frame of 
results from calculations by the code TALYS. 

INTRODUCTION 

A first comparison of the (p,f) and (n,f) reaction 
cross sections (as well as the (γ,f) reaction cross 
section) in the intermediate energy region has been 
undertaken in this work [1]. In this and succeeding 
works (see, e.g., [2] and references therein) it was 
found that at incident nucleon energies of  
150-200 MeV the value of the (p,f)/(n,f) reaction 
cross-section ratio for nuclei from 243Am to 181Ta is 
higher than 1, increases with the decrease of the 
parameter Z2/A of the target nucleus, and reaches a 
value of about 5 and higher. From the beginning, the 
effect was ascribed to the increase of the charge (Z), 
and therefore of the parameter Z2/A of the fissioning 
nucleus by the incident proton [1,3]. However, some 
works published recently both confirm this 
explanation [4] and attribute the effect to a possible 
influence of the isovector term of the nucleon-
nucleus optical potential [5]. 

The present work is devoted to a further 
experimental and theoretical study of the correlation 
between proton and neutron cross sections in the 
lead-bismuth region, which is of great importance for 
applied and fundamental research. 

FISSION CROSS-SECTION 
MEASUREMENTS AND RESULTS 

The neutron- and proton-induced fission cross-
sections of 204,206,207,208Pb and 205Tl have been 
measured at the accelerator of The Svedberg 
Laboratory, Uppsala, Sweden, at nucleon energies up 
to 180 MeV [6], with the use of the thin-film 
breakdown counter (TFBC) technique. The 
experimental technique and data processing were 
described in detail in [2,6], and part of the results 
were presented in [2]. In the present paper all results 
and the analysis performed using calculations by the 
code TALYS [7] are under consideration. The results 
for protons and neutrons are shown in Fig. 1. The 
experimental errors of our measurements are about 
10%. The curves are the best fits calculated using the 
following expression:  

))E/P(exp(P)E( 3P
n21nf −⋅=σ ,

where En is the incident nucleon energy and P1, P2,
and P3 are fitting parameters depending on the target 
nuclide. The presented results for neutrons 
systematically disagree with some results obtained 
with the use of other techniques [8].
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FIGURE 1. Proton- (left panel) and neutron-induced (right panel) fission cross-sections of nuclei in the lead region. Filled 
symbols are results of the present work, open symbols are results of other authors. Curves are the best fits. 

The possible reason for the disagreement (about 
20%) is that systematical errors declared by the 
authors are too optimistic. Thus, a value of 20% 
seems to be a more realistic estimation of the 
uncertainty of the up-to-date experimental results. 

FISSILITY AND ITS DEPENDENCE 
ON NUCLEON ENERGY AND 

NUCLEON COMPOSITION OF 
COMPOSITE NUCLEI  

To take into account the difference between 
reaction cross sections for protons and neutrons, the 
fission cross sections were divided by the 
corresponding reaction cross sections, and the 
obtained ratios were considered as the average 
fissilities, Pf=σf/σr, of the nuclei. The reaction cross 
sections, parameterized in accordance to 
Barashenkov [8], are shown in Fig. 2.  
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FIGURE 2. Reaction cross-sections for 208Pb induced by 
neutrons and protons in the intermediate energy region. 

It is seen that in the energy region 50-200 MeV 
(the region of lower energies is not considered 
because of the influence of shell effects) the reaction 
cross sections for neutrons and protons are close, 
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though the proton cross section is systematically 
lower than the neutron one by about 10%. This value 
does not exceed the experimental errors of the fission 
cross sections, but from the physics point of view the 
consideration in terms of fissility looks preferable. In 
Fig. 3 the dependences of the values Pf on the 
parameter Z2/A of composite nuclei for reactions with 
protons and neutrons are presented for different 
projectile energies. It is seen from the figure that the 
dependences are of the same character – the lines in 
semi-logarithmic scale – the slope of which 
decreases with the increase of the projectile energy. 
It means that the (n,f) and (p,f) cross sections (with 
the accuracy of the factor �rp /�rn) for the reactions 
passing through the same composite nuclei have to 
be of the same magnitude. 
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FIGURE 3. Average fissilities vs. the parameter Z2/A of 
the composite nucleus. The lines are parameterizations. 

In Fig. 4 parameterizations of the fission cross 
sections are presented for the reactions 209Bi+n and 
208Pb+p, and 204Pb+n, 206Pb+n, and 205Tl+p. It is seen 
from the figure that the fission cross section of the 
209Bi+n and 208Pb+p reactions, passing through 
similar composite nuclei (with Z=83, A=210, and 
Z=83, A=209, respectively), are close, moreover in 
the case of 209Bi+n, corresponding to a value of A 
which is larger by 1, the fission cross section is 
somewhat lower. The value, by which the cross 
section becomes lower, corresponds within the 
experimental uncertainties to the data shown in 
Fig. 3. It is seen also that in accordance with the 
conclusion on fissility the value of the cross section 
for 205Tl+p (Z=82, A=206) lies between the ones for 
204Pb+n (Z=82, A=205) and 206Pb+n (Z=82, A=207). 
Moreover, one can observe that at low energies the 
fission cross section of 205Tl+p resembles the result 
for 206Pb+n, while at high energies the 205Tl+p curve 
approaches the 204Pb+n result. This can be explained 
by the impact of direct and pre-equilibrium processes 
on the population of the evaporation chain, and hence 
on the population of the fissioning systems. 
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FIGURE 4. The 208Pb(p,f), 209Bi(n,f), 204Pb(n,f), 205Tl(p,f), 
and 206Pb(n,f) cross sections. 

ANALYSIS OF CALCULATIONS 
PERFORMED WITH THE CODE 

TALYS 

Experimental results, pointing to an equality of 
the fissilities in reactions induced by protons and 
neutrons in the intermediate energy region, similar to 
the situation at low energies (below 20 MeV) where 
a compound nucleus is formed with high probability, 
seem to be unexpected. At incident nucleon energies 
around 20 MeV, direct processes (intranuclear 
cascade and preequilibrium emission) start to come 
into play, preceding a slower fission process. The 
sharing of nucleons and excitation energy of the 
target nucleus are taken away during the direct 
processes. As a result, a wide set of intermediate 
nuclei with different charges, masses, and excitation 
energies appears, which, reaching thermal balance, 
undergo fission, contributing to the fission cross 
section measured experimentally. The capacity of 
TALYS allows one to calculate the composition of 
intermediate equilibrium (compound) nuclei and 
their individual contributions into the observed 
fission cross section.  

In Fig. 5 dependences of average charge, mass, 
fissility parameter, Z2/A, and excitation energy of the 
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fissioning nucleus vs. incident nucleon energy are 
shown for two of the considered reactions: 209Bi+n 
and 208Pb+p. It is seen that changes with the energy 
are significant. It is also seen that the changes for 
both reactions are similar (differences in nucleon 
composition occur only at the end of the energy 
region, at Eproj above 150 MeV). This is what leads to 
the closeness of the cross sections observed 
experimentally. 
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FIGURE 5. Average charge, mass, the parameter Z2/A of 
the intermediate nuclei vs. projectile energy for the 
reactions 209Bi+n and 208Pb+p calculated by the code 
TALYS. 

CONCLUSION 

Equality of neutron- and proton-induced fission 
cross sections for composite nuclei, characterized by  

the same parameter Z2/A, is found within 
experimental errors. With regard to the calculations 
performed with TALYS, this fact may be explained 
by similar changes in the nucleon composition and 
excitation energy in these two types of reactions, 
which take place in direct processes preceding 
fission. It seems to be interesting to compare also 
other characteristics of fissioning nuclei, for example 
charge and mass distributions of fission fragments. 
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are described in detail in [22]. The neutrons were pro-
duced by the 7Li(p,n)7Be reaction. In the present ex-
periments, the neutron spectrum consisted of a peak at
94 8 0 5 MeV with an energy spread of 2.7 MeV
(FWHM), and a low-energy tail that was suppressed by
time-of-flight (TOF) techniques. Two independent fis-
sion detectors for absolute monitoring of the neutron flu-
ence were mounted near the experimental setup, about
10 m after the 7Li target. The Medley setup contained
eight telescopes, each of them equipped with one or two
silicon detectors and one CsI detector, disposed at var-
ious angles in the forward hemisphere. The Medley tar-
gets, i.e., CD2, CH2, and graphite targets of about 0.2 mm
thickness, were switched between the runs. The SCAN-
DAL setup consisted of two identical detector arms, used
one at a time either on the right side or on the left side
of the beam, covering the angular region 10-45 for the
deuteron detection. Each arm consisted of one�E plastic
scintillator for triggering, two drift chambers for track-
ing, another �E plastic scintillator that was part of the
trigger, and an array of 12 CsI detectors. The SCANDAL
targets, i.e., CD2, CH2, and graphite targets of about
1 mm thickness, were disposed inside a multi-target box,
interspaced with multi-wire proportional counters for
identifying in which target the reaction took place.
The experimental procedure was almost the same for

the Medley experiment as for the SCANDAL experi-
ment. Angular bins were defined in Medley by the dis-
position of the detector telescopes and in SCANDAL
by a position gate in the CsI crystals after tracking the
protons/deuterons through the drift chambers. Protons
and deuterons were identified by a selection in a �E E
two-dimensional plot. Events due to low-energy neutrons
were partly rejected by TOF techniques, the non-rejected
part being corrected for, knowing the neutron spectrum
and the time/energy resolution of the detection system.
The accepted events were projected as energy spectra.
The carbon background (from a spectrum obtained with
a graphite target) was subtracted and the remaining peak
was integrated to obtain the number of elastic events. The
data were corrected for effects such as the detection effi-
ciency or the particle loss through the setup.
As both the np and nd angular distributions were ob-

tained in the same experimental conditions, we have the
opportunity to compare directly the two-body system to
the three-body system. In fact, the ratio of the nd differ-
ential cross section to the np differential cross section,
plotted as a function of the proton/deuteron angle in the
laboratory frame, provides an excellent test for the inves-
tigation of three-nucleon force effects, and at the same
time it is entirely free from normalization uncertainties.
This ratio is shown in Fig. 1 where the Medley data [8]
and the preliminary SCANDAL data are compared with
each other and to a theoretical curve using the CD-Bonn
potential [3], the nd cross section being obtained from

FIGURE 1. Ratio of the nd cross section to the np cross sec-
tion at 95 MeV, as a function of the detected particle lab angle
�B. The dots are preliminary SCANDAL data and the squares
are the Medley data [8]. The uncertainty in �B is 0.25 . The
CD-Bonn potential [3] was used for the theoretical curve, the
nd cross section being obtained from Faddeev calculations with
and without 3N forces [5]. The same is plotted in the lower
panel in the region of the minimum and with a linear vertical
scale.

Faddeev calculations [5]. The Medley and SCANDAL
data agree with each other. They are very well described
by the calculations including 3N forces, whereas the cal-
culations without 3N forces are unable to reproduce the
data in the minimum region.
The np and nd differential cross sections are shown

in Fig. 2. Since the neutron monitors have uncertainties
of about 10% in the absolute neutron flux, the data need
to be renormalized. The Medley and SCANDAL np data
from the present experiments are normalized to the np
LISA data [23] and are shown as filled and open dots,
respectively. In the upper panel, the np data are compared
with recent data at the same energy that were also taken
with the SCANDAL setup [25, 26]. All sets of data are
in agreement with each other. Thus, having the np data
under good control, we can feel comfortable about the
nd results, whose absolute normalization is set using the
same normalization factors as for the np data. The nd
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FIGURE 2. The np and nd differential cross sections at
95 MeV neutron energy versus neutron c.m. angle. The filled
dots are preliminary SCANDAL data and the filled squares
are the Medley data [8], both sets of data being normalized to
the LISA np data [23]. In the upper panel the np results are
compared to the LISA data, recent SCANDAL data [25, 26],
the prediction of the CD-Bonn potential [3], and the Nijmegen
partial-wave analysis PWA93 [24]. The middle panel shows the
nd results together with pd data at the same energy [12]. The
theoretical curves are calculations using the CD-Bonn potential
with andwithout 3N forces [5], andCHPT calculations [6]. The
same is plotted in the lower panel in the region of the cross-
section minimum and with a linear vertical scale.

data are shown in the middle and bottom panels. Again,
the data are in agreement with each other and strongly
support the Faddeev calculations including 3N forces.
At the same energy in the c.m. system, pd data mea-

sured in inverse kinematics [12] are shown together with
the present nd data in Fig. 2. The reduced �2 between nd
and pd is about 2.5. The pd data are quite old (1954) and,
although probably very good for their time, have larger
uncertainties than the present nd data. This motivates a
new pd experiment at this energy to study Coulomb ef-
fects in detail. Indeed, such an experiment has recently
been performed at RCNP in Osaka, and the data are un-
der analysis [27].
Furthermore, the data taken with SCANDAL in neu-

tron detection mode, or the third experiment, will com-
plete the lower part of the angular distribution (at small
neutron c.m. angles). The new nd data will provide an ad-
ditional cross-check of the Medley data, and will also al-
low interesting comparisons with pd data since Coulomb
force effects are expected to be strongest in this angular
range.
In conclusion, a combination of pd and nd elastic scat-

tering data around 100MeV permits understanding of the
role of Coulomb interactions and performing a deep in-
vestigation of 3N force effects. We have measured the nd
differential cross section at 95 MeV incident neutron en-
ergy and normalized the result to the np cross section. An
inclusion of 3N forces is needed in order to describe the
data in the minimum region, either by solving the Fad-
deev equations with an additional 3N force from a 2�-
exchange model, or by performing CHPT calculations at
next-to-next-to-leading order.
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Appendix XI

Neutrons for Science and Industry - Uppsala Neutron Beam
Activities

J. Blomgren

Department of Neutron Research, Uppsala University, Sweden

Abstract. A wide programme on neutron-induced data for various applications is running at the 20–180 MeV neutron beam
facility at the The Svedberg Laboratory, Uppsala. The main research areas are nuclear data for accelerator-driven transmutation
of nuclear waste, single-event effects, and dose effects in fast-neutron cancer therapy and aviation environments. In addition,
experiments on fundamental nuclear physics are undertaken. Moreover, commercial device testing motivated by single-event
effects is a growing activity.

INTRODUCTION

Recently, a large number of applications involving high-
energy ( 20 MeV) neutrons have become important.
Accelerator-driven systems (ADS) for transmutation of
spent nuclear fuel and nuclear weapons materials, fast-
neutron cancer therapy, dose effects to the crew onboard
aircraft due to cosmic-ray neutrons, as well as electronics
failures induced by atmospheric neutrons, have all gotten
increasing attention.

This paper outlines experimental activities motivated
by the issues above. Brie� y, these can be divided into
two main categories: measurements of nuclear data, and
direct testing, the latter being rapidly growing.

THE NEUTRON BEAM FACILITY

The results presented here were all obtained at the old
neutron beam facility at the The Svedberg Laboratory
(TSL), Uppsala, Sweden [1, 2], originally designed for
high-quality nuclear physics experiments. Recently, a
new facility has been commissioned for joint use in
nuclear-data measurements and electronics testing, and
it is described in a separate contribution to this confer-
ence [3].

Neutron Production

At the old neutron facility (see Fig. 1), quasi-
monoenergetic neutrons are produced by the reaction
7Li(p,n)7Be in a target of 99.98% 7Li. After the target,
the proton beam is bent by two dipole magnets into an
8-m concrete tunnel, where it is focused and stopped in
a well-shielded carbon beam dump. A narrow neutron

FIGURE 1. The TSL neutron beam facility, from [2].

beam is formed in the forward direction by a system of
three collimators, with a total thickness of more than
four metres.

The energy spectrum of the neutron beam is shown
in Fig. 2. About half of all neutrons appear in the high-
energy peak, while the rest are roughly equally dis-
tributed in energy, from the maximum energy and down
to zero. The thermal contribution is small. The low-
energy tail of the neutron beam can be reduced by time-
of-� ight measurements (see Fig. 2). With a proton beam
of 5 µA onto a 4-mm lithium target, the total neutron
yield in the full-energy peak at the experimental position,
8 m from the production target, is about 5 104 cm 2s 1.
The energy resolution of the full-energy peak (1 2 MeV
FWHM) depends on the choice of lithium target thick-
ness.
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FIGURE 2. The neutron-energy spectrum with and without
time-of-flight rejection of low-energy neutrons, from [2].

FIGURE 3. The MEDLEY facility, showing the scattering
chamber and the eight telescopes [4].

Beam intensity monitoring is provided by three tech-
niques. The proton beam intensity is monitored at the
beam dump after the neutron production area, providing
a relative monitor. Two fission-based neutron monitors
are used, a thin film breakdown counter system and an
ionization chamber.

Base Equipment

Two major experimental setups are semi-permanently
installed. One of these is the MEDLEY detector tele-
scope array [4], housed in a scattering chamber and op-
erated in vacuum (see Fig. 3). At the exit of this cham-
ber, a 0.1-mm stainless steel foil terminates the vacuum
system, and from here on the neutrons travel in air. Im-
mediately after MEDLEY follows SCANDAL (SCAt-
tered Nucleon Detection AssembLy), a setup designed
for large-acceptance neutron and proton detection (see
Fig. 4).

FIGURE 4. Schematic figure of the SCANDAL setup.

The MEDLEY detector array consists of eight par-
ticle telescopes, placed at 20-160 degrees with 20 de-
grees separation. Each telescope is a �E �E E de-
tector combination, with sufficient dynamic range to dis-
tinguish all light ions from a few MeV up to maximum
energy, i.e., about 100 MeV. The �E detection is accom-
plished by fully depleted silicon surface barrier detectors,
and CsI(Tl) crystals are used as E detectors. For some
experiments, active collimators are used. These are plas-
tic scintillators with a hole defining the solid angle. All
the equipment is housed in a 100-cm-diameter scattering
chamber, so that the charged particles can be transported
in a vacuum.
Recently, the facility has been used also for fission

studies. In that case, the silicon detectors are used for
fission-fragment detection.
The SCANDAL (SCAttered Nucleon Detection As-

sembLy) setup [2] (see Fig. 4) has been designed for elas-
tic neutron-scattering studies. It consists of two identi-
cal systems, placed to cover 10–50 and 30–70 , respec-
tively. The energy of the scattered neutron is determined
by measuring the energy of proton recoils from a plas-
tic scintillator, and the angle is determined by tracking
the recoil proton. In a typical neutron-scattering exper-
iment, each arm consists of a 2-mm-thick veto scintil-
lator for fast charged-particle rejection, a 10-mm-thick
neutron-to-proton converter scintillator, a 2-mm-thick
plastic scintillator for triggering, two drift chambers for
proton tracking, a 2-mm-thick �E plastic scintillator that
is also part of the trigger, and an array of CsI detectors
for energy determination of recoil protons produced in
the converter by np scattering. The trigger is provided by
a coincidence of the two trigger scintillators, vetoed by
the front scintillator. SCANDAL can also be used as a
proton or deuteron detector. In those cases, the veto and
converter scintillators are removed.
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RESEARCH PROGRAMME

Fundamental Physics

Recently, the np scattering cross section at intermedi-
ate energies has been under intense debate (for a review,
see [5]). The np scattering cross section is of utmost im-
portance for applications because it is used for normal-
ization of nuclear data measurements. It is also of great
fundamental importance, because np scattering data are
being used for determination of the pion-nucleon cou-
pling constant, i.e., the absolute strength of the strong
interaction in the nuclear sector. This coupling constant
is of great relevance not only to basic nuclear physics,
but also on a cosmological scale.
Previously, a series of backward-angle np scattering

experiments have been undertaken [6, 7, 8, 9]. Recently,
these measurements have been complemented by a mea-
surement at forward angles at 96 MeV [10, 11]. In addi-
tion, a novel method to study backward-angle np scatter-
ing by tagging techniques has recently been developed at
IUCF, and it is described in another contribution to this
conference [12].
A number of experimental observations seem to indi-

cate that three-body forces exist in atomic nuclei. Re-
cent calculations [14] have indicated that measurements
of the differential cross section for elastic nd scattering in
the 60–200 MeV range should be useful in searches for
three-nucleon (3N) force effects. The neutron-deuteron
(nd) elastic scattering differential cross section has been
measured at 95 MeV incident neutron energy. Models
based on inclusion of 3N forces describe nd data in the
angular region of the cross-section minimum very well,
while models without 3N forces cannot account for the
data [15, 16] (see Fig. 6).

Elastic Neutron Scattering

Elastic neutron scattering is of utmost importance for
a vast number of applications. Besides its fundamen-
tal importance as a laboratory for tests of isospin de-
pendence in the nucleon-nucleon, and nucleon-nucleus,
interaction, knowledge of the optical potentials derived
from elastic scattering come into play in virtually ev-
ery applicationwhere a detailed understanding of nuclear
processes is important. Elastic-neutron scattering is im-
portant 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 pub-
lished [17, 18] (see Fig. 7), and five other nuclei are under
analysis. For a detailed description of the elastic-neutron
scattering project, we refer to the contribution to this con-
ference by Hildebrand et al. [19].
A facility for studies of inelastic-neutron scattering
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FIGURE 5. Angular distributions of np scattering cross sec-
tions at 96 MeV. Filled (open) circles represent data obtained
by neutron (proton) detection. In the upper panel, experimen-
tal differential cross sections are shown together with the Ni-
jmegen partial wave analysis PWA93 [13]. In the lower panel,
data and PWA93 have been multiplied with the solid-angle el-
ement 2�sin� to illustrate the relative weight in the normalisa-
tion to the total cross section. In both panels, the present data
are shown with double error bars; the inner bars representing
the statistical error, and the outer the statistical and systematic
errors, excluding normalisation errors, added in quadrature.

has recently been commissioned, and first data taking
will soon commence [22].

Light-Ion Production

Light-ion production is of major importance for as-
sessment of the biological effects due to intermediate-
energy neutrons (for a review, see, e.g., [23]). About
half the dose in fast-neutron cancer therapy comes from
np scattering, 10%-15% from elastic-neutron scattering,
and the remaining 35%-40% from neutron-induced emis-
sion of charged particles, such as protons, deuterons, tri-
tons, 3He, and �-particles. Double-differential cross sec-
tions for all these reactions in tissue-relevant nuclei are
presently being studied with the MEDLEY setup [24].
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FIGURE 6. Ratio of the nd and the np cross sections at
95 MeV, as a function of the laboratory angle of the recoiling
proton or deuteron [16]. The solid (dotted) line is a cross-
section calculation, based on the CD-Bonn nucleon-nucleon
potential, without (with) three-nucleon effects included.

FIGURE 7. Angular distributions of elastic-neutron scatter-
ing from 12C (open circles) and 208Pb (solid circles) at 96 MeV
incident energy [18]. The 12C data and calculations have been
multiplied by 0.01. The solid lines represent best fits to the
present data, using a parameterization by Koning and De-
laroche [20], while the dotted lines are cross sections given by
the evaluated nuclear data file ENDF-6 [21].
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FIGURE 8. Double-differential cross sections for neutron-
induced proton, deuteron, and triton production in iron, lead,
and uranium at 96 MeV [25].

Although intended for medical purposes, the require-
ments from these led to a multipurpose detector design,
which has turned out to be useful for many different ap-
plications. One of these is hydrogen and helium produc-
tion in an ADS, exemplified with measurements on iron,
lead, and uranium [25] (see Fig. 8). For electronics up-
sets, silicon has been studied [26] (see Fig. 9), which is
described elsewhere at this conference [27].

Fast-Neutron Fission

Although themain fission effects in an ADS arise from
neutrons at lower energies, the high-energy neutron fis-
sion gives significant contributions to the power released.
Very little data exist on high-energy fission, but the situ-
ation is undergoing rapid improvement. This can be ex-
emplified by the ongoing work at the TSL neutron beam,
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manifested in a number of contributions to this confer-
ence [28, 29, 30, 31, 32]. A new facility for studies also
of angular distributions is under commissioning [33].

Neutron-Induced Electronics Failures

Recently, the importance of cosmic-radiation effects in
aircraft electronics has been highlighted. (For reviews on
this issue, see, e.g., [34] and references therein. Nuclear
data aspects are outlined in [35].) When an electronic
memory circuit is exposed to particle radiation, the latter
can cause a flip of the memory content in a bit, which
is called a single-event upset (SEU). This induces no
hardware damage to the circuit, but evidently, unwanted
re-programming of aircraft computer software can have
fatal consequences.
At flight altitudes, as well as at sea level, the cosmic-

ray flux is dominated by neutrons and muons. The latter
do not interact strongly with nuclei, and therefore neu-
trons are most important for SEU.
Since neutrons have no charge, they can only inter-

act via violent nuclear reactions, in which charged parti-
cles are created that occasionally induce an SEU. Thus,
knowledge of the nuclear interaction of neutronswith sil-
icon is needed to obtain a full understanding of the SEU
problem. Firm experimental information about neutron-
induced cross sections is very scarce. Thus, one has
had to rely heavily on calculations based on nuclear
models that have a poor and essentially unknown preci-
sion.Measurements of neutron-induced charged particle-
production cross sections are therefore of utmost impor-

FIGURE 10. Overview of the new TSL neutron beam
facility.

tance for a full understanding of the SEU problem in avi-
ation electronics.
If the neutron-induced charged-particle production

cross sections were known, and thus the energy depo-
sition on a microscopic level, it might be possible to cal-
culate the SEU rate with reasonable precision also for
any future components. Up to now, direct in-beam com-
ponent testing has been carried out to characterize the ef-
fect, especially its neutron-energy dependence [36, 37].
These studies have been further developed by mea-

surements of cross sections for light-ion production (see
above), and experiments at the CELSIUS storage ring on
production of heavier ions [38].

OUTLOOK

The rapid growth in demand for neutrons has motivated
the construction of a new 20 180 MeV neutron beam
facility at TSL (see Fig. 10). 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 such as
the shape, and reserved space for a future pulse-sweeping
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system.
For nuclear data research, the increased intensity will

facilitate a large experimental program at 180MeV, hith-
erto excluded by count-rate limitations. For testing of
electronics, the increased intensity in combination with a
larger beam diameter, which facilitates testing of a large
number of components simultaneously, will provide a to-
tal failure rate of about a factor 300 larger than for the
present facility. This means that the new TSL neutron-
beam facility can outperform any existing facility in the
world.
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Abstract. A new quasi-monoenergetic neutron beam facility has been constructed at the The Svedberg Laboratory 
(TSL) in Uppsala, Sweden. Key features include an energy range of 20 to 175 MeV, high fluxes, and the possibility of 
large-area fields. Besides cross-section measurements, the new facility has been designed specifically to provide optimal 
conditions for testing of single-event effects in electronics and for dosimetry development. First results of the beam 
characterization measurements performed in early 2004 are reported. 

INTRODUCTION

Over the past years, a growing interest in nuclear 
applications, such as accelerator-driven transmutation 
of nuclear waste [1], fast-neutron cancer therapy [2-5], 
measurement of dose delivery to personnel in aviation 
[2,6], as well as electronic failures due to neutrons 
produced by cosmic rays [7,8] has put new emphasis 
on the need for a detailed understanding of nuclear 
interactions involving neutrons at intermediate 
energies (20-200 MeV). To satisfy these needs, a new 
quasi-monoenergetic neutron-beam facility has been 
constructed at the The Svedberg Laboratory (TSL), 
Uppsala. Emphasis has been put on a high neutron 
beam intensity in combination with a high flexibility 
in energy and shape. 

TECHNICAL SPECIFICATION 

The facility uses the 7Li(p,n)7Be reaction (Q= 
1.64 MeV) to produce a quasi-monoenergetic neutron 
beam. The proton beam is provided by the Gustaf 
Werner cyclotron with an energy variable in the 
20-180 MeV range. A drawing of the neutron-beam 
facility is shown in Fig. 1. The proton beam is incident  

FIGURE 1. Drawing of the new neutron beam facility. The 
neutron beam is produced in the lithium target and continues 
along the D-line. The lithium target, the deflecting magnet, 
and the collimator are indicated. The drawing shows also the 
position for two permanent but movable experimental setups, 
Medley and SCANDAL. 
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on a target of lithium, enriched to 99.99% in 7Li. The 
available targets are 2, 4, 8, 16, and 24 mm thick. The 
targets are rectangular in shape, 20x32 mm2, and are 
mounted in a remotely controlled water-cooled copper 
ring. An additional target position contains a 
fluorescent screen viewed by a TV camera, which is 
used for beam alignment and focusing. Downstream 
from the target, the proton beam is deflected by a 
magnet into a 10-m-long dumping line, where it is 
guided onto a heavily shielded water-cooled graphite 
beam dump. 

The neutron beam is formed geometrically by a 
cylindrically shaped iron collimator block, 50 cm in 
diameter and 100 cm long, with a cylindrical hole of 
variable diameter. The collimator is surrounded by 
concrete to form the end wall of the production line 
towards the experimental area. Thereby, efficient 
shielding from the production target region is 
achieved. A modular construction of the collimator 
allows the user to adjust the diameter of the neutron 
beam to the needs of a specific experiment. The 
available collimator openings are 2, 3, 5.4, 10, 15, 20, 
and 30 cm. Other collimator diameters in the 0-30 cm 
range, as well as other shapes than circular can be 
provided upon request. Beam diameters of up to 1 m 
are obtainable at a larger distance from the production 
target, which may be used for testing a larger number 
of devices simultaneously, or larger devices like entire 
electronic boards. The facility is capable to deliver 
neutrons in the 20-175 MeV range. This makes TSL 
the only laboratory in the world offering full 
monoenergetic neutron testing according to the 
JEDEC standard [8]. 

Neutrons reach the experimental area at a distance 
of about 3 m from the production target. Reduction of 
this distance has led to an increase of the neutron flux 
by about one order of magnitude in comparison with 
the old TSL neutron facility [9,10], using the same 
target thickness, proton energy, and current. Beam 
currents of up to 10 µA can be achieved for energies 
below 100 MeV. Above 100 MeV, when the cyclotron 
operates in FM mode, the achievable beam current is 
about a factor of 12 lower. The resulting lower neutron 
fluence can be partly compensated for by the use of 
thicker lithium targets. 

Two additional irradiation positions, which can be 
used parasitically with other experiments, are provided 
(see Table 1). The increase of the neutron flux at these 
positions is reached at the expense of limited 
accessibility, limited size of irradiated objects, and 
more intense γ-ray background.  

TABLE 1. Parasitic irradiation positions.
Position Distance from 

the Li Target 
(m)

Angle to
the n-Beam 
Direction (°)

Gain in the 
Neutron Peak 

Flux 
PARTY 1.9 1.6 2.5 
TUNIS 1.1 7.5 1.7 – 2.21)

1) dependent on the peak neutron energy. 

CHARACTERIZATION OF THE 
FACILITY 

The first neutron beam at the new facility was 
delivered in January 2004. Since then, extensive 
commissioning runs of the facility have been 
performed, including optimization of beam transport, 
diagnostics, vacuum and background conditions, as 
well as measurements of neutron flux, spectra, and 
profile. First results are reported below.  

The measured contamination of the neutron beam 
at the experimental area due to interactions of the 
primary protons with beam transport elements such as 
the target frame did not exceed 0.2%. Such 
interactions only lead to a minor surplus of neutrons in 
the experimental area because charged particles 
produced near the Lithium target and upstream are 
removed by the deflection magnet. The relative 
contamination of protons with energies above 15 MeV 
in the neutron beam is about 10�5. These 
measurements have been performed for a proton beam 
energy of 98 MeV. 

The energy and angular distribution of neutrons 
delivered to the experimental area is mainly defined by 
the double-differential cross section of the 7Li(p,n)
reaction at forward angles. The reaction energy 
spectrum is dominated by a peak situated a few MeV 
below the energy of the primary protons and 
comprising about 40% of the total number of neutrons. 
Neutron spectra have been obtained by measuring 
elastic np-scattering with the Medley setup [11]. The 
scattered protons are registered at an angle of 20°
relative to the neutron beam. Besides the energy of the 
scattered proton, the time-of-flight (TOF) relative to 
the RF signal from the cyclotron for each event is 
recorded. As an example, the measured proton energy 
vs. neutron TOF is shown in Fig. 2. All proton events 
for a peak neutron energy of 74.8 MeV are contained. 
The horizontal and vertical straight lines indicate the 
position of the proton peak in time and energy for 
elastic scattering events caused by peak neutrons. The 
bent line shows the calculated position of elastic 
scattering events for different neutron energies. The 
neutron spectrum is deduced by application of a cut 
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around this bent line, proper background subtraction, 
and calculation of the corresponding incoming neutron 
energy on an event-by-event basis. The measured 
neutron spectra for five incident proton energies 
between 24.7 and 147.4 MeV are shown in Fig. 3. The 
measurements are compared with the systematics by 
Prokofiev et al. [12] for the four higher energies 
(Fig. 3 b-e). The systematics is not applicable at the 
lowest beam energy (Fig. 3 a). Instead, an evaluation 
of Mashnik et al. [13] was employed for the 
description of the neutron spectrum. The differential 
cross section for high-energy peak neutron production 
at 0° was obtained by multiplication of the total cross 
section of the 7Li(p,n)7Be reaction [13] to the “index of 
forwardness” from the systematics of Uwamino et al.
[14]. The narrow peaks in the upper continuum region 
correspond to excitation of higher states in residual 
7Be nuclei. This process was included in the model 
calculation of Mashnik et al. [13]. However, the 
energy resolution in the experiment does not allow us 
to observe these peaks. 

FIGURE 2. Measured proton energy vs. time-of-flight 
(TOF) for a peak neutron energy of 74.8 MeV registered at a 
scattering angle of 20° (see text). 

The experimental data agree with the calculations 
except for the region below 10 MeV in the 24.7-MeV 
spectrum where the model overpredicts the 
experimental results by up to a factor of 2, and the 
region just below the peak in the 77.4-MeV spectrum. 
The later is due to the fact that no carbon background 
subtraction could be applied to these data. This would 
reduce the difference between the experiment and the 
calculation in the 30- to 70-MeV region where elastic 
events caused by tail neutrons and protons from 
12C(n,xp) reactions caused by peak neutrons overlap 
(cp. Fig. 2). Table 2 summarizes the main features of 
the measured spectra and the achieved neutron 
fluence. The later has been measured with the thin-
film breakdown counter (TFBC) [15]. Another 
monitoring option is provided by an ionization-
chamber monitor (ICM). Both monitors, usually 
installed after the Medley chamber, utilize neutron-

induced fission of 238U. Finally, a Faraday cup, 
installed in the proton beam dump, integrates the beam 
current and offers relative monitoring of the beam 
intensity. 
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FIGURE 3. The neutron spectra at 0º for different peak 
neutron energies (see Table 2 for incident proton energies 
and 7Li target thicknesses). Symbols connected by a solid 
line represent experimental data obtained in the present 
work. Predictions are shown as dashed lines (see text). Note 
that no carbon background subtraction could be applied to 
the 77 MeV data (c) (see text). 

Figure 4 shows a horizontal beam profile for 
143-MeV neutrons, measured at a distance of 4.77 m 
from the production target. The measurement was 
performed by counting neutron-induced single-event 
upsets in a set of electronic chips positioned across the 
beam [16]. Another measurement of the beam profile 
performed at 94.7 MeV is currently under analysis. 

SUMMARY AND OUTLOOK 

A new neutron beam facility has been constructed 
at TSL and is now available for regular operation. It is 
capable to deliver neutrons in the 20-175 MeV range, 
which makes TSL the only laboratory in the world
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TABLE 2. First results for the neutron spectra and beam intensities. The fluences have been measured with the TFBC and refer 
to the entrance of the experimental hall. Higher fluences can be achieved by using thicker Li targets. 

Fraction of Neutrons in the 
Mono-Energetic Peak (%) Proton Beam 

Energy (MeV) 

Li Target 
Thickness 

(mm)

Beam
Current 

(µA)

Resulting Average 
Energy of Peak 
Neutrons (MeV) Measured Calculated 

Peak Neutron Fluence 
(105 neutrons/(cm2 s)) 

24.68 ± 0.04  2  10 21.8 ~50 -- 1.3 
49.5 ± 0.2 4 9.5 46.5 39 36 2.8 
77.4 ± 0.2 4 9.9 74.8 34 1) 40 2.4 
97.9 ± 0.3 8 3.4 94.7 41 39 3.1 
147.4 ± 0.6 24 0.26 142.7 55 2) 40 0.9 
1) lower limit since no carbon background runs are available for this energy; 2) upper limit due to poor energy resolution. 

FIGURE 4. The horizontal beam profile for 142.7-MeV 
neutrons, measured at the distance of 4.77 m from the 
production target. Vertical dashed lines represent boundaries 
of the beam expected from the geometry of the collimator. 

offering full monoenergetic neutron testing according 
to the JEDEC standard [8]. First beams for commercial 
electronics testing, as well as for nuclear physics 
research, have been delivered. 

For spring 2005, it is planned to measure the flux 
of thermal neutrons in the experimental hall. As a 
response to the needs of SEE users, the possibility of 
delivering peak neutrons with lower energies 
(<20 MeV) is being considered.  
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Abstract. A new facility is constructed for measurements of neutron-induced fission cross sections in the 20-180 MeV 
energy region versus the np scattering cross section, which is adopted as the primary neutron standard. The advantage of 
the experiment compared to earlier studies is that the fission-fragment detection and the neutron-flux measurement via 
np scattering are performed simultaneously and at the same position in the beam, and, therefore, many sources of 
systematic errors cancel out. Further reduction of systematic errors is achieved due to “embedded” determination of 
effective solid angle of particle detectors using α-particles from the radioactive decay of the target nuclei. The 
performance of the facility is illustrated by first data obtained for angular distributions of fission fragments in the 
238U(n,f) reaction. 

INTRODUCTION 

Fission is one of the important processes that 
occurs in the spallation target and in the reactor core of 
an accelerator-driven system (ADS). The fission 
channel contributes to the neutron production, to the 
radioactivity produced in the target, as well as to the 
chemical and radiological toxicity of the reaction 
products. 

Furthermore, neutron-induced fission reactions of 
235U, 238U, and 209Bi are internationally recommended 
as standards for monitoring of high-energy neutron 
beams [1]. The 238U(n,f) reaction is most widely used 
due to the compromise between the magnitude of the 
cross section, the insensitivity to low-energy neutrons, 
and the availability of the target material. Monitors 
based on the 238U(n,f) reaction are employed at many 
high-energy neutron facilities [2-6]. Schuhmacher 
et al. [3] have reported the use of the 238U(n,f) reaction 
for neutron-spectrum measurements as well. 

High-energy (n,f) data are important as well for a 
number of theoretical developments, e.g., the

understanding of dynamic effects in the fission process 
[7] and the theory of nuclear moments of inertia [8]. 

Despite the importance of the high-energy (n,f)
cross-section data for theory and applications, there 
have been few attempts [4,9-12] to measure them in 
absolute scale, i.e., versus the np scattering cross 
section, which is adopted as the primary neutron 
standard [1]. Only two studies [9,11] have resulted in 
journal papers, one of which [9] is in apparent 
disagreement with newer data above 20 MeV. The 
current standard 235U(n,f) and 238U(n,f) cross sections 
recommended by IAEA [1] are based on the data sets 
of Lisowski et al. [10]. The latter data have undergone 
a few revisions, while a publication with the final 
results and a thorough description of the experimental 
technique is still awaited. The data of Newhauser et al.
[12] have been superseded by newer results of the 
same group [4], which are not finally published either. 
Even fewer data sets are available for neutron-induced 
fission fragment angular distributions (FFAD) above 
20 MeV [13-15]. 
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In the framework of the FIRANDET project 
(Fission Research with Advanced Detectors), a new 
facility is constructed for measurements of neutron-
induced fission cross sections in absolute scale. As a 
first step towards the cross-section measurements, we 
have obtained data on angular distributions of fission 
fragments from the 238U(n,f) reaction. 

EXPERIMENTAL SETUP  

The facility for neutron fission studies makes use 
of the Uppsala neutron beam produced via the 7Li(p,n) 
reaction induced by protons in the 20-180 MeV energy 
range. The experiment described in the present work 
was performed in 2003, before the upgrade of the 
neutron beam. A thorough description of the neutron 
beam before the upgrade may be found in [6]. A 
description of the new neutron beam line, together 
with examples of neutron spectra, may be found in 
another contribution to this conference [16]. 

The present experimental program makes use of the 
Medley setup, which is extensively described in [17]. 
Only a brief description is given below, emphasizing 
features that are specific for studies of neutron-induced 
fission. 

A schematic view of the Medley setup is shown in 
Fig. 1. The chamber was situated at a distance of about 
9.2 m from the neutron production target. It has 
circular shape with a target assembly in the center and 
eight detector telescopes mounted at angles of 20 to 
160° relative to the beam direction, in steps of 20°.

The target assembly consists of two layers of 
238UF4, each about 1 mg/cm2 thick, deposited on 
polyethylene backings, about 90 µm thick, and 
mounted back-to-back. The angle between the normal 
to the target surface and the beam direction is 45°. The 
target assembly is 65 mm in diameter, and is fully 
covered by the central homogeneous area of the 
neutron beam. 

Each detector telescope consists of two fully 
depleted surface barrier Si detectors, 50-60 and 
400-500 µm thick, respectively, and a 5-cm long 
CsI(Tl) scintillator crystal. Both the α-particles from 
the radioactive decay of 238U and the fission fragments 
are fully stopped and detected by the first Si detector. 

Recoil protons, coming from the H(n,p) reaction with 
the hydrogen nuclei in the target backing, pass through 
both Si detectors and are stopped in the CsI(Tl) 
scintillator. The protons are discriminated against 
other charged particles using ∆E-E techniques. Only 
information from the telescopes at 20° and 40° is 
useful for neutron beam monitoring, since the elastic 
peak becomes too wide at larger angles, and the 
relative contribution of background from the 12C(n,p) 
reaction increases. Time-of-flight (TOF) techniques 
are employed to distinguish fission and recoil proton 
events due to the high-energy peak and the low-energy 
tail in the neutron spectrum.

FIGURE 1. Schematic view of the Medley assembly. The 
neutron beam impinges on the target from the top left corner 
of the figure. A cross-section view below the main figure 
shows the arrangement of detectors in a fully equipped 
telescope. 

DATA ANALYSIS 

An advantage of the experiment compared to 
earlier studies is that the fission-fragment detection 
and the neutron-flux measurement via np scattering are 
performed simultaneously and at the same position in 
the beam, and, therefore, many sources of systematic 
errors cancel out, as it is shown below. 

The count rate of fission events induced by high-
energy peak neutrons and registered by i-th detector is: 

),(
2

)( i
f

n
Ai

if d
d

j
A
Nmn ϑ

σ
π

ϑ
Ω

Ω=  (1) 
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differential fission cross section. The count rate of α-
particles from radioactive decay of target nuclei is: 
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where aspec is the specific α-activity of the target 
nuclide. Combining Eqs. (1) and (2) gives: 
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is the relative FFAD. Thus, the described procedure 
allows us to reduce the FFAD measurement to the 
simple counting of fragments and α-particles. The 
latter are counted either during the beamtime or in 
additional runs without the beam. 

The second term in Eq. (3) includes only well-
known physical constants, and the third one is the 
inverse neutron flux. Neither the amount of the target 
nuclide nor the solid angle subtended by the detector 
are present in Eq. (3). Thus, counting α-particles from 
radioactive decay of target nuclei provides an 
“embedded” determination of the effective solid angle 
of the detectors and allows us to reduce further the 
systematic errors. In particular, the described 
procedure is insensitive to a possible inhomogeneity of 
the target. 

EXPERIMENTAL RESULTS 

In order to illustrate the performance of the facility, 
we report FFAD in the 238U(n,f) reaction at quasi-
monoenergetic neutrons with a peak energy of 
20.9 MeV. 

Clear separation between fission fragments and 
products of non-fission reactions is observed in the 
energy spectra for all detectors, and, therefore, the 
uncertainty in the fission count rate is purely 
statistical. In Fig. 2, the FFAD, obtained according to 
Eq. (4), is shown. The line in Fig. 2 represents the least 
squares fit to the data according to the following 
equation: 

,cos1~)( 2 ϑϑ BW +  (5) 

where θ is the angle between the incident beam and 
the fragment direction in the frame of the fissioning 
nucleus, and B=0.443±0.052 is the angular anisotropy 
factor. Since the TOF information has not been used 
yet, the shown angular distribution is a superposition 
of contributions from reactions induced by neutrons of 
different energies in the incident spectrum. 

FIGURE 2. FFAD from the 238U(n,f) reaction induced by 
quasi-monoenergetic neutrons with a peak energy of 
20.9 MeV. Symbols represent the present measurement 
results. The curve represents a fit to the experimental data 
according to Eq. (5). All data are normalized to unity at 90°.

In order to deduce the angular anisotropy for the 
peak neutron energy, we have to correct for the 
contribution from reactions induced by low-energy tail 
neutrons, using either a TOF cut for the experimental 
data or a model calculation based on data on the 
incident neutron spectrum, the fission cross section, 
and the angular anisotropy in the low-energy region. In 
the present work, only the second option has been 
applied. The neutron spectrum from the 7Li(p,n) 
reaction at 0° is taken from the evaluation of Mashnik 
et al. [18], included in the LA150 library. The 238U(n,f) 
cross-section data come from the ENDF-VI library 
(below 20 MeV) and from the evaluation of Carlson 
et al. [1] (above 20 MeV). By folding the neutron 
spectrum and the fission cross section, we obtain the 
distribution of fission events on incident neutron 
energy. The resulted distribution is folded with fission 
anisotropy calculated using the STAPRE-H code 
[15,19] for the neutron energies below 20 MeV. The 
result is the contribution to the anisotropy due to the 
low-energy tail neutrons. Comparing it with the 
measured integral anisotropy factor given above, we 
arrive at the anisotropy factor related to fission 
induced by high-energy peak neutrons: B=0.48±0.09. 
The result is shown in Fig. 3 together with other 
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experimental data [20] and the model calculation 
[15,19]. The present result is in agreement with the 
data of Ryzhov et al. [14,15] and the STAPRE-H 
calculation [15,19]. 

FIGURE 3. Anisotropy of neutron-induced fission of 238U.
The data from the present work have been corrected for the 
contribution from low-energy neutrons (see the text). 

CONCLUSIONS AND OUTLOOK 

A new facility has been used to obtain angular 
distributions of fragments from the 238U(n,f) reaction. 
The results are in agreement with both earlier 
experiments and theoretical calculations. This ensures 
adequacy of the performance of the new setup and the 
used data analysis techniques. Measurements and 
processing of obtained experimental data will be 
continued. 
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sections are directly linked via the relation

�T
d�
d�

d�
180

0
2� sin �

d� �
d�

d� (1)

Previously, our group has studied np scattering in the
backward angular range. At 96 MeV, data in the 74
180 angular range have been published [11]. Since part
of the total angular range was missing, the normaliza-
tion was obtained in a procedure where the undetected
fraction of the angular distribution was obtained from
partial-wave analyses and NN interaction models. This
has motivated the present experiment on forward-angle
np scattering. Extending the angular distribution to cover
20 180 allows a purely experimental normalization.
The missing part (0-20 ) gives very small contributions
to the uncertainty in the normalization, because the solid
angle vanishes at zero degrees.
Recently, a novel technique for normalization of

neutron-induced cross sections has been presented [12].
In elastic neutron scattering from nuclei, the absolute
scale can be provided with a method similar to the one
of Eq. 1, with the difference that a relative angular dis-
tribution of elastic scattering is normalized to the total
elastic cross section. The latter, in turn, can be derived
from the difference between the total cross section and
the reaction cross section. In a recent experiment on elas-
tic neutron scattering from 12C and 208Pb, this technique
was found to have an uncertainty of 3%. Thereby, a mea-
surement of the 12C/1H elastic neutron scattering cross
section ratio could provide a new, independent normal-
ization of np scattering.
The neutron beam facility at the The Svedberg Lab-

oratory, Uppsala, Sweden, has recently been described
in detail [13], and therefore only a brief outline will be
given here. Neutrons were produced by the 7Li(p,n)7Be
reaction. The resulting neutron spectrum consisted of
a peak at 95 6 0 5 MeV with an energy spread of
1.6 MeV (FWHM), and a low-energy tail that was sup-
pressed by time-of-flight techniques. A fission detec-
tor for absolute monitoring of the neutron fluence was
mounted near the experimental setup, about 10 m after
the 7Li target.
A full description of the present experiment has been

made recently [14]. The SCANDAL (SCAttered Nu-
cleon Detection AssembLy) setup was used. This detec-
tor setup, which has previously been described in [13],
consists of two identical arms positioned on each side
of the neutron beam, covering the angular ranges 10-
50 and 30-70 . In the present experiment, each arm
consisted of a 2-mm-thick veto scintillator for charged-
particle rejection, two converter scintillators of 20 mm
and 10 mm thickness for neutron-proton conversion, a
2-mm-thick �E plastic scintillator for triggering, two
drift chambers (DCH) for proton tracking, another 2-
mm-thick �E plastic scintillator that was part of the trig-

ger, and an array of CsI detectors (12 on each arm) for
energy determination of recoil protons produced in the
converter by np scattering. The total neutron energy res-
olution is different for individual CsI crystals, but is on
average 3.7 MeV (FWHM).
Calibration runs were performed by placing a thin

CH2 target in the beam and detecting recoil protons from
np scattering. For the real measurement (in neutron de-
tection mode), cylinders (16 cm high and 8 cm diam-
eter) of graphite and CH2 were used as scattering tar-
gets, where carbon was treated as a background to H(n,n)
events in CH2. Background data (no target) were also
recorded.
In the first pre-sorting procedure, it was required that

at least one CsI detector in the event had a pulse height
above a certain threshold value. Another requirement
was that each event had both vertical and horizontal drift-
chamber information in two points along the path. At this
point, the conversion point in one of the two converters
was calculated. The depth of the conversion was deter-
mined from pulse-height information, and the conversion
angle was calculated from DCH trajectory information.
At the same time, the elastic neutron-scattering angle in
the target was calculated from the knowledge of the con-
version point, presuming neutron scattering in the target
centre.
The calibration of the CsIs and plastic scintillatorswas

made detector-by-detector with (n,p) data from the cali-
bration runs. In each detector it was possible to identify
two calibration points; the pedestal channel and the np
proton peak. Energy losses inside the detector setup were
taken into account.
Particle identification was achieved by a �E E tech-

nique, where the sum of the detected energy losses in the
two trigger scintillators was plotted against the energies
in the CsI detectors. Each CsI crystal defined an angular
bin, and it was considered important to associate every
elastically scattered event with one specific CsI. Conse-
quently, a position gate was applied on every crystal, en-
suring that an accepted proton was stopped in a single
CsI detector. Events from the low-energy tail of the neu-
tron spectrum were rejected using a cut on the neutron
time of flight (TOF). The TOF was defined as the time
difference between the first trigger detector and a signal
from the cyclotron RF.
The conversion of neutrons to protons in the converter

scintillators can occur through the 12C(n,p) reaction, in-
stead of the H(n,p) reaction, since the scintillators con-
tain carbon as well as hydrogen. On the other hand, the
Q-value for 12C(n,p) is 12 6 MeV, meaning that at for-
ward angles, an energy cut is sufficient to separate the
two reactions. However, at a conversion angle of about
20 , the proton energies from the two processes overlap,
and it cannot be determined whether np scattering or the
12C(n,p) reaction is responsible for the conversion. To



113

resolve this ambiguity, a maximum conversion angle cri-
terion was applied, demanding that the conversion angle
be less than 10 .
Energy spectra were obtained for the instrumental

background (no target), the graphite target, and the CH2
target. Background and signal spectra were normalized
to the same neutron fluence (given by the fission moni-
tor) and corrected for dead time before being subtracted
from both graphite and CH2. Then the carbon content
was subtracted from CH2.
Effects of multiple scattering in both the graphite

and CH2 targets were investigated with a Monte Carlo
code [15]. The effect was found to be of importance only
at the two most forward CsI detectors (at angles 10 and
14 in the laboratory system). At 10 the correction for
multiple scattering was around 5% in CH2 and 7% in
graphite.
When determining the angular distribution of the elas-

tic neutron-scattering cross section, the number of scat-
tering events in every CsI was obtained from the hydro-
gen histograms. The solid angles for protons detected in
the CsI crystals have been calculated from a computer
code that has recently been described [12]. The data were
corrected for detection efficiency effects and for the con-
tribution from low-energy neutrons. The absolute scale
was given by the TFBC neutron monitor that in itself has
an uncertainty of more than 10%, making further nor-
malization necessary.
The data were normalized to the total np cross sec-

tion in the following way. The present data were to be
combined with the earlier data by Rahm et al., obtained
with the LISA magnetic spectrometer [11], to form one
data set covering the angular interval 20-180 in the c.m.
system. To obtain a single relative distribution, the sub-
sets were internally normalized using the Nijmegen par-
tial wave analysis PWA93 [16]. A final normalization of
the combined data set to the total np cross section mea-
sured with high precision by Lisowski et al. [17] was
then made, using Eq. 1. The total renormalization for the
present data is within the 10% uncertainty of the neu-
tron monitor. The renormalization of the Rahm data is
0 7%, which is well within the normalization uncertainty
of 1.9% stated in [11].
In the present experiment, the relative differential

cross section was measured and then normalized us-
ing independent information. Uncertainties that affect all
angles equally (e.g., drift-chamber inefficiencies, neu-
tron monitoring, and computer dead time) are therefore
taken care of by the normalization procedure. In the
systematic uncertainties are included uncertainties that
may affect the shape of the angular distribution, as the
uncertainties due to the geometry, the event selection,
the corrections, and the detector-to-detector relative effi-
ciencies. The summed systematic uncertainty dominates
compared to the statistical uncertainty and is typically

FIGURE 1. Angular distributions of np scattering cross sec-
tions at 96 MeV. Filled circles represent the present data and
open squares are the renormalized Rahm et al. data [11]. In the
upper panel, experimental differential cross sections are shown
together with the Nijmegen partial wave analysis PWA93 [16].
In the lower panel, data and PWA93 have been multiplied with
the solid-angle element 2�sin� to illustrate the relative weight
in the normalization to the total cross section. In both panels,
the present data are shownwith double error bars, the inner bars
representing the statistical error, and the outer the statistical
and systematic errors, excluding normalization errors, added in
quadrature.

4% except for the two most forward data points, which
have an uncertainty of up to 12%.
The results of the present work consist of two parts;

firstly the forward-angle np data measured in the present
experiment, and secondly the backward-angle np data
previously reported in [11] and now renormalized. To-
gether, these two data sets cover an angular range of 160
in the c.m. system, i.e., the angles 20-180 . The results
are shown in Fig. 1, where the upper panel presents the
angular distributionof the two data sets together with Ni-
jmegen PWA93 [16], and the lower panel shows the same
information multiplied by the solid-angle element to il-
lustrate the importance of each data point in the normal-
ization to the total hydrogen cross section.
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FIGURE 2. Differential scattering cross sections of the
present work (filled circles). The data are shown together with
the Nijmegen PWA93 [16] and with experimental data from the
literature in the energy region 90-100MeV [18, 19, 20, 21, 22].
Only statistical errors are shown.

Figure 2 shows data from the present experiment
together with other forward np scattering data at 90-
100 MeV from the literature, i.e., data from Mermod
et al. [18], Chih and Powell [19], Griffith et al. [20], Bers-
bach et al. [21], and Scanlon et al. [22]. The partial wave
analysis Nijmegen PWA93 [16] is also shown.
A novel technique for absolute scale normalization has

been tested. We tried to obtain the absolute value of np
scattering using elastic scattering from carbon (normal-
ized to the total elastic 12C(n,n) cross section) as a refer-
ence, for which an uncertainty of 3% has been estimated
[12]. This method gave, however, an uncertainty of about
10% in the normalization. This comes from the fact that
elastic scattering from carbon has a much steeper slope
than np scattering; thus, the normalization of one versus
the other becomes very sensitive to experimental uncer-
tainties in the absolute angle.
It should be pointed out that the np data presented are

not the only important results, but also the investigations
of measurement techniques and normalization methods.
The present experiment has reached a very high level of

accuracy, given the fact that it deals with neutrons both
in the incident and exit channel. With the present data in
the 20-75 range, the normalization of the previous data
by Rahm et al. [11] in the 74-180 range could be cross-
checked. This resulted in a renormalization of these data
of 0.7%, i.e., within the reported uncertainty of 1.9%.
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one measurement on neutron-elastic scattering with an
energy resolution adequate for resolving individual nu-
clear states, an experiment at UC Davis at 65 MeV on
a few nuclei [3]. In addition, a few measurements in the
0–20 range are available, all with energy resolution of
20 MeV or more. This is, however, not crucial at such
small angles because elastic scattering dominates heav-
ily, but at larger angles such a resolution would make
data very difficult to interpret.

EXPERIMENTAL SETUP

The neutron beam facility at The Svedberg Laboratory,
Uppsala, Sweden, has recently been described in de-
tail [4], and therefore only a brief description is given
here. The 96 0 5 MeV (1.2 MeV FWHM) neutrons
were produced by the 7Li(p,n) reaction by bombarding
a 427 mg/cm2 disc of isotopically enriched (99.98%) 7Li
with protons from the cyclotron. The low-energy tail of
the source-neutron spectrum was suppressed by time-of-
flight techniques. After the target, the proton beam was
bent into a well-shielded beam dump. A system of three
collimators defined a 9-cm diameter neutron beam at the
scattering target.
Scattered neutrons were detected by the SCANDAL

(SCAttered Nucleon Detection AssembLy) setup [4]. It
consists of two identical systems, placed to cover 10–
50 and 30–70 , respectively. The energy of the scat-
tered neutrons is determined by measuring the energy of
proton recoils from a plastic scintillator, and the angle is
determined by tracking the recoil proton. In the present
experiment, each arm consisted of a 2-mm-thick veto
scintillator for fast charged-particle rejection, a 10-mm-
thick neutron-to-proton converter scintillator, a 2-mm-
thick plastic scintillator for triggering, two drift cham-
bers for proton tracking, a 2-mm-thick �E plastic scin-
tillator that was also part of the trigger, and an array of
CsI detectors for energy determination of recoil protons
produced in the converter by np scattering. The trigger
was provided by a coincidence of the two trigger scintil-
lators, vetoed by the front scintillator.The total excitation
energy resolution varies with CsI crystal, but is on aver-
age 3.7 MeV (FWHM). The angular resolution is in the
1 0 1 3 (rms) range.

RESULTS AND DISCUSSION

Data on 12C and 208Pb

Excitation energy spectra are presented in Fig 1. In
these spectra, Gaussians representing known states are
indicated. For 12C, the ground state 0 and the two
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FIGURE 1. Excitation energy spectra for elastic-neutron
scattering from 12C and 208Pb at 96 MeV incident neutron
energy, together with Gaussians representing known excited
states. See the text for details.

collective states at 4.4 MeV 2 and 9.6 MeV 3 are
shown. In the case of 208Pb, the ground state 0 and the
two collective states at 2.6 MeV 3 and 4.1 MeV 2
are shown, as well as a Gaussian at 8.3 MeV representing
a cluster of weak states. For both nuclei, a Gaussian
at 12.6 MeV represents the opening of conversions due
to 12C(n,p) reactions in the converter scintillator, i.e.,
an instrument background. As can be seen, in no case
does the population of excited states seriously affect the
determination of the ground-state cross section.
Angular distributions of elastic-neutron scattering

from 12C and 208Pb at 96 MeV incident neutron energy
are presented in Fig. 2. The data are compared with
phenomenological and microscopic optical-model pre-
dictions in the upper and lower panels, respectively. The
theoretical curves have all been folded with the experi-
mental angular resolution to facilitate comparisons with
data. The data by Salmon at 96 MeV [5] are also shown.
The angular distributions presented have been cor-

rected for reaction losses and multiple scattering in the
target. The contribution from other isotopes than 208Pb
in the lead data has been corrected for, using cross-
section ratios calculated with the global potential by
Koning and Delaroche [6]. The absolute normalization
of the data has been obtained from knowledge of the to-
tal elastic cross section, which has been determined from
the difference between the total cross section (�T ) [7]
and the reaction cross section (�R) [8, 9]. This �T -
�R method, which is expected to have an uncertainty of
about 3%, has been used to normalize the 12C data. The
present 208Pb(n,n) data have been normalized relative to
the present 12C(n,n) data, knowing the relative neutron
fluences, target masses, etc. The total elastic cross sec-
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tion of 208Pb has previously been determined with the
�T - �R method. The accuracy of the present normal-
ization has been tested by comparing the total elastic
cross-section ratio (208Pb/12C) obtained with the �T - �R
method above, and with the ratio determination of the
present experiment, the latter being insensitive to the ab-
solute scale. These two values differ by about 3%, i.e.,
they are in agreement within the expected uncertainty.
A novel technique for normalization, which is based on
relative measurements versus the np scattering cross sec-
tion [10], has also been tested and was found to have an
uncertainty of about 10% .
The data are compared with model predictions in

Fig. 2, where the upper and lower panels show phe-
nomenological (I–III, VII) and microscopic (IV–VI)
models, respectively. The models are described in detail
in [11] and [12].
When comparing these predictions with data, a few

striking features are evident. First, all models are in rea-
sonably good agreement with the 208Pb data. It should
be pointed out that none of the predictions contain pa-
rameters adjusted to the present experiment. In fact, they
were all made before data were available. Even the ab-
solute scale seems to be under good control, which is
remarkable, given that neutron beam intensities are no-
toriously difficult to establish. Second, all models fail to
describe the 12C data in the 30–50 range. The models
predict a saddle structure, which is not evident from the
data. The reason for this mismatch might be that there
are target correlations other than Pauli principle that are
not included in the theoretical models.
It can be noted that proton-scattering data on 12C at

95MeV [13], which should agree with our data if isospin
were a good symmetry, are closer to our data than the the-
ory models are. The disagreement between models and
12C data should not be overemphasized though. Models
that presume mean-field properties of nuclei to be domi-
nant can have problems describing 12C data, because sur-
face effects are very important in 12C.
The models above are all valid for spherical nuclei. It

is known, however, that 12C to a significant degree dis-
plays properties of a three-alpha cluster. Coexistence of
such a structure with a spherical shape might result in
a matter distribution with a more diffuse edge than an-
ticipated by the spherical models, and thus the predicted
structure could be washed out.
We have developed a toy model to investigate this

hypothesis. The increased effective radius of the 12C
ground state due to three-alpha cluster effects has been
studied theoretically for proton-elastic scattering, how-
ever, at higher energies [14]. We have modified Model I,
using the parameters of [14], to calculate the elastic
neutron-scattering cross section (Model VII). As can be
seen in Fig. 2, this modification moves the prediction
closer to the data in the 30–50 range, but at the expense

FIGURE 2. Angular distributions of elastic neutron scatter-
ing from 12C (open circles) and 208Pb (solid) at 96 MeV inci-
dent neutron energy. The 12C data and calculations have been
multiplied by 0.01. The data by Salmon at 96 MeV [5] are
shown as squares. Upper panel: predictions by phenomenolog-
ical models (I–III, VII). The thick dotted horizontal lines show
Wick’s limit for the two nuclei. Lower panel: predictions by mi-
croscopicmodels (IV–VI), and data on elastic-proton scattering
from 12C [13]. See the text for details.

that the description gets worse at small angles. It should
be pointed out, however, that this should only be seen as
an indication of a possible cause of the effect, since the
model is too simplified to allow quantitative conclusions.
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A basic feature of the optical model is that it estab-
lishes a lower limit on the differential elastic-scattering
cross section at 0 if the total cross section is known, of-
ten referred to as Wick’s limit. It has been observed in
previous experiments at lower energies that for most nu-
clei, the 0 cross section falls very close to Wick’s limit,
although there is no a priori reason why the cross section
cannot exceed the limit significantly. An interesting ob-
servation is that the present 208Pb data are in good agree-
ment with Wick’s limit, while the 12C 0 cross section
lies about 70% above the limit. A similar behaviour has
previously been observed in neutron-elastic scattering at
65 MeV [3], where the 12C data overshoot Wick’s limit
by about 30%, whilst the 208Pb data agree with the limit.

Other Nuclei

Preliminary data on 89Y [15] are presented in Fig. 3,
together with Model I [6]. The data have been normal-
ized to the model and it can be seen that it describes the
shape of the data points reasonably well.
The measurements on 16O [16] and 56Fe [17] have

been completed and the data are under analysis. Mea-
surements on 14N, 28Si, and 40Ca are planned for 2005.

SUMMARY, CONCLUSION, AND
OUTLOOK

In short, first results on elastic-neutron scattering from
12C and 208Pb at 96 MeV incident neutron energy are
presented, and compared with theory predictions. This
experiment represents the highest neutron energy where
the ground state has been resolved from the first excited
state in neutron scattering. The measured cross sections
span more than four orders of magnitude. Thereby, the
experiment has met - and surpassed - the design specifi-
cations. The overall agreement with theorymodel predic-
tions, both phenomenological and microscopic, is good.
In particular, the agreement in the absolute cross-section
scale is impressive.
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Appendix XVI

Measurements of Neutron-Induced Fission Cross Sections of 
205Tl, 204, 206, 207, 208Pb, and 209Bi using Quasi-Monoenergetic 

Neutrons in the Energy Range 35 - 174 MeV 
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Nils Olsson†,‡, and Per-Ulf Renberg§

*V.G. Khlopin Radium Institute, 194021 Saint-Petersburg, Russia 
†Department of Neutron Research, Uppsala University, Box 525, SE-751 20 Uppsala, Sweden 

‡Swedish Defence Research Agency (FOI), S-172 90 Stockholm, Sweden 
§The Svedberg Laboratory, Uppsala University, Box 533, SE-751 21 Uppsala, Sweden 

Abstract. Cross sections for neutron-induced fission of 205Tl, 204, 206, 207, 208Pb, and 209Bi were measured in the energy 
range from 35 MeV to 174 MeV. The experiments were done at the neutron beam facility of The Svedberg Laboratory, 
using a multi-section Frisch-gridded ionization chamber for detection of the fission fragments. The neutron-induced 
fission cross section of 238U was employed as a reference. The results of the measurements are compared with existing 
experimental data. 

INTRODUCTION 

Studies of intermediate energy neutron-induced 
fission of nuclei in the lead-bismuth region have both 
fundamental and applied aspects. In terms of 
applications, the data on sub-actinide neutron-
induced fission at incident energies up to 200 MeV 
are required for development of accelerator-driven 
systems (ADS) for nuclear energy production and 
transmutation of nuclear waste [1]. Up-to-date ADS 
concepts consider lead or lead-bismuth eutectics as 
prospective materials for the neutron production 
target. Since the spallation neutrons will result in 
production and accumulation of long-lived fission 
products in the target material, a proper analysis of 
these unwanted processes is impossible without 
accurate data on neutron-induced fission cross 
sections for the target nuclides. 

Significant experimental activity is being focused 
on the 209Bi(n, f) cross section, which was 
recommended as a secondary neutron cross-section 
standard [2]. Insensitivity of bismuth-based neutron 
fluence monitors to low-energy (< 20 MeV) neutrons 

allows the use of such monitors under complex 
background conditions [3]. 

From the fundamental physics point of view, the 
(n, f) cross section of the sub-actinides is important 
for better understanding of the nucleon-nucleus 
interaction. In addition, one can expect a 
manifestation of nuclear shell effects in fission of 
nuclei in the vicinity of the double magic nucleus 
208Pb. 

EXPERIMENT 

The measurements were performed at the neutron 
beam facility at The Svedberg Laboratory (TSL) in 
Uppsala, Sweden [4]. The quasi-monoenergetic 
neutrons, with peak energies from 35 MeV to 
174 MeV, were produced by the reaction 7Li(p, n)7Be
in a target of 99.98% 7Li. The neutron flux over the 
fissile targets was within 105-106 sec-1, depending on 
the incident proton energy and the lithium target 
thickness.  
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The fission fragment detector, a multi-section 
Frisch-gridded ionization chamber, was mounted at a 
distance of about 10 m from the Li-target. 

As can be seen in Fig. 1, the chamber consists of 
seven units. Each unit constitutes a twin Frisch-
gridded ionization chamber with a common cathode. 
Anodes of two adjacent chambers are common. The 
electrode assembly is housed in a thin-walled 
cylindrical detector shell 200 mm in diameter and 
520 mm in length. The anodes and cathodes are 
50 µm thick duralumin foils, sandwiched between 
two rings with inner and outer diameters of 140 and 
170 mm, respectively. 

FIGURE 1. Multi-section Frisch-gridded ionization 
chamber. 

The gas mixture was composed of 90% argon and 
10% methane (P-10). The chamber operates at 
atmospheric pressure without a continuous gas flow. 

The fissile samples have been prepared from the 
following materials: 205Tl, 204,206-208Pb (enriched in 
the basic isotopes), 209Bi, and natU. The materials 
were deposited on each side of the cathode foils by 
thermal vacuum evaporation. The diameter of each 
target deposit was 80 mm. For metallic targets, the 
mass of fissile material was obtained by weighing 
before and after deposition. The mass of the uranium 
deposit was obtained by alpha counting using a Si-
detector of 20 cm2. For all targets, the uncertainty in 
the mass was no more than 2 %. The characteristics 
of the targets are given in Table 1. 

TABLE 1. Fissile nuclide, compound, abundance of main 
isotope, and areal mass of forward and backward facing 
targets.

Target Compound Abundance (%) Areal mass 
(mg/cm2)

205Tl Metal 99.8 1.38/1.40 
204Pb Metal 66.5 0.52/0.55 
206Pb Metal 90.4 0.98/1.10 
207Pb Metal 93.2 0.96/0.98 
208Pb Metal 99.0 0.88/1.08 
209Bi Metal 100.0 1.14/0.87 
238U UF4 99.3 0.21/0.20 

DATA ANALYSIS AND 
CORRECTIONS 

Time-of-flight techniques (TOF) were applied to 
discriminate fission events caused by “peak” 
neutrons from those induced by low-energy “tail” 
neutrons. The obtained TOF distributions of fission 
events were analyzed with a decomposition 
procedure described in [5]. Following this procedure 
the number of fission events induced by “peak” 
neutrons were obtained for both the forward- and 
backward-facing targets. These data were then 
corrected for the losses due to the pulse height 
threshold (Kth) and the self-absorption in the fissile 
deposits (Kabs). The latter was calculated as 

,)3/1)(2/(1 1−+−= BRtKabs  (1) 

where B is the anisotropy coefficient, t is the 
thickness of the deposit, and R is the average range 
of the fission fragments in the deposited material. 
Due to the linear momentum transferred (LMT) to 
the fissioning nuclei, the average range of the 
forward-emitted fragments is larger than that of the 
backward-emitted ones. For the same reason, the 
forward and backward anisotropy coefficients differ 
from each other. To take the LMT effect into 
account, we have calculated the fragment ranges for 
both emission directions using our experimental data 
on fragment energy distributions and the SRIM 
code [6]. The anisotropy coefficients were obtained 
by fitting the fission fragment angular distributions 
measured in the present experiment. 

The determination of Kth is complicated by the 
presence of the low-energy background from light 
charged particles. As shown in [7], an ionization 
chamber with Frisch grids (apart from a simple 
parallel-plate ionization chamber) makes it possible 
to eliminate the background particles. The 
discrimination principle is based on the fact that 
fission fragments and light charged particles give 
different ratios of anode to cathode signals, and thus 
may be separated from each other by off-line 
processing. To find Kth values, we have used the 
“cleared” energy spectra of fission fragments with 
linear extrapolation from about 27 MeV down to 
zero fragment energy. 

The fission cross-section ratios of 205Tl,  
204,206-208Pb to 238U were calculated for both the 
forward- and the backward-facing targets as follows: 
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In this formula the superscript F(B) denotes the 
forward (backward) direction. Nf is the number of 
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“peak” fission events, corrected for Kabs and Kth,
while m is the number of target nuclei. The 
uncertainties in Kabs and Kth we estimate to be 2% 
and 3%, respectively. The resulting ratios were 
obtained as a linear average of “forward” and 
“backward” ratios: 
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Fission cross-section ratios for the lead isotopes 
204Pb, 206Pb, and 207Pb to 238U were obtained taking 
into account the isotope composition of the targets. 
The absolute values of neutron-induced fission cross 
sections were obtained relative to the 238U(n, f) cross-
section standard [2]. 

RESULTS AND DISCUSSION 

The absolute neutron-induced fission cross 
sections of 205Tl, 204, 206-208, natPb, and 209Bi obtained in 
the present work are given in Table 2 and Fig. 2. The 
first column in Table 2 contains the mean energy of 
the neutrons in the main peak and its half-width. The 
data for natPb have been derived from the cross 
sections of the separate lead isotopes. The cross 
section uncertainties include the uncertainty of the 
measured cross section ratios, as well as the 
uncertainty of the cross-section standard. 

Our data for 209Bi and natPb are compared with 
those of other authors in Fig. 3. The solid line on the 
left-hand side of Fig. 3 represents the 209Bi(n, f) 
cross-section standard [2]. The cross sections are 
given in logarithmic scale to cover the variation of 
the cross section over more than 6 orders of 
magnitude in the neutron energy interval between 18 
and 200 MeV. 

As can be seen in Fig. 4, our data for both 209Bi 
and natPb agree well with the data of 
Shcherbakov et al. [9] over practically all neutron 
energies. Unfortunately, only statistical errors in the  
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FIGURE 2. Fission cross sections of 205Tl, 204, 206-208, natPb,
and 209Bi.

cross section ratios are given in [9]. Taking into 
account that the 238U(n, f) cross section obtained in 
[9] is 6-8% smaller than the cross-section 
standard [2], one can expect an accidental agreement 
between our results and the data from [9]. 

The database for 209Bi and natPb in the neutron 
energy range 30-200 MeV contains results obtained 
with “white” source neutron beams: at the 
LANSCE/WNR facility by Staples et al. [8] and at 
the GNEIS facility by Shcherbakov et al. [9]. There 
are also data for 209Bi and upper limits of the fission 
cross section of natPb obtained at monoenergetic 
neutron sources at energies of 18-23.3 MeV by 
Vorotnikov and Larionov [10], and the recent data 
for 209Bi and natPb, obtained at quasi-monoenergetic 
neutron beams of 46, 61, 97, and 145 MeV by Nolte 
et al. [11]. Our earlier data for 209Bi and natPb at 96 
and 133 MeV [7,12] are not shown, as an equipment 
operation fault during that experiment was detected 
recently. 

TABLE 2. Neutron-induced fission cross sections of 205Tl, 204, 206-208, natPb, and 209Bi.
Fission Cross Section (mb) Neutron Energy 

(MeV) 205Tl 204Pb 206Pb 207Pb 208Pb natPb 209Bi 
34.7±1.4 0.025±0.017 0.46±0.13 0.08±0.04 0.035±0.024 0.029±0.022 0.048±0.025 0.37±0.07 
46.3±1.1 – 2.58±0.15 0.79±0.06 0.51±0.04 0.28±0.04 0.49±0.05 2.70±0.12 
65.4±0.9 0.97±0.08 11.1±0.7 5.1±0.3 3.28±0.22 2.33±0.17 3.32±0.24 12.3±0.7 
96.0±1.4 4.73±0.26 30.3±1.7 15.2±0.9 11.2±0.6 8.2±0.5 10.9±0.7 28.8±1.7 

133.6±1.9 7.9±0.7 46.2±3.4 24.2±1.8 18.2±1.4 14.3±1.1 18.0±1.5 43.3±3.3 
173.9±1.9 11.1±1.6 61.7±4.8 38.7±3.1 35.3±2.5 23.9±1.8 30.5±2.4 66.6±3.8 
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FIGURE 3. Comparison of the neutron-induced fission cross section of 209Bi and natPb with available data [8-11] and 
recommended standard [2]. 

The data of Staples et al. [8] at neutron energies 
above 50 MeV are consistent (both for 209Bi and 
natPb) with the present data, as well as with the data 
by Shcherbakov et al. [9]. At neutron energies below 
50 MeV, there is a large discrepancy between our 
data and the data of Staples et al. [8]. The latter 
exceed our data at 35 MeV by a factor of two for 
209Bi and by a factor of four for natPb. 

The data of Nolte et al. [11] lie somewhat below 
the present data but are consistent with the latter 
within the stated uncertainties. 

The data of Vorotnikov and Larionov [10] are 
unique at neutron energies below 25 MeV. They are 
not in contradiction with a smooth extrapolation of 
our data to low neutron energies for both 209Bi and 
natPb. 
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Appendix XVII

Light-Ion Production in the Interaction of 96 MeV Neutrons 
with Silicon 
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Abstract. Radiation effects induced by terrestrial cosmic rays in microelectronics, on board aircrafts as well as at sea 
level, have recently attracted much attention. The most important particle radiation is due to spallation neutrons, created 
in the atmosphere by cosmic-ray protons. When, e.g., an electronic memory circuit is exposed to neutron radiation, 
charged particles can be produced in a nuclear reaction. The charge released by ionization can cause a flip of the 
memory content in a bit, which is called a single-event upset (SEU). This induces no hardware damage to the circuit, but 
unwanted re-programming of memories, CPUs, etc., can have consequences for the reliability, and ultimately also for 
the safety of the system.  

Data on energy and angular distributions of the secondary particles produced by neutrons in silicon nuclei are 
essential input for analyses and calculation of SEU rate. In this work, double-differential cross sections of inclusive light-
ion (p, d, t, 3He and α) production in silicon, induced by 96 MeV neutrons, are presented. Energy distributions are 
measured at eight laboratory angles from 20° to 160° in steps of 20°. Deduced energy-differential and production cross 
sections are reported as well. Experimental cross sections are compared to theoretical reaction model calculations and 
existing experimental data in the literature.

INTRODUCTION 

Radiation effects induced by terrestrial cosmic rays 
in microelectronics, on board aircrafts as well as at sea 
level, have recently attracted much attention. The most 
important particle radiation is due to spallation 
neutrons, created in the atmosphere by cosmic-ray 
protons. When a neutron collides with a silicon 
nucleus, charged particles can be produced in a nuclear 
reaction. If the charge released by ionization exceeds a 
critical threshold, the memory content in a bit flips. 
This is called a single-event upset (SEU) [1]. In some 

cases, two or more bits in a single memory word may 
flip, which is called single-word multi-bit upset (SMU) 
[2].  

Light charged particles (p, d, t, 3He and α) are 
normally not considered in SEU calculations since the 
energy deposited by these particles within the sensitive 
volume is very small. The memory residing in highly 
integrated microchip devices are today formed by very 
small charges. With the expected advances in 
technology, the development towards higher scale 
integration includes reducing the operation voltage, 
which means that the critical threshold is decreased. 
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For this reason, also the contribution from light ions, 
such as alpha particles, is expected to become 
significant for SEU, and it might also affect the SMU 
rate [2]. 

In this work, experimental double-differential cross 
sections (inclusive yields) for protons, deuterons, 
tritons, 3He and alpha particles produced by 96 MeV 
neutrons incident on silicon [3] are presented. 
Measurements have been performed at the cyclotron of 
The Svedberg Laboratory (TSL), Uppsala, using the 
dedicated MEDLEY experimental set-up [4]. Spectra 
have been measured at 8 laboratory angles, ranging 
from 20° to 160° in 20° steps. Extrapolation 
procedures are used to obtain coverage of the full 
angular distribution and consequently energy-
differential and production cross sections are deduced. 
The experimental data are compared to results of 
calculations with nuclear reaction codes and to 
existing experimental data in the literature. 

EXPERIMENTAL METHODS 

The neutron beam facility at TSL uses the 
7Li(p,n)7Be reaction to produce a quasi-monoenergetic 
neutron beam [5]. The lithium target was 26 mm in 
diameter and 8 mm thick in the present experiment and 
enriched to 99.98% in 7Li. The 98.5 ± 0.3 MeV 
protons from the cyclotron impinge on the lithium 
target, producing a full energy peak of neutrons at 
95.6 ± 0.5 MeV with a width of 1.6 MeV FWHM. The 
neutron beam is directly monitored by a thin-film 
breakdown counter (TFBC). Relative monitoring can 
be obtained by charge integration of the proton beam 
from a Faraday cup located in the proton beam dump. 
The agreement between the two beam monitors was 
very good during the measurements.  

The charged particles are detected by the 
MEDLEY setup [4]. It consists of eight three-element 
telescopes mounted inside a 90 cm diameter evacuated 
reaction chamber. Each telescope has two fully 
depleted �E silicon surface barrier detectors and one E 
CsI(Tl) detector.  

The time-of-flight (TOF) obtained from the radio 
frequency of the cyclotron and the timing signal from 
each telescope, is measured for each charged-particle 
event.  

The silicon target used has a 32x32 mm2 quadratic 
shape and a thickness of 303 µm. For absolute cross 
section normalization, a 25 mm diameter and 1.0 mm 
thick polyethylene (CH2)n target is used. The n-p cross 
section at 20° laboratory angle provides the reference 
cross section [6]. Background is measured by 
removing the target from the neutron beam.  

DATA REDUCTION PROCEDURES 

The �E-E technique is used to identify light 
charged particles ranging from protons to lithium ions. 
Good separation of all particles is obtained over their 
entire energy range and the particle identification 
procedure is straightforward.  

Energy calibration of all detectors is obtained from 
the data itself. Events in the �E–E bands are fitted 
with respect to the energy deposited in the two silicon 
detectors. This energy is determined from the detector 
thicknesses and calculations of energy loss in silicon. 
The energy of each particle type is obtained by adding 
the energy deposited in each element of the telescope. 

Knowing the energy calibration and the flight 
distances, the TOF for each charged particle from 
target to detector can be calculated and subtracted 
from the registered total TOF. The resulting neutron 
TOF is used for selection of charged-particle events 
induced by neutrons in the main peak of the incident 
neutron spectrum. Background events, measured in 
target-out runs and analyzed in the same way as target-
in events, are subtracted from the corresponding 
target-in runs after normalization to the same neutron 
fluence.  

Absolute double-differential cross sections are 
obtained by normalizing the silicon data to the number 
of recoil protons emerging from the CH2 target. After 
selection of events in the main neutron peak and 
proper subtraction of the target-out and 12C(n,px) 
background contributions, the latter taken from a 
previous experiment, the cross section can be 
determined from the recoil proton peak, using n-p 
scattering data [6]. All data have been normalized 
using the n-p scattering peak in the 20° telescope. 

Due to the target thickness, a correction for energy-
loss and particle-loss is applied. Details about this and 
other corrections can be found in [3].  

RESULTS AND DISCUSSION 

Double-differential cross sections at laboratory 
angles of 20°, 40°, 100° and 140° for protons and 
alpha particles, compared to the calculations based on 
standard GNASH [3,7], a GNASH-based model with a 
modified parameter set [3,8] and TALYS [3,9] models 
are shown in Figs. 1 and 2. The recent TALYS 
calculations include a transformation from the c.m. to 
the lab system. The error bars represent statistical 
uncertainties only.  

The overall relative statistical uncertainties of 
individual points in the double-differential energy 
spectra at 20° are typically 3% for protons and 15% 
for alpha particles. As the angular distributions are 
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forward-peaked, these values are increasing with 
angle. The systematic uncertainty contributions are 
due to thick target correction (1-20%), collimated solid 
angle (1-5%), the absolute cross section (5%), beam 
monitoring (2-3%), the number of silicon nuclei (1%), 
CsI(Tl) intrinsic efficiency (1%), particle identification 
(1%) and dead time (<0.1%).  

FIGURE 1. Experimental double-differential cross sections 
(filled circles) of the Si(n,px) reaction at 96 MeV at four 
laboratory angles. The curves indicate theoretical 
calculations based on standard GNASH [3,7] (dashed), 
GNASH-based model with a modified parameter set [3,8] 
(solid) and TALYS [3,9] (dotted). 

FIGURE 2. Experimental double-differential cross sections 
(filled circles) of the Si(n,αx) reaction at 96 MeV at four 
laboratory angles. The curves indicate theoretical 
calculations based on standard GNASH [3,7] (dashed), 
GNASH-based model with a modified parameter set [3,8] 
(solid) and TALYS [3,9] (dotted). 

For protons above 25 MeV, all calculations give a 
good description of the spectra. Below this energy, 
some differences can be observed, e.g., at forward 
angles. TALYS gives a better description of the 
statistical peak than the GNASH calculations. For 
alpha particles, TALYS underpredicts the evaporation 
peak at forward angles. 

By integration of the angular distribution, energy-
differential cross sections (d�/dE) are obtained for 
each ejectile. These are shown in Fig. 3 together with 
the theoretical calculations. All calculations are in 
good agreement with the experimental proton data 
over the whole energy range. In the cases of deuterons 
and alpha particles, the models overpredict the high-
energy parts of the spectra.  

FIGURE 3. Experimental energy-differential cross sections 
(filled circles) for neutron-induced p, d, t, 3He and α
production at 96 MeV. The curves indicate theoretical 
calculations based on standard GNASH [3,7] (dashed), 
GNASH-based model with a modified parameter set [3,8] 
(solid) and TALYS [3,9] (dotted).  

The production cross sections are deduced by 
integration of the energy-differential spectra (see 
Table 1). The experimental values in Table 1 have to 
be corrected for the undetected particles below the 
low-energy cutoff by using the GNASH-based model 
with a modified parameter set [3,8] and the TALYS 
[3,9] calculations. The low-energy cutoff corrected 
values, Using TALYS, the resulting cutoff corrected 
values are significantly lower than those obtained by 
the GNASH-based model. As mentioned above 
TALYS clearly underestimates the evaporation peak 
for alpha particles. Thus the cutoff correction for alpha 
particles obtained with TALYS is too low. For the 
other types of particles, the experimental data cannot 
discriminate between the model calculations. 
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TABLE 1. Experimental production cross sections for protons, deuterons, tritons, 3He and alpha particles from the present work. 
Theoretical values resulting from GNASH and TALYS calculations are given as well. The experimental data in the second 
column have been obtained with cutoff energies of 2.5, 3.0, 3.5, 8.0 and 4.0 MeV for p, d, t, 3He and alpha particles, 
respectively. The third and forth columns show data corrected for these cutoffs, using the GNASH-based model with a modified 
parameter set [3,8] and the TALYS [3,9] calculations, respectively.

�prod
Experiment 

(mb) 
Energy Cutoff Corrected Experiment 

[GNASH]                      [TALYS] 
GNASH

[3,7] 
GNASH

[3,8]
TALYS 

[3,9]
(n,px) 436 ± 22 507 452 670.3 701.9 554.4 
(n,dx) 81 ± 4 90 82 77.0 109.6 106.9 
(n,tx) 15.2± 0.8 17.9 15.3 − 15.0 10.3 

(n, 3Hex) 7.8 ± 0.5 13.0 8.6 − 10.6 11.2 
(n,�x) 144 ± 7 183 145 175.8 202.4 107.4 

The proton and deuteron production cross sections 
are compared with previous data measurements at 
lower energies [10] in Fig. 4a and b, respectively. 
There seems to be general agreement between the 
trend of the previous data and the present data. The 
curves in these figures are based on standard GNASH 
calculation [3,7].  �

FIGURE 4. Neutron-induced proton (a) and deuteron (b) 
production cross section as a function of neutron energy. The 
full circle is from the present work, whereas the open 
squares are from a previous work [10]. The curve is based on 
standard GNASH calculation [3,7]. The data as well as the 
calculations correspond to cutoff energies of 4 MeV for 
proton and 8 MeV for deuteron cases. Note that the cutoff 
energies are different from those in Table 1. 

CONCLUSIONS 

In the present paper, we report an experimental 
data set for light-ion production induced by 96 MeV 
neutrons on silicon. Experimental double-differential 
cross sections (d2�/d�dE) are measured at eight angles 
between 20° and 160°. Energy-differential (d�/dE) and 
production cross sections are obtained for the five 
types of outgoing particles. Theoretical calculations 
based on nuclear reaction codes including direct, pre-
equilibrium and statistical calculations give generally a 
good account of the magnitude of the experimental 

cross sections. For proton emission, the shape of the 
spectra for the double-differential and energy-
differential cross sections are well described. The 
calculated and the experimental alpha-particle spectra 
are also in fair agreement with the exception of the 
high-energy part, where the theory predicts higher 
yields than experimentally observed.  
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Inverse Kinematics Studies of Intermediate-Energy 
Reactions Relevant for SEE and Medical Problems 
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Abstract. The lack of systematic experimental checks on the intermediate-energy nuclear model simulations of heavily 
ionizing recoils from nucleon-nucleus collisions – critical inputs for the Single Event Effect analysis of microelectronics 
and dosimetry calculations including high-LET components in the cancer tumor radiation therapy – has been a primary 
motivation for a new experiment planned at the CELSIUS nuclear storage ring of The Svedberg Laboratory, Uppsala, 
Sweden. Details of the experiment and the first results from a feasibility study are presented here. 

INTRODUCTION 

The importance of cosmic radiation induced Single 
Event Effects (SEEs) in space electronics has been 
known for a long time. In the last two decades, the 
impact of SEEs has also been recognized by the 
microelectronics industry that focuses on terrestrial 
applications [1,2]. Though the fundamental nuclear 
physics related to SEEs is generally understood [3], 
the quantitative predictions of the SEE impacts need to 
be worked out in detail for each new technology. The 
microscopic origin of SEEs is always traced down to 
the energy deposition from ionizing particles in a 
small, sensitive volume. The charge released along an 
ionizing particle track is collected by a sensitive node, 
and the resulting transient current, depending on the 
specific structure of the underlying device, may cause 

a change of state in the circuit. Experimental measure-
ments and theoretical simulations of the heavy recoils 
from nucleon-nucleus reactions are particularly 
important since the energy deposited by heavy recoils 
is a major source of secondary radiation. Another 
technologically important motivation for recoil studies 
is the microdosimetry applications in proton-beam 
cancer therapy and radiobiology. Recoil energy 
deposition in micro-volumes is a key problem 
common to all these apparently different fields [4].

High-quality nuclear reaction data are essential: 
SEE simulations and radiobiological microdosimetry 
calculations require certain nuclear data as inputs.
While in the past much effort has been devoted to the 
study of light particle emission (e.g., H and He 
isotopes) in intermediate-energy inelastic proton-
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nucleus collisions, very few experiments [5] have been 
done to study the characteristics of slow recoils and 
especially to the yields and energy spectra of stable 
heavy recoils (e.g., Al, Mg, etc.) – which are most 
effective in causing single-event upsets (SEUs) in 
silicon chips. Notable exceptions are found in [5] and 
[6], in which some early recoil measurements are 
reported. In radiobiology, up until now, there are few 
detailed studies of secondary radiation effects from 
heavy recoils. A major experimental difficulty in recoil 
work is that of identification of the heavy fragments – 
which have short ranges (of the order of 10 um or 
less) – among other lighter reaction products in a 
standard setup in which the Si target is at rest in the 
laboratory system. The lack of direct measurements of 
recoil spectra (in the form of double differential cross 
sections) renders it difficult to make systematic checks 
on the standard nuclear reaction codes [3,7-9]. 
Presently these reactions codes are indispensable 
research tools in the studies of SEE and 
radiobiological problems. 

EXPERIMENTAL SETUP AT CELSIUS 

An experimental setup has been developed at The 
Svedberg Laboratory (TSL), Uppsala, Sweden, to 
measure the production of recoil ions, using an inverse 
kinematics scheme. The setup is built at the CELSIUS 
nuclear accelerator and storage facility of TSL (see 
Fig. 1). It consists of four detector systems designed 
for the registration of reaction products emitted in 
collisions of 100-470A MeV Si ions with atoms of the 
internal hydrogen cryogenic cluster-jet target of 
CELSIUS. Secondary particles are registered 
simultaneously by the Small Angle Detector (SAD), 
Forward Wall Detector (FWD), Zero Angle Detector 
(ZAD), and the Spectator Tagging Detector (STD). 
SAD plays a key role in the present research project 
since it detects the nuclear fragments – recoils of Si 
and the secondary particles – all of which are capable 
of causing SEUs in microelectronic devices. 

The Small Angle Detector (SAD) detects fragments of 
the Si ions emitted at angles 0.6o-1.1o from the 
intersection point of the stored ion beam with the 
cluster-jet target of CELSIUS. Here the unique 
features of the CELSIUS cooled beam are fully 
exploited. During the injection-acceleration cycle, the 
beam occupies the whole volume of the CELSIUS 
vacuum chamber; only after the beam has been cooled 
that it shrinks to 2 mm. To prevent the SAD detectors 
from radiation damage they are moved out during the 
beam injection and are moved back to the working 
position only when the beam has finally formed. 

FIGURE 1. Layout of the experiment on the Si +H reaction 
at TSL. 

SAD consists of a telescope with two 300-um 
custom-made silicon strip detectors (SSD) and a 
5-mm-thick plastic scintillator (see Fig. 2). The first 
SDD has circular and the second radial strips, with a 
total 16 of each type. Plastic scintillators are used as 
triggers of the readout cycle and for timing. The 
position of the particle registered simultaneously by 
both detectors is derived from the circular and radial 
strip numbers that identify one of the 512 pixels of 
SAD; the charge of the recoil is identified from SAD 
SSD pulse amplitude analysis.  

FIGURE 2.  Silicon strip detectors for SAD manufactured 
by SENSOR, city of Zelenograd, Russia, prior to mounting 
on boards. 

The Zero Angle Detector (ZAD) is also a telescope 
made up of silicon strip detectors and plastic 
scintillator. Here we take the advantage of the 
technique developed at TSL [10] and use the quadrant 
after the cluster-jet target of CELSIUS as a magnetic 
spectrometer. ZAD is positioned at 22757 mm from 
the target, at the focal plane of the spectrometer [11]. 
As distinct from SAD, strips of ZAD make up the 
32x32 rectangular net. Vertical strips of one of ZAD 
SSDs are used to register projectile fragments, identify 
the charge (Z), and determine the position (X) of the 
hit point with respect to the nominal beam centerline. 
Electronic schemes of SAD and ZAD are identical. 
The Forward Wall Detector (FWD) [12] is used for the 
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detection of light secondaries (A<5) emitted within the 
polar angle of 3.9o-11.7o in coincidence with the recoil 
registered by SAD.  

We plan to use the Spectator Tagging Detector
(STD) [13] or the CHICSi detector [14] tagging the 
spectator-protons emitted within 60o-120o.

EXPERIMENTAL RESULTS 

Figure 3 shows the results of a feasibility study. A 
good-quality 200A MeV Si beam was accelerated and 
stored by CELSIUS, with the fragment detectors 
located very close to the cooled beam. The experiment 
was conducted in October 2003 with an 8x10-mm2

8mm-thick plastic scintillator placed at the planned 
position of SAD. Positions of the peak amplitudes are 
proportional to the charge of the products from the 
200A MeV Si+p reaction measured with an average Si 
ion beam current of 50 µA and hydrogen target 
thickness of around 2·1014 atoms/cm2. It was shown 
that it was practical to make the projectile fragment 
identification as close to the nominal beam position as 
10-12 mm.  

FIGURE 3. Pulse height distribution from the scintillation 
detector in position of SAD. 

Recently, the combined SAD-FWD setup has been 
commissioned in the experiment with 100A MeV and 
300A MeV Ne beam bombarding cluster-jet target of 
hydrogen atoms. Figure 4 demonstrates the typical 
charge resolution in radial (l.h.s.) and circular (r.h.s.) 
SSDs obtained within a single pixel of SAD. Charge 
identification of recoils is performed within 10-3 msrad 
solid angle. Production yields of recoils have been 
measured in coincidence with hydrogen and helium 
secondary nuclei registered by the FWD. The first 
production experiment run on the Si+p reaction is 
scheduled for November 2004. All detectors described 
in this paper will be used in this experiment. 

FIGURE 4. Energy spectra of Ne+p reaction fragments 
from SAD radial (l.h.s.) and circular (r.h.s.) silicon strip 
detectors in the SAD commission experiment. 
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Abstract

Recent interest in nuclear applications involving neu-
trons, like transmutation of nuclear waste, fast-neutron can-
cer therapy, dose to personnel in aviation and electronics
failures due to cosmic-ray neutrons, motivates the develop-
ment of a facility producing intense mono-energetic neu-
tron beams. At The Svedberg Laboratory (TSL), Uppsala,
Sweden, we have developed such a facility by utilizing the
existing cyclotron and inserting a flexible Lithium target
in a rebuilt beam line. The new facility can operate at un-
surpassed quasi-monoenergetic neutron intensities and pro-
vides large flexibility of the neutron beam properties, like
energy and shape.

INTRODUCTION

The need for a detailed understanding of nuclear inter-
action of neutrons is driven by a large number of differ-
ent applications. Transmutation of nuclear waste [1] is one
application that may provide a solution to the problem of
long-lived nuclear waste storage. The materials used in, for
example, the containment of the transmutation reactor are
exposed to extreme neutron fluxes that will affect the ma-
terial properties. Understanding the involved mechanism
is essential to guarantee the reliability of the transmutation
plant.

The second field of applications is based on the inter-
action of neutrons with biological matter that needs to be
understood thoroughly in order to design treatment plans
for fast neutron therapy. The increased radiation dose due
to the effect of neutrons generated in cosmic ray cascades
that air-plane personnel is exposed to [2] needs to be inves-
tigated in order to draw proper radiation protection guide-
lines for them.

The third field of applications is motivated by the quest
for smaller structures in the semiconductor industry which
causes the logical states in memory chips to be represented
by only a relatively small number of electrons. Thus, the
indirect ionization caused by nuclear reactions of neutrons
that originate from cosmic ray cascades can alter the logical
state of the semiconductor memory cells or cause a burnout
in high-voltage power diodes [3] which poses a significant
threat for their reliability. In particular, mission-critical ap-
plications such as computers in airplanes are reasons for
concern.

Careful testing of these neutron-induced single-event ef-
fects (SEE) in semiconductor materials [4] using the nat-
ural flux of cosmic neutrons is very time-consuming. To
speed up the measurements, one needs to use neutron
beams produced with particle accelerators. This has led
the standardizing body of the electronics industry (JEDEC)
to establish a standard for the procedures for accelerated
testing of memory devices. The standard is summarized
in Ref. [5] and states that one of the ways to perform the
accelerated testing is to irradiate a device under study by
monoenergetic neutrons with nominal energies of 20, 50,
100, and 150 MeV. Such an approach is a viable alternative
to the testing with a white neutron spectrum, if the intensity
of mono-energetic neutrons is enough to cause reasonably
high SEE rates.

To satisfy these needs, an upgrade of the old neutron fa-
cility [6, 7] at The Svedberg Laboratory (TSL) has been
undertaken with the primary goal to increase the neutron
beam intensity and, thereby, to make the facility competi-
tive for SEE testing and for studies of SEE mechanisms. In
addition, the new facility offers an unsurpassed flexibility
of the neutron beam properties, like energy and shape.

THE NEW FACILITY

A drawing of the new neutron beam facility is presented
in Fig. 1. The facility makes use of the proton beam from
the Gustaf Werner cyclotron [8] with the energy variable in
the range 20 to 180 MeV. The proton beam impinges on a
target of Lithium, enriched to 99.99 % in 7Li with a thick-
ness of 2, 4, 8, 16, and 24 mm. The targets are rectangular
in shape, 20 × 32 mm, and are mounted in a remotely con-
trolled water-cooled copper rig. An additional target posi-
tion contains a fluorescent screen viewed by a TV camera,
which is used for beam alignment and focusing. Down-
stream the target, the proton beam is deflected by a magnet
into a 10-m long dumping line, where it is guided onto a
heavily shielded water-cooled graphite beam dump. In or-
der not to preclude the later installation of a kicker that
can be used to alter the time structure of the proton beam
by kicking one out of two proton bunches such that they
miss the Lithium target, we have avoided quadrupoles in
the dump line, because they would have to have very large
apertures. We chose to use a wide beam pipe with a di-
ameter of 40 cm to prevent excessive proton beam losses to
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Figure 1: Drawing of the new neutron beam facility.

cause background for the experiments.
The neutron beam is geometrically formed by a cylin-

drically shaped iron collimator block, 50 cm in diameter
and 100 cm long, with a cylindrical or conical hole of vari-
able diameter. The collimator is surrounded by concrete to
form the end wall of the production line towards the ex-
perimental area. Thereby efficient shielding from the pro-
duction target region is achieved. A modular construction
of the collimator allows the user to adjust the diameter of
the neutron beam to the needs of a specific experiment. At
present, the available collimator openings are 2, 3, 5.5, 10,
15, 20, and 30 cm. Other collimator diameters in the 0-30
cm range, as well as other shapes than circular can be pro-
vided upon request. Even beam diameters of up to 1 m are
obtainable at a larger distance from the production target.
The increased diameter of the beam may be used for test-
ing a larger number of devices simultaneously, or a larger
device like the whole electronic wafer.

After passing the collimator, neutrons reach the experi-
mental area at a distance of about 3 m from the production
target. Reduction of this distance to the minimum has led to
an increase of the neutron flux by about one order of mag-
nitude in comparison with the old TSL neutron facility.

The first neutron beam at the new facility was delivered
in January 2004. At present, commissioning of the facility
is being performed, including optimization of beam trans-
port, diagnostics, vacuum and background conditions, as

well as measurements of neutron flux, spectra, and profile.
The typical neutron flux during the test run amounted to

about 5 × 105 /(cm2 s) at the entrance to the experimental
area. This value is about one order of magnitude larger than
at the old neutron facility at TSL [6, 7] with the same target
thickness, proton energy and current.

The dumping efficiency, i.e. the share of primary pro-
tons that reach the beam dump after passing the Lithium
target, was typically 90-95%. Taking into account the un-
certainty in the current measurement of about 10% and loss
of protons due to nuclear reactions in the target (up to 2%
depending on proton energy and target thickness), this is
acceptable.

The measured contamination of the neutron beam at the
experimental area due to interactions of the primary pro-
tons with elements in the beam line such as the target frame
did not exceed 0.2%. Such interactions only lead to a
weak surplus of neutrons in the experimental area, because
charged particles produced near the Lithium target and up-
stream are removed by the deflection magnet. The relative
contamination with protons in the neutron beam that have
energies above 15 MeV is about 10−5.

EXPERIMENTS

The energy and angular distribution of neutrons at
the experimental area is mainly defined by the double-
differential cross-section of the 7Li(p,n) reaction at forward
angles. The reaction energy spectrum is dominated by a
peak situated a few MeV below the energy of the primary
protons. Thus, the facility is capable to deliver neutrons in
the 20 to 175 MeV range. This makes TSL the only labora-
tory offering fully monoenergetic neutron testing according
to the JEDEC standard [5].

Figure 2: The Medley detector

Apart from experimental stations for direct irradiation
two detectors, Medley and SCANDAL, are available to de-
tect the reaction products of neutron induced reactions. The
Medley setup [9] has been constructed for detection of light
ions, ranging from protons to alpha particles, with an al-
most complete coverage both in energy and emission an-
gle. Figure 2 shows a schematic view. The spectrometer
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consists of eight detector telescopes, housed in a scatter-
ing chamber with 80 cm inner diameter. The telescopes are
mounted on rails, allowing the distance to the target to be
varied. In the standard configuration, the telescopes are lo-
cated at 20 degree intervals, ranging from 20 to 160 degrees
emission angle. This can be changed by mounting the rails
differently. The entire setup is mounted onto a plate which
can be rotated from outside.

Each telescope consists of three detectors; a thin sili-
con detector (50 to 60 µm), a thicker silicon detector (400
to 500 µm) and a CsI(Tl) crystal, about 3 cm thick. Us-
ing different combinations of detectors for different energy
ranges, the charged particles can be identified by ∆E-E
techniques, and their energies can be determined down to
about 2 to 3 MeV. The upper energy limit is about 130 MeV
for protons.

The SCANDAL detector [7], see Fig. 3, detects neutrons
and light ions in the 20 to 130 MeV energy interval but is
primarily intended for neutron detection. The setup con-
sists of two identical telescopes, located on each side of
the neutron beam, and movable around a pivot point. For
proton measurements, each telescope contains two plastic
scintillators for triggering, two drift chambers for tracking,
and a CsI(Na) detector array for energy determination. In
neutron mode, a plastic scintillator converter is added for
active conversion of neutrons to protons, and a veto de-
tector is placed in front of the converter to reject charged
particles from the target.

Figure 3: The Scandal detector

FIRST RESULTS

The high-energy peak in the neutron spectrum comprises
about half of the total number of neutrons. Further details
on the neutron spectra from the 7Li(p,n) reaction may be
found in Ref. [10]. Dedicated measurements of the facility
neutron spectrum and the neutron beam profile at the ex-
perimental area are under way. A first preliminary result of
a neutron spectrum from the new facility is shown in Fig. 4.

CONCLUSIONS

A new neutron facility, optimized for SEE testing, has
been constructed and put into operation at TSL, Uppsala,
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Figure 4: Preliminary neutron spectrum from the new fa-
cility.

Sweden. The SEE rate at the new facility exceeds that of
other facilities by a factor of ten. TSL is the only labora-
tory offering full monoenergetic neutron testing according
to the JEDEC standard. In addition, TSL offers testing with
protons in the 20 to 180 MeV energy range, and with a wide
range of heavy ions. Thus, TSL has the unique feature to
provide neutron, proton, and heavy ion testing in the same
laboratory.
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21 1. Introduction

22 Careful testing of neutron-induced single-event
23 effects (SEE) in semiconductor materials [1] using
24 the natural flux of cosmic neutrons is very time-

25consuming. To speed up the measurements, one
26needs to use neutron beams produced with particle
27accelerators.
28The procedures for the accelerated testing of
29memory devices are summarized in the recent JE-
30DEC test specification [2]. According to the stan-
31dard, one of the ways to perform the accelerated
32testing is to irradiate a device under study by
33mono-energetic neutrons with nominal energies
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34 of 20, 50, 100, and 150 MeV. Such an approach is
35 a viable alternative to the testing with a ‘‘white’’
36 neutron spectrum, if the intensity of mono-ener-
37 getic neutrons is enough to cause reasonably high
38 SEE rates.
39 To satisfy these needs, an upgrade of the old
40 neutron facility [3,4] at The Svedberg Laboratory
41 (TSL) has been undertaken with a primary goal
42 to increase the neutron beam intensity and, there-
43 by, to make the facility competitive for SEE testing
44 and for studies of SEE mechanisms. In addition,
45 the new facility offers an unsurpassed flexibility
46 of the neutron beam properties, like energy and
47 geometrical shape.

48 2. Technical specification

49 An overview of the neutron beam facility is pre-
50 sented in Fig. 1. The facility makes use of the pro-

51ton beam from the Gustaf Werner cyclotron with
52the energy variable in the 20–180 MeV range.
53The proton beam is incident on a target of lithium,
54enriched to 99.99% in 7Li. The available targets are
552, 4, 8, 16, and 24 mm thick. The targets are rect-
56angular in shape, 20 · 32 mm2, and are mounted in
57a remotely controlled water-cooled copper rig. An
58additional target position contains a fluorescent
59screen viewed by a TV camera, which is used for
60beam alignment and focusing. Downstream of
61the target, the proton beam is deflected by a mag-
62net into a 10-m long dumping line, where it is
63guided onto a heavily shielded water-cooled
64graphite beam dump.
65The neutron beam is formed geometrically by a
66cylindrically shaped iron collimator block, 50 cm
67in diameter and 100 cm long, with a cylindrical
68or conical hole of variable diameter. The collima-
69tor is surrounded by concrete to form the end wall
70of the production line towards the experimental
71area. Thereby, efficient shielding from the produc-
72tion target region is achieved. A modular construc-
73tion of the collimator allows the user to adjust the
74diameter of the neutron beam to the needs of a
75specific experiment. At present, the available colli-
76mator openings are 2, 3, 5.5, 10, 15, 20, and 30 cm.
77Other collimator diameters in the 0–30 cm range,
78as well as other shapes than circular can be pro-
79vided upon request. Even beam diameters of up
80to 1 m are obtainable at a larger distance from
81the production target. The increased diameter of
82the beam may be used for testing a larger number
83of devices simultaneously, or a larger device like a
84whole electronic card.
85After passing the collimator, neutrons reach the
86experimental area at a distance of about 3 m from
87the production target. Reduction of this distance
88to the minimum has led to an increase of the neu-
89tron flux by about one order of magnitude in com-
90parison with the old TSL neutron facility [3,4].

913. Commissioning, tests and characterization of the

92facility

93The first neutron beam at the new facility was
94delivered in January 2004. An extensive character-
95ization of the facility has been performed, includ-Fig. 1. An overview of the neutron beam facility.
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96 ing measurements of neutron flux, spectra, and
97 profile. Below, first results are reported. They were
98 acquired with a proton beam of about 100 MeV
99 energy and about 5 lA intensity, incident on an
100 8-mm thick lithium target.

101 3.1. Dumping efficiency

102 The dumping efficiency, i.e. the share of pri-
103 mary protons that reach the beam dump after
104 passing the lithium target, was typically 90%–
105 95%. Taking into account the uncertainty in the
106 measurement of about 10% and loss of protons
107 due to nuclear reactions in the target (up to 2%
108 depending on proton energy and target thickness),
109 one can conclude that few protons are lost on their
110 way from the target to the dump.

111 3.2. Neutron flux

112 The typical neutron flux during the test runs
113 amounted to about 5 · 105 cm�2 s�1 at the en-
114 trance to the experimental area. This value is
115 about one order of magnitude larger than at the
116 old neutron facility at TSL [3,4] with the same tar-
117 get thickness, proton energy and current.

118 3.3. Neutron spectrum

119 First results for the neutron spectrum at the
120 experimental area are shown in Fig. 2. The spec-
121 trum is mainly defined by the double-differential
122 cross-section of the 7Li(p,n) reaction at forward
123 angles. The reaction energy spectrum is dominated
124 by a peak situated a few MeV below the energy of
125 the primary protons. The high-energy peak in the
126 neutron spectrum comprises about half of the total
127 number of neutrons. The measured spectra (shown
128 by symbols connected by a solid line) are com-
129 pared with predictions of the systematics for the
130 7Li(p,n) reaction developed by Prokofiev et al.
131 [5] (shown by a dashed line in panels b, c, d).
132 For the lowest of the studied incident energies
133 (24.7 MeV), the systematics [5] is not applicable.
134 Instead, an evaluation of Mashnik et al. [6] was
135 employed for the description of the neutron spec-
136 trum. The differential cross-section for high-energy
137 peak neutron production at 0� was obtained my

138multiplication of the total cross-section of the
1397Li(p,n)7Be reaction [6] to the ‘‘index of forward-
140ness’’ from the systematics of Uwamino et al. [7].
141The narrow peaks in the upper continuum region
142correspond to excitation of higher states in resid-
143ual 7Be nuclei. This process was included in the
144model calculation of Mashnik et al. [6]. However,
145the energy resolution in the experiment does not
146allow us to observe these peaks.
147The overall agreement between the presented
148experimental data and the calculations [5,6] is
149not worse than to a factor of 2.
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Fig. 2. The neutron spectra at 0� for different peak neutron
energies and 7Li target thicknesses. Symbols connected by a
solid line represent experimental data obtained in the present
work. A dashed line in panels b, c, d and e represents the
predictions of the systematics developed by Prokofiev et al. [5].
A dash-dotted line in panel a represents the LA150 evaluation
[6] combined with systematics of Uwamino et al. [7]. In all
cases, the width of the predicted high-energy peak component is
adjusted to the experimental data. Both experimental and
calculated data are normalized so that the area under the high-
energy peak is unity.

M. Österlund et al. / Nucl. Instr. and Meth. in Phys. Res. B xxx (2005) xxx–xxx

NIMB 51524 No. of Pages 4, DTD = 5.0.1

27 July 2005 Disk Used
ARTICLE IN PRESS



138

U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

150 3.4. Contamination of the neutron beam

151 Measured contamination of the neutron beam
152 at the experimental area due to interactions of
153 the primary protons with beam transport elements
154 (mainly the target frame) did not exceed 0.2%.
155 Such interactions can only lead to a weak surplus
156 of neutrons at the experimental area, because any
157 charged particles produced near the lithium target
158 and upstream are bent away by the deflection
159 magnet.
160 The contamination of protons (above 15 MeV)
161 in the neutron beam amounts to about 10�5, which
162 can hardly be a problem for any application.

163 3.5. Residual radioactivity

164 No significant excess of radioactivity over natu-
165 ral background has been detected in the experi-
166 mental area. This, together with the fully
167 functional laboratory radiation protection system,
168 ensures safety for beam users and personnel.

169 3.6. Availability for users

170 The facility is now available for regular opera-
171 tion. First beams for commercial electronics test-
172 ing, as well as applied nuclear physics research,
173 have already been delivered.

174 4. Summary and outlook

175 A new neutron facility, optimized for SEE test-
176 ing, has been constructed and put into operation at
177 TSL, Uppsala, Sweden. The facility is capable to
178 deliver neutrons in the 20–175 MeV range. This
179 makes TSL the only laboratory in the world offer-

180ing full mono-energetic neutron testing according
181to the JEDEC test specification [2]. In addition,
182TSL offers testing with protons in the
18320–180 MeV energy range, and with a wide range
184of heavy ions. Thus, TSL has the unique feature
185to provide neutron, proton, and heavy ion testing
186at the same laboratory.
187Further information on the neutron facility and
188characterization measurements is presented else-
189where [8].
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Appendix XXI
Neutron data for accelerator-driven systems  

- Experiments above 20 MeV 

J. Blomgren1)

1) 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 
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when a realistic large-scale facility is the goal. With large uncertainties in the nuclear data, 
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). 
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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 
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 4π 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. 
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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. 

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 : 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 : 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 
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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. 

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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The Nuclear Physics Reason That Your Laptop Crashes 

During Flight 
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neutron-induced nuclear reactions. 

Abstract. The importance of cosmic radiation effects in electronics, on board aircrafts 
as well as at sea level, has been highlighted during the last decade. When, e.g., an 
electronic memory circuit is exposed to particle radiation, the latter can cause a flip of 
the memory content in a bit, which is called a single-event upset (SEU). This induces 
no hardware damage to the circuit, but unwanted re-programming of memories, 
CPUs, etc., can have consequences for the reliability, and ultimately also for the 
safety of the system. Since neutrons have no charge, they can only interact via violent, 
nuclear reactions, in which charged particles are created. In this paper, the SEU 
problem is presented from a nuclear physicist’s perspective. Experimental efforts to 
improve the nuclear reaction database for silicon are described, as well as the 
conclusions about the nuclear physics origin of the effect that can be drawn from 
device testing activities. 

Introduction 

The importance of cosmic radiation effects in electronics, on board aircrafts as well as 
at sea level, has been highlighted recently. When, e.g., an electronic memory circuit is 
exposed to particle radiation, the latter can cause a flip of the memory content in a bit, 
which is called a single-event upset (SEU). This induces no hardware damage to the 
circuit, but unwanted re-programming of memories, CPUs, etc., can have 
consequences for the reliability, and ultimately also for the safety of the system. Such 
software errors were in fact discovered by accident in a portable PC used at an 
airplane a few years ago, and later the effect has been verified under controlled 
conditions, both in flight measurements [1,2], as well as in the laboratory [3-5]. 

The reason that these errors are referred to as single-event upsets is that they 
are induced by a single particle hitting the device (see Figure 1). This is in contrast to 
radiation damage of electronics, a phenomenon caused by the integrated dose, which 
is normally delivered by a large quantity of particles. 

The cosmic ray particles in space are mainly protons and alpha-particles. 
When passing the atmosphere, most of these particles are absorbed, and some of them 
create cascades of secondary particles. At flight altitudes, as well as at sea level, the 
cosmic ray flux is dominated by neutrons and muons. The latter do not interact 
strongly with nuclei, and therefore neutrons are most important for SEU [6-8]. 

Since neutrons have no charge, they can only interact via violent, nuclear 
reactions, in which charged particles are created. If this happens in the silicon 
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the cross section curves seem to saturate, or even decrease slightly, at energies beyond 
100 MeV. This indicates that the dominant nuclear physics origin of these effects is 
production of heavy ions, a conclusion corroborated by basic device parameters.

Figure 2. The SEU sensitivity versus incident neutron energy for some memory
devices [12]. The upper panel shows the absolute SEU cross sections. In the lower 
panel, all devices are normalized to Cypress, showing that the energy dependence is 
similar for all devices, but the absolute magnitude differs. The solid line is an eye-
guide showing an average, and the dotted lines indicate 10 % deviation from the 
average. See reference [12] for details.

Measurements of neutron-induced cross sections in silicon

Relying completely on experimental information for assessment of the SEE problem 
is difficult for a number of reasons. First, the energy range to be covered is very large. 
Therefore, theory modelling is needed for interpolation in between energies where
data are available. Second, many of the reactions causing the effect are not accessible
to experimental determination. Especially, experimental data can be obtained for 
production of one particle type at the time (singles), but coincidence data are 
unavailable, and will probably remain so for a foreseeable future. Thus, the role of
experimental data is to guide theory, which in turn will be used as input to device
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simulation codes. A collaboration Uppsala University – Chiang Mai University has 
been formed to address these issues. 
 This in turn means that the data to measure should provide important 
information for theory development. With these constraints, roughly three types of 
data are important; elastic neutron scattering, light-ion production and heavy recoil 
production.
 Elastic scattering plays a major role in the determination of the effective 
interaction between a neutron and a nucleus, which is used in virtually every cross 
section calculation with a neutron in the incident or exit channel. Until recently, the 
maximum energy where high-quality neutron elastic scattering data have been 
produced has been 65 MeV. Recently, data at 96 MeV on carbon and lead have been 
published [13], and a series of nuclei, including silicon, are under study. 
 Light-ion production is at present motivated by theory development only, but 
it might be possible that such data can be of direct importance in a not so distant 
future, i.e., alpha-production reactions might cause SEEs in future technologies with 
lower critical charge needed for a bit flip. The data situation for light-ion production 
resembles the elastic scattering data situation, in that up to now high-quality data up to 
about 70 MeV have been available. The MEDLEY detector set-up [14] at TSL has 
been designed for production of p, d, t, 3He, and � data (and possibly also 6Li and 7Li)
in the 50-130 MeV range. Recently, silicon data at 96 MeV have been obtained that 
will be provided for improvement of the data bases, and finally for use within the 
SEU community [15]. Additional experiments at 180 MeV are planned, which 
requires a moderate upgrade of MEDLEY. 

As has been discussed above, the most important nuclear reactions ultimately 
causing the SEE effects in present technologies are probably neutron-induced 
production of heavy, low-energy recoils. Direct measurement of such cross sections 
with a neutron beam on a silicon target is in reality impossible with present 
technology, because these recoils have such low energies that an extremely thin target 
is needed if they should escape it to be able to hit a detector, but then the count rate is 
so small that reasonable statistics cannot be obtained in a reasonable time. This 
problem can be circumvented if using inverse kinematics. Such an experiment is 
under development at TSL [16]. 

Outlook 

The single-event effect is now an established phenomenon in the electronics industry, 
and its importance is growing. The continuing trend of gradually smaller dimensions 
of the active volumes in computer devices is expected to make the problem even 
worse. In fact, it is a common prediction that the single-event effect can terminate 
further development of the presently dominant silicon technology in a near future. The 
problem is no longer confined to space and aviation applications, but is progressively 
becoming significant also at ground level. For instance, present commercial off-the-
shelf work stations at sea level experience system crashes with average intervals of 
typically two weeks due to these effects.  

The fact that the SEE phenomenon seems to be here to stay has motivated a 
new neutron beam facility to be built at TSL, with dramatically improved intensity 
[17]. The facility is operational since early 2004, and it has already been successfully 
used both for physics experiments and commercial testing. 
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Appendix XXIII

Abstract
A new quasi-monoenergetic neutron beam facility has been

constructed at The Svedberg Laboratory (TSL) in Uppsala,

Sweden. Key features include an energy range of 20 to 175

M e V, high fluxes and the possibility of larg e - a rea neutro n

fields. The new facility has been designed specifically to pro -

vide optimal conditions for testing of single-event effects in
electronics. First results of the beam characterization measure -

ments are reported.

Scientific and technical background
The interest in high-energy neutrons is rapidly growing,
since a number of potential large-scale applications in-
volving fast neutrons are under development, or have
been identified. These applications primarily fall into
t h ree sectors: nuclear energy and waste, medicine and
effects on electronics.
The recent development of high-intensity proton acceler-
ators has resulted in ideas to use subcritical reactors, fed
by external spallation-produced neutrons, for transmuta-
tion of waste from nuclear power reactors or nuclear
weapons material. This might result in less problematic
waste material and/or energy production; see, e.g., Ref.
[1].
Conventional radiation treatment of tumors, i.e., by pho-
tons or electrons, is a cornerstone in modern cancer ther-
a p y. Some rather common types of tumors, however,
cannot be treated successfully. For some of these, very
good treatment results have been reached with neutron
therapy, which is the largest used non-conventional ther-
apy worldwide [2, 3].
It has been established during recent years that air flight
personnel receives among the largest radiation doses in
civil work, due to cosmic-ray neutrons. This poses a rela-
tively new dosimetry problem, which is currently under
investigation [4].
During the last few years, it has become evident that
electronics in aircraft suffer effects from cosmic-ray neu-
t rons, so-called single-event effects (SEE) [5, 6]. The
p resently most well known effect is that a neutron can
induce a nuclear reaction in the silicon substrate of a
memory device, releasing a free charge, which in turn
flips the memory content. This random re-programming

is obviously not wanted. Similar effects causing hard-
w a re damage have recently been identified also on
g round level. Testing of SEE using the natural flux of
cosmic neutrons is time-consuming. To speed up the
m e a s u rements, one needs to use neutron beams pro-
duced with particle accelerators. The procedures for the
accelerated testing of memory devices are summarized
in the recent JEDEC standard [6]. According to this stan-
dard, one of the ways to perform the accelerated testing
is to irradiate a device under study by monoenerg e t i c
n e u t rons with nominal energies of 20, 50, 100, and 150
MeV. Such an approach is a viable alternative to the test-
ing with a “white” neutron spectrum, if the intensity of
m o n o e n e rgetic neutrons is enough to cause re a s o n a b l y
high SEE rates.
Finally, fundamental nuclear physics with intermediate-
e n e rgy neutrons has recently got widespread attention
due to the experimental studies of the absolute strength
of the strong interaction in the nuclear sector, derived
from neutron–proton scattering data; see, e.g., Ref. [7].
All the applications mentioned above involve neutro n s
at much higher energies than for the traditional applied
a reas, e.g., nuclear power. Extensive evaluated data li-
braries have been established for the development of nu-
clear fission and fusion for energy production, which
have a 20 MeV upper limit. Very little high-quality neu-
tron-induced data exist above this energy.
To satisfy these needs, a new quasi-monoenergetic neu-
tron-beam facility has been constructed at the The Sved-
berg Laboratory (TSL), Uppsala. Emphasis has been put
on high neutron beam intensity in combination with
flexibility in energy and neutron field shape.

Technical specification
The facility uses the 7L i ( p , n )7Be reaction (Q=-1.64 MeV)
to produce a quasi-monoenergetic neutron beam. The
proton beam is provided by the Gustaf Werner cyclotron
with an energy variable in the 20-180 MeV range. A
drawing of the neutron-beam facility is shown in Fig. 1.
The proton beam is incident on a target of lithium, en-
riched to 99.99% in 7Li. The available targets are 1, 2, 4, 8,
and 24 mm thick. The targets are rectangular in shape,
20x32 mm2, and are mounted in a remotely contro l l e d
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w a t e r-cooled copper rig. An additional target position
contains a fluorescent screen viewed by a TV camera,
which is used for beam alignment and focusing. Down-
stream the target, the proton beam is deflected by a mag-
net into a 10-m long dumping line, where it is guided
onto a heavily shielded water-cooled graphite beam
dump.
The neutron beam is formed geometrically by a cylindri-
cally shaped iron collimator block, 50 cm in diameter
and 100 cm long, with a cylindrical, conical or rectangu-
lar hole of variable size. The collimator is surrounded by
concrete to form the end wall of the production line to-
wards the experimental area. Thereby, efficient shielding
from the production target region is achieved. A modu-
lar construction of the collimator allows the user to ad-
just the diameter of the neutron beam to the needs of a
specific experiment. The available collimator openings
are 1, 2, 3, 5.4, 10, 15, 20, and 30 cm. Other collimator di-
ameters in the 0-30 cm range, as well as other shapes
than circular can be provided upon request. Beam diam-
eters of up to 1 m are obtainable at a larger distance from
the production target, which may be used for testing a
l a rger number of devices simultaneously, or larger de-
vices like entire electronic boards. The facility is capable
to deliver neutrons in the 20-175 MeV range. This makes
TSL the only laboratory in the world offering full mono-
e n e rgetic neutron testing according to the JEDEC stan-
dard [6].
N e u t rons reach the experimental area at a distance of
about 3 m from the production target. Reduction of this
distance has led to an increase of the neutron flux by
about one order of magnitude in comparison with the
old TSL n e u t ron facility [8, 9], using the same targ e t
thickness, proton energy and current. Beam currents of
up to 10 µA can be achieved for energies below 100 MeV.
Above 100 MeV, the achievable beam current is about a
factor of 10 lower. The resulting lower neutron fluence
can be partly compensated by the use of thicker lithium
targets.
Two additional irradiation positions, which can be used
parasitically with other experiments, are provided (see
Table I). The increase of the neutron flux at these posi-
tions is reached at the expense of limited accessibility,
limited size of irradiated objects, and more intense �-ray
background.

Characterization of the facility
The first neutron beam at the new facility was delivered
in 2004. Since then, commissioning runs have been per-
formed, including measurements of neutron flux, spec-
tra, and profile. First results are reported below.
The measured contamination of the neutron beam at the
experimental area due to interactions of the primary pro-
tons with beam transport elements such as the targ e t

frame did not exceed 0.2%. Such interactions only leads
to a minor surplus of neutrons in the experimental area
because charged particles produced near the lithium tar-
get and upstream are removed by the deflection magnet.
The relative contamination of protons with energ i e s
above 15 MeV in the neutron beam is about 10?5. These
m e a s u rements have been performed for a proton beam
energy of 98 MeV.
The energy and angular distribution of neutrons deliv-
e red to the experimental area is mainly defined by the
d o u b l e - d i ff e rential cross-section of the 7Li(p,n) re a c t i o n
at forward angles. The reaction energy spectrum is dom-
inated by a peak situated a few MeV below the energy of
the primary protons and comprising about 40% of the
total number of neutrons. Neutron spectra have been ob-
tained by measuring elastic np-scattering with the Med-
ley setup [10]. The scattered protons are registered at an
angle of 20° relative to the neutron beam. Besides the en-
ergy of the scattered proton, the time-of-flight (TOF) rel-
ative to the RF signal from the cyclotron for each event is
re c o rded. As an example, the measured proton energ y
vs. neutron TOF is shown in Fig. 2. All proton events for
a peak neutron energy of 74.8 MeV are contained. The
horizontal and vertical straight lines indicate the posi-
tion of the proton peak in time and energy for elastic
scattering events caused by peak neutrons. The bent line
shows the calculated position of elastic scattering events
for diff e rent neutron energies. The neutron spectrum is
deduced by application of a cut around this bent line,
p roper background subtraction and calculation of the
corresponding incoming neutron energy on an event-by-
event basis. The measured neutron spectra for four peak
energies between 21.8 and 142.7 MeV are shown in Fig.
3. The peak energies are chosen in compliance with rec-
ommendations of the JEDEC standard [6]. The measure-
ments are compared with the systematics by Prokofiev et

al. [11] for the three higher energies (Fig. 3 b-d). The sys-
tematics is not applicable at the lowest beam energy (Fig.
3 a). Instead, an evaluation of Mashnik et al. [12] was em-
ployed for the description of the neutron spectrum. The
d i ff e rential cross-section for high-energy peak neutro n
p roduction at 0° was obtained by multiplication of the
total cross-section of the 7L i ( p , n )7Be reaction [12] to the
“index of forwardness” from the systematics of
Uwamino et al. [13]. The narrow peaks in the upper con-
tinuum region correspond to excitation of higher states
in residual 7Be nuclei. This process was included in the
model calculation of Mashnik et al. [12]. However, the
energy resolution in the experiment does not allow us to
observe these peaks. The experimental data agree with
the calculations except for the region below 10 MeV in
the 21.8 MeV spectrum where the model overpre d i c t s
the experimental results by up to a factor of 2. 
Table II summarizes the main features of the measure d
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spectra and the achieved neutron flux. The later has been
measured with the thin-film breakdown counter (TFBC)
[14]. Another monitoring option is provided by an ion-
ization-chamber monitor (ICM). Both monitors, usually
installed after the Medley chamber, utilize neutro n - i n-
duced fission of 238U. Finally, a Faraday cup, installed in
the proton beam dump, integrates the beam current and
offers relative monitoring of the beam intensity.
F i g u re 4 shows a horizontal beam profile for 143 MeV
neutrons, measured at a distance of 4.77 m from the pro-
duction target. The measurement was performed by
counting neutron-induced SEE in a set of electro n i c
chips positioned across the beam [15]. 

Summary and outlook
A new neutron beam facility has been constructed at TSL
and is now available for regular operation. It is capable
to deliver neutrons in the 20-175 MeV range. First beams
have been delivered for nuclear physics research, as well
as for commercial electronics testing.
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Position Distance Angle to the Gain in the
from the proton beam peak

Li target (m) direction (°) neutron flux
PARTY 1.9 1.6 2.5
TUNIS 1.1 7.5 1.7 – 2.21)

1) dependent on the peak neutron energy.

Table I. Parasitic irradiation positions.

Proton beam Li target Proton beam Resulting average Fraction of neutrons in Peak neutron flux
energy (MeV) thicknes s (mm) current (µA) energy of peak the mono-energetic peak (%) (105 neutrons/(cm2 s))

neutrons (MeV) _______________________________
measured calculated

24.68 ± 0.04 2 10 21.8 ~50 -- 1.3
49.5 ± 0.2 4 10 46.5 39 36 2.9
97.9 ± 0.3 8 5 94.7 41 39 4.6

147.4 ± 0.6 24 0.6 142.7 55 1) 40 2.1

1) upper limit due to poor energy resolution.

Table II. Neutron beam parameters. The fluxes refer to the entrance of the beam line to the experimental hall.
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Figure 1. Drawing of the new neutron beam facility. The neutron beam
is produced in the lithium target and continues along the D-line. The
lithium target, the deflecting magnet, and the collimator are indicated.
The drawing shows also the position for two permanent but movable ex-
perimental setups, Medley and SCANDAL.

Figure 2 . M e a s u red proton energy vs. time-of-flight (TOF) for a peak
neutron energy of 74.8 MeV registered at a scattering angle of 20 degrees
(see text).
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Figure 3. The neutron spectra at 0º for diff e rent peak neutron energ i e s
(see Table II for incident proton energies and 7Li target thicknesses). Sym-
bols connected by a solid line re p resent experimental data obtained in
the present work. Predictions are shown as dashed lines (see text).

Figure 4. The horizontal beam profile for 142.7-MeV neutrons, measured
at the distance of 4.77 m from the production target. Vertical dashed lines
represent boundaries of the beam expected from the geometry of the col-
limator.



155

Appendix XXIV

Accepted for presentation at IEEE International Reliability Physics Symposium (IRPS’2005), 
San Jose, California, April 17-21, 2005, 

Paper SE02 

A NEW NEUTRON FACILITY FOR SINGLE-EVENT EFFECT TESTING 
A. V. Prokofiev1, S. Pomp2, J. Blomgren2, O. Byström1, C. Ekström1, O. Jonsson1, D. Reistad1, U. Tippawan2,3, D. Wessman1, V. Ziemann1,

and M. Österlund2

1The Svedberg Laboratory, Uppsala University, Box 533, S-751 21 Uppsala, Sweden  
+46-70-326-3866; fax: +46-18-471-3833; e-mail: Alexander.Prokofiev@tsl.uu.se 

2Department of Neutron Research, Uppsala University, Sweden 
3Fast Neutron Research Facility, Chiang Mai University, Thailand 

ABSTRACT

A new quasi-monoenergetic neutron beam facility has been 
constructed at The Svedberg Laboratory (TSL) in Uppsala, Sweden. 
Key features include an energy range of 20 to 175 MeV, high fluxes 
and the possibility of large-area fields. The new facility has been 
designed specifically to provide optimal conditions for testing of 
single-event effects in electronics. First results of the beam 
characterization measurements are reported. [Keywords: neutron; 
neutron beam; cyclotron; neutron-induced SEE; SEE testing]

INTRODUCTION

Testing of neutron-induced single-event effects (SEE) in 
semiconductor materials using the natural flux of cosmic neutrons is 
time-consuming. To speed up the measurements, one needs to use 
neutron beams produced with particle accelerators. 

The procedures for the accelerated testing of memory devices are 
summarized in the recent JEDEC standard [1]. According to the 
standard, one of the ways to perform the accelerated testing is to 
irradiate a device under study by monoenergetic neutrons with 
nominal energies of 20, 50, 100, and 150 MeV. Such an approach is 
a viable alternative to the testing with a “white” neutron spectrum, if 
the intensity of monoenergetic neutrons is enough to cause 
reasonably high SEE rates. 

To satisfy these needs, an upgrade of the old neutron facility [2] 
at The Svedberg Laboratory (TSL) has been undertaken with a 
primary goal to increase the neutron beam intensity and, thereby, to 
make the facility competitive for SEE testing and for studies of SEE 
mechanisms. In addition, the new facility offers an unsurpassed 
flexibility of the neutron beam properties, like energy and 
geometrical shape. 

TECHNICAL SPECIFICATION

An overview of the neutron beam facility is presented in Fig. 1. 
The facility makes use of the proton beam from the Gustaf Werner 
cyclotron with the energy variable in the 20-180 MeV range. The 
quasi-monoenergetic neutron beam is produced via the 7Li(p,n)7Be
reaction. The proton beam is incident on a target of lithium, enriched 
to 99.99% in 7Li. The available lithium targets are 2, 4, 8, 16, and 24 
mm thick. The targets are rectangular in shape, 20x32 mm, and are 
mounted in a remotely controlled water-cooled copper rig. Typically, 
proton energy loss in the target amounts to 2-6 MeV depending on 
the incident proton energy. An additional target position contains a 
fluorescent screen viewed by a TV camera, which is used for beam 
alignment and focusing. Downstream the target, the proton beam is 
deflected by a magnet into a 10-m long dumping line, where it is 
guided onto a heavily shielded water-cooled graphite beam dump. 

The neutron beam is formed geometrically by a cylindrically shaped 
iron collimator block, 50 cm in diameter and 100 cm long, with a 
cylindrical or conical hole of variable diameter. The collimator is 
surrounded by concrete to form the end wall of the production line 
towards the experimental area. Thereby, efficient shielding from the 
production target region is achieved. A modular construction of the 
collimator allows the user to adjust the diameter of the neutron beam 
to the needs of a specific experiment. At present, the available 
collimator openings are 2, 3, 5.5, 10, 15, 20, and 30 cm. The 
collimators are swiftly changeable. Other collimator diameters in the 
0-30 cm range, as well as other shapes than circular can be provided 
upon request. After passing the collimator, neutrons reach the 
experimental area at a distance of about 3 m from the production 
target. Beam diameters of up to 1 m are obtainable at a larger 
distance from the production target. The increased diameter of the 
beam may be used for testing a larger number of devices 
simultaneously, or larger devices like entire electronic boards. 

CHARACTERIZATION OF THE FACILITY

The measured contamination of the neutron beam at the 
experimental area due to interactions of the primary protons with 
beam transport elements such as the target frame did not exceed 
0.2%. Such interactions only leads to a minor surplus of neutrons in 
the experimental area because charged particles produced near the 
lithium target and upstream are removed by the deflection magnet. 
The relative contamination of protons with energies above 15 MeV 

FIGURE 1. AN OVERVIEW OF THE NEUTRON BEAM 
FACILITY
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in the neutron beam is about 10�5. These measurements have been 
performed for a proton beam energy of 98 MeV. 

Neutron spectra have been obtained by measuring elastic np-
scattering with the Medley setup [3]. The measured neutron spectra 
for four peak energies between 24.7 and 147.4 MeV are shown in 
Fig. 2. The peak energies are chosen in compliance with 
recommendations of the JEDEC standard [1]. The measurements are 
compared with the systematics by Prokofiev et al. [4] for the three 
higher energies (Fig. 2b-d). The systematics is not applicable at the 
lowest beam energy (Fig. 2a). Instead, an evaluation of Mashnik et 
al. [5] was employed for the description of the neutron spectrum. 
The differential cross-section for high-energy peak neutron 
production at 0� was obtained by multiplication of the total cross-
section of the 7Li(p,n)7Be reaction [5] to the "index of forwardness" 
from the systematics of Uwamino et al. [6]. The narrow peaks in the 
upper continuum region correspond to excitation of higher states in 
residual 7Be nuclei. This process was included in the model 
calculation of Mashnik et al. [5]. However, the energy resolution   in 

 the experiment does not allow us to observe these peaks. The 
experimental data agree with the calculations except for the region 
below 10 MeV in the 24.7 MeV spectrum where the model 
overpredicts the experimental results by up to a factor of 2. Table 1 
summarizes the main features of the measured spectra and the 
achieved neutron fluxes. The later has been measured with the thin-
film breakdown counter (TFBC) [7]. Another monitoring option is 
provided by an ionization-chamber monitor (ICM). Both monitors 
utilize neutron-induced fission of 238U. This reaction possesses well-
known cross-section recommended as standard [8]. Finally, a 
Faraday cup, installed in the proton beam dump, integrates the beam 
current and offers relative monitoring of the beam intensity. 

As seen in Fig. 2, the neutron spectrum is dominated by a peak 
situated a few MeV below the energy of the primary protons and 
comprising about 40% of the total number of neutrons. The fact that 
the spectrum has a low-energy tail requires that a proper correction is 
applied to measured SEE rates. The correction can be obtained using 
an iterative unfolding procedure, as it is discussed in another 
contribution to this Symposium [9]. 

SUMMARY AND OUTLOOK

A new neutron beam facility has been constructed at TSL and is 
available for regular operation. It is capable to deliver neutrons in the 
20-175 MeV range, which makes TSL the only laboratory in the 
world offering full monoenergetic neutron testing according to the 
JEDEC standard. First beams for commercial electronics testing have 
been delivered. 
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TABLE 1. NEUTRON BEAM PARAMETERS. THE FLUXES REFER TO THE ENTRANCE OF THE EXPERIMENTAL HALL.

Fraction of neutrons in the 
mono-energetic peak (%) 

Proton beam 
energy (MeV) 

Li target 
thickness 

(mm)

Proton
beam 

current
(�A)

Resulting average 
energy of peak 
neutrons (MeV) 

measured calculated 

Peak neutron flux  
(105 neutrons/(cm2 s)) 

24.68 ± 0.04  2  10 21.8 ~50 -- 1.3 
49.5 ± 0.2 4 10 46.5 39 36 2.9 
97.9 ± 0.3 8 5 94.7 41 39 4.6 
147.4 ± 0.6 24 0.6 142.7 55 1) 40 2.1 

1) upper limit due to poor energy resolution. 
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SUMMARY RECORD OF THE  
SIXTEENTH MEETING OF THE NUCLEAR SCIENCE COMMITTEE 

8-10 June 2005 

 The Chair, T. Lefvert, opened the meeting and welcomed the delegates. The following two new 
members of the committee were announced: Walter Tromm, Germany (replacing D. Cacuci) and 
Desmond MacMahon, UK (replacing D. Simister). C. Ganguly, head of the IAEA Fuel Cycle and 
Materials section, participated for the first time. 

B. Briggs, chairman of the Working Party on Nuclear Criticality Safety (WPNCS) was invited to 
present the status of the Working Party. C. Dean, UK and M. Kellett, IAEA were invited for the in-depth 
discussion on “Performance of the JEFF-3 data library” and F. D’Auria, Italy, E. Royer, France and 
J-M. Martinez, France were invited for the in-depth discussion on “Uncertainty analysis in modelling”. 

 Apologies for absence had been received from E. Nonbøl, Denmark, Y.-J. Kim, Korea, 
W. Wiesenack, Norway, N. Olsson, Sweden and J. Herczeg, US. F. Goldner, US replaced J. Herczeg. A 
list of participants is given in Annex 1. 

Adoption of the Agenda  [NEA/SEN/NSC(2005)1] 

 The proposed agenda was adopted without modifications. The in-depth discussions were 
scheduled for the morning of the second day (9 June 2005). 

Introduction by the Director General 

 In the absence of the NEA Director General, T. Dujardin, Deputy Director, informed the 
committee of recent events in the nuclear field, with special focus on the OECD and the NEA. He 
highlighted the fact that the World Energy Council had, at their congress in Sidney in 2004 and for the first 
time since many years, discussed nuclear energy at the same level as all other energy sources, concluding 
that “all energy options must be kept open and no technology should be idolised or demonised”. He also 
mentioned that the OECD and NEA had cooperated in the organisation of the IAEA International 
Ministerial Conference on Nuclear Power in the 21st Century, and that the OECD Secretary General had 
addressed the 2004 ANS meeting on the role of nuclear energy for limiting green-house gas emission. 

T. Dujardin described the OECD outreach policy and noted that the NEA was encouraged to 
increase the cooperation with Russia and China, based on criteria of mutual benefit. He also mentioned that 
the Generation-IV International Forum (GIF) framework agreement had been signed at the French embassy 
in Washington DC, US on 28 February 2005, that the OECD Secretary General is the depositary of the 
international treaty and that the NEA acts as the technical secretariat of GIF. 

 At its meeting in April 2005, the NEA Steering Committee had approved the new mandates of all 
standing technical committees, including the NSC and its Executive Group. From the Steering Committee 
meeting it was also noted that the French authorities asked the NEA to organise peer-reviews of the 
scientific reports prepared according to the 1991 law on nuclear waste, and that W. Magwood stepped 
down as chairman of the Steering Committee. Moreover, T. Dujardin informed the committee that any 
feedback on the IAEA report on Multilateral Approaches to the Nuclear Fuel Cycle (MNA) could be 
communicated to him. 
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 The annual coordination meeting between the NEA and the IAEA had mainly been devoted to 
nuclear safety issues. The cooperation with the IEA had for example resulted in a joint publication on the 
cost of electricity generation, and in participation in a workshop on “security of supply”, an issue which 
will be the subject of the next policy debate in the NEA Steering Committee. 

 Finally, T. Dujardin informed the committee that Stan Gordelier had replaced Peter Wilmer as 
head of the NEA Nuclear Development Division and that Julia Schwartz had replaced Patrick Reyners
as head of the NEA Legal Section. Yolanda Rugama and Hans Henriksson had recently joined the Data 
Bank to work mainly on nuclear data related activities. 

Self-evaluation of Committee Meetings 

 The OECD Council has decided to encourage all OECD committees to evaluate the general 
usefulness and the impact in member countries of their programme of work, as well as the committee 
meetings themselves, as part of the need to prioritise work and to assess the added value of each 
committee. The NSC Secretariat had, in line with this decision, developed a questionnaire, which was 
distributed to all delegates. The NSC members were asked to return the questionnaire to the Secretariat by 
the end of June 2005. 

 The chair asked if the Secretariat could provide a list of NSC activities during the last five years, 
indicating, for each activity, the planned and actual duration, as well as the expected and real output. Such 
a list was considered useful as background information when filling in the questionnaire. The Secretariat 
agreed to provide the requested list. 

Approval of the Summary Record of the 15th Meeting  [NEA/SEN/NSC(2004)3] 

 The summary record of the fifteenth meeting of the NSC was approved without modifications. 

Status of Committee Projects  [NEA/SEN/NSC(2005)2] 

Review of progress of the NSC Working Parties 

Working Party on Scientific Issues of Reactor Systems (WPRS) 

K. Hesketh, chair of WPPR, informed the committee that the Working Party had met for the first 
time in September 2004 and planned to hold its second meeting in the second half of June 2005 in 
conjunction with the WPFC. The WPRS had so far mainly maintained continuity with the former WPPR, 
and continued to hold their meetings in conjunction with the Expert Group on Reactor-based Plutonium 
Disposition (TFRPD), but the scope was being re-directed and expanded in line with new WPRS mandate, 
agreed by the NSC in June 2004. A number of activities related to High Temperature Reactors (HTR) were 
undertaken, such as a PBMR core physics benchmark, and a workshop on PBMR coupled 
neutronics/thermal-hydraulics. The PWR related activities comprised benchmark on a rod ejection in a 
MOX fuelled PWR core and a benchmark on discharge isotope inventories as a function of burn-up. 
Among the new proposals were mentioned Generation-IV associated activities related to lead fast reactors, 
to Uranium nitride cores, and to super critical water reactors. 

R. Chawla asked if the proposed new activities were decoupled from the Generation-IV 
International Forum (GIF) project. K. Hesketh answered that there were no formal links between WPRS 
and GIF, and that the WPRS activities were complementary to the more technology focused GIF activities. 
T. Lefvert asked about the availability of experts and K. Hesketh replied that he was not aware of the 
resources allocated to GIF, but expected that some experts would be working in both GIF and WPRS 
activities. 
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C. Ganguly notified the NSC that the IAEA conducted projects related to nitride fuel and asked 
if the WPRS would be devoted to mixed nitride or only to uranium nitride fuels. K. Hesketh answered that 
this would be decided at a future WPRS meeting. 

Working Party on Scientific Issues of the Fuel Cycle (WPFC) 

B-C. Na presented the status of work in the WPFC. The work of the three subgroups covers 
accelerator utilisation, fuels and materials, and chemical partitioning. After having issued, under the former 
WPPT, a status report on accelerator and spallation target technologies for ADS applications, the subgroup 
on accelerators is preparing the 5th workshop on “Utilisation and reliability of high power proton 
accelerators (HPPA)” to be held in Europe in spring 2006. In the field of fuel and materials the WPFC is 
working on a handbook on Lead-Bismuth Eutectic (LBE) technology. The group will hold its 3rd meeting 
at SCK-CEN, Mol, Belgium on 30 June-1 July 2005 to review the draft chapters of the handbook. The first 
version of the handbook would be published in early 2006. The chemical partitioning activity comprised 
the publication of a state-of-the-art report on national programmes in partitioning, comprising both 
aqueous and pyro processes. The final report will be published by the end of 2005. 

 In addition to the subgroups mentioned above, there are also three working groups undertaking 
studies on detailed flowsheets, on separations criteria and on fuel cycle transition scenarios. After having 
assisted the NDC Expert Group on the Impact of Advanced Fuel Cycle Options on Waste Management 
Policies, the group of flowsheet studies is now working on a draft report describing the details and 
underlying assumptions of individual fuel cycle process flowsheets. A report will be published in 
early 2006. The WPFC group on separations criteria was established to develop a scientific basis for 
optimisation of the use of future nuclear waste repositories and to establish a methodology for evaluating 
impacts of various fuel cycle scenarios on potential repositories and storage. The group had met twice and 
a third meeting will be held in September 2005. The group devoted to fuel cycle transition scenarios is well 
advanced. The definition of key issues had been completed, the assessment of technologies was underway 
and the review of different scenarios had started. A benchmark of system codes for different fuel cycle 
transition scenarios had been started.  

 Following questions from S. Qaim, B-C. Na confirmed that the state-of-the-art report on national 
programmes in partitioning covered both aqueous and dry processes and that the handbook on LBE 
technology was limited to lead-bismuth and lead systems only. It was noted that activities related to ADS 
had been reduced and split between WPFC and WPRS. A. Hasegawa stressed the importance of ADS 
related activities and suggested that they be addressed in a well-structured way in the NSC programme of 
work. 

Working Party on Nuclear Criticality Safety (WPNCS) 

B. Briggs, chair of WPNCS, presented a summary of the Working Party activities and the efforts 
to obtain new experiments to support MOX fabrication. The group on burn-up credit had recently finalised 
a benchmark on sensitivity to burn-up profile asymmetry and a benchmark on control rod effects on spent 
fuel composition was underway. The group on source convergence had finalised a report on the analysis of 
four test problems and considered a proposal for writing guidelines on source convergence issues. The 
group on criticality excursions was about to publish the results of two transient analysis benchmarks. The 
group on minimal critical values had recently completed a final report for publication in early 
autumn 2005. The 2004 edition of the International Criticality Safety Benchmark Evaluation Project 
(ICSBEP) handbook contained 3331 critical and sub-critical benchmark configurations and it is expected 
that the 2005 edition will contain about another 300 new configurations. 
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 The efforts to stimulate new experiments to support MOX fabrication had, in 2004, resulted in 
the recommendations to obtain the release of unpublished experimental data especially the French 
ERASME/S and the Russian BFS-49 experiments and to define a framework for the selection of new 
experimental program(s) of interest, specifically for damp MOX. The effort to release the unpublished 
ERASM/S and BFS-49 experiments had succeeded and the data would be incorporated in future releases of 
the ICSBEP handbook. Concerning the proposed new experiments, it was concluded that the Russian 
proposal would be performed within the ISTC framework and that the financial resources for other 
proposals were presently not available. 

T. Dujardin asked if China participated in the ICSBEP project. B. Briggs answered that 
although China had in principle agreed to participate, they had so far not contributed to the project. 

Working Party on International Nuclear Data Evaluation Cooperation (WPEC) 

A. Koning, chair of WPEC, informed the committee about the status of the WPEC activities. At 
its meeting in April 2005, the Working Party had reviewed the status of the participating nuclear data 
evaluation projects and of the associated experimental activities. The longer-term subgroup on nuclear 
model codes had been completed, whereas the subgroups on formats and on the high priority request list 
for nuclear data would continue. Five short-term subgroups had been completed and the results would be 
published later in 2005. The issues covered were: nuclear data standards, activation cross-sections, 
covariances in the resonance region, assessment of fission product cross-sections and data for improved 
LEU-LWR reactivity predictions. The following three new short-term subgroups had been established: 
covariance data in the fast energy region, decay heat calculations and nuclear data needs for advanced 
reactor systems. 

S. Qaim asked how the experimental activities were handled within WPEC, following the merger 
a few years ago with the Working Party on Measurement Activities (WPMA). A. Koning answered that 
the WPEC provided a framework for information exchange among experimentalists and maintained the 
High Priority Request List (HPRL) for nuclear data. P. Rullhusen informed the committee that the JEFF 
project had established a specific group on measurement activities, but, as there were not many requests for 
experiments, they had decided to rely on the HPRL. J.M. Aragones asked about the availability of 
covariance information and A. Koning replied that the WPEC was mainly devoted to developing methods 
and that each evaluation project would then use these methods to evaluate covariances. 

Internal organisation of Working Parties 

 The delegates discussed the differences in structures between the Working Parties. It was noted 
that WPRS was the only Working Party that hadn’t established a sub-structure to handle its activities. It 
was also noted that the nomenclature of the sub-structures were different. The WPEC had subgroups, the 
WPNCS had expert groups and WPFC had both subgroups and working groups. It was recognised that it 
was difficult to establish a unified structure for all Working Parties, due to the differences in activities. 

Follow-up to recent NSC organised workshops and meetings 

Eighth Information Exchange Meeting on Actinide and Fission Product P&T 

B-C. Na presented the outcome of the 8th information exchange meeting on Actinide and Fission 
Product Partitioning and Transmutation, held at Las Vegas, USA in November 2004. The meeting had 
been started with a general session covering national and international programmes in P&T, followed by 
five technical sessions. The theme of the meeting had been on the impact of P&T on waste management 
strategies. However, comments expressed after the meeting indicated that various aspects of P&T, such as 
accelerators and nuclear data, had not been properly covered during the meeting and that future meetings 
should better take into account all aspects of P&T, including waste management aspect. 
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 The 9th meeting in the series will be held in Nîmes, France on 26-28 September 2006. 

Third Workshop on Advanced Reactors with Innovative Fuels (ARWIF) 

 The ARWIF-2005 workshop was held in Oak Ridge, USA on 16-18 February 2005, hosted by 
the Oak Ridge National Laboratory. The workshop was attended by 50 participants from 11 countries 
representing 22 different organisations. E. Sartori informed the committee that the goal of the workshop 
was to identify research and development needs for advanced reactor systems and the roles which can be 
played by existing experimental facilities, as well as possible needs for new experimental facilities. The 
summary of the workshop and the proceedings will be published in autumn 2005. 

Short review of NSC expert groups and task forces 

Preservation of Reactor Physics Experiments (IRPhE) 

J. Gado introduced the IRPhE project and E. Sartori provided more details about the status of 
evaluations. The integral data considered in IRPhE comprise fundamental mode lattice experiments, 
heterogeneous core configurations, power reactor start-up data, and specific application experiments. The 
first technical review meeting, held in December 2004 had been beneficial, especially in clarifying 
uncertainties in the methodology and interpretation of guidelines for evaluating experimental data. The 
voluntary contribution by the Japanese Government to support the project was gratefully acknowledged. It 
was envisaged that the first official IRPhE publication on CD-ROM will be issued in early 2006. 

Reactor-based Plutonium Disposition 

P. D’Hondt reported on the outcome of the 9th meeting of the group, where both Russia and USA 
had presented status reports. He also presented the progress in the different activities, covering three 
benchmarks in the area of MOX fuel behaviour (hollow and full MOX pellets, PRIMO experiment and 
DOE WG-MOX fuel irradiation) and four benchmarks related to the physics of MOX loaded cores 
(KRITZ-2, VENUS-2, VENUS-07, and VVER-1000 whole core). As many of these benchmarks were 
either recently completed or close to completion, it was agreed to review the future of the group at the next 
NSC, when the mandate of the group was up for renewal. 

Basic Phenomena in Fuel Behaviour 

E. Sartori reported on the fuel behaviour activities, especially the development of the database 
on International Fuel Performance Experiments (IFPE) and the fuel related activities in CSNI. The IFPE 
contains at present 842 cases, with a number of new experiments being released or requested. The IFPE 
data are also used in the IAEA coordinated Fuel Modelling Exercise, FUMEX-II. The nuclear industry is 
also making increased use of these data. The CSNI activities related to fuel behaviour comprised one new 
(PAKS) and three existing (Halden, CABRI and SCIP) separately funded projects. 

 A proposal to integrate the activity into WPRS was accepted by K. Hesketh. R. Chawla pointed 
out that the activity should preserve a clear identity within the new framework and that the connection with 
CSNI should be highlighted. 

Reactor Stability and LWR Transient Benchmarks 

J.M. Aragones presented the status of the on-going reactor stability and transient benchmarks. 
The specifications of the NUPEC BWR Full-Size Fine-Mesh Bundle Test (BFBT) benchmark will be 
finalised in a meeting at the end of June 2005. The benchmark will consists of two phases, one on void 
distribution and one on critical power. The committee expressed its gratitude to JNES for having released 
the BFBT data.  
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 Two meetings, devoted respectively to phase I and phase II of the VVER-1000 benchmark for 
validation of coupled three-dimensional (3-D) neutron-kinetics/system thermal-hydraulics codes, were held 
in April 2005. The second volume of the BWR Turbine Trip benchmark has been sent to print and the third 
volume is expected to be published by the end of 2005. The NEA has also published three reports from the 
EC coordinated activity CRISSUE-S. 

 Following the expiration of the mandate of the group, J.M. Aragones proposed to integrate the 
activity into the WPRS framework. This proposal was supported by R. Chawla, who felt that such an 
integration would further strengthen the WPRS contacts with CSNI. The NSC adopted the proposal and 
asked the WPRS chair, K. Hesketh, to report back to the NSC in November 2005 on the integration of the 
new activities.  

Radiation Shielding and Dosimetry 

E. Sartori presented the status of activities and proposals for new activities in the areas of 
radiation shielding and dosimetry. Following the in-depth discussion on “shielding and dosimetry for 
accelerators” at the last NSC meeting, P. Vaz had contacted the Technical Group on Computational 
Medical Physics and the European Radiation Dosimetry Group (EURADOS) with a proposal to organise 
benchmark exercises on radiation shielding and dosimetry for non-energy applications. E. Sartori also 
informed the committee that the next SATIF meeting (SATIF-8) would be held in Korea in May 2006, and 
that the draft specifications for the Skyshine benchmark had been received from the Research and 
Development Institute of Power Engineering in Moscow, Russia. 

I. Kodeli reported on the status of the database of radiation shielding experiments (SINBAD), 
which presently contained 72 experiments, covering radiation shielding and pressure vessel dosimetry, 
fusion blanket neutronics, and accelerator shielding. He also described the EU concerted action on Quality 
Assurance for Numerical Dosimetry (QUADOS), which is part of the CONRAD project. 

N. Ramamoorthy informed the NSC that the IAEA had a large programme on medical 
applications and that the question of cooperation between the two agencies in this area could be discussed 
at a regular IAEA-NEA coordination meeting.  

 The delegates discussed whether non-energy related benchmarks should be undertaken by the 
NSC or not. T. Dujardin recalled that the issue had already been discussed by the Steering Committee 
during the revision of the NEA Strategic Plan. The Steering Committee agreed that the nuclear energy field 
includes applications of ionizing radiation. However, the Steering Committee stressed that the NEA should 
keep its focus on nuclear power to avoid dilution of resources and should not deal with non-power topics 
well covered elsewhere, e.g. within IAEA. 

 As it became clear that there was no general consensus within NSC to undertake non-energy 
related benchmarks, the chair concluded that any proposals for such activities would have to be reviewed 
on a case by case basis. P. Vaz was therefore asked to further specify the above-mentioned benchmark 
proposals and present them to the NSC for approval.   

3-D Radiation Transport Benchmarks 

B-C. Na described the status of the 3-D extension to the deterministic 3-D MOX fuel assembly 
transport calculation benchmark. Nineteen participation forms had been received, but some participants 
had withdrawn their solutions, providing an indication of the difficulty of the benchmark. The solutions 
provided were compiled and analysed, and a final report is in print. A medical physics computational 
benchmark was proposed as a follow-up activity.   
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 Considering the conclusions from the discussion of the non-energy related activities above, the 
NSC did not approve the proposed extension to perform a medical physics computational benchmark, but 
asked the group to present a proposed new mandate for circulation to the NSC in time for the bureau 
meeting in December 2005. 

High Burn-up Fuel 

K. Hesketh informed the committee on the status of the report on Very High Burn-up Fuel 
Cycles in LWRs. At the last meeting of the group, in November 2004, it had been decided to issue an 
integrated draft report by February 2005. This report is available for group members to review. The last 
meeting of the group is scheduled to be held at the end of September 2005, with a target publication date 
for the final report of early 2006. K. Hesketh also presented some preliminary conclusions from the draft 
report. 

R. Chawla expressed concern about some of the preliminary conclusions and asked for a more 
in-depth review of the report before publication. The NSC agreed to prolong the mandate of the group to 
provide each member a chance to thoroughly review the report. K. Hesketh was asked to circulate the final 
draft report to all committee members. 

Irradiation Induced Property Change of Graphite at High Temperatures 

M. Caron-Charles presented the status of the activity devoted to assessing the mechanistic 
understanding of the relationship between irradiation-induced micro-structural changes and bulk material 
property changes in graphite, SiC and carbon-carbon (C/C) composites at high temperatures. The first 
meeting of the expert group, organised to assign work responsibilities, had been held in January 2005 at 
Manchester, UK. The next meeting of the group would be held in France in September 2005. 

Needs of R&D Facilities in Nuclear Science 

P. D’Hondt presented the outcome of the first meeting of the expert group on reviewing the 
status of research and test facilities worldwide and to clarifying future requirements in field of nuclear 
science. The expected outcome is a report on the subject and a database containing information about 
research and test facilities in nuclear science. A preliminary table of content of the report has been agreed 
and the next meeting of the group is planned for the beginning of December 2005. A draft final report 
should be ready by late autumn 2006. The project is supported by a voluntary contribution from the 
Japanese Government. 

A. Zaetta expressed concern about the large scope of the study. P. D’Hondt responded that the 
expert group was confident that it could cover the large scope thanks to good cooperation with other 
similar activities, especially the CSNI SFEAR project. 

Proposals for new NSC Activities 

Study of Pebble Bed and Prismatic Fuel Configurations in HTGRs 

 At the NSC bureau meeting in December 2004, Won S. Park had presented a proposal for a 
study of pebble bed and prismatic fuel configurations in High Temperature Gas-cooled Reactors (HTGR). 
The objectives of the study would be to identify the technical issues and to evaluate quantitatively the 
performance of each type of system for hydrogen and electricity production, considering factors such as 
technical maturity, in-core safety characteristics, achievable outlet temperature, fuel cycles and possibly 
economy. The proposal was felt to be too ambitious for a two-year programme, and it was therefore 
suggested that W. S. Park, in collaboration with the NEA Secretariat, would review the availability of 
input data for the study and return with a more focused proposal to the NSC meeting in June 2005. 
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M. Caron-Charles presented a proposal comprising three distinct areas of work, namely 
application of computer codes to reactor physics performance assessment, fuel cycle flow sheet and cost 
evaluation studies, and integration of HTGs with other nuclear energy systems with special emphasis on 
the fuel cycle. The global objective was to provide data for the analysis of in-core and out-of-core fuel 
cycles, using simplified concepts for the prismatic block and the pebble bed-type reactors. Such a 
performance evaluation was presented as being complementary to GIF projects and as an extension to 
existing NSC projects within WPRS and WPFC. 

A. Hasegawa expressed an unfavourable view on the proposal, as he felt that such studies should 
be undertaken within the framework of GIF. In addition, he noted that many countries had already 
performed such studies and that it should be up to each country to select their preferred system. 
F. Goldner expressed concern about the availability of resources for such a study. A Zaetta recalled that 
most of the proposed work areas, including HTR concepts, were already covered by other NSC projects. 
R. Chawla felt that the proposal was still too ambitious and supported F. Goldner’s proposal to organise a 
workshop on the subject in about 1-2 years time.  

 The committee decided that there was presently no support for starting the proposed project in its 
present form. 

Prediction of Irradiation Damage Effects in Reactors 

C. Nordborg informed the committee that the chair of ANS, J. Tulenko, had, during a recent 
visit to NEA, asked if the NSC would consider coordinating international activities related to the 
development of a first principles model and simulation of nuclear fuel and structural material performance. 
It was noted that there were on-going activities within the Advanced Fuel Cycle Initiative (AFCI) in the 
US, within the EC coordinated PERFECT project in Europe, and within similar activities in Japan, as 
presented by A. Hasegawa.

 The delegates welcomed the proposal and asked the Secretariat to contact the different groups 
and to present a proposal to the next NSC meeting. 

Future NSC organised workshops and meetings 

Third Information Exchange Meeting on Nuclear Production of Hydrogen 

I. Yamagishi informed the committee about the preparations for the third workshop on Nuclear 
Production of Hydrogen that would be held at the JAERI Oarai site in Japan on 5-7 October 2005. Thirty-
seven persons had so far registered and 30 abstracts had been submitted, in addition to the foreseen seven 
invited papers. 

Workshop on Perspectives on Nuclear Data for the Next Decade 

P. Nagel reported on the workshop devoted to the future of theory- and experiment-based nuclear 
data evaluations. The workshop will be organised by CEA Bruyères-le-Châtel, France on 
26-28 September 2005. The scope of the workshop is diverse, encompassing experimental, modelling, and 
theoretical works, relevant to all aspects of nuclear data evaluation, as envisioned for the next decade. 
Thirty-five invited presentations and a final round table session are scheduled. 

Other Meetings and Sponsorship of Future Conferences 

 Following a proposal in December 2004 from Korea (KAERI) to organise a 9th conference on 
Reactor Noise (SMORN-9) under the auspices of the NEA, the NSC Bureau had concluded that this 
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activity had few links with the rest of the NSC work programme and that a more specific proposal, 
comprising new issues for SMORN-9, such as instrumentation of future reactors and noise from pumps 
and valves, should be made before any decision could be taken. After having received the feedback from 
the NSC Bureau, Korea withdrew its offer to host the SMORN-9 conference. 

 The IAEA, having a number of activities related to reactor noise, had recently contacted the NEA 
and expressed an interest to organise the next SMORN meeting. The NSC delegates discussed the request 
from IAEA and concluded that, as the interest within NSC was limited, the IAEA was welcome to take 
over the responsibility for the SMORN series of conferences. 

 A proposal to co-sponsor the Joint International Conference on Mathematics & Computations 
and Supercomputing in Nuclear Applications (M&C + SNA-2007) in Monterey, USA, on 1-5 April 2007 
was endorsed by the committee. 

In-depth discussions 

Performance of the JEFF-3 Data Library 

K. Hesketh introduced the three speakers A. Koning, C. Dean and M. Kellett. A. Koning
started by outlining the organisation of the JEFF project, by describing the content of the recently released 
JEFF-3.1 library and by providing a few examples of results from calculations with the TALYS code. He 
also indicated the plans for the next release of the library (JEFF-3.2), comprising for example more 
emphasis on minor actinides and on covariance data. C. Dean presented the history of the JEFF project and 
provided a number of illustrations of the performance of the JEFF data for different applications. Finally, 
M. Kellett informed the committee about the compilation and testing of the JEFF-3.1 decay data and 
fission yield files. 

A. Zaetta asked about the availability of experimental facilities and what impact it had on the 
JEFF project. A. Koning answered that the main contributor of experimental data to the JEFF project was 
IRMM, Geel. The n-TOF facility at CERN had so far not produced many results. H. Leeb informed the 
NSC that the analysis of the n_TOF data was underway and that the future of the facility would be decided 
in October 2005. It was also noted that most of the evaluated data above 20 MeV were based on model 
calculations. 

J Gado and R. Chawla asked about the similarities between different evaluated nuclear data 
libraries and about the possibility to create a unique file. A. Koning replied that it is important to maintain 
at least two independent projects to be able to compare different methods and approaches to nuclear data 
evaluation, as is done within the framework of the WPEC. The idea of creating a unique evaluated data file 
is indirectly a long-term goal of the WPEC in trying to eliminate the most important discrepancies in the 
major evaluated libraries. 

 It was concluded that the presentations and the discussion had been useful in preparing for the 
renewal of the JEFF mandate in June 2006.  

Uncertainty Analysis in Modelling 

J.M. Aragones started with a general introduction and a presentation of the speakers. The main 
issue to be discussed was the uncertainty analysis in non-linearly coupled multi-physics methods. E. Royer
and J-M. Martinez presented proposals to combine experiences in multi-physics and uncertainty analysis 
in international benchmarks. The uncertainty analysis methods for coupled neutronics / thermal-hydraulics 
transient studies were then presented by F. D’Auria.
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J.M. Aragones informed the committee that the European NURESIM project would study the 
methods used in uncertainty analysis and suggested that the NSC could act as a forum for Europe, Japan 
and US to discuss the subject. R. Chawla and J.M. Aragones noted that the NSC and the Data Bank were 
already involved in the first two steps of a chain of uncertainty analysis shown by F. D’Auria (nuclear data 
and neutronics benchmarks) and that this part of the chain could be tested in a benchmark exercise. 

 The committee agreed to the last proposal above and asked J.M. Aragones and R. Chawla to 
prepare a more specific proposal that could be circulated to the NSC well before the NSC bureau meeting 
in December 2005. 

Report from the 14th meeting of the NSC Executive Group 

P. D’Hondt presented a summary of the Executive Group meeting held in the morning of 
8 June 2005. The report is given in Annex 2. 

J.M. Aragones suggested that the Data Bank should, within available resources, consider 
extending further the computer program activities to include recent “open source” code management 
methods in co-ordination with the code authors. 

T. Dujardin explained the delay in the signing of the exchange agreement between the NEA 
Data Bank and the US DOE and F. Goldner agreed to investigate possibilities to speed up the procedure. 

 The committee endorsed the presented programme of work and budget for the NEA Data Bank 
for 2006. 

Cooperation with CSNI 

J. Reig introduced a document proposing methods for an enhanced cooperation between the 
NSC, including its Executive Group, and the CSNI, in line with the recently adopted Strategic Plan of the 
NEA. The document consists of a main part, describing the main responsibilities of each committee and 
ways to cooperate, and an appendix providing more details about the current activities of each committee. 
The appendix would be updated at regular intervals. 

 The committee agreed to a proposal by T. Lefvert to provide feedback and comments on the 
document to the NEA Secretariat before 1 October 2005. The comments from all concerned committees 
would then be incorporated and a new version that would be sent to the committees for final approval by 
the time of the NSC bureau meeting in December 2005. 

Reports from other NEA Divisions and other International Organisations 

The NEA Nuclear Safety and Nuclear Development divisions 

Nuclear Safety 

J. Reig informed the committee that the CSNI and CNRA had recently issued a joint strategic 
plan to face the main challenges in the area of nuclear safety. He also described the many joint research 
projects undertaken by the CSNI. More detailed information was given on the SFEAR activity, of interest 
to the NSC project on “Needs of R&D Facilities in Nuclear Science”, and the SEGFSM activity, focusing 
on high burn-up fuel issues. 
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Nuclear Development 

E. Bertel described four NDC activities of relevance to the NSC programme of work: “Impact of 
advanced fuel cycles on waste management policies”, which had received support from the WPFC, 
“Innovation in nuclear energy technology” and “Management of recycled fissile materials”, both presented 
also at the last NSC meeting, and the preparations for the “9th Information Exchange meeting on P&T”, 
jointly organised with the NSC. 

The EC 

P. Rullhusen provided information on selected EC framework programmes and Joint Research 
Centre (JRC) activities. The EUROTRANS project within the 6th framework programme was described, as 
well as a Technology Platform on Partitioning and Transmutation and the NUDAME and EFNUDAT 
initiatives in relation to nuclear data activities at IRRM, Geel. 

The IAEA 

 In his presentation, N. Ramamoorthy put special emphasis on the work programme of the IAEA 
Nuclear Data Section and its close cooperation with the NEA Data Bank. He also highlighted the IAEA 
participation in the WPEC and JEFF projects, and described the IAEA organised workshops at ISTC, 
Trieste.  

C. Ganguly presented the IAEA programme and activities on the nuclear fuel cycle and 
materials, comprising mainly the areas of uranium production cycle and environment, water-cooled fuel 
performance and technology, management of spent fuel from power reactors, and topical nuclear fuel cycle 
issues and information systems. 

Next NSC meeting 

Date of next meeting 

 It was agreed to hold the next meeting of the committee on 31 May-2 June 2006, at the NEA 
Headquarters in Issy-les-Moulineaux, France. 

 After the present NSC meeting, it has been decided that the NSC bureau will meet on 
13 December 2005. 

Topics for in-depth discussion 

 The delegates were reminded of last year’s proposal by R. Chawla to discuss the “progress of 
advanced reactor concepts”. T. Dujardin proposed to organise a follow-up to the debate of the preliminary 
conclusions of the NSC expert group on Very High Burn-up Fuels. 

 The committee noted that each of the above proposals could easily fill a complete morning 
session, so the final decision on the in-depth discussion would also have to consider the limitations of the 
subject(s) chosen. Delegates were encouraged to communicate additional proposals in time for the final 
decision by the NSC bureau in December 2005. 

Election of Committee Officers 

 The chair was handed over to T. Dujardin, who suggested re-electing the chair and vice-chair. 
As no other proposals were forwarded, the committee unanimously re-elected the bureau for one year. 
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Any other business 

J.M. Aragones asked whether Working Parties could consider organising meetings in different 
member countries. T. Dujardin answered that, although it was not excluded, it could cause a problem for 
the Secretariat to participate due to limitations in the regulations and the available resources for official 
travel. 

 It was agreed that the Secretariat would circulate, within one week, a list of actions adopted at the 
meeting  
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Annex 2 

Report to the Nuclear Science Committee  
from the 14th Meeting of the Executive Group 

Pierre D’Hondt 

Introduction 

1. 17 delegates from 11 member countries attended the meeting, including one delegate from the 
EC and two from the IAEA. Walter Tromm, Germany and Desmond MacMahon, UK participated for 
the first time.  

2. Thierry Dujardin started by introducing two new staff members, Yolanda Rugama and 
Hans Henriksson, who replaced Ali Nouri and Mark Kellett respectively. He informed the delegates that 
the new, more concise mandate for the Nuclear Science Committee and the Executive Group had been 
approved by the NEA Steering Committee in April 2005. He also expressed optimism about the prospects 
of having the new exchange arrangement between the Data Bank and the US DOE signed in the course of 
the next few months. 

Progress report and programme of work 

Nuclear data services 

3. Hans Henriksson informed the Executive Group that the compilation of experimental nuclear 
data into the EXFOR database had proceeded as planned in 2004 with close to 200 new data sets entered. 
The effort to transform the bibliographic CINDA database to a new format, that would incorporate also 
gamma and charged-particle data, had started and the new database was expected to be available in late 
autumn 2005. The Data Bank had also assumed the task to revise and maintain the High Priority Request 
List for nuclear data coordinated by the NSC Working Party on International Nuclear Data Evaluation Co-
operation (WPEC). 

4. Yolanda Rugama presented the work on the JEFF project that led up to the release of the 
JEFF-3.1 library in May 2005. The new library is composed of a general purpose file, an activation file, a 
radioactive decay data file, a fission yield file, a proton file and a thermal scattering law file. All files have 
been systematically checked for format and physics errors and have undergone a first round of benchmark 
testing. It is envisaged to continue the testing of the library and to develop and distribute application 
libraries for MCNP and TRIPOLI, based on JEFF-3.1. It was also noted that a new version of the nuclear 
data-plotting software JANIS (JANIS-2.2) would be released in June 2005. 

5. Federico Mompean gave an overview of the status of the separately funded Thermochemical 
database (TDB) project. The last reviews from the second phase of the project, comprising data for 
Zirconium, Selenium, Nickel and selected organic compounds, had now been published or sent to the 
publisher for printing. The third phase of the project covers evaluation of inorganic complexes and 
compounds of Thorium, Iron, Tin and a specific expert team focusing on Solid Solutions. It is planned to 
finish this phase of the project by the end of 2006. 
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Computer program services 

6. Enrico Sartori presented the statistics about computer program services in 2004. The Data Bank 
had acquired 55 new or revised versions of computer codes and had dispatched close to 1 850 programs. 
The distribution of computer codes was somewhat less than in recent years, mainly due to the fact that the 
co-operative arrangement between US-DOE and NEA Data Bank was not in force during the last three 
years. The distribution of integral data sets was however higher than normal in 2004, with close to 3 500 
data sets distributed. The Data Bank had also issued five electronic newsletters and two new editions of the 
program abstracts on CD-ROM. Three tutorial courses had been organised in conjunction with the 
International Conference on Radiation Shielding in May 2004 and one training course on PENELOPE-
2003 (electron-photon transport code) had been held in Barcelona, Spain in October 2004.  

7. Ivo Kodeli reported on the computer program and integral data services to non-OECD countries, 
which in 2004 amounted to a total of 1 060 dispatched packages, out of the 5 318 packages dispatched by 
the Data Bank in 2004. The number of distributed programs originating in a non-OECD member country 
was 256. 

Computational methods 

8. Juan Galan introduced a session where the progress in the project to develop a graphical user 
interface allowing the user to solve radiation transport problems (the GERALD project) and the project to 
update the SUSD3D code for sensitivity and uncertainty analysis were presented by Cassiano de Oliveira
and Ivo Kodeli respectively. 

In-house computer system 

9. Pierre Nagel described the in-house software development activities and the improvements to 
the Data Bank’s computer system. It was noted that the special efforts in 2004 to improve the overall 
security and performance of the computer installation comprised the installation of a new network 
monitoring system and of a more efficient e-mail spam filter. 

Future perspectives and priorities for the Data Bank 

10. Thierry Dujardin introduced the subject, added to the agenda following the request of the chair, 
by observing that a new strategic plan for 2005-2009 had recently been adopted following broad 
consultations with member countries. He noted that apart from the Data Bank core activities, i.e. 
knowledge preservation and services to member countries as well as to other parts of NEA, the available 
expertise and resources in the secretariat were limited and any additional activities would have to be 
clearly prioritised. He also posed questions related to a possible closer NEA cooperation with EC, to the 
format of the Executive Group meetings and to the amount of Data Bank provision of expertise to other 
parts of the NEA. Enrico Sartori noted that, in recent years, the Data Bank had received fewer European 
codes and asked the delegates to assist in trying to release more codes from, for example, EC coordinated 
activities. 

11. The Executive Group discussed possible future perspectives and it was suggested that the Data 
Bank should try to obtain more feedback on the present activities by intensifying the collaboration with 
users. This feedback could then be used as a basis for a further development of the services and to better 
anticipate requests. 
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Proposed budget for 2006 

12. Claes Nordborg presented the proposed Data Bank budget for 2005-2006, which the OECD 
Council had approved in December 2004 on the basis of an overall nominal increase of 1.9% in 2005 and 
2.0% in 2006. Apart from the normal statutory adjustments, the 2005 budget contained a reduction of 
23 700 Euros to permanently cover the 2004 salary increases. The 2005 budget also comprised increased 
costs for a post upgrade and for the rental of additional office space, both items offset by corresponding 
savings in other budget lines. 

Conclusions and recommendations 

13. The Executive Group approved the proposed Data Bank budget and programme of work for 2006 
and recommends the Nuclear Science Committee to endorse the approval. 
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Annex 3 

List of Actions 
Adopted at the Sixteenth Meeting of the NEA Nuclear Science Committee 

8–10 June 2005 

1. NEA secretariat Produce a CD-ROM containing all oral presentations and room documents 
presented at the meeting and send to all NSC members in the week following 
the committee meeting. 

 2. NSC members Any comments on the IAEA report on Multilateral Approaches to the Nuclear 
Fuel Cycle should be sent to the NEA Secretariat (Thierry Dujardin) before 
1 October 2005.

Self-evaluation of committee work and meetings 

 3. NEA secretariat Collect information about the timing and outcome of the different NSC 
projects during the last five years and send the information to NSC members 
as soon as possible 

 4. NSC members Fill in the self-evaluation questionnaire and send to the NEA secretariat 
(Isao Yamagishi) before 30 June 2005 

Working Party on Scientific Issues of Reactor Systems (WPRS) 

 5. WPRS Chair Report back to the NSC before 1 November 2005 on the 
 (K. Hesketh) organisation of work within WPRS, following the incorporation of three 

existing NSC expert groups (Reactor stability and LWR transients, Fuel 
behaviour and the IRPhE project). 

 6. WPRS Chair In co-operation with the WPFC chair (D. Hill), discuss the  
 (K. Hesketh) prospective of LWRs to reduce minor actinide inventories, identify the 

underlying scientific issues and write a concise review report. 

Reactor-based Plutonium disposition 

 7. TFRPD Chair Prepare a discussion of the future of the expert group at the 
 (P. D’Hondt) next NSC meeting. 

Radiation shielding and dosimetry 

 8. 3D Radiation  Prepare a proposal for the future of the Expert Group on 3D 
Transport Chair Radiation Transport Benchmarks and report back to the 

 (E. Lewis) NSC before 1 November 2005. 
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High Burn-up Fuels 

 9. High Burn-up Send the final draft report on Very High Burn-up Fuels to  
Fuel Chair NSC members for review before publication. 

 (K. Hesketh) 

Prediction of Irradiation Damage Effects in Reactors 

10. NEA secretariat Investigate the possibility to establish a cooperative project in the field of 
predicting irradiation damage effects in reactors and report back to the NSC 
before 1 November 2005. 

Uncertainty analysis in modelling 

11. J.M. Aragones Prepare, with the help of R. Chawla, a specific proposal in the area of 
uncertainty analysis for a possible follow-up action by the NSC and circulate 
the proposal before 1 November 2005. 

Cooperation with CSNI 

12. NSC members Review the draft paper describing an enhanced cooperation between NSC and 
CSNI and send any comments or suggested modifications to the NEA 
secretariat (C. Nordborg) before 1 October 2005. 

Topics for In-depth Discussion 

13. NSC members Send additional suggestions for topics for in-depth discussion to the NEA 
secretariat (C. Nordborg) before 1 November 2005. 
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