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Foreword

Foreword

NEMEA-6 brought together nuclear scientists from the new member states that joined the European 
Union since 2000, scientists from the ‘old’ member states and colleagues from Russia and Israel. 
Topics addressed during the workshop involved nuclear data needs and impact, nuclear data 
validation and benchmarks, the ANDES-accurate nuclear data for nuclear energy sustainability- 
project, detectors and facilities, and measurements of nuclear data.





Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 5

ackNowledgMeNts

Acknowledgements

The organization of NEMEA-6 was supported by the Enlargement and Integration programme 
of the Joint Research Centre of the European Commission, by the Nuclear Energy Agency of the 
Organisation for Economic Co-operation and Development, and by the Henryk Niewodniczański 
Institute of Nuclear Physics (IFJ) of the Polish Academy of Sciences (PAN).

Special thanks are due to the workshop secretary Carmen Cabanillas of the Institute for 
Reference Materials and Measurements and the team of IFJ-PAN for the smooth organization of a 
very successful and agreeable event.

Participants at the NEMEA-6 workshop dinner that took place in the  
Jan Haluszka chamber of the Wieliczka salt mine, 135 m underground.





Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 7

table oF coNteNts 

Table of contents

Foreword. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3

Acknowledgements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .5

Executive Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11

Opening session . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Chair: Robert Jacqmin

Franco Michel-Sendis, Emmeric Dupont, Jim Gulliford, Claes Nordborg
Overview of nuclear data activities at the OECD Nuclear Energy Agency . . . . . . . . . 15

Session I Nuclear data needs and impact  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Chair: Urszula Woznicka

Takanori Sugawara, Alexey Stankovskiy, Massimo Sarotto, Gert Van den Eynde
Impact of nuclear data uncertainties on neutronics parameters of 
MYRRHA/XT-ADS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Mattias Lantz, Lembit Sihver
Where are the data? – Status report on the work with a new compilation  
of experimental nuclear total reaction cross-section data  . . . . . . . . . . . . . . . . . . . . . 37

A. Plukis, R. Plukienė, A. Puzas, V. Remeikis, G. Duškesas
Nuclear data needs for reactor graphite radiological characterization and 
recycling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

Session II Nuclear data validation and benchmarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
Chair: Krzysztof Drozdowicz

J. Janczyszyn, W. Pohorecki, G. Domańska
R.J. Maiorino, J.-Ch. David, F.A. Velarde, G. Domańska, W. Pohorecki
Final results of the “Benchmark on computer simulation of radioactive 
nuclides production rate and heat generation rate in a spallation target” . . . . . . . . 53

B. Jansky, Z. Turzik, E. Novak, M. Svadlenkova, M. Barta, L.A. Trykov†, 
A.I. Blokhin
Testing of nuclear data by comparison of measured and calculated 
leakage neutron and photon spectra for nickel spherical assembly  . . . . . . . . . . . . . 63

A. Milocco, I. Kodeli, A. Trkov
The 2010 compilation of SINBAD: quality assessment of 
the fusion shielding benchmarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 20118

table oF coNteNts

Session III ANDES  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Chair: Arjan Plompen

Maëlle Kerveno, Catalin Borcea, Philippe Dessagne, Jean Claude Drohé, 
Erwin Jericha, Habib Karam, Arjan J. Koning, Alexandru Negret, Andreas Pavlik, 
Arjan J.M. Plompen, Chariklia Rouki, Gérard Rudolf, Mihai Stanoiu, 
Jean-Claude Thiry
Measurement of (n,xng) reactions of interest for new nuclear reactors . . . . . . . . . . . 93

H. Penttilä, T. Eronen, D. Gorelov, J. Hakala, A. Jokinen, A. Kankainen, 
P. Karvonen, V. Kolhinen, I.D. Moore, M. Reponen, J. Rissanen, A. Saastamoinen, 
V. Sonnenschein, J. Äystö
Fission studies in the renovated IGISOL facility  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

F. Belloni, P. M. Milazzo, M. Calviani,  N. Colonna, P. Mastinu, U. Abbondanno, 
G. Aerts, H. Álvarez, F. Álvarez-Velarde, S. Andriamonje, J. Andrzejewski, 
L. Audouin, G. Badurek, P. Baumann, F. Bečvář, E. Berthoumieux, 
F. Calviño, D. Cano-Ott, R. Capote,  C. Carrapiço, P. Cennini, V. Chepel, 
E. Chiaveri, G. Cortes, A. Couture, J. Cox, M. Dahlfors, S. David, I. Dillmann, 
C. Domingo-Pardo,  W. Dridi, I. Duran, C. Eleftheriadis, M. Embid-Segura, 
L. Ferrant†, A. Ferrari, R. Ferreira-Marques, K. Fujii, W. Furman, I. Goncalves, 
E. González-Romero, A. Goverdovski, F. Gramegna, C. Guerrero,  F. Gunsing, 
B. Haas, R. Haight, M. Heil, A. Herrera-Martinez, M. Igashira, E. Jericha, 
F. Käppeler, Y. Kadi, D. Karadimos, D. Karamanis, M. Kerveno, P. Koehler, 
E. Kossionides, M. Krtička, C. Lamboudis, H. Leeb, A. Lindote, I. Lopes, 
M. Lozano, S. Lukic, J. Marganiec, S. Marrone, T. Martínez, C. Massimi, 
A. Mengoni, C. Moreau, M. Mosconi, F. Neves, H. Oberhummer, S. O’Brien, 
J. Pancin, C. Papachristodoulou, C. Papadopoulos, C. Paradela, N. Patronis, 
A. Pavlik, P. Pavlopoulos, L. Perrot, M. T. Pigni, R. Plag, A. Plompen, A. Plukis, 
A. Poch, J. Praena, C. Pretel, J. Quesada, T. Rauscher, R. Reifarth, M. Rosetti, 
C. Rubbia, G. Rudolf, P. Rullhusen, J. Salgado, C. Santos, L. Sarchiapone, 
I. Savvidis, C. Stephan, G. Tagliente, J. L. Tain, L. Tassan-Got, L. Tavora, 
R. Terlizzi, G. Vannini, P. Vaz, A. Ventura, D. Villamarin, M. C. Vincente, 
V. Vlachoudis, R. Vlastou, F. Voss, S. Walter, M. Wiescher and K. Wisshak
(The n_TOF Collaboration)
Neutron-induced fission cross-section of 233U, 241Am and 243Am in the 
energy range 0.5 MeV ≤ En ≤ 20 MeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Session IV Detectors and facilities  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
Chairs: Ferenc Tarkanyi, Urszula Woznicka

Jean-Claude Thiry, Catalin Borcea, Philippe Dessagne, Jean-Claude Drohé, 
Erwin Jericha, Habib Karam, Maëlle Kerveno, Arjan J. Koning, 
Alexandru Liviu Negret, Andreas Pavlik, Arjan J.M. Plompen, Chariklia Rouki, 
Gérard Rudolf, Mihai Stanoiu
Measurement of (n,xng) reactions at high precision . . . . . . . . . . . . . . . . . . . . . . . . . . 121

Mitja Majerle, Stanislav P. Simakov
Modelling d-Be and d-C neutron sources for SPIRAL-2 . . . . . . . . . . . . . . . . . . . . . . . . 131

Nicolae Marius Marginean
Present opportunities and future perspectives for experimental nuclear 
physics in Magurele . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

A.Shor, G. Feinberg, Y. Eisen, M. Friedman, A. Krása, D. Berkovits, G. Giorginis, 
T. Hirsh, M. Paul, A. Plompen
Effects of an energy broadened proton beam on the neutron distribution  
for the 7Li(p,n)7Be reaction near threshold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 9

table oF coNteNts 

N.B. Janeva, Yu.V. Grigoriev, N.A. Gundorin, Yu.D. Mareev, Yu.N. Kopatch, 
N.T. Koyumdjieva, L.B. Pikelner, I.N. Ruskov, V.N. Shvetsov, P.V. Sedyshev, 
Sh. Zeinalov
Future neutron data activity on the neutron source IREN . . . . . . . . . . . . . . . . . . . . . 153

Alexey Stankovskiy, Gert Van den Eynde, Tim Vidmar
Development and validation of ALEPH Monte Carlo burn-up code  . . . . . . . . . . . . . 161

V. Kushpil, S. Kushpil, Z. Huna
Automatic dosimeter for kerma measurement based on commercial PIN 
photo diodes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

Grzegorz Tracz, Krzysztof Drozdowicz
Angular-energy spectra of neutrons in selected locations  
at the Wendelstein 7-X stellarator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

Barbara Obryk, Pawel Bilski, Maciej Budzanowski and Pawel Olko
From nGy to MGy – new TL Dosimetry of complex radiation at 
high-energy accelerators and thermonuclear fusion facilities . . . . . . . . . . . . . . . . . 187

Ryszard Miklaszewski, Krzysztof Drozdowicz, Urszula Wiącek, Dominik Dworak, 
Vladimir Gribkov
Detection of explosives and other illicit materials by a single 
nanosecond neutron pulses – Monte Carlo simulations of the detection process . 195

Session V Measurements of nuclear data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
Chairs: Nicolae Marginean, Yosef Eisen

F. Tarkanyi, A. Hermanne, F. Ditroi, S. Takacs, B. Kiraly, J. Csikai, M. Baba, 
H. Yamazaki, M.S. Uddin, A.V. Ignatyuk, S.M. Qaim
Systematic study of activation cross-sections of deuteron induced 
reactions used in accelerator applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

A. Fenyvesi, L. Oláh, I. Valastyán, J. Csikai, A. Plompen, R. Jaime, G. Lövestam, 
V. Semkova
Extension of the calibration of an NE-213 liquid scintillator based pulse 
height response spectrometer up to 18 MeV neutron energy and leakage 
spectrum measurements on bismuth at 8 MeV and 18 MeV neutron energies  . . . 215

A. Krása, E. Andreotti, M. Angelone, M. Hult, G. Marissens, M. Pillon, 
A. Plompen
Tritium production in neutron induced reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

M. Honusek, P. Bém, U. Fischer, M. Götz, J. Novák, S.P. Simakov, E. Šimečková
High-energy neutron beams at U120-M cyclotron in NPI Řež – 
Nb activation cross-section studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

Eva Šimečková, Pavel Bém, Ulrich Fischer, Miloslav Götz, Milan Honusek, 
Jaromír Mrázek, Jan Novák, Stanislav P. Simakov, Milan Štefánik, Lukáš Závorka
Deuteron activation measurements at energies up to 20 MeV Using NPI 
isochronous cyclotron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

J. Vrzalová, O. Svoboda, A. Krása, M. Majerle, A. Kugler, A. Laredo, M. Suchopár, 
V. Wagner,
Cross-sections of neutron threshold reactions studied by activation method  . . . 259

M. Lantz, D. Gorelov, B. Lourdel, H. Penttilä, S. Pomp, D. Rados, I. Ryzhov, 
V. Simutkin, E. Tengborn
Neutron-induced fission studies at the IGISOL facility . . . . . . . . . . . . . . . . . . . . . . . . 267

R. Borcea, F.-J. Hambsch, S. Oberstedt, Sh. Zeynalov, A. Göök, A. Oberstedt, 
T. Belgya, Z. Kis, L. Szentmiklosi, K. Takáks , T. Martínez-Perez
The double fission-fragment time-of-flight spectrometer VERDI . . . . . . . . . . . . . . . 273



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 201110

table oF coNteNts

Stanisław Kistryn
Three-nucleon system dynamics studied via deuteron-proton breakup  . . . . . . . . 279

V.A. Khryachkov, I.P. Bondarenko, B.D. Kuzminov, N.N. Semenova, 
A.I. Sergachev, G. Giorginis
Experimental study of the (n,alpha) reaction on a set of light nuclei . . . . . . . . . . . . 287

Sh. Zeynalov, O. Zeynalova, F.-J. Hambsch, S. Oberstedt
Prompt fission neutron multiplicity investigation in spontaneous fission of 252Cf . . 295

Annex 1: List of participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

Annex 2: Programme  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .305



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 11

executive suMMary 

Executive Summary

Topics addressed during the NEMEA-6 workshop involved nuclear data needs and impact, nuclear 
data validation and benchmarks, the ANDES-accurate nuclear data for nuclear energy sustainability- 
project, detectors and facilities, and measurements of nuclear data.

The workshop was opened by Prof. Paweł Olko, the scientific director of the IFJ-PAN. Prof. 
Urszula Woznicka presented an overview of the research trends of the institute with emphasis 
on the Division of Applied Physics and Interdisciplinary Research, while Prof. Adam Maj surveyed 
of the engagements in nuclear structure research and Prof. Krzysztof Drozdowicz described the 
EURATOM fusion related studies. This was complemented, towards the end of the workshop, by an 
interesting presentation on thermoluminescent dosimeter (TLD) development “from nGy to MGy” 
for environmental doses of complex radiation at high-energy accelerators and thermonuclear fusion 
facilities by Dr. Barbara Obryk. The development of TLDs and their fields of application are a strong-
point for the institute. Franco Michel-Sendis presented the nuclear and in particular the nuclear 
data projects of the OECD-NEA and Arjan Plompen gave a survey of the nuclear measurement 
programme and the collaborations of the Joint Research Centre’s Institute for Reference Materials 
and Measurements illustrated with examples of recent work.

In the session on data needs and impact Robert Jacqmin highlighted the use of sensitivity 
studies to determine target uncertainties for nuclear data. An analysis of the European fast reactor, 
an evolutionary sodium-cooled fast reactor and an innovative sodium-cooled fast reactor showed 
large differences for the uncertainties estimated for the peak power and reactivity swing. Alexej 
Stankovskiy looking at data needs for MYRRHA/XT-ADS through sensitivity studies with different 
models and data sets concluded on a list of nuclides and reactions requiring reduced uncertainty 
for the criticality uncertainty to reach the target of 300 pcm. He further found target uncertainties 
vary between 3d and RZ models and depend on the a priori assumed correlations among the 
uncertainties of the data. Grigorijus Duškesas considered the data needs associated with studies 
qualifying the residual activity of spent reactor graphite. For carbon-14 and fluence estimates a 
better knowledge is required for capture on carbon-12 and carbon-13 for the (n,a) reaction carbon-13 
and for the (n,p) reaction on nitrogen-14. Mattias Lantz presented his efforts to establish a database 
for total reaction cross-sections. This is of certain interest to develop nuclear models and nuclear 
data standards for energies above 20 MeV.

In the session on nuclear data validation and benchmarks Jerzy Janczyszyn compared various 
model estimates with data for radionuclides produced in a spallation target irradiated with 660 
MeV protons in Dubna. Anatoly Blokhin tested the neutron and gamma data for iron and lead in 
ENDF/B-VII and JENDL-3.3 on the basis of leakage spectra from spherical spheres with a Cf-252 
and 14 MeV neutron source. Pavel Blokhin showed discrepancies in decay heat estimates for 235U 
and 239Pu between JEFF-3.1.1 and ENDF/B-VII.0 for long cooling times. Alberto Milocco presented 
the methodology for quality assessment of the fusion shielding benchmarks in the SINBAD 2010 
database.

In connection with the ANDES project, Maëlle Kerveno presented the setup, measurement 
methodology and results of (n,xng)-measurements for thorium and uranium-235, while Jean-Claude 
Thiry investigated the limits of uncertainty of the technique resulting from the normalization by 
235U fission and the detection efficiency for gamma-rays. Heikki Penttilä showed how the IGISOL 
facility was used for decay data and fission yields measurement. The facility is currently being 
upgraded and is expected to be up and running with improved characteristics in 2011. Mattias Lantz 
showed a design study for a neutron target allowing fission yields and decay data measurements 
by neutron induced fission at the new IGISOL facility. Francesca Belloni presented the fission data 
obtained at the CERN n_TOF (neutron time-of-flight) facility for 233U, 241Am and 243Am.
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The larger sessions on detectors and facilities and on measurements of nuclear data were split 
over two days. Present experimental capabilities and future plans of the accelerator laboratory at 
Magurele were highlighted by Nicolae Marginean. The state of development of the SARAF accelerator 
at the Israelian institute SOREQ was shown by Yosef Eisen. Recent experiments to characterize the 
foreseen semi-Maxwellian Li(p,n) neutron source were presented and discussed. Natalia Janeva 
showed the first commissioning results of the IREN pulsed neutron source in Dubna and discussed 
the potential for new measurements at the facility. Mitja Majerle described the status of modelling 
of the d+C and d+Li neutron source reactions with the McDeLi code of the Karlsruhe Institute of 
Technology in the interest of the design of the Neutrons For Science facility at SPIRAL2 in GANIL, 
Caen. Alexej Stankovskiy presented the ALEPH Monte Carlo burnup code developed at SCK∙CEN in 
Belgium. Zdenek Huna described an automatic dosimeter for kerma measurements.

Grzegorz Tracz presented Monte Carlo calculations on angular distributions of neutrons in 
selected points around the Wendelstein 7-X stellarator under construction in the IPP Greifswald. 
Ryszard Miklaszewski discussed the application of a plasma-focus pulsed neutron source for 
detection of explosives and other illicit materials.

In the session on measurements of nuclear data Ferenc Tarkanyi presented a systematic study 
of deuteron induced activation cross-sections for materials used in accelerator applications. Andras 
Fenyvesi described the characterization of neutron leakage spectra for Bi at 8 and 18 MeV using an 
NE213 pulse height response spectrometer. Antonín Krasa described the status and outlook for new 
measurements of (n,t) cross-sections at the Institute for Reference Materials and Measurements. 
Fusion related measurements were presented by Milan Honusek, Eva Simeckova and Jitka Vrzalová. 
High energy neutron induced Nb activation cross-sections were obtained at the Nuclear Physics 
Institute in Řež. At the same facility deuteron induced activation cross-sections were obtained 
for aluminium, iron and copper. Neutron-induced activation cross-sections for bismuth and gold 
were obtained from 20 to 100 MeV combining results from Řež and the Svedberg Laboratory in 
Uppsala. These three efforts provide nuclear data of interest to the foreseen IFMIF international 
fusion materials irradiation facility. The fission process was studied by Ruxandra Borcea using the 
VERDI spectrometer to obtain high resolution fission fragment yields for thermal neutron induced 
fission at the Budapest Neutron Centre. In addition, Shakir Zeynalov showed how the use of fast 
digitizers allows an improved study of prompt fission neutron yields and angular distribution. Vitaly 
Khryachkov gave an overview of results for (n,a) reactions on boron, nitrogen, oxygen, neon and 
argon obtained at IPPE Obninsk with a gridded ionization chamber and fast digitizer based data-
acquisition. Finally Stanislaw Kistryn presented a summary of experimental studies and model 
analyses for the deuteron-proton breakup reaction.

The local organization was very well taken care of by Professor Urszula Woznicka and her team. 
The workshop venue, Polonia House, was on the main market square (Rynek Glówny) of the old town 
(Stare Miasto) of Krakow and the workshop dinner took place in the Jan Haluszka chamber of the 
Wieliczka salt mine, 135 m underground. Both the old town and the salt mine are on the UNESCO 
world cultural heritage list.

On the last afternoon of the workshop a laboratory visit to IFJ-PAN introduced the participants 
to the experimental facilities of the Division of Applied Physics and Interdisciplinary Research. The 
visit included an introduction to the new proton cancer therapy facility using the AIC-144 cyclotron, 
the proton microprobe for studying small dose effects at the cellular level, and the radionuclide 
laboratory.

Arjan Plompen
Urszula Woznicka
Emmeric Dupont

January 2011
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Overview of nuclear data activities 
at the OECD Nuclear Energy Agency

Franco Michel-Sendis, Emmeric Dupont, Jim Gulliford, Claes Nordborg
OECD Nuclear Energy Agency

Abstract
The Nuclear Energy Agency (NEA) is a specialised agency within the Organisation for Economic 
Co-operation and Development (OECD). The mission of the NEA is to assist its member countries in 
maintaining and further developing, through international co-operation, the scientific, technological 
and legal bases required for the safe, environmentally friendly and economical use of nuclear 
energy for peaceful purposes. All activities relevant to nuclear data measurements, evaluations and 
applications are managed by the NEA Nuclear Science Committee through the Nuclear Science section 
and the Data Bank, which work closely together. This paper gives an overview of current and planned 
nuclear data activities at the Nuclear Energy Agency through the program of work of the Data Bank in 
general and of the NEA Working Party on international nuclear data Evaluation Co-operation (WPEC) 
in particular.



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 201116

overview oF Nuclear data activities at the oecd Nuclear eNergy ageNcy

Introduction

The objectives of the NEA Nuclear Science Committee (NSC) program are to help member countries 
develop, preserve, and disseminate basic scientific and technical knowledge required to enhance the 
performance and safety of current nuclear systems as well as to allow, through this expertise, the 
development of next-generation nuclear technologies. Nuclear data evaluation is at the core of this 
knowledge. The NEA ensures co-operation between the major nuclear data evaluation projects to 
improve the quality and completeness of evaluated nuclear data libraries through the Working Party 
on international nuclear data Evaluation Co-operation which promotes the exchange of information 
on evaluations, measurements, model calculations and validations. The WPEC assesses common 
needs for nuclear data improvements and addresses them by initiating joint evaluation efforts [1]. 
Working closely with the NSC, the NEA Data Bank, a member of the international network of Nuclear 
Reaction Data Centres (NRDC), is a centre of reference with respect to basic tools, such as computer 
codes and data, for use in different nuclear energy applications [2].

The NEA Data Bank

Knowledge preservation and knowledge transfer are at the core of the Data Bank’s services to the 
scientific community. The Data Bank’s primary role is to provide nuclear scientists in member 
countries with reliable nuclear data and computer programs. The Data Bank ensures, through its 
Computer Program Services, the distribution of documented codes and data sets to more than 900 
nominated establishments around the world. The Data Bank also contributes to the correct use of 
these programs by organizing and hosting, throughout the year, various training seminars and 
workshops on many of the codes it distributes (visit www.oecd-nea.org/dbprog/ for more information).

Nuclear Data

The Data Bank compiles and maintains large databases of experimental, evaluated and biblio-
graphic nuclear data. Experimental data compilation has grown from historical fission-related 
measurements to encompass nowadays all types of nuclear reaction data, including charged-particle 
induced reactions and photonuclear data necessary to other nuclear applications, such as accelerator 
driven systems, fusion reactors, nuclear medicine, materials analysis, environmental monitoring, 
or fundamental research. The following databases are made available to users via its website or via 
advanced graphic-user-interfaces which the Data Bank develops (i.e. the JANIS display software):

•	 EXFOR: Experimental nuclear data for neutron and charged-particle induced reactions, as 
well as for photonuclear data.

•	 CINDA: Bibliographic information on experimental, theoretical and evaluated nuclear data.

•	 EVA: Evaluated nuclear data libraries (latest releases of the JEFF, ENDF/B, JENDL and many 
more libraries, including special purpose files) in ENDF format describing reaction data, 
decay data, fission yields, etc.

The EXFOR database, of which the NEA Data Bank is one of the four NRDC co-ordinating 
centres, was created in 1969 with the merge of several experimental reaction databases into the 
standardised EXFOR format. In addition to comprehensively storing experimental data points and 
their bibliographic references, other information such as source of uncertainties are also compiled. 
EXFOR contains all published neutron reaction data, and is intended to cover also photo-fission 
and photo-neutron data, as well as all charged-particle data up to 12C with incident energies up to 
1 GeV. Other reaction data are included on a voluntary basis. EXFOR contains at present about 18 000 
experiments divided in 134 000 different data sets [3]

The bibliographic database CINDA is closely linked to EXFOR, and contains an almost complete 
bibliography of all neutron data published until ~2003, as well as an index to the corresponding 
EXFOR entries and evaluated data. Besides neutron data, CINDA also covers charged-particle data, 
photo-neutron, photo-fission, and spontaneous fission data. CINDA is available on web retrieval, 
through the JANIS program, and as an archive book [4].
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In addition, the Data Bank collects and makes available upon request integral benchmark 
experiments for data and code validation in areas such as criticality safety (ICSBEP, see [5]), reactor 
physics (IRPhE, see [6]), fuel performance (IFPE, see [7]), and radiation shielding (SINBAD, see[8]). 
More information can be found at www.oecd-nea.org/dbdata

JANIS

To help the use and visualization of data, the Data Bank develops a java-based computer pro-
gram, JANIS, to display, compare, and manipulate nuclear data. Various navigation and search 
tools are available to explore the main nuclear databases containing experimental, evaluated, 
and bibliographic data. JANIS is designed to allow the user to access numerical and graphical 
representations without prior knowledge of the data format. A variety of output formats exist in 
JANIS. The latest JANIS 3.2 version [9] allows the user to access the most recent evaluated data 
libraries and implements new features to display covariance data (Figure 1), photon-production data, 
radioactive Beta-decay spectra, isotopic fission yields, and thermal-neutron scattering cross-sections.

The JEFF Project

The Data Bank is in charge of the compilation, verification, and distribution of the Joint Evaluated 
Fission and Fusion (JEFF) library. The JEFF project is an international collaboration between NEA Data 
Bank member countries. The JEFF library comprises sets of evaluated nuclear data, mainly for fission 
and fusion applications; it contains a number of different data types, including neutron and proton 
interaction data, radioactive decay data, fission yield data and thermal scattering law data [10].

The JEFF project works in close collaboration with the European Fusion File (EFF) and European 
Activation File (EAF) projects, holding common meetings with the other JEFF working groups. Joint 
sessions are organised bi-annually to discuss matters of common interest for the joint evaluated 
files of the JEFF library.

JEFF-3.1 and JEFF-3.1.1

The latest major release of the JEFF files is the JEFF-3.1 Nuclear Data Library, a complete suite of 
evaluated data released in May 2005. It contains evaluated files collected and checked at the Data 
Bank in cooperation with several member country laboratories. The JEFF-3.1 neutron data library 
covers 381 isotopes or elements. There are 26 isotopes in the proton data library, and 9 materials 
are covered in the thermal scattering law file. The special purpose library on activation data is 
based on EAF-2003 and contains 774 target nuclei with over 12 600 neutron induced reactions. Other 

Figure 1: JANIS display of the self-correlation matrix  
around the 239Pu resonance at 0.3 eV (JENDL-3.3 data)
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special purpose files include radioactive decay data with 3 852 isotopes, as well as spontaneous and 
neutron-induced fission yield data for 3 and 19 fissioning systems, respectively.

The initial decay heat benchmarking of JEFF-3.1 showed reasonable agreement for the total 
decay heat, as shown in Figure 2 for 235U.

However, discrepancies remained in the individual gamma and beta decay heat components. 
It was suggested that experimental energy values (from Total Absorption Gamma-ray Spectroscopy 
measurements) could be used to disentangle between these two contributions and improve the 
overall consistency with measured data [11]. Therefore, 29 nuclei had their average energies updated 
in a revised version, named JEFF-3.1.1, released in November 2007 [12]. New decay heat calculations 
show the expected improvement, especially for the prediction of gamma-ray decay heat, as 
illustrated in Figure 3 for 235U.

The initial benchmarking of JEFF-3.1 neutron general purpose library showed significant 
improvements over the JEFF-3.0 library. However, a few deficiencies remained and were confirmed 
after further validation of the data against light-water-reactor (LWR) mock-up experiments, 
reactivity loss with fuel burn-up, spent nuclear fuel (SNF) chemical assays, and SNF oscillations. 
In order to meet LWR target accuracy, a few key isotopes have been identified and improved to be 
consistent with both differential and integral measurements. Hence, evaluated data for 16O, 91,96Zr, 
237Np, 239Pu, and seven fission products (93Zr, 99Tc, 103Ru, 135Cs, 147Pm, 148Pm, 154Eu) have been revised in 
a February 2009 update of the JEFF-3.1.1 neutron files [13]. The Data Bank is currently starting the 

Figure 2: Total decay heat from fission products following a 235U fission pulse [12]

Figure 3: Gamma-ray decay heat from fission  
products following a 235U fission pulse [12]
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testing phase of next major release of the JEFF library, the JEFF-3.2 version expected in 2013 and 
which will incorporate close to 100 new general purpose evaluations. For more information, visit 
www.oecd-nea.org/dbdata/jeff.

Nuclear Data and the Working Party on international nuclear data Evaluation Co-operation

The Working Party on international nuclear data Evaluation Cooperation was created in 1989 to pro-
vide a forum for a co-operation between the major nuclear data evaluation projects. The collabora-
tion originally included the US ENDF, the Western European JEFF and the Japanese JENDL projects 
and was subsequently extended to include the Russian BROND and the Chinese CENDL projects 
through the support of the International Atomic Energy Agency (IAEA).

During its annual meeting, the WPEC reviews the status of the major nuclear data evaluation 
libraries, as well as the associated nuclear data measurement efforts. The WPEC indentifies nuclear 
data improvement needs and establishes subgroups to address them. Thirty-six subgroups have 
been created since the start of the WPEC. Twenty-four have so far been completed and published 
their reports, covering many different issues (see www.oecd-nea.org/science/wpec). The following is a 
brief review of the recently concluded or ongoing activities by WPEC subgroups.

Subgroup C: Priority request list
Subgroup C is a long-term subgroup of the WPEC and is responsible for maintaining a priority request 
list for nuclear data measurements. The purpose of this list is to provide a guide for those planning 
measurements, nuclear theory and evaluation programmes and to promote discussion on data needs 
among end-users, experimenters and evaluators. In order to be given high priority status, eligible 
requests must be based on thoroughly documented sensitivity analyses and reviewed by the group. A 
request obtaining the status of high priority by NEA WPEC is thus officially recognized as an important 
need by the international scientific community, and is a valuable supporting argument for new 
measurement campaigns. Currently, there are 35 documented requests, 25 of which are high-priority. 
Figure 4 shows an image capture of the current high priority request list for nuclear data webpage.

Subgroup 21: Evaluated Data Library for the Bulk of Fission Products
WPEC Subgroup 21 was formed to assess and make recommendations for fission product neutron 
cross-sections by reviewing all available evaluations, as well as experimental and theoretical 
information. Subgroup 23 was formed and mandated to produce a fission product cross-section 
library as recommended by Subgroup 21 and to perform an initial validation of this library. The 
final version of this library was assembled in the fall of 2006. The library, which contains evaluation 
for 219 fission products, has been adopted in full by ENDF/B-VII.0. Validation of the library was 
performed by the Cross-Section Evaluation Working Group (CSEWG) and the Oak Ridge national 
Laboratory (ORNL) in the United States, as well as by Serco Assurance in the UK. A detailed 
description of the compilation and validation is given in the WPEC subgroup report [14].

Figure 4: A view of the web-based high priority request list which can be consulted at  
www.oecd-nea.org/dbdata/hprl
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Subgroup 25: Assessment of Fission Product Decay Data for Decay Heat Calculations

In order to generate correct estimations of radioactive decay heat, decay data libraries usually resort 
to theoretical data. Although these models have sound bases for their adoption, calculations based 
on mean decay data derived from total absorption gamma-ray spectroscopy (TAGS) measurements 
are able to better describe total decay heat, although beta and gamma contributions may differ 
significantly when compared with measured data and decay heat standards. Subgroup 25 has 
reviewed availability of TAGS data [15]. It has produced recommendations for fission product 
radionuclides TAGS measurements in order to improve decay heat calculations. An example of such 
an improvement is given in Figure 5.

Subgroup 26: Uncertainty and Target Accuracy Assessment for Innovative Systems Using 
Recent Covariance Data Evaluations
The design requirements of new reactor systems will require improvements to existing nuclear data 
as well as new nuclear data needs. In order to estimate the target accuracy which will be needed, 
WPEC Subgroup 26 was established with the goal to develop a systematic study of the sensitivity 
to neutron cross-sections uncertainties of the most important integral parameters of a wide range 
of innovative systems. These sensitivity/uncertainty analyses used a specifically developed library 
of covariance matrices to calculate integral parameter uncertainties. This study has demonstrated 
the strong impact that correlation data has on the uncertainty assessment, indicating that any 
credible uncertainty analysis should include the best available covariance data, accounting for 
energy correlations, possibly cross-correlations among reactions, and even cross correlation among 
isotopes. A significant result of this work has been the compilation of “design target accuracies”, 
along with a quantitative evaluation of nuclear data improvement needs by isotope, nuclear reaction 
and energy range, which are required to meet these design target accuracies [16]. This has provided 
a number of new high priority requests in Subgroup C.

Subgroups 24, 28, 32: covariance data
Generation of covariance data through different methodologies as well as the handling of such data 
by processing codes have been addressed by different subgroups of the WPEC.

Subgroup 24 was established to develop a methodology for generating covariance data in the 
fast neutron region, and to implement covariance capabilities in the major nuclear reaction codes 
(e.g. TALYS, EMPIRE). Deterministic, stochastic and “hybrid” methods for covariance data generation 
have been compared and advantages and disadvantages of the different methods have been 
evaluated [17]

Figure 5: Gamma components of 238U and 239Pu fission product decay heat showing the effect of 
introducing preliminary TAGS results for 104,105Tc compared to experimental data from Yayoi [11]
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Processing codes implementing Sensitivity/Uncertainty analyses tools are able to use covariance 
data in evaluated nuclear data files. WPEC identified the need to carry out an assessment of the 
consistency of the results these tools produce and to verify that they correctly propagate cross-
section uncertainty data to calculated quantities of interest. Subgroup 28 was set up to produce 
resonance cross-section evaluations with covariance data for important nuclides, such as 235U, 
238U, and 239Pu, and to implement methods to process and test covariance data. The work carried 
out by this subgroup has shown that the investigated S/U analysis tools correctly propagate the 
uncertainty information in the calculations, but has found that discrepancies exist in the results 
obtained by the processing codes NJOY and PUFF which need to be further investigated.

The objectives of WPEC Subgroup 32 were to review existing unresolved resonance parameter 
formalisms, generate unresolved resonance parameters for 235U and 238U, and compare the results 
when calculating cross-sections with the resolved and unresolved formalisms and to make 
recommendations for a more rigorous treatment of the unresolved resonance region within the 
ENDF format.

Subgroup 30: Improvement of the Accessibility and the Quality of the EXFOR Database
Nuclear data evaluators need to have easy and reliable access to experimental nuclear data into a 
standardised format. The internationally maintained EXFOR database is the principal source of such 
data. WPEC Subgroup 30 was set up to investigate whether the data were correctly compiled into the 
database and if and how it could be rendered more easily accessible. The Subgroup mainly focused 
on two activities; the translation of the entire EXFOR database into computational format, and the 
identification and correction of the most obvious errors, using checking codes, plotting packages 
and comparisons with model codes. Figure 6 illustrates a case of a data set with wrongly assigned 
nuclear reaction type or isotope identifier. Subgroup 30 has identified several paths to follow for the 
integral verification of the database, a challenging task which will require automated checks. These 
could include data sampling through statistical methods for automatically identifying outliers and 
signalling them as potential errors to be corrected or discarded.

Subgroup 31: Meeting Nuclear Data Needs for Advanced Reactor Systems
In 2010 the WPEC launched subgroup 31 with the goal to review the scope of the nuclear data 
needs identified by subgroup 26 on “Uncertainty and Target Accuracy Assessment for Innovative 
Systems Using Recent Covariance Data Evaluations”, and consider the practicality of meeting those 
data needs. In addition, Subgroup 31 will evaluate existing experimental data accuracies versus 
requirements for new measurements, identify gaps in existing worldwide capabilities to meet these 
needs and recommend collaborative ways forward.

Figure 6: Graphical comparison of evaluated data with experimental  
data from EXFOR for the total neutron cross-section of 27Al
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Subgroup 33: Methods and issues for the combined use of integral experiments and covariance 
data
Following the work of WPEC Subgroup 26, it was noted that many of the target accuracies, which 
have been defined to satisfy reactor design requirements for many integral neutronic parameters, 
are very tight and are not likely to be achieved with current experimental measurement techniques. 
It was therefore decided to start subgroup 33 to investigate whether the combined use of integral 
experiments and differential information (e.g. experimental and uncertainty data) would make it 
possible to provide designers with improved nuclear data that would meet design target accuracies 
for a wide range of innovative reactor and fuel cycle systems. The activities of this subgroup are 
still ongoing.

Newly established WPEC subgroups
The ENDF and JEFF projects have adopted the same evaluation for the 239Pu resonance region, largely 
based on work from ORNL, USA, and the CEA, France. A general over-prediction of about 0.5 % for 
thermal Pu solution assemblies has been noted when using these evaluated data. In recent years, 
the JEFF community has developed an updated 239Pu file for JEFF-3.1.1 with modifications at thermal 
energies, which has improved some of the above mentioned discrepancies. A new set of resonance 
parameters for 239Pu has also been developed at ORNL. This evaluation is more consistent with the 
cross-section resonance data and believed by the evaluators to be the best representation of these 
data to date. Nonetheless, this new evaluation does not improve the poor integral performance of 
the ENDF/B-VII.0 file, and in fact most of the discrepancies have slightly increased.

Subgroup 34 was established in 2010 with the purpose of investigating the development of a 
new 239Pu evaluation, one that incorporates the most accurate fundamental cross-section data with 
nuclear theory constraints, and would also better model the relevant integral criticality data.

Two other subgroups; subgroup 35 on “Scattering Angular Distribution in the Fast Energy Range” 
and subgroup 36 on “Evaluation of experimental data in the resolved resonance region were established 
by the WPEC in June 2010.

Summary

The OECD NEA, as an international forum for scientific and technical co-operation, pools the expertise 
of its member countries working in close collaboration with other main national and international 
organisations. The NEA Nuclear Science Committee, through the Working Party on international data 
Evaluation Co-operation identifies nuclear data needs and establishes international expert groups to 
address them. The NEA Data Bank provides its member countries with reference materials in the field 
of nuclear energy applications. These services include the compilation, verification, and distribution 
of nuclear data, chemical thermodynamic data, integral benchmark experiments, as well as computer 
programs and associated application libraries, among others.
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Abstract
A flexible fast spectrum research reactor MYRRHA able to operate in subcritical (driven by a proton 
accelerator) and critical modes is being developed in SCK∙CEN. In the framework of IP EUROTRANS 
programme the XT-ADS model has been investigated for MYRRHA. In this study, the sensitivity 
and uncertainty analysis was performed to comprehend the reliability of the XT-ADS neutronics 
design. The calculated sensitivity coefficients for neutronics parameters varied significantly between 
calculation models. The uncertainties deduced from the covariance data strongly depend on the original 
covariance data. The calculated nuclear data uncertainties could not meet the target accuracy. To 
improve uncertainties, the integral experiments in adequate conditions are expedient.
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Introduction

SCK∙CEN, the Belgian Nuclear Research Centre in Mol is designing a Multi-purpose Hybrid Research 
Reactor for High-tech Applications (MYRRHA) [1]. The Accelerator-Driven System (ADS) concept has 
been chosen as a basis for this reactor, assuming that it can operate in both sub-critical and critical 
modes. The design studies for eXperimental demonstration of technical feasibility of Transmutation 
in an Accelerator-Driven System (XT-ADS) have been conducted in the framework of IP EUROTRANS 
FP6 project [2].

Recently, the sensitivity and uncertainty (S/U) analysis has been reported aiming to identify 
target nuclear data accuracies for nuclear systems modelling [3,4], the influence of covariance 
data on the criticality safety was assessed in [5] and the evaluation of the effect of hypothetical 
MA-loaded critical experiments on a reduction of the data uncertainty has been performed in [6]. 
Since uncertainties are calculated by the sensitivity coefficients and covariance data from nuclear 
data libraries, the reliability of the results in the S/U analysis is based on these two parameters. It 
has been pointed out [7] that the covariance data contained in JENDL-3.3 [8] may underestimate the 
uncertainty in the nuclear design of the transmutation systems. It was also mentioned that further 
discussion on the application of the S/U analysis to the nuclear design is required.

This paper reports the comparison of the sensitivity coefficients calculated for different 
calculation models and the uncertainties deduced from various covariance data for the discussion 
on the reliability of XT-ADS neutronics design. Sensitivity analysis is based on the comparison of 
three-dimensional heterogeneous and two-dimensional RZ calculation models. Three covariance 
data sets were employed to perform uncertainty analysis. Besides that, the uncertainties were 
compared with the results calculated by the MCNPX code [9] to discuss the uncertainty reliability.

Methods

XT-ADS
SCK∙CEN has been working since 1998 on the design of MYRRHA in order to replace the aging BR2 
(Belgian Reactor 2) multi-functional materials testing reactor which operates since 1962. The ADS 
concept has been chosen as a basis for this reactor, assuming that it can operate in both sub-critical 
and critical modes. In the framework of PDS-XADS (Preliminary Design Study of an eXperimental 
ADS) FP5 project, the basic design of installation has been elaborated [1]. The proton accelerator is 
coupled with multiplying core loaded with MOX fuel cooled by liquid lead-bismuth eutectic (LBE) 
which serves also as spallation target. The design studies have been continued in the framework 
of IP EUROTRANS FP6 project. The goal of the project was to develop an advanced design leading to 
the XT-ADS. The XT-ADS was intended to be a test bench for the main components and irradiation 
scheme of a full-scale ADS, EFIT (European Facility for an Industrial Transmutation) [10].

Three-dimensional heterogeneous and two-dimensional RZ homogenized models
The XT-ADS is a LBE cooled pool-type 100 MWth subcritical reactor with MOX fuel containing 35 
wt.% Pu [11]. The core is driven by the proton accelerator (proton energy 600 MeV, maximum current 
2.5 mA). The layout of the XT-ADS core is illustrated in Figure 1, a. Three central assemblies serve as 
feeders for liquid lead-bismuth spallation target. The core itself contains 72 fuel assemblies and 8 
assemblies are used as In-Pile-Section (IPS) dedicated for the irradiation and measurements. There 
are also dummy assemblies filled with LBE but designed to host control rods and mock-up reflecting 
stainless steel assemblies on the periphery of the core.

To estimate the difference in the sensitivity coefficients between calculation models, a two-
dimensional RZ calculation model for the XT-ADS was also employed. A conceptual diagram of the 
RZ calculation model is shown in Figure 1, b. Each region was homogenized. SS50 denotes the core 
support region which was homogenized as fifty-fifty volume ratio of LBE and T91.
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Sensitivity coefficients and uncertainties deduced from covariance data
Generally, the sensitivity coefficient S of a parameter R against parameter S is defined as

 
S = dR

R
dS
S  (1)

Effective neutron multiplication factor keff plays role of R and microscopic cross-section data for 
each particular neutron induced reaction are supposed as S. Applying the perturbation theory to the 
Boltzmann transport equation, one can obtain [12]

 
S = ∂k

k
∂S(r)
S(r)

= –kS(r)
⟨ f+ (x)B[S(x)]f(x)⟩

∂A[S(x)]
∂S(r)

∂B[S(x)]
∂S(r)

f+ (x) f(x)–
1

k

⎛
⎜
⎝

⎛
⎜
⎝

 (2)

Here x is the phase space vector, f+ is adjoint neutron flux, A is an operator of the left-hand side 
of the transport equation except fission term and B is an operator for the fission term of transport 
equation.

The variance for the keff is determined as [7,12]

 s ²
ki,j

x,y
=G GtM

ai
x

ai
x a

j
y aj

y 
,  (3)

where ki,j
x,y is 2D-dependence of keff from x, y (reaction type) and i,j (nuclide type); Gai

x
 and G

t
aj

y
are group-

wise sensitivity vectors (the latter is transposed one) of length G (G is the number of energy groups), 
a is the parameter (cross-section) with respect to which the keff sensitivity is calculated;  Mai

x a
j
y
 is G × G 

size covariance matrix.

Figure 1: a) Three-dimensional heterogeneous calculation model for XT-ADS

b) Two-dimensional RZ homogenized calculation model for XT-ADS
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Calculation tool
The SCALE-6 (Standardized Computer Analyses for Licensing Evaluation) [13] code was employed 
for the S/U analysis. It consists of many calculation modules and utilities for calculations of reactor 
physics, criticality safety and radiation shielding. For the S/U analysis, the TSUNAMI-3D module 
was employed. This module performs the calculation of the sensitivity coefficients for the effective 
neutron multiplication factor by using the forward and adjoint fluxes data. After the sensitivity 
analysis, this module calculates the uncertainty deduced from the covariance data contained in the 
nuclear data library. For the neutron transport calculation, the KENO-VI multigroup Monte Carlo 
transport module was used with a detailed three-dimensional calculation model. In this calculation, 
the 238 group nuclear data library based on ENDF/B-VII.0 data [14] was employed. For the uncertainty 
analysis, 44 energy groups, which is a default structure in the TSUNAMI-3D module, was used.

Results

Sensitivity coefficients
The sensitivity analysis with respect to models was performed to reflect the differences in 
their nature. The RZ calculation model was prepared aiming to match basic integral neutronics 
parameters calculated with full 3D model taking into account that clear differences will exist 
between these calculation models. The keff values calculated for both models reveal ~2000 pcm 
difference: for 3D heterogeneous model KENO-VI returns keff = 0.98305±0.00031 while RZ model gives 
keff = 0.96234±0.00032. The neutron spectrum in 3D model is harder than in RZ homogenized model 
[11] thus keff is higher.

Table 1 and Table 2 show the sensitivity coefficients calculated by the SCALE code with the 
3D heterogeneous and RZ homogenized calculation models, respectively. Uranium and Plutonium 
isotopes, isotopes of LBE (Pb and Bi-209), as well as Fe-56 and O-16 were treated as main objects in 
the S/U analysis since their sensitivity coefficients dominate among the sensitivity coefficients 
for the keff of the XT-ADS core. The tables indicate that the total sensitivity of the neutron capture 
reaction in the RZ model is smaller than that in the 3D heterogeneous model, and coefficients for 
U-238 and Pu-239 are low enough. On the other hand, the sensitivity coefficients of the neutron 
induced fission reaction and average neutron release per fission event ν• in the 3D heterogeneous 
calculation model are higher than corresponding coefficients in the RZ model, especially for U-238 
and Pu-240. This is also caused by the difference in the neutron spectra.

Table 1: Sensitivity coefficients calculated by SCALE-6 for 3D model

Nuclide Capture Fission ν• Elastic Inelastic (n,2n) Total

o-16 -1.23e-03 1.66e-02 -1.31e-04 -2.37e-10 1.53e-02
Fe-56 -1.97e-02 -6.71e-03 -4.92e-03 3.39e-06 -3.13e-02

pb-204 -2.23e-03 5.17e-04 -9.79e-05 1.63e-06 -1.81e-03
pb-206 -3.82e-03 3.05e-03 -1.57e-03 3.92e-05 -2.31e-03
pb-207 -2.82e-03 2.14e-03 -1.32e-03 8.35e-05 -1.92e-03
pb-208 -5.39e-04 4.53e-03 -8.81e-04 1.19e-04 3.23e-03
bi-209 -8.82e-03 1.50e-02 -4.08e-03 3.17e-04 2.42e-03
u-235 -1.67e-03 8.60e-03 1.43e-02 1.28e-06 -3.43e-05 2.82e-06 2.12e-02
u-238 -1.02e-01 3.46e-02 5.53e-02 7.01e-05 -7.41e-03 4.79e-04 -1.90e-02

pu-238 -3.70e-03 1.35e-02 1.99e-02 3.98e-06 -3.59e-05 1.60e-06 2.97e-02
pu-239 -5.98e-02 4.71e-01 7.06e-01 -4.66e-04 -7.66e-04 3.48e-05 1.12e+00
pu-240 -2.71e-02 5.68e-02 8.38e-02 1.11e-03 -5.74e-04 1.01e-05 1.14e-01
pu-241 -6.06e-03 6.89e-02 1.04e-01 -3.86e-06 -7.96e-05 2.33e-05 1.67e-01
pu-242 -6.79e-03 1.17e-02 1.72e-02 1.02e-04 -1.96e-04 7.90e-06 2.20e-02

total -2.46e-01 6.65e-01 1.00e+00 3.59e-02 -2.21e-02 1.12e-03 1.43e+00



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 31

iMpact oF Nuclear data uNcertaiNties oN NeutroNics paraMeters oF Myrrha/xt-ads 

The sensitivity coefficients of U-238 in the 3D heterogeneous and RZ homogeneous calculation 
models are shown in Figure 2 for the sake of comparison. The sensitivity due to neutron capture 
reaction dominates in the RZ model. However, in the 3D heterogeneous model, the contribution of 
the neutron capture reaction decreases and the sensitivities of the fission and ν• in the upper energy 
region (above 1 MeV) increases. The sensitivity of the inelastic scattering reaction also increased in 
the 3D heterogeneous calculation model. This is due to the spectrum is harder than in the RZ model.

Table 2: Sensitivity coefficients calculated by SCALE-6 for RZ model

Nuclide Capture Fission ν• Elastic Inelastic (n,2n) Total

o-16 -7.06e-04 3.34e-03 -7.42e-05 -3.44e-11 2.56e-03
Fe-56 -2.25e-02 4.01e-03 -1.74e-03 3.74e-06 -2.02e-02

pb-204 -1.66e-03 2.24e-04 -4.10e-05 1.47e-06 -1.48e-03
pb-206 -2.20e-03 8.45e-04 -6.25e-04 3.45e-05 -1.95e-03
pb-207 -2.27e-03 6.41e-04 -3.87e-04 6.88e-05 -1.95e-03
pb-208 -1.91e-04 1.06e-03 -5.65e-04 1.10e-04 4.14e-04
bi-209 -6.66e-03 5.15e-03 -2.08e-03 2.67e-04 -3.32e-03
u-235 -2.99e-03 1.14e-02 1.91e-02 -1.60e-06 -1.65e-05 1.77e-06 2.75e-02
u-238 -1.73e-01 1.55e-02 2.41e-02 3.23e-04 -2.70e-03 3.20e-04 -1.35e-01

pu-238 -6.70e-03 1.07e-02 1.58e-02 -4.80e-06 -1.40e-05 1.05e-06 1.98e-02
pu-239 -1.34e-01 5.00e-01 7.62e-01 -8.46e-04 -2.96e-04 2.19e-05 1.13e+00
pu-240 -5.27e-02 2.36e-02 3.46e-02 2.21e-03 -2.23e-04 6.66e-06 7.49e-03
pu-241 -1.10e-02 9.18e-02 1.38e-01 -2.58e-05 -6.85e-05 1.42e-05 2.29e-01
pu-242 -1.23e-02 3.91e-03 5.66e-03 1.80e-04 -8.35e-05 5.08e-06 -2.63e-03

total -4.29e-01 6.57e-01 1.00e+00 1.72e-02 -8.91e-03 8.30e-04 1.24e+00

Figure 2: Sensitivity coefficients for U-238
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Uncertainty analysis
The uncertainty analysis was performed using the sensitivity coefficients shown in Table 1 and 
Table 2. Three calculation cases were prepared. The first case employed the SCALE 44-group 
covariance data and the sensitivity coefficients calculated in the 3D heterogeneous calculation 
model. The SCALE 44-group covariance data are constructed on the basis of covariance data from 
various libraries, including ENDF/B-VII, ENDF/B-VI, JENDL-3.3 and approximate uncertainties [13]. 
The second case dealt with the covariance data from TENDL-2009 library [15]. In the third case the 
SCALE 44-group covariance data and the sensitivity coefficients calculated in the RZ calculation 
model were used.

 SCALE 44-group covariance data contain all data for all nuclides and reactions of interest listed 
in Table 1 and Table 2, while TENDl-2009 lacks c (fission spectrum covariance) and ν•. Enhancement 
of correlation between other reactions such as Capture-Fission is the feature of TENDL-2009 
covariance data.

Table 3 shows the uncertainties deduced from covariance data with 1s confidence. The uncer-
tainty in the 3D heterogeneous model is slightly smaller than uncertainty in the RZ model. The main 
reason of this difference could be attributed to a decrease of the sensitivity coefficients for the neutron 
capture reaction in the 3D heterogeneous model. On the other hand, the SCALE-6 / TENDL-2009 result 
is about twice larger than other uncertainties. Thus the uncertainty for the same calculation model 
and tool strongly depends on covariance data used.

The contributions of each nuclide and reaction to the uncertainty are plotted on Figure 3. The 
contribution of neutron capture reaction in the 3D heterogeneous model is smaller than in case 
of the RZ model, especially for fuel nuclides (U and Pu). On the other hand, due to hardness of the 
spectrum, the contributions of neutron induced fission and ν• increases in 3D model, especially for 
Pu-238, Pu-240 and Pu-242. It is seen from the Figure 3 that the effect of inelastic scattering for U-238 
is large in 3D model.

Table 3: Uncertainty deduced from covariance data

Model Covariance data Uncertainty (%)
3d heterogeneous scale-6 44-group 0.94
3d heterogeneous teNdl-2009 1.9
rZ homogeneous scale-6 44 group 1.0

Figure 3: Uncertainties deduced from covariance data
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Significant differences are observed when comparing SCALE-6 44-group and TENDL-2009 
covariance data. For example, the neutron capture reaction dominates for U-238 with the covariance 
data from TENDL-2009, while the contribution of capture reaction in the SCALE-6 44-group case 
is not so large. There are substantial differences for Pu isotopes and Fe-56. The contribution of 
correlations between other reactions is not negligible as it could be seen from TENDL-2009 case.

Comparison with MCNPX results
The MCNPX calculation of keff was performed for detailed 3D heterogeneous model. Although the 
discussion on uncertainty should normally be related to experimental data, there are no integral 
experimental data for a LBE-cooled core with MOX fuel. Thus MCNPX calculation results play role of 
experimental data in this case.

The results of SCALE-6 and MCNPX calculations with 3D model are shown in Table 4. Three 
nuclear data libraries were used with MCNPX to estimate the influence of data library choice.

The use of JENDL-3.3 and ENDF/B-VII.0 with MCNPX results in 0.73% and 0.26% lower keff value 
than JEFF-3.1.1, accordingly. It is however less than uncertainty margins shown in Table 3. This 
means that uncertainty deduced from covariance data covers the differences in keff due to data 
library variation in MCNPX calculation.

To investigate the “weight” of each nuclide in keff calculated with MCNPX, the variation of data 
library was employed for each particular nuclide. JEFF-3.1.1 library always served as reference. The 
black open rectangles on Figure 4 correspond to the use of JENDL-3.3 for each particular nuclide 
while JEFF-3.1.1 was used for other nuclides shown on the plot. The red open circles denote the use 
of ENDF/B-VII.0. Uncertainties deduced from covariance data from Figure 3 (obtained with SCALE-6 
44-group calculation, left-hand plot) are shown for the sake of comparison. It is seen from Figure 4 
that uncertainties deduced from covariance data do not cover the difference caused by data library 
variation in MCNPX calculation for U-235, Pu-240, Pb-207, Pb-208, Bi-209 and O-16. This may indicate 
that covariance data are underestimated.

As it is seen in Figure 3, the uncertainties deduced from the covariance data varied significantly 
with the change of covariance data. Although the uncertainties deduced from the covariance data 
ensured the differences in the MCNPX calculation, the contribution of each nuclide and reaction was 
different in each covariance data set. These results indicate that the covariance data of the nuclear 
data libraries is an open issue to discuss the reliability of the neutronics design.

The target accuracy for the fast reactor nuclear design is discussed in [16] where 0.3%Dk 
(1s confidence) was proposed as limiting value for keff uncertainty. The uncertainties deduced from 
the covariance data for XT-ADS do not meet this criterion. The uncertainties will obviously be 
reduced by performing the integral experiments in LBE or Pb moderated environment with MOX 
or Uranium fuel. The reduction of uncertainties of U-238 neutron capture and inelastic scattering, 
Pu-238 fission, Pu-239 neutron capture and ν•, Pu-240 ν•, Bi-209 and Fe-56 neutron capture is required.

Table 4: Comparison of keff calculated by SCALE-6 and MCNPX

Code Library keff

scale-6 eNdF/b-vii.0 0.98305±0.00031
McNpx JeFF-3.1.1 0.98297±0.00027
McNpx JeNdl-3.3 0.97578±0.00026
McNpx eNdF/b-vii.0 0.98046±0.00026
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Conclusions

The sensitivity and uncertainty analysis was performed to confirm the reliability of the calculated 
effective neutron multiplication factor for the XT-ADS neutronics model.

The obtained sensitivity coefficients differ substantially between the 3D heterogeneous and 
RZ homogenized calculation models. The uncertainties deduced from the covariance data strongly 
depend on the covariance data variation. The covariance data of the nuclear data libraries is an 
open issue to discuss the reliability of the neutronics design. The uncertainties deduced from the 
covariance data for XT-ADS are 0.94% and1.9% by the SCALE-6 44-group and TENDL-2009 covariance 
data, accordingly. The uncertainties exceed the 0.3%Dk (confidence level 1s) target accuracy level. To 
achieve this target accuracy, the uncertainties should be improved by experiments under adequate 
conditions such as LBE or Pb moderated environment with MOX or Uranium fuel.
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Abstract
The nucleon-nucleus and nucleus-nucleus total reaction cross-sections are of importance in many 
different fields, both for a better theoretical understanding as well as for a number of applications. 
The total reaction cross-section determines the mean free path when particles traverse nuclear matter, 
and the production cross-sections for secondary particles are directly proportional to it. Many complex 
Monte Carlo codes use the total reaction cross-sections for these purposes, and these observables 
become important in a number of different applications, including Accelerator Driven Systems, space 
radiation dosimetry, ion beam cancer treatment, and Single Event Effects (SEE) in digital electronics.

We have performed a comprehensive literature study in order to find all available experimental data 
on total reaction cross-sections, interaction cross-sections, and total charge changing cross-sections 
for neutrons, protons, and all stable and exotic heavy ions. The database extends earlier compilations 
with new data and data that have not been found in earlier searches. Excluded from the database are 
measurements where the cross-sections have been derived through model-dependent calculations from 
other kinds of measurements. The objective of the study is to identify where more measurements are 
needed in view of different applications, and to make the data easily available for model developers 
and experimentalists, as well as for the nuclear databases such as EXFOR. We will present some 
examples from the study, which is in the stage of quality control of all the gathered data.
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Introduction

Total reaction cross-sections determine the probability that a nuclear particle undergoes a non-elastic 
interaction when passing through nuclear matter. Besides providing an additional constraint in the 
analyses of angular distributions for elastic scattering, it determines the mean-free path for the interaction 
length. Thus it is of importance for a number of applications where nucleons or nuclei traverse nuclear 
matter, including nuclear power technology. In complex Monte Carlo particle and heavy ion transport 
codes, such as FLUKA [1,2], GEANT [3,4] and PHITS [5], the total reaction cross-section is used for the 
determination of where the first interaction will occur when a particle traverses nuclear matter. In some 
cases it is also used as scaling factor for individual reactions, i.e. the cross-sections for each individual 
reaction channel follows the energy dependence of the total reaction cross-section. This paper is a 
status report on the work with a new compilation of experimental data for total reaction cross-sections, 
and related observables, for neutrons, protons and heavy ions. In the present paper we report on the 
motivation for, and the status of, the compilation work. Some of the challenges with the compilation, and 
our selected philosophy for which data that will be included, will be discussed.

Definitions

When a nuclear particle is incident on an atomic nucleus there are three different possibilities for 
what kind of interaction that will occur:

(1): The particle passes by the nucleus without any kind of interaction.

(2): The particle undergoes elastic scattering with the target nucleus. Both the incident particle 
and the target nucleus remain in their ground states and the only transfer of energy is due 
to the kinematics of the elastic interaction. The total elastic cross-section, denoted sEl, is 
many times determined from the integrated differential cross-sections for elastic scattering.

(3): The particle undergoes some kind of non-elastic interaction, i.e. a reaction, with the target 
nucleus. The sum of the cross-sections for all possible reactions is the total reaction cross-
section, denoted sR.

The total reaction cross-section, the interaction cross-section sI, and the total charge changing 
cross-section sCC, are defined as,

sTot =  sR + sEl , (1)

sI   =  sR − sinel , (2)

sCC =  s(ΔZ≥1) , (3)

where sTot, is the total cross-section, sinel is the inelastic cross-section, and ΔZ is the change in 
atomic number. The interaction cross-section, follows the definition given by Kohama et al. [6], and 
includes all reaction channels that cause a change in the number of nucleons in the projectile. The 
cross-section for inelastic channels, sinel, includes all channels where the incident nucleus is excited 
without changing the number of nucleons, with or without any excitation or breakup of the target 
nucleus. The interaction cross-sections have mainly been measured for neutron-rich nuclei, and 
are convenient observables for studies of short-lived exotic nuclei. The values tend to be 80-90% of 
the total reaction cross-section, but at higher energies the two observables become more similar. 
A third related observable is the charge changing cross-section, sCC, which is defined as the cross-
section for the projectile to change its number of protons. The energy behaviour is very similar to 
the interaction cross-section, i.e. with values that are 80-90% of the total reaction cross-section at 
energies below 1 GeV per nucleon.

The available experimental data on total reaction cross-sections for the projectiles proton, 
neutron and 12C on carbon targets are shown in Figure 1. The energy dependence is similar for the 
three projectiles. In general, the shapes of the energy dependencies follow the nucleon-nucleon total 
cross-sections, with a decrease from low energies down to a dip at about 200-300 MeV/nucleon, and 
thereafter a slight increase due to the new reaction channels that open, i.e. pion production. For 
charged ions there is also the Coulomb barrier that brings the cross-section to zero at low energies. 
Neutrons do not have this barrier, though the available experimental data for the example in the 
figure seem to indicate such behaviour.
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Motivation

There are already a number of compilations of total reaction cross-section data available, so why make 
another one? For protons the Bauhoff compilation [7] included experimental data up to 1 GeV. It was 
later updated and corrected by Carlson [8]. In parallel, Barashenkov compiled data for protons and other 
particles over a wide energy range [9,10]. The authors do not seem to have been aware of each other’s 
work, because there is no complete overlap in any direction. Furthermore, the Barashenkov compilation 
includes data that have been derived from other particles. For instance there are data for neutrons that 
have been derived from proton measurements, and are thus not from real measurements with neutron 
beams. We have also observed that in many articles the authors seem to prefer data from the Bauhoff 
compilation instead of the later version by Carlson. After some investigation, including interrogation of 
a few authors, the reason was found to be that the Bauhoff compilation seems to include more target 
isotopes than the updated version by Carlson. This, however, is an unfortunate misunderstanding, 
because Carlson has corrected the isotopes for all measurements to the actual composition instead of 
what is written in the title of each article (it is quite common that it differs). And there are good reasons 
to trust the corrections by Carlson, since the majority of the data in the Bauhoff compilation comes 
from experiments performed by Carlson and co-workers. Furthermore, the 230 extra data points should 
make the Carlson compilation more attractive than the earlier version.

The EXFOR database, which is provided by the international network of nuclear data centres 
[11-14], is an important source for anyone who needs to obtain experimental data. We want to 
emphasize the importance that all experimentalists report their published nuclear measurements 
to this database. Although it may be somewhat difficult to use, this should be the primary source 
for anyone who wants to obtain nuclear data.

For heavy ions there are several authors that have made extensive comparisons of experimental 
data with their own measurements or calculations, thus producing articles with valuable collections 
of data. However, none of these collections is complete in any sense, and they are scattered in 
various publications. There are also a large number of published experimental data that seems to 
have been forgotten. Therefore we have initiated the effort of gathering all available data in one 
place in order to make it easily available for experimentalists and model makers. It is our ambition 
to find most of the data ever published until the year 2010.

Figure 1: The available experimental data clearly shows the similarity in energy dependence on total 
reaction cross-sections for p+C (black dots), n+C (red circles) and 12C+C (blue triangles)
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A few challenges, how to scrutinize the data?

At present the work with the compilation is approaching the end of the collection phase, and 
the quality control phase will be started. When it comes to the quality control, it is important to 
emphasize that in order to not introduce further bias we will scrutinize the experimental data with 
respect to the experimental method being used, not with respect to the experimental result. In other 
words, we will accept data that seem to disagree significantly with the general trends as long as the 
experimental method is acceptable, while we may ignore seemingly high quality data that are based 
on questionable methods. In order to find out about the experimental methods it is often necessary 
to consult related articles or technical reports that are not published.

A priority list for different kinds of experimental methods will be set up, and data based on 
methods that do not fulfil the requirements will be omitted, alternatively be properly flagged. It 
should be noted that almost all experimental methods depend on some theoretical stage for certain 
kinds of corrections. Our purpose is to discriminate methods where the final result depends more 
on a theoretical model than on the experiment itself. One clear case is total reaction cross-sections 
derived with optical model calculations fitted to experimental differential cross-sections of elastic 
scattering. Although the differential cross-sections may be measured with high quality, the derived 
total reaction cross-section will depend significantly on the parameters used in the optical model.

Other aspects that need to be considered are how to handle data that are only available in 
conference proceedings or technical reports, but never have been published in a peer-review 
journal. There could be good reasons why the data never reached a wider distribution, and therefore 
one could easily decide to not include any data from such reports. On the other hand, in several 
countries and laboratories there has until recently not existed any incentive to publish experimental 
results, and therefore these data could very well be of high quality. With these opposite views 
in mind, our selected strategy is to scrutinize the technical reports in the same way as for peer-
reviewed journal articles, i.e. by examining the experimental method. Accepted data that has not 
been peer-reviewed will be flagged accordingly.

Present status

In Figure  2 the upper left panel shows the available experimental data where protons are the 
projectile. The blue dots are the data given in the Barashenkov compilation [10], and the black dots 
are the data given in the Carlson compilation [8]. There are not so many black dots seen, the reason 
being that they are already included in the Barashenkov compilation, and therefore covered by blue 
dots. The red dots are the data given in the present work that were not included in any of the earlier 
compilations. As seen there are quite a lot of data available for protons, and there are also plenty of 
data for neutrons. The situation is much worse for other projectiles, although dedicated programs for 
measurements of heavy ions are in progress [15]. The upper right panel shows the situation where 
carbon isotopes are either projectile or target, and the lower panel shows the same situation for iron 
isotopes. Not surprisingly, the amount of experimental data tends to decrease with projectile mass, 
mainly due to experimental difficulties.

At present (October 2010) we have data from about 600 different articles, conference proceed-
ings and technical reports, covering the following systems:

•	sR for

· p+A (2100 data points)

· n+A (1100 data points)

· A+A (2900 data points)

•	sI for A+A (400 data points)

•	sCC for A+A (900 data points)

•	sTot for p+A, A+A (300 data points)

Data for sTot for n+A are not included since they are well covered in other databases. The total 
number of data points is subject to change, depending on where we will set the threshold level in 
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the quality control. There may also be additional data included from some of the reports that we are 
still trying to obtain. Figure 3 shows the present look of a typical data table in the compilation. There 
may be more columns added depending on what kind of information that potential users of the 
database would like to see included. We would appreciate such kind of feedback from the nuclear 
data community in order to improve the quality and usefulness of the compilation.

Benefits of the work

The motivation for performing this work is mainly to use the data in model inter-comparisons and 
development, and to obtain an overview of what data that needs to be measured in order to improve 
the models. For instance, a dedicated program for systematic model inter-comparisons has been 
initiated, starting with nuclei of relevance for space radiation protection and dosimetry [16]. We are 
also using the database in order to plan for measurements, and to suggest measurements by other 
groups.

Figure 2: Upper left: The available experimental data for protons on different targets, plotted as 
function of element Z, and at all energies. Blue dots are from the Barashenkov compilation [10], black 

dots from the Carlson compilation [8], and red dots are the “new” data that have been found in the 
present work. Upper right shows the available experimental data where carbon isotopes are either the 
projectile (blue dots), target (black dots), or both (red dot). In a similar manner the lower left shows the 

situation for iron isotopes, with red dots for iron as projectile and blue circles for iron as target.
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Outlook and conclusions

Once we have decided on a suitable threshold level for which experimental methods to include, 
and which that will be excluded, the data will be scrutinized according to the quality demands. 
Thereafter the database will be submitted for publication, in one or several articles, depending 
on how it should be divided. At that time it will also be made available for inclusion in the EXFOR 
database. Furthermore we are considering making data tables easily available in numerical form on 
a web site.

The work with a complete compilation of all available experimental data on total reaction cross-
sections, and related observables, is motivated by the fact that there are plenty of data that seem to 
have been forgotten, mainly due to the huge task of finding the data. Furthermore, the available data 
compilations, and the EXFOR database, are incomplete and in some cases include inconsistencies. 
The compilation work is in the stage of quality control, although some more references are still to 
be obtained. Our objective is to publish the compilation as soon as possible, and at the same time 
make the data available for inclusion in the EXFOR database.
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Figure 3: The present look of the compilation. There is an attempt to separate statistical and 
systematic errors, wherever the relevant information is given. The laboratory or institute where the 
data were measured are given with same coding as in the EXFOR database. Data that are already 

given in the EXFOR database are denoted with the corresponding entry code.
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Abstract
Graphite is widely used material to moderate neutrons in nuclear reactors starting with Chicago Pile 
1 in 1942. Management of irradiated graphite after end life of the reactor is an important task both 
to graphite moderated reactors in operation or decommissioning (Magnox, AGR, HTR, RBMK) and to 
new HTR reactors designs (generation IV reactors VHTR or MSR). The graphite recycling opportunity 
for re-use is technically challenging because of the high specifications of graphite required but also it is 
one of solution of irradiated graphite management instead of disposal. For graphite treatment, disposal 
or recycling concentration of radioactive contaminants in spent graphite should be identified.

Activity of radionuclides in irradiated graphite depends on concentration of impurities in virgin 
graphite and on characteristics of neutron flux. Concentrations of impurities in virgin graphite are 
usually unknown and have to be determined experimentally. As there are tens of important nuclides 
which have to be measured for modelling medium- and long-lived waste, it is not cost effective to 
measure all of them by expensive neutron activation analysis. Comparison of results on impurity 
concentration obtained with X-ray fluorescence technique, ICP-MS technique and neutron activation 
analysis for graphite irradiated in RBMK-1500 reactor has shown that precise enough determination 
of concentrations of elements Na, V, Zn, Ge, Ag, and Ta in graphite can be done only by neutron 
activation analysis.

Precise evaluation of the neutron fluence in different locations of the reactor graphite stack and other 
graphite constructions has been performed using Monte Carlo MCNPX code. The MCNPX calculation 
of the 13C/12C ratio in irradiated graphite has been validated against the 13C/12C ratio measured by 
stable isotope ratio mass spectrometry. For calculation of 14C activity in graphite microscopic cross-
sections of reactions 12C(n, g)13C, 13C(n, g)14C, and 14N(n,p)14C have been used. Analysis of data on these 
microscopic cross-sections in different databases has revealed their large uncertainty.
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Introduction

Graphite is widely used material to moderate neutrons in nuclear reactors starting with Chicago Pile 
1 in 1942. Management of irradiated graphite after end life of the reactor is an important task both 
to graphite moderated reactors in operation or decommissioning (Magnox, AGR, HTR, RBMK) and to 
new HTR reactors designs (generation IV reactors VHTR or MSR). The graphite recycling opportunity 
for re-use is technically challenging because of the high specifications of graphite required but also 
it is one of solution of irradiated graphite management instead of disposal. For graphite treatment, 
disposal or recycling concentration of radioactive contaminants in spent graphite should be 
identified.

Activity of radionuclides in irradiated graphite depends on concentration of impurities in virgin 
graphite and on characteristics of neutron flux. 14C isotope is one of the limiting radionuclides 
for low- and intermediate-level radioactive waste of the RBMK-1500 reactor and graphite itself [1]. 
Miner concentrations (usually less than 0.01% [2,3]) of such impurities as Cs, Sr, Eu, Cd, U, Th after 
20-30 years of irradiation by neutrons also results in radiological important activities of long-lived 
radionuclides [1,4].

Concentrations of impurities in virgin graphite are usually unknown and have to be determined 
experimentally. As there are tens of important nuclides which have to be measured for modelling 
medium- and long-lived waste, it is not cost effective to measure all of them by sensitive neutron 
activation analysis. In this work by comparison results obtained with X-ray fluorescence technique, 
ICP-MS technique and neutron activation analysis for graphite irradiated in RBMK-1500 reactor we 
have determined impurities for measurement of which use of neutron activation analysis is the 
preferable choice.

The other part of our work is devoted to show importance of some uncertainties of nuclear 
cross-sections for modelling of neutron activation in graphite moderated reactor. For this aim we 
applied Monte Carlo MCNPX code (v2.6 which includes CINDER burn-up capability) for calculation of 
activation of the graphite stack in the RBMK-1500 reactor.

Comparison of X-ray fluorescence, ICP-MS and neutron activation analysis results

The samples for measurement have been taken from the RBMK-1500 reactor fuel channel sleeve 
made of continuous graphite rings (for details see [5]).

For X-ray fluorescence measurement, 10 g of the sample was ground for 3 minutes with the 
mill made of stainless steel till homogeneous powder appeared. After that the sample powder was 
squeezed to the (3x1) cm cylinder shape tablet and placed into the X-ray spectrophotometer. X-ray 
fluorescence analysis has been carried out with the wavelength dispersive X-ray fluorescence 
spectrophotometer S4 Pioneer (Bruker).

For ICP-MS measurements a piece of graphite ring has been poured with 10 ml of 2 % nitric acid, 
closed with a parafilm tape and left for 72 hours. After that 5 ml of solution were taken and diluted 
up to 15 ml with distilled water and ICP-MS measurements have been performed with the double 
focusing high resolution sector field inductively coupled plasma mass spectrometer Element  2 
(Thermo Scientific).

For neutron activation analysis we refer to the older work [2] where the graphite specimens 
have been irradiated by the thermal and fast neutron flux in the CEA research reactors ORPHEE and 
OSIRIS (Φth = (1.2–2.5) × 1013 n (cm−2 s−1) for ORPHEE and Φfast = 2 × 1013 n (cm−2 s−1) for OSIRIS). After 
irradiation the specimens have been processed and analyzed by gamma spectrometry.

Results on the concentrations of elements in RBMK-1500 reactor fuel channel sleeve and relative 
standard deviations (RSD) are provided in Table 1.

As seen from Table 1 precise enough determination of concentrations of elements Na, V, Zn, Ge, 
Ag, and Ta in graphite can be done only by neutron activation analysis.
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Importance of cross-sections of carbon isotopes for evaluation of the neutron fluence in the 
graphite

A method to restore the irradiation parameters of graphite or other carbonaceous materials by 
using experimental and modelling results of 13C generation in the irradiated material is developed 
in [6]. It is based on comparison of results of stable isotope ratio mass spectrometry for the ratio 
of concentrations 13C/12C in virgin and irradiated carbonaceous material with results of computer 
simulation of neutron activation for the ratio of concentrations 13C/12C in irradiated carbonaceous 
material.

Ability of the method to evaluate the realistic characteristics of the reactor core such as the 
neutron fluence in any position of the reactor graphite stack or other graphite constructions has 

Table 1: Comparison of X-ray fluorescence and ICP-MS results with neutron activation analysis

Element
X-Ray Fluorescence ICP-MS Neutron activation [2]

Concentr., g/g RSD (%) Concentr., g/g RSD (%) Concentr., g/g RSD (%)
Na - - 3.61e-05 4.2 4.6e-06 6.3

Mg - - 2.78e-06 12.5 7.0e-06 -

al 2.00e-04 10.7 1.12e-05 2.9 9.2e-06 1.3

cl - - 1.55e-05 7.9 7.6e-06 2.3

k 2.00e-05 9.4 2.21e-05 2.0 1.9e-06 12.0

ca 2.55e-04 1.8 7.50e-05 4.1 5.2e-05 4.3

ti - - 3.80e-06 3.9 1.7e-05 2.7

v - - 1.90e-07 4.0 1.7e-05 1.3

cr - - 4.68e-07 5.5 6.0e-07 1.7

Mn - - 5.93e-07 3.4 5.8e-07 1.7

Fe 4.00e-05 2.8 4.07e-05 4.1 1.9e-05 5.3

co - - 3.52e-08 11.3 1.9e-08 0.7

Ni - - 6.13e-07 4.4 3.9e-07 8.3

Zn - - 2.72e-06 3.6 2.0e-08 -

ga - - 4.29e-09 37.8 1.0e-08 -

ge - - 2.10e-09 200.2 9.0e-06 -

sr - - 1.06e-06 5.8 9.6e-07 5.7

Zr - - 7.27e-07 7.4 1.0e-06 7.0

Mo - - 5.81e-08 26.6 1.7e-07 0.7

ag - - 6.53e-08 14.1 3.0e-09 20.0

cs - - 2.11e-09 33.6 1.6e-09 9.3

ba - - 1.29e-06 1.4 2.0e-06 2.3

eu - - 2.34e-09 50.0 2.6e-09 2.0

ho - - 2.08e-09 38.1 9.4e-09 6.7

hf - - 1.47e-08 24.4 5.8e-09 1.7

ta - - 2.39e-10 104.2 1.9e-09 3.3

w - - 4.20e-08 11.8 4.7e-08 3.7

th - - 3.37e-09 26.4 7.9e-09 1.7

u - - 5.35e-09 18.8 1.6e-08 2.7
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been demonstrated by comparison of simulated activity of 14C with the one measured by the 
β spectrometry technique for RBMK-1500 reactor of Ignalina NPP. For this purpose the 13C and 14C 
content of irradiated graphite of the RBMK-1500 reactor has been evaluated by employing the Monte 
Carlo N-Particle Code (MCNPX) computer code version 2.6 [6] which includes the CINDER90 [7, 8] code 
for calculation of activation using a simplified 3D model with periodical boundary conditions (see 
horizontal section of the model in Figure 1, where red circles represent UO2 fuel with Zr + 1 wt.%Nb 
cladding, green ring - fuel channel tube from Zr + 2.5 wt.%Nb, bluish area inside green ring - coolant 
water, blue ring - graphite sleeve and blue area outside blue ring - graphite stack).

As the first step of calculation, the neutron flux in the RBMK-1500 reactor graphite has been 
obtained by the MCNPX code (details of input are provided in [5]). An evolution of the fuel isotopic 
composition, activation and radioactive decay of nuclei during irradiation has been simulated with 
the CINDER90 code which is incorporated in MCNPX. The CINDER90 code uses 63 neutron energy 
groups and has its own nuclear data library composed mainly of ENDF, JEF and JENDL [7] data 
libraries as well as other data (e.g.  for 13C(n, g)14C reaction ACTL neutron activation cross-section 
library [9] is used). The main reason why CINDER90 data library has been chosen in our work is the 
presence of the microscopic cross-sections for 12C(n, g)13C reaction in this library. These microscopic 
cross-sections are absent in other nuclear data libraries (for instance, in JEF-3.0, JENDL-3.3 and 
ENDF/B-VI) where only cross-section for natural C and no data for 12C isotope are present).

In [6] MCNPX code has also been used to calculate the amount of 14C generated in 14N(n,p)14C 
reaction in a similar way considering ENDF/B-VI microscopic cross-sections as in the case of 
12C(n,  g)13C, 13C(n, g)14C reactions. Comparison of the newest ENDF/B-VII library nuclear data for 
14N(n,p)14C reaction (which is the same as the ENDF/B-VI) with the cross-section of CINDER90 shows 
the 2 times difference. After comparison with other sources we have decided to make correction 
and to use the ENDFB-VI data library cross-sections for estimation of 14N concentration. Microscopic 
cross-sections for 14N(n,p)14C reaction in different data libraries are provided in Figure 2.

Figure 1: Horizontal section of 3D model of the  
reactor fuel assembly in the graphite matrix
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Conclusions

Although it is possible to use ICP-MS method for determination of concentrations of many elements 
in virgin graphite instead of neutron activation analysis but neutron activation analysis of impuri-
ties in graphite has to be done for determination of elemental concentrations of Na, V, Zn, Ge, Ag, 
and Ta.

For precise evaluation of the neutron fluence in any position of the graphite stack or other 
graphite constructions in the graphite moderated reactor and for determination of 14C activity 
in carbonaceous materials uncertainties of microscopic cross-sections for reactions 12C(n,  g)13C, 
13C(n, g)14C, 13C(n, a)10Be, and 14N(n,p)14C have to be reduced.
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Figure 2: Microscopic cross-sections for 14N(n,p)14C  
reaction in different data libraries
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Abstract
Selection of the model or code most useful for the ADS target activation calculations and, if such a tool is not 
yet available, the indication of the main deficiencies of the existing tools was undertaken. Also the proper 
calculation of the spallation target heating, both during its exposition to the beam and after its switch off was 
analysed. Results of the measurement of radioactivity induced in massive Pb target were applied as reference 
to the presented benchmark calculations. For the heat generation in the target only the intercomparison of 
calculations was assumed. The specific goals of the benchmark were: calculation of the long lived residuals 
production rate and activity in a lead target after its irradiation with 660 MeV protons, comparison of the 
results with the measured ones for the isotopes: 46Sc, 59Fe, 60Co, 65Zn, 75Se, 83Rb, 85Sr, 88Y, 88Zr, 95Nb, 95Zr, 
102mRh, 102Rh, 110mAg, 121mTe, 121Te, 139Ce, 172Hf, 172Lu, 173Lu, 175Hf, 183Re, 185Os, 194Au, 194m2Ir, 195Au, 203Hg, 207Bi, 
calculation of the heating rate in the target and comparison of the results of calculations.
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Introduction

Deployment of Accelerator Driven System (ADS) is regarded as an interesting option of improving 
safety of nuclear power by the spent fuel transmutation. Actinide recycling can reduce the need for 
the large-scale repository of waste. One of the essential parts of ADS is the spallation target serving 
as the external neutron source of the subcritical core. The study of ADS operation and maintenance 
includes also the analysis of the build-up and decay of the target radioactivity and heating. The 
heating resulting from the beam particles and decay of radioactive nuclides. Both, the radioactivity 
and heating, can be calculated with the use of standard computational tools such as MCNPX [1], 
FLUKA [2,3] and others. However, not always the calculation methodology is straightforward and 
unambiguous. In calculation of radioactivity for the intermediate and high-energy range of particles (~ 
20 - 1500 MeV) a number of physical models of nuclear interactions between the incident particle and 
nucleus are at hand (MCNPX). The selection of the model or code most useful for the ADS calculations and, 
if such a tool is not yet available, the indication of the main deficiencies of the existing tools, is undertaken 
as a task in the NUDATRA domain of the Integrated Project EUROTRANS. It is also a part of the IAEA 
Coordinated Research Project on Analytical and Experimental Benchmark Analyses of Accelerator Driven 
Systems. The proper calculation of the spallation target heating, both during its exposition to the 
beam and after its switch off is of importance for the designing of the XT-ADS and EFIT systems [4]. 
The experiment devoted to the measurement of axial distributions of radionuclide activity induced 
in massive Pb target was conducted at the Dzhelepov Laboratory of Nuclear Problems in JINR Dubna 
(Russia) [5-7] and its results were applied as reference to the presented benchmark calculations. There 
was no experiment conducted within this research, resulting in the respective measurement of heat 
generation or temperature distribution in the target. Therefore only the intercomparison of results of 
calculations was assumed. Thus the specific goals of the benchmark were: calculation of: the long lived 
residuals production rate during the lead target irradiation and their activity at 219 days after the irradiation 
end, in 32 pieces of Pb samples, distributed inside the target, and in the whole target; comparison of these 
results with the measured ones for the following isotopes: 46Sc, 59Fe, 60Co, 65Zn, 75Se, 83Rb, 85Sr, 88Y, 88Zr, 
95Nb, 95Zr, 102mRh, 102Rh, 110mAg, 121mTe, 121Te, 139Ce, 172Hf, 172Lu, 173Lu, 175Hf, 183Re, 185Os, 194Au, 194m2Ir, 195Au, 
203Hg, 207Bi; calculation of the heating rate and its distribution in the target both, during exposition to 
the proton beam and after its switch-off, comparison between the results of calculations of heating 
rate. The benchmark was presented in Nice during the International Conference on Nuclear Data for 
Science and Technology 2007 [8]. Also partial results were presented on the Physor 2008 conference [9].

Analysis of the benchmark results for activation

Results for the whole target

Instantaneous isotope production rate

First part of the benchmark analysis was devoted to testing the calculation results for consistency. 
Results of instantaneous production rate for 24 nuclides, obtained with the use of each physical 
model (Bertini, CEM, INCL4 and Isabel) were compared (Figure 1). Generally the received results 
are consistent (Table 1). In cases when the consistency is worse one can observe either the spread 
of results higher than the respective uncertainties or systematic difference for selected nuclides. 
Instantaneous production rate results in the whole target are consistent for majority of participants 
and for all models. Differences between models are significant.

Figure 1: Examples of the comparison of results of the instantaneous  
production rate of the radioactivity induced in the whole target
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Activity with account of the decay during and after activation

To compare the experimental results with the calculated ones one should recalculate the instanta-
neous production rates of the respective nuclide and its all predecessors for the moment of meas-
urement. It should account both for the growth and decay during activation and the decay after 
activation end.

Examples of the comparison of results for the whole target are presented in Figure 2 while all 
ratios C/E (calculation to experiment) in Table 2

For the statistical analysis of the results the D and H coefficients were applied (Eq. (1))

   D =
∑

n

i=1

C
E

1

n
 , 

H = ∑
n

i=1

1
n

Ei – Ci

SE,i + SC,i

( (²

 (1)

where n – number of compared results due to different isotopes or participants and models. In 
calculations of the coefficient for isotopes the outlying results were omitted while when comparing 
models and participants the results of participant 2 were not evaluated. Also the results for isomeric 
states and respective nuclides were not considered due to the lack of separated production rates for 
the ground and excited state formation in majority of supplied data. Results are presented in Table 2.

Table 1: Results of the comparison of instantaneous nuclide production rate

Model: Bertini CEM INCL4 Isabel
Total number 

of results Number of nuclides showing consistent results
all nuclides 24 17 22 20 18
light (a ≤ 60) 3 2 2 3 3
Fission products
(60 < a < 140)

11 10 11 10 9

heavy spallation residues 
(a ≥ 140)

9 5 9 7 6

207bi 1 - - - -

Figure 2: Examples of comparison of calculation results of the whole target activity  
for selected nuclides with account of the decay during and after activation
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Examination of the Table 2 and qualitative comparison of calculated activities with the 
experimental ones show for the whole target, for different models:

•	 the worst performance of Bertini-Dresner (~ 12% acceptable results, below 20% difference)

•	 better of CEM, INCL4, ISABEL-Dresner and Bertini-Abla (~20-30%)

•	 the best but still unsatisfactory of ISABEL-Abla and FLUKA (~45 %)

Analysis of the quality of 13 calculated results for different nuclides (excluding these strongly 
outlying from unity - marked in the Table 2) show:

•	 the best performance for 185Os and 194Au/194Hg, (12 and 9 results within 20%, respectively)

•	 for 183Re, 175Hf and 207Bi only 4 – 6 results within this limit

•	 for nuclides from 60Co to 121Te almost all calculations underestimated

•	 for heavier mainly overestimated.

The quantitative analysis with the use of coefficient D, reflecting the absolute deviation of the 
C/E ratio from unity (Table 3), confirms the best performance of Isabel model and FLUKA code and 
worst of Bertini-Dresner and CEM 2k models. Among isotopes the D values for 185Os and 194Au/194Hg 
are the lowest

Results for the distribution along the target
Example of the comparison of results for the distribution along the target is presented in Figure 3 
while the ratios C/E (calculation to experiment) in Figure 4.

The quantitative evaluation, of results for all 22 analysed nuclides and 4 physical models of 
the spallation reaction, was done with the use of the D and H coefficients (Eq. (1)). The coefficient H 
represents the weighed quadratic average of absolute distance of points from the line representing 
the equality of measured and calculated results (as can be seen on the right side graph in Figure 4). 
As the weight the reciprocal of the sum of standard deviations of experimental and calculated result 
was applied. The calculated values of coefficients D and H are presented in Table 4.

Analysis of the values of coefficient D allows for the following observations:

•	 average values for all nuclides differ only slightly;

•	 the Isabel model seems to be better (D = 0.40) and the Bertini-Dresner worse (D = 0.56) then 
the two others,

•	 only ~12 % of calculated results from all models differ from experimental ones by less than 20 %.

Table 3: Values of the D coefficient for models and nuclides

Participant code - model D Nuclide D 
1-ceM-0301 0.42 60co 0.47 
1-ceM 2k 0.48 65Zn 0.32 
3-ceM 0.49 83rb 0.61 
1-bert_dres 0.46 85sr 0.50 
3-bert_dres 0.50 88y 0.44 
1-bert_abla 0.38 95Nb 0.56 
1-iNcl4_abla 0.39 173lu 0.35 
3-iNcl4_ab 0.39 175hf 0.31 
1-iNcl4_dres 0.39 183re 0.38 
1-isabel_abla 0.39 185os 0.11 
1-isabel_dres 0.43 194au/hg 0.21 
3-isabel 0.19 203hg 0.38
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Figure 3: Cumulative comparison of calculated (weighed mean) and measured  
specific activity distribution along the target with the account of decay during  

and after activation for different physical models applied in calculations
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Figure 4: Comparison of the experimental and calculated distributions of 95Nb (specific activity in 
Bq/g) along the target. The calculated values are weighed averages of results from participants.
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When the difference is related to the result standard deviation, both from calculation and 
experiment (in coefficient H) the differentiation between models and nuclides looks more distinct:

•	 the Isabel model yields best results – the average difference is slightly larger than 2 standard 
deviation while for the other 3 models it is between 3.3 (INCL4-Abla) and 3.9 (CEM),

•	 for Isabel model over 55 % of values is smaller than 2 and for the other models only ~33 %.

The distributions along the target contain also some information about the proton energy 
influence on the results of calculation. Samples placed in different distance from the target front 
were irradiated with protons (mainly) of different spectra. Based on the approximate dependence 
of the respective distribution peak energy on the sample position one can observe the following 
general regularities:

•	 best (but not always satisfactory) results of calculations for proton energy above ~120 MeV 
(on the average for all measured nuclides) are obtained for the Isabel model, while below 
this energy results from INCL4-Abla are the best but only slightly better than that from 
Bertini-Dresner,

•	 calculated results are in satisfactory agreement with the experimental ones only for proton 
energy above ~ 460 MeV.

Table 4: Values of the D and H coefficients for models and nuclides*

Nuclide CEM BerDre INCL4Abla Isabel CEM BerDre INCL4Abla Isabel
D H

sc46 0.117 0.294 0.316 0.229 0.76 1.76 2.20 0.99
Fe59 0.257 0.276 0.179 0.304 2.55 2.02 1.97 2.02
co60 0.587 0.588 0.530 0.223 4.64 4.71 4.72 1.73
Zn65 0.816 0.850 0.926 0.848 2.60 2.36 3.48 2.44
se75 0.215 0.566 0.284 0.593 1.16 3.25 2.51 2.57
rb83 0.565 0.584 0.443 0.148 4.99 5.71 4.41 1.14
sr85 0.781 0.559 0.492 0.246 4.13 4.96 4.08 1.76
y88 0.593 0.697 0.503 0.408 5.14 5.09 5.29 2.99
Zr88 0.137 0.313 0.576 0.210 0.97 2.55 5.24 1.65
Nb95 0.862 0.805 0.748 0.750 9.66 6.19 2.44 2.09
Zr95 0.846 0.755 0.900 0.852 9.78 6.77 4.44 3.58

ce139 0.474 0.095 0.075 0.112 2.07 0.44 0.42 0.38
hf172 0.627 0.906 0.404 0.480 4.26 5.85 3.24 2.76
lu172 0.331 0.596 0.474 0.263 1.50 2.85 2.52 0.61
lu173 0.350 0.473 0.559 0.204 3.30 1.92 3.07 1.03
hf175 0.273 0.380 0.511 0.271 1.08 1.02 2.45 0.58
re183 0.347 0.469 0.174 0.349 1.81 2.01 1.15 1.00
os185 0.231 0.244 0.363 0.270 0.74 0.65 1.50 0.86
au194 0.502 0.287 0.198 0.618 3.74 1.52 0.97 3.69
au195 0.281 0.144 0.606 0.587 1.70 1.27 5.25 2.37
hg203 0.424 1.487 0.571 0.178 4.03 6.45 5.05 1.25
bi207 1.134 0.946 0.420 0.612 15.19 13.93 6.13 9.53

average 0.49 0.56 0.47 0.40 3.90 3.79 3.30 2.14

* each value represents all points of one distribution along the target.

0.10 > D > 0 0.2 > D ≥ 0.1 1.0 > H > 0 2.0 > H ≥ 1.0
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This is more difficult to recognize clear regularities when looking on the results from the 
point of view of the measured radionuclide or group of them, for the whole proton energy range on 
average. What can be observed is:

•	 the quality of results calculated with the use of Isabel model prevails over the one from other 
models for: 83Rb, 85Sr, 139Ce, 172Hf, 172Lu, 173Lu, 175Hf, 183Re, 195Au, 203Hg and 207Bi,

•	 no model is satisfactory, even approximately, for such nuclides as: 60Co, 65Zn, 88Y, 88Zr, 95Nb, 
95Zr, 172Hf, and 203Hg,

•	 other models (but Isabel) produce relatively good results for certain nuclides, i.e.: INCL4-Abla 
for 59Fe, 139Ce and 183Re, CEM for 185Os, Bertini-Dresner for 194Au.

Analysis of the benchmark results for heating

The only goal to be achieved from this part of the benchmark is the comparison of calculation 
results and analysis of their compatibility among themselves and with earlier expectations. For this 
a similar target was designed with slightly different structure of cells [9].

Power released in the target during the beam operation
The calculation results for the whole target heating rate are presented in the Table 5. The assumed 
beam parameters were 1 mA continuous Gaussian beam of 660 MeV protons. The results from all 
participants are consistent. Around 400 kW (ca 60 % of the beam power) is released. Only small 
differences (ca 2 % spread) are observed between results from different models.

Table 5: Comparison of calculated results of the whole target  
heating power [kW] by a 1 mA beam of 660 MeV protons

Participant 
No Physical model Remark

bertini 
abla

bertini 
dresner

iNcl4 
abla

ceM isabel 
abla

isabel 
dresner

1 387.6 392.1 391.7 391.7 391.9 395.8 McNpx 2.2.3
3 - 389.9 399.3 369.5 397.2 - McNpx 2.5.0
5 - - 405.0 396.0 - - McNpx 2.5.0

Figure 5. Distributions of the total heating 
power in the target calculated with the use 

of INCL4-Abla model. The numbers on axis x 
represent target cells of different thickness in 

the longitudinal direction.
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Example of the longitudinal and radial heating distribution is presented in Figure 5. Comparison 
of the distributions yielded by different spallation reaction models show serious differences. One 
example is presented in Figure 6. For the major part of the target the spread between the most 
differing models is smaller than 10 %. However there are regions where spread higher than 40 % is 
obtained. These are the most radially outside parts of the target front and at the target end behind 
the primary proton range. One can suspect in both cases the different “behaviour” of secondary 
particles in different simulation models. Difference in evaluation of such parameters of secondary 
particles as their energy and direction as well as their production cross-sections can cause the 
difference.

Conclusions

Results from the limited number of laboratories that took part in the exercise still present a clear 
picture of the situation regarding the thick target activation simulation. However, the relatively small 
amount of the used experimental data may restrict the general validity of the below conclusions.

The physical models applied for the calculation of thick lead target activation do not produce sat-
isfactory results for the majority of analysed nuclides, however one can observe better or worse 
quantitative compliance with the experimental results. Analysis of the quality of calculated 
results show the best performance for heavy nuclides (A @ 170 – 190). For intermediate nuclides 
(A @ 60 – 130) almost all are underestimated while for A @ 130 – 170 mainly overestimated.

The shape of the activity distribution in the target is well reproduced in calculations by all models 
but the numerical comparison shows similar performance as for the whole target. The Isabel model 
yields best results. Analysing the distributions of C/E ratio along the target length as a function 
of the dominating proton energy one can observe the best (but not always satisfactory) results for 
proton energy above ~120 MeV for the Isabel model. Below this energy results from INCL4-Abla are 
the best but only slightly better than that from Bertini-Dresner. Calculated results are in satisfactory 
agreement with the experimental ones only for proton energy above ~ 460 MeV.

The situation is different for calculations of heating. For the whole target heating rate the results 
from all participants are consistent. Only small differences are observed between results from physical 
models.

For the heating distribution in the target it looks not quite similar. The quantitative comparison 
of the distributions yielded by different spallation reaction models shows for the major part of the 
target no serious differences – generally below 10%. However, in the most outside parts of the target 
front layers and the part of the target at its end behind the primary protons range spread higher 
than 40 % is obtained.
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Abstract
The leakage neutron and gamma spectra measurements have been done on benchmark spherical 
assembly - nickel sphere with diameter of 50 cm. The Cf-252 neutron sources with different emissions 
were placed into the centre of sphere. The proton recoil method was used for neutron spectra 
measurement using stilbene crystals and hydrogen proportional counters. The neutron energy range 
of spectrometer was from 0.02 to 17 MeV. The gamma pulse shape discrimination method has been 
applied in stilbene measurements. The gamma energy range of spectrometer was from 0.1 to 10 MeV. 
The fine structure of gamma spectrum was measured by HPGe spectrometer. The experimental 
data were compared to results of transport calculations based on different evaluated nuclear data 
libraries (ENDF/B-VII.0, JENDL-3.3, JENDL-4.0, CENDL-3.1, JEFF-3.1.1, TENDL-2008, TENDL-2009). 
The continuous energy Monte Carlo transport calculation code MCNP-4C was employed for the 
calculations. Main observed differences between experiments and transport calculations are discussed. 
Gamma fluence absolute values for discrete gamma-lines with energy 511, 1333 and 1454 keV were 
compared with calculations. The comparison of the calculations with measurements performed by the 
scintillation detector of the stilbene type is also included.
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Introduction

Neutron and gamma field parameters were studied on benchmark spherical assembly - nickel 
sphere with diameter of 50 cm. The Cf-252 neutron sources were placed into the centre of nickel 
sphere. The measurement results were compared with parallel calculations using seven different 
data libraries in MCNP code. The following data libraries were used:

ENDF/B-VII.0, JENDL-3.3, JENDL-4.0, JEFF-3.1.1, CENDL-3.1, TENDL-2008, TENDL-2009.

The measurement results can serve as qualitative and partly also quantitative verification of 
various data libraries. The preliminary results concerning neutron emission spectra for nickel and 
also for iron spheres were presented in [1-3].

Experimental assembly

The experimental assemblies is formed by the pure nickel sphere with diameter of 50  cm with 
neutron source in centre, see Figure 1. Nickel sphere has the following composition:

Impurities (in sample of Ni) Al B Cd Cr Mn Fe Mo Cu W Gd
Concentration, [μg/g] 1020 0,05 0,08 219 185 2095 71,2 96,7 0,84 0,01

Neutron and gamma spectra were measured in two distances:

R=100  cm, abbrev. of the assembly is NI DIA50, R100, shadow cone used (background is 
subtracted),

R=28  cm, abbrev. of the assembly is NI DIA50, R28, without shadow cone (background is 
included).

Figure 1: Basic scheme of n,g-spectrum measurement. The sphere center is 200 cm  
above the concrete floor. In the figure is g-spectrum measurement by HPGe.
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Methodology of calculation and measurement

The spherical shape of assembly and spherical neutron source is used because this geometry rep-
resents the simplest one-dimensional (1D) calculation task. As a matter of fact, the assembly is a 
3D object. The methodology used for nickel sphere was identical for iron spheres measurement and 
calculation performed earlier [4].

The background of the measured field is determined by additional measurement performed 
with shielding cone (Fe + borated PE for neutrons and Pb for gamma). The shielding cone has to 
shield corresponding space angle to measure only all unwelcome scattered neutrons and laboratory 
background neutrons and gamma. It was used for R=100 cm only. The thickness of shielding cones 
not allow their placement in front of detectors for R=28 cm.

Neutron spectrometry

The proton recoil method was used for neutron spectra measurement as well as main methods. 
Hydrogen proportional counters (HPC, En=0.01-1.3 MeV) and scintillation detector of stilbene (En=0.1-
17 MeV), [5], were used for neutron spectra measurement in the total energy range of En=0.01-17 MeV. 
The group structure used for HPC is 40 or 200 group per decade (gpd). The group structure used for 
stilbene is the constant energy step in selected energy regions. HPCs were of 4cm diameter and of 
100, 400 and 1000 kPa pressure. The dimension of stilbene was of diameter 3x1cm.

Gamma ray spectrometry

Both of the gamma-filed components were measured contemporary. The first one is the primary 
gamma spectrum of the Cf-252 source attenuated by the nickel sphere, the second one is the 
secondary gamma of the thermal neutron capture and fast neutron inelastic scattering on the nickel 
sphere. Both of them were measured by coaxial HPGe-detector (Canberra). The used cylindrical 
HPGe-crystal was of a diameter 44 mm and of the length 36 mm, FWHM≈3keV (1333 keV), energy 
region Eg=0.1-10.5 MeV per 8192 channels.

The energy calibration in the whole energy region was made by isotopic point-sources of Co-60, 
Ba-133 and Cs-137 and by well known distinct energy peaks in the gamma spectrum (H-1, Fe-56, 
Ni-58, etc.) of the neutron capture.

The efficiency calibration was made by the same isotopic point-sources mentioned above for 
several axial source-detector distances and for the energy region from 80 keV to 1400 keV. Measured 
spectra were analyzed by Genie-3.1 Canberra software.

Because of the possible HPGe crystal damage by the higher neutron fluence, the gamma spectra 
acquisition was not possible for a long time. Therefore some of the gamma spectrum peaks have 
not sufficiently good statistics. The FWHM parameter was checked periodically for possible detector 
damage determination.

Calculation

The calculations were performed using Monte-Carlo program MCNP-4C. As for geometry description, 
a simplified model  [6] was used, which substitutes assembly elements with concentric spherical 
shells around the source. Also, the detector is represented by a 1 cm thick spherical shell with radius 
equal to the real detector-source distance.

The energy bin structure of resulting tallies was chosen to be logarithmic, either with 40 or 
with 200 groups per decade. Photon tallies start at 0.001 MeV and end at 12.59 MeV, while neutron 
tallies range from 1E-10 MeV to 22.39 MeV. However, only 10 groups per decade scale are used up to 
0.001 MeV. The evaluated nuclear data files were processed using NJOY-99.115.
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Normalisation and smoothing of results

The result of spectra calculation and measurement f(E) [cm-2s-1MeV-1] is normalized in the following 
way:

  fnorm(E) = f(E) × (4π×R2/Q) , (1)
where R [cm] is the distance between detector and neutron source (centre to centre) and Q[s-1] is the 
neutron source emission.

For neutron leakage spectra the quantity depicted in the figures has the following form and 
dimension:

 Ef(E)4πR2 /Q [1] (2)

The calculated neutron spectra were smoothed by Gaussian with constant percentage 
resolution Δ of FWHM:

Δ=13% for 40 gpd and Δ=4% for 200 gpd.

The so-called absolute efficiency ε(E) for specific energy gamma E  [MeV] was determined as 
the mean value from the detector response measurements at several gamma source-detector 
distances r:

  ε(E) = νr(E) / fr(E) = νr(E) / (A×y(E)/4π×r2) (3)

where νr(E) is the count rate of calibration source at the distance r, fr(E) is the flux density at the distance 
r [cm], y(E) is the decay yield and A [Bq] is the activity of radionuclide which is the source of energy E.

The number of the gamma-rays (photons) G(E) of given energy E emitted from the Ni-sphere for 
the unit neutron source (i.e. falling on 1 neutron emitted from the neutron source) is then:

 G(E) = (νR(E) /ε(E)) × (4π×R2/Q) [1], (4)

where νR(E) is the count rate of leakage gamma when the distance between detector and neutron source 
placed in the sphere is R [cm]. The quantity G(E) of dimension one is compared with the calculated 
one thereinafter (Table 2).

Uncertainties

MCNP code gives only uncertainties which are smaller than 5% for En<6  MeV, 40  gpd and 108 

histories. Statistical uncertainties of H-detector measurements are calculated and represent the 
values about 3% for spectrum maximum for NI DIA50, R100 assembly and about 1% for NI DIA50, 
R28 assembly. These uncertainties were assessed for 40 gpd.

Statistical uncertainties of integral values are adequately calculated. Uncertainties based 
on evaluation methodology of spectra measured by hydrogen proportional counters (like energy 
calibration etc.) are estimated by authors to be approx. 3-7% for energy range 0.01-0.15 MeV and 1-2% 
for energy range 0.15-1 MeV.

Uncertainties of stilbene measurements are estimated by authors to be 7-15% for energy range 
1-17 MeV.

Statistical uncertainties of HPGe detector measurements of listed energy peaks are less 
than 7%. The uncertainties of the absolute efficiency ε values are less than 4%. The distance R and 
the source emission Q uncertainties were also taken into account in the G-quantity uncertainty 
calculation.

Estimation of other existing uncertainties (as well as of the source emission, efficiency of 
detectors etc.) is out of this article scope.

Results of measurement and calculations

Five experimental measurements performed are presented in the Table 1.
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Neutron spectra

Comparisons of measured and calculated neutron spectra are presented in the Figures 2–6.

Table 1: Measurements on nickel sphere by different types  
of detectors: HPC, stilbene and HPGe

NI DIA50, R100 - distant measurement
No. Detector Irradiation Note
1 hpc

stilbene 
Neutrons
Neutrons

binding energy 1.3 Mev. 
Figure 2

2 stilbene gamma Figure 7
3 hpge gamma Figure 8 

NI DIA50, R28 – measurement on the surface
No. Detector Irradiation Note
4 hpc Neutrons Figure 3
5 hpge gamma

Figure 2: Assembly: NI DIA50, R100, 40gpd. Meas. by HPC and for  
Eg>1.5MeV stilbene (thick), calc. by ENDF/B-VII.0 smooth. Δ=13% (thin)

	  

Figure 3: Assembly: NI DIA50, R28, 200 gpd, measurement by HPC (thick),  
calculation by ENDF/B-VII.0 smooth. Δ=4% (thin)
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Figure 4: Assembly: NI DIA50, R100, 40 gpd.  
Calc. by JENDL-3.3 (thick), ENDF/B-VII.0 (thin).

	  

Figure 5: Assembly: NI DIA50, R100, 40 gpd.  
Calc. by JEFF-3.1. (thick), ENDF/B-VII.0 (thin).

	  

Figure 6: Assembly: NI DIA50, R100, 40 gpd.  
Calc. by TENDL-2009 (thick), ENDF/B-VII.0 (thin).
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Gamma spectra

Comparisons of measured and calculated gamma spectra are presented in the Figures 7–10. The 
gamma spectra measured by HPGe were divided in two parts:

a) Qualitative – the comparison of the measured and calculated gamma lines (peaks) presence 
(identification) in the spectrum. The measurement results for this case are in the Figure 8.

b) Quantitative – the comparison of the quantity G for specific energy lines: 511 keV, 1333 keV, 
1454 keV. The results are in the Table 2 and in the Figure 11 (left R=28cm, right R=100 cm).

Figure 7: Assembly: NI DIA50, R100. Calc. by ENDF/B-VII.0. (thin),  
meas. by stilbene (thick).

	  

Figure 8: Assembly: NI DIA50, R100. Calc. by ENDF/B-VII.0. (thin),  
meas. by HPGe (thick)
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Figure 9: Assembly: NI DIA50, R100, 200 gpd,  
JENDL-3.0 (thick), ENDF/B-VII.0 (thin)

	  

Figure 10: Assembly: NI DIA50, R100, 200 gpd,  
TENDL-2009 (thick), ENDF/B-VII.0 (thin)
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Table 2: b) Quantitative comparison of the quantity G, calculation/experiment–1, in %

Assembly NI DIA50 R28 (R=28 cm) 
eg(kev) 511 1333 1454
M EAS 0.00 0.00 0.00

ENDF/BVII.0 8.96 -6.00 6.55 
JEFF3.1.1 8.96 3.89 3.57 

JENDL-3.3 0.75 -6.78 2.38 
JENDL-4.0 0.00 -8.44 1.79 

TENDL-2008 -40.07 -1.00 -15.48 
TENDL-2009 0.75 -10.22 -14.88 
CENDL-3.1 -0.75 -2.44 0.00 
Assembly NI DIA50 R100 (R=100 cm) 

eg(kev) 511 1333 1454
M EAS 0.00 0.00 0.00

ENDF/BVII.0 2.78 -16.77 -8.00 
JEFF3.1.1 1.85 -7.94 -10.67 

JENDL-3.3 -5.56 -17.41 -11.33 
JENDL-4.0 -5.56 -15.11 -12.00 

TENDL-2008 -43.61 -11.52 -92.67 
TENDL-2009 -4.63 -19.85 -26.00 
CENDL-3.1 -6.48 -13.70 -13.33 

Table 2: a) Quantitative comparison of the quantity G. The G quantity comparison of the HPGe 
measurement and of the MCNP calculations. G = (flux density x 4pR2/Q) of the gamma-lines of 

certain energy emitted from the Ni- spherical assembly NI DIA50 R28 and NI DIA50 R100.

Assembly NI DIA50 R28 (R=28 cm) 
eg(kev) 511 1333 1454
MEAS 1.34e-03 9.00e-04 1.68e-03 

uncer. [%) 3.9 3.6 3.6 
ENDF/BVII.0 1.46e-03 8.46e-04 1.79e-03 

JEFF3.1.1 1.46e-03 9.35e-04 1.74e-03 
JENDL-3.3 1.35e-03 8.39e-04 1.72e-03 
JENDL-4.0 1.34e-03 8.24e-04 1.71e-03 

TENDL-2008 8.03e-04 8.91 e-04 1.42e-03 
TENDL-2009 1.35e-03 8.08e-04 1.43e-03 
CENDL-3.1 1.33e-03 8.78e-04 1.68e-03 
Assembly NI DIA50 R100 (R=100 cm) 

eg(kev) 511 1333 1454
MEAS 1.08e-03 7.81e-04 1.50e-03 

uncer. [%) 4.6 5.8 3.3
ENDF/BVII.0 1.11e-03 6.50e-04 1.38e-03 

JEFF3.1.1 1.10e-03 7.19e-04 1.34e-03 
JENDL-3.3 1.02e-03 6.45e-04 1.33e-03 
JENDL-4.0 1.02e-03 6.63e-04 1.32e-03 

TENDL-2008 6.09e-04 6.91e-04 1.10e-04 
TENDL-2009 1.03e-03 6.26e-04 1.11 e-03 
CENDL-3.1 1.01 e-03 6.74e-04 1.30e-03 
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Results in the tables and figures mentioned above show differences between distances R=28 cm 
and R=100 cm.

Distance R=28 cm

The JEFF-3.1.1 data overestimated slightly the experiments for Eg=511 keV, 1332 and 1454 keV. 
The ENDF/B-VII.0 data overestimated slightly the experiments for Eg=511 keV and 1454 keV, and 
underestimated slightly the experiments for Eg=1333 keV. All others libraries underestimated the 
measured data.

Distance R=100 cm.

The JEFF-3.1.1 data and ENDF/B-VII.0 data overestimated slightly the experiments for Eg=511 keV. 
For Eg=1333 and 1454 keV all libraries underestimated the measured data up to 25%.

Eg < 2 MeV - all the libraries used for MCNP have acceptable mutual agreement.

Eg > 7 MeV – TENDL-2009 strongly underestimate ENDF/B-VI spectrum.

Eg = 2-6 MeV - the big differences (factor 2-3) between libraries (Figure 13 and Table 4).

Final comparison of measured and calculated spectra

The final comparison of measured and calculated integral neutron spectra is presented in the 
Table 3 and in the Figure 12, The final comparison of measured and calculated integral gamma-ray 
spectra is presented in the Table 4 and in the Figure 13.

Figure 11: Quantitative comparison of G from Table 1 (left R=28cm, right R=100 cm). 
Values are related to the measurement with HPGe spectrometer.
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Table 3: Assembly NI DIA50, R100; 40gpd, HPC and stilbene measurement –  
differences between calc. relative to meas. in %. Energy range is in MeV.

No.
Energy range Libraries used for MCNP calculation
from to ENDF JENDL JEFF TENDL

0 0.10 10.00 3.83 3.65 4.05 -10.97
1 0.10 0.20 14.40 6.74 10.41 60.61
2 0.20 0.35 6.00 -2.19 0.27 31.99
3 0.35 0.45 13.53 -7.80 6.73 -0.52
4 0.45 0.90 5.31 8.93 7.51 -40.01
5 0.90 1.40 -12.74 -1.36 -8.42 -54.78
6 1.40 3.00 -20.20 3.63 -4.24 -48.02
7 3.00 5.00 8.29 20.72 16.17 -12.29
8 5.00 10.00 16.99 44.66 24.41 14.42
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Figure 12: Assembly: NI DIA50, R100, 40 gpd. Measurement by HPC and stilbene.  
Comparison of calc. relative to meas. (Table 3).

	  

Table 4: The comparison of the libraries for chosen gamma-ray energy ranges.  
The results are related to the ENDF/B-VII.0.

Energy range

[MeV]

0.1-10.5 1 0.998 1.097 1.098 1.288 1.339 1.210
0.1-0.4 1 1.002 1.074 1.075 1.336 1.268 1.181
0.4-1 1 1.002 1.107 1.109 1.365 1.299 1.164
1-2 1 1.009 1.136 1.135 1.489 1.354 1.255
2-6 1 0.948 1.418 1.423 1.982 2.619 1.926
6-7 1 0.994 1.213 1.217 0.371 1.554 1.273
7-8 1 1.061 0.839 0.834 0.084 0.394 1.084

8-9.3 1 0.992 0.650 0.652 0.005 0.016 0.319
9.3-10.5 1 1.040 0.247 0.248 1.000E-7 0.006 0.131
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Figure 13: The comparison of the libraries for chosen gamma-ray energy ranges (Table 4)
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Conclusion

Based on measured and calculated spectra described in the Tables 3 and 4 and in the Figures 12 and 
13 we can state the following:

Neutrons:

The graph in the Figure 12 compares calculations using different libraries with measurement 
(see also Table 3):

En = 0.1-0.9 MeV - calculations overestimate measurement from 5 to 15%

En = 0.9-3 MeV - calculations underestimate measurement from 10 to 20 %

En = 3-10 MeV calculations overestimate measurement. JENDL overestimate measurement from 
20 – 40%.

The calculation with TENDL differs remarkable from other libraries (from -50 to +60%).

Gamma:

Measurements with HPGe detector confirm existence of the expected main gamma lines in 
calculated spectrum for all libraries used in energy range 0.1-10 MeV except of TENDL-2008 and 
TENDL-2009 libraries, which strongly underestimate measured spectrum for Eg > 7 MeV.

The calculated values for the chosen gamma lines 511, 1333 and 1454 keV differ no more than 
20% from experiments excluding the TENDL-2008 (Figure 11 and Table 2).
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Abstract
SINBAD, the Shielding INtegral Benchmark Archive Database, includes a section with the integral 
experiments relevant for fusion applications. International facilities (such as OKTAVIAN, FNG, 
TUD, FNS) contributed neutron and gamma spectra measurements with pulse height or time-of-
flight detectors as well as integral measurements using activation foils, fission chambers, thermo-
luminescent detectors and dosimeters. A systematic revision of the SINBAD database has been 
undertaken recently in order to assess, and where possible improve, the quality of the available 
experimental information. A particular attention was devoted to the complete and consistent 
evaluation of the experimental uncertainties, since this information is essential for the proper 
exploitation of the measured data. The revision is expected to facilitate the use of the database and to 
provide guidance for the selection of experiments suitable for the nuclear data evaluators. The main 
output of this work is the release of the new more comprehensive and useful SINBAD compilations of 
the above experiments through the NEA Data Bank.
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Introduction

The OECD/NEA Data Bank and ORNL/RSICC joined their expertise in 1996 to produce and maintain 
SINBAD, the Shielding INtegral Benchmark Archive Database  [1]. The ‘fusion neutronics section’ 
of the database includes the benchmark information on integral experiments relevant for fusion 
applications. The material assemblies are irradiated in intense fields of ~ 14 MeV neutrons, produced 
from Deuteron–Tritium (D–T) reactions. The experimental information available in SINBAD is the 
object of the recent revision of the database. The quality of any integral experiment is assessed 
with reference to their completeness, consistency and usefulness for the nuclear data validation. 
The virtues and the shortcomings are pointed out and the benchmark is classified accordingly. 
This quality review is expected to facilitate the use of the database and to provide guidance for the 
selection of experiments suitable for the validation of particular nuclear data or numerical methods. 
As the first stage, the benchmark experiments performed at the OKTAVIAN, FNG, FNS and TUD 
facilities were considered in this exercise:

SINBAD includes neutron/gamma spectra and integral measurements using activation foils, 
fission chambers, thermo-luminescent detectors and dosimeters. The integral data can be used 
to validate the primary standards and to crosscheck neutron spectra. They are in general more 
reliable, accurate and precise than the spectra measurements, but less informative. The FNG/TUD 
experiments are performed at the same experimental set–up as the FNG ones, only that in the first 
the neutron/gamma spectra were measured, and in the second the integral quantities. The FNS 
sky-shine, the FNS Dogleg Duct Streaming and FNG-ITER Neutron Streaming experiments are of 
particular interest because they address the sky–shine effect and the streaming through the ducts. 
As such, they are used for the validation of the computational methods.

The major purpose of the SINBAD integral experiments is the validation of modern nuclear 
data evaluations. It can be reasonably assumed that the benchmark can be useful for the validation 
and/or improvement of the modern nuclear data evaluations (or methods) only if the effect of the 
experimental uncertainties is comparable, or lower, than the uncertainties due to nuclear data (or 
methods). The target accuracies of the modern nuclear data evaluations become more and more 
demanding and depend on the material and its application. For this reason, the criteria to rank an 
integral shielding experiment as of benchmark quality are not always easy to define.

Table 1: Representation of the SINBAD experiments based on the materials

Materials Experimental data

w
oktaviaN neutron/gamma leakage spectra
FNs neutron/gamma spectra and reaction rates
FNg activation rates and FNg/tud neutron/gamma spectra

si oktaviaN neutron/gamma leakage spectra (60 and 40 cm shells)

c FNs neutron/gamma spectra, activation rates, fission rates and 
heating

sic FNg activation rates and FNg/tud neutron/gamma spectra
v FNs neutron/gamma spectra, activation rates and heating
al oktaviaN neutron/gamma leakage spectra

Fe
oktaviaN neutron leakage spectrum
tud neutron leakage spectrum
‘FNs neutron streaming (spectra and activation rates)’

Ni oktaviaN neutron leakage spectrum
stainless steel FNg-ss shield (activation rates)

stainless steel + perspex FNg activation rates, dose rate and heating

stainless steel + perspex+ polyethylene + cu
FNg activation rates and heating
FNg/tud neutron/gamma spectra
FNg streaming (activation rates, heating)

o FNs neutron leakage spectrum
air ‘FNs sky-shine (dose rate and gamma spectrum)’
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In the present review, the experimental information is addresses in as many details as possible 
and reasonable. The next section focuses on the geometry and material specifications for the 
assembly of the sample, the experimental room and the detectors. Then, the source specifications 
are addressed, checking the completeness and consistency of the information provided by 
simulating the neutron source. A section enlightens the experimental methods employed for the 
measurements. Namely, the extent is assessed to which the analyst can reproduce the experimental 
data reduction and processing techniques. In the conclusions, a short note is finally issued on the 
quality of the experiment presented in the list above. The main outcome of this work is the release 
of the new more comprehensive and useful SINBAD compilations of the above experiments through 
the NEA Data Bank.

Geometry and materials

The realistic modelling of the experiment depends on the precise quantitative specification of the 
geometry and composition of any experimental item. The geometry specifications of an experimen-
tal component are considered complete when all relevant dimensions are specified with a numerical 
value (besides the usual tolerances in the design). The material specifications rely on the definition 
of composition and density.

The fine reduction of the experimental set-up into the minor items, whose effect cannot be 
reasonably neglected, is hereby addressed.

Samples
Avoiding approximations in the modelling of the geometry and in the composition of the material 
assembly is a major requirement for the experiment to be of benchmark quality. The experimental 
specifications of the test samples are generally complete.

An example of high quality experimental information is represented by the specification of 
the SS-316 benchmark for the FNG ITER streaming activation measurements. For this experiment, 
a reference is included in SINBAD, which provides both producer specifications and the tests 
performed at ENEA on the chemical composition of the bulk material. Such thorough specifications 
are not usually available.

So far it has been common practice to provide the experimental information (without further 
testing) in the reports produced at the experimental facility and the benchmark information in 
the computational models. Cases, where the experimental specifications are available only in the 
computational models are of concern because the independent checking of the specifications cannot 
be achieved, the benchmark information cannot be upgraded and the current computer code input 
files may become unusable in the future. This drawback is found for many FNG/TUD experiments, 
as well as for the FNS Oxygen and Dogleg Duct experiments.

The quantification of the impurities of the bulk materials may be uncertain (such as the boron 
concentration in the FNG SiC benchmark, affecting the 197Au(n,g)198Au reaction rates) or lacking 
(e.g. for the OKTAVIAN Si experiments, but not likely to affect the measured spectra).

Minor items of the sample assembly can be the stands or other supporting structures. For the 
FNS V experiment in particular, the Al grid is not clearly specified. The outcome of the sensitivity 
studies on the supporting Al components is that their effect is negligible.

Experimental hall
The specifications of the OKTAVIAN experimental room are of intermediate quality because some 
guessing based on common sense is required for its modelling. For instance, the material composi-
tion of the walls, which may be important for the interpretation of the neutron leakage spectra, is 
not provided. The geometry of the room walls can be inferred from the room layouts, which are not 
very reliable due to scaling factors or image resolution. A new figure is included in SINBAD, which 
was temporarily available on the Web (Figure 1). The red and the blue lines represent the measur-
ing lines for the Ni and Fe experiments (forward direction) and for the Si, Al and W experiments 
(55° direction).
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The most comprehensive description of the FNS target room 1 is provided for the sky–shine 
experiment. A brief description and detailed vertical layout of the room are available (Figure 2). This 
information can be used to model the experimental room for all the other FNS experiments except 
for the Fe streaming experiment, whose source is located in the adjacent room 2. A discrepancy 
remains concerning the distance of the source from the west wall. For Graphite experiment, it is said 
to be 5.5 m and for sky–shine experiment 2.75. Since the beam line was not likely to be modified, the 
first specification seems more reliable.

A model of the walls at the FNG facility is included in the computational models.

The TUD Fe experiment does not provide the experimental information of the experimental 
hall, but the method to calculate the background effect is described.

Detectors
The realistic modelling of the detector system for the neutron leakage spectra measurements 
requires the specification of the collimator/pre-collimator and detector housing. The experimental 
description of the neutron detector system is ranked as of intermediate quality for the forward line 
OKTAVIAN experiments and of benchmark quality for the OKTAVIAN 55° detection line. In the latter 
case, the Figure 3 is found in literature [2] and is included in the new SINBAD compilation because 
it describes the experimental set–up much better.

Only the O experiment involves a similar detector system at FNS, which is roughly described. 
The higher order effects due to neutron scattering in the detector system can be anyway neglected 
because of the major uncertainties on the experimental method (see ‘measurements’ section).

The gamma leakage measurements performed at the OKTAVIAN 55° line can be approximately 
modelled. The model is based on Figure 4, which is retrieved from the literature  [3] and is now 
available in SINBAD. The geometry and material specifications of this detector are considered of 
intermediate quality, especially concerning the material specifications.

The FNS and FNG/TUD neutron spectra measurements are performed in the MeV region with 
NE213 detectors placed inside the sample. Experimental information is usually available on their 
material composition, geometry, positioning and experimental channel in the sample assemblies. 
In the FNS W and V cases, the neutron spectra are measured also at lower energies by Proton Recoil 
Counters (keV energy region) or Slowing Down Method (eV energy region). Even if there is enough 
experimental information to model any set of measurements, a practical solution is to develop 
a single detector model to be used for any measurement. A proper choice of the approximations 
introduced in the benchmark models is illustrated in Figure  5. The realistic NE213 detector is 
represented by a sphere filled with a C-H mixture. The NE213 detector model distorts the flux in 
the keV region, as can be seen by comparison with the flux in the same sphere but setting the 
material density to ~ 0, which is more realistic for the Proton Recoil Counters filled with gas. The 
flux calculated across a surface at the same position is a good compromise for both measurements, 
beside statistical fluctuations.

Figure 1: OKTAVIAN room layout

	  

Figure 2: FNS room layout (room 1)
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In the FNG/TUD experiments, the gamma–ray fluxes in the range E>0.2 MeV are simultaneously 
measured using the NE213 scintillator as for the neutron spectra.

The gamma ray spectrometer BC237 is used in the FNS W and V experiments. The geometry 
and the material composition of the spectrometer are completely defined, but some approximation 
remains concerning the experimental channels.

For the FNS activation experiments, the geometry of the foils is specified. The natural 
composition and density of any foil can be assumed. The positions of the foils inside the assembly 
are approximately given (without specifying the uncertainty). In similar experiments, more foils 
are often activated at the same time. The exact sequence of the foils arrangement can be important 
experimental information for some reaction rates because of the mutual shielding effects and 
large flux gradients. Moreover, the possible supports of the foils are not described. The effect of the 
realistic modelling of the activation foils can be seen by comparing the reaction rates calculated 
with different detector models. The detector tallies are approximate with a surface flux (‘simple’ in 
Figure 6) or realistic because the Nb, Al and In foils are explicitly modelled. The effect of the detector 
modelling can be quite important, so the experimental specification of the foils stacking is quite 
relevant.

For the FNG activation experiments, the experimental information is considered complete and 
precise.

The experimental information in the FNS C case is not sufficient for simulating the gamma ray 
heating measurements, mainly because little information is available on the detectors (dimensions, 
composition). It is feasible to simulate the TLD measurements in the W and V assemblies at FNS.

The material composition, geometry and positioning of the TLDs are specified for the FNG 
experiments. A model of the walls at the FNG facility in included in the computational models.

Figure 3: Oktavian 55° neutron detector system

	  

Figure 4: Oktavian 55° gamma detector system

Figure 5: Effect of the approximations introduced 
in the detector benchmark models

	  

Figure 6: Effect of the approximations in 
the FNS activation foils modelling
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Source

The neutron source term determines the ~ 14 MeV elastic peaks, which in turn validates the elastic 
cross-section at these energies. In the inelastic region (from ~ 7 to ~ 14 MeV), the interactions of the 
source neutrons with structural components affect the spectra measurements, especially if the sample 
does not shield too much [4]. The use of the experimental source spectrum in the simulation of the 
integral experiments is quite common, but the approach is an approximation (especially in the case 
of neutron leakage spectra measurements) because the experimental configuration of the source 
measurements is different from the set-up with the sphere in place. To reduce the approximations it is 
advisable to simulate the neutron source too. This can be done including in the computational model as 
much experimental information as possible, but its consistency and completeness needs to be assessed.

FNG and FNG/TUD
The FNG source specifications rely on a routine, which models the D–T source at FNG. A set of 
subroutines are provided in SINBAD to compile with the MCNP4B, MCNPX or MCNP5 source 
codes [5]. The version originally developed at FNG (labelled ‘MCNP4B’) is now considered obsolete. 
For the occasion of this SINBAD revision, the D–T source routine has been refined and upgraded 
for the most recent releases of the MCNP family of codes. The current D–T source model features 
the deuteron slowing down inside the Titanium–Tritium target and the D–T reactions, including 
realistically the anisotropy effects and the relativistic kinematics. The source routine requires the 
use of the RDUM card to define the deuteron beam energy, target thickness, T/Ti atomic fraction, 
beam width, target axis coordinates.

The present MCNP5 simulations of the neutron source spectra make use of the revised D–T 
source routine (MCNP5 version) and include the source assembly. The specifications for the source 
assembly are of high quality for the experiments performed at FNG because full details on the 
ion tube, Ti–T target and cooling system are provided, even if this information is contained in 
the input files for the MCNP–codes. The comparison between the source spectra calculated with 
the obsolete and the revised versions are presented in Figure 7 in the forward, perpendicular and 
backward directions. At 0°, the revised version produces a shifted spectrum due to the introduction 
of the relativistic kinematics. The revised D–T source routine is hereby validated against bare 
source measurements with a diamond detector. The experimentalists at FNG provided the raw 
experimental data, which are the counts per channel of the measurement. The transformation 
into the energy spectra was performed applying the calibration formula and an energy shift of 
5.7 MeV due to the kinematics of the 12C(n,a)9Be reaction in the diamond detector. The tails in the 
measurements below the ~14 MeV peak are due to the incomplete charge collection in the diamond 
detector. These cannot be reproduced with the MCNP5 model. A 1% FWHM Gaussian broadening was 
applied to calculated spectrum in the forward direction. The agreement at the 14 MeV peak is fairly 
good (Figure 8). The major concern is the detector model, which in this case cannot be developed 
because of the intrinsic limitations of the MCNP5 code.

Figure 7: source spectra simulated with the 
MCNP-4B and MCNP5 source versions

	  

Figure 8: MCNP5 simulation of the source 
spectrum for the diamond detector experiment
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The source specifications for the Fe TUD experiment are contained in the benchmark model. 
Although the quality of the information is questionable because no measured source spectrum is 
provided, it can be seen a posteriori that the source specifications work fine at the ~14 MeV peak.

OKTAVIAN
The experimental neutron source spectra, which are recommended for the Si and Al experiments, 
are quite similar (Figure 9). They differ from the source spectrum specified for the W experiment 
below 5 MeV (Figure 9), but no explanation was found. These spectra are provided in a coarse energy 
mesh, which is particularly evident at the 14 MeV peak. The use of these source spectra requires 
interpolation to a finer energy grid.

The recommended source spectrum for the forward line experiments is the one labelled as 
‘nickel/iron’ in Figure 9. Its statistical uncertainties are not given, which is an important shortcoming.

The D–T source routine (MCNP5 version) described in the previous paragraph is used to 
simulate the neutron production from the D–T target at the OKTAVIAN facility. The most important 
input parameter characterising the physics of the D–T reaction is the deuteron energy, which is duly 
provided for any experiment. Applying some common sense is usually sufficient for overcoming 
lacking experimental information on the other input parameters.

The theoretical angular distribution of the D–T neutrons is presented in Figure  10 (‘D–T 
kinematics’) for the OKTAVIAN deuteron energy. The yields are calculated from the ENDF/B-VII 
evaluation of the Legendre coefficients. The difference with the yields obtained from the MCNP5 
model, which uses the D–T source routine and point detectors in the void (‘simulation without 
source assembly’) represents the effect of the Ti–T target thickness. The experimental information 
on the source assembly of the OKTAVIAN facility is lacking, partial or contradictory. Nevertheless, 
an approximate model for the source assembly is developed and included in the MCNP5 model. 
The dip is observed in the angular distribution because of the source assembly (Figure 10). It is not 
possible to reproduce the experimental yields (‘OKTAVIAN specifications’) in the backward direction 
because the flange and cooling system cannot be modelled. It is advisable to take into account the 
anisotropic effects in the OKTAVIAN experiments because the neutrons start at the centre of the 
sample assemblies.

For the 55° line experiments, the modelling of the neutron detector system (pre-collimator, 
collimator, detector housing and detector) is feasible, as previously discussed. The results of the 
simulation with full experimental set–up are compared with the experimental source spectrum as 
specified for the Al experiment (‘simulation’ in Figure 9). The agreement is satisfactory, especially 
at the ~ 14 MeV peak. The discrepancies between 5 MeV and 10 MeV and below 1 MeV are due to the 
approximation of experimental method, such as the background subtraction [4]. The experimental 

Figure 9: OKTAVIAN experimental neutron source 
spectra and simulation with a realistic MCNP5 

model of the 55° line neutron source

	  

Figure 10: Simulation of the OKTAVIAN 
specification of the neutron yielding
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information on these realistic effects, especially at lower energies, represents a major drawback for 
the experiments performed in the 55° line of the OKTAVIAN facility.

A model of the gamma detector (from the Figure 4) is developed and included in the previous 
MCNP5 model for the simulation of the gamma source spectrum. The results of the calculations are 
not satisfactory and are not presented hereby. Thus, extra experimental information is requested on 
the gamma source measurements.

No simulation is pursued in the Fe and Ni cases because the approximations that would be 
introduced in the geometry and material composition of the detector system are greater than in the 
previous case. The use of source anisotropy specifications can be recommended, but the use of the 
experimental source spectrum requires caution.

FNS
The neutron source spectrum for the C experiment was calculated at FNS. The measured source 
spectrum is not available in a computer readable format. So far, the agreement between the results of 
the FNS calculations and the measurements can be ascertained from a figure in [6]. The source spectra 
specified for the W and V experiments were calculated as well. The discontinuity at about 0.1 MeV is 
not realistic (Figure 11). The evident difference with the C source spectrum (Figure 11) is due to the 
modification of target assembly at FNS. The measured neutron source spectrum to be compared with 
the calculations for the W/V cases is not available. The source spectrum tabulated for the O experiment 
seems an experimental one because of the elastic peak broadening and the small peak at 3  MeV 
due to the D–D reactions (Figure 11). It is not explicitly stated to which source assembly the oxygen 
experiment refers. The source spectrum described here is the recommended one for the analysis of 
the O experiment. The neutron source spectrum for the sky–shine experiment is completely different 
from the other source specifications. No information is available about the source measurements or 
calculations. For the dog–leg duct experiment in room 2, no source spectrum is provided.

The source spectra calculations at FNS rely on a source routine, which was developed thereby. The 
source routine is partially listed but cannot be anymore used. The D–T source routine described in the 
previous paragraph is suggested to replace the original one and perform realistic simulations of the 
source term. The source specifications for the more recent W and V experiments are assessed because 
in this case the experimental information is sufficient to model the source assembly. An MCNP5 model 
is developed, which calls the D–T source routine and includes the source assembly and point detectors at 
different directions. The comparison is presented between the yields as specified for these experiments 
and as calculated with the new simulation (Figure 12). The results are clearly consistent in the forward 
directions. The discrepancy in the backward directions is likely to be due to differences between the 
present and FNS models. The FNS computational models are not available. This difference should not 
affect the results too much because the FNS set–up foresees samples that are placed in front of the source.

The new simulations of the forward source spectrum are consistent with the FNS specification 
(Figure 11). The agreement at the 14 MeV peak suggests that the D–T source routine can reasonably 
replace the original FNS routine. The major differences are noticed from 7  MeV to 11  MeV and 
below 1 MeV. This could be due to some experimental components, such as the detector system, 
that are not included in the present simulation. Information on the detector system, used for the 
specification of the source spectra at FNS is not available.

To summarise, the shortcomings of the source specifications for the FNS experiments are the 
following:

•	 The source spectra for the C, W and V experiments come from calculations performed at 
FNS. For the W and V cases, the details of the original calculations (source routine, source 
assembly, detector model) and the measured source spectra are not available.

•	 The source spectrum provided for the O experiment seems to be a measured one, but the 
details of the measurement are not available.

•	 In the case of the sky-shine experiment, the simulation of the source term is not feasible 
because very little information is provided.

•	 In the case of the dog–leg duct experiment, no source spectrum is provided. The original input 
files for the MCNP-4B require a source routine, which was developed at FNS and is not anymore 
available. As last resort, the D–T source model employed in present simulations is recommended.
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Measurements

The first, obvious requirement for the quality assessment of the measurements is that the 
experimental data are provided together with the associated uncertainties. The main outcomes of 
the quality assessment are the following.

•	 The OKTAVIAN Fe measurements above 4  MeV are affected by large uncertainties, and 
therefore of very limited use for the modern high–accuracy requests of Fe cross-sections.

•	 The OKTAVIAN Si-40 cm experimental neutron spectrum is retrieved by digitalisation of 
Figure 5.3.5 in [7], thus the results of the measurements are approximate and do not include 
the uncertainties. A table with the approximated results of the measurements is included in 
the new SINBAD compilation.

•	 The FNG/TUD W and SiC spectra measurements do not include the point-wise uncertainties. 
The experimental uncertainties are estimated in energy ranges, which is an approximate 
approach.

•	 The FNS sky-shine experimental information does not allow determining the dose because 
the efficiency function of the detector is lacking.

The spectra measurements provided in SINBAD are the last step of experimental data 
processing and reduction, which could be reproduced by computational methods if the primary 
experimental information were available, such as the Time–of–Flight (TOF) or Pulse–Height–Spectra 
(PHS). In particular, the neutron/gamma spectra are in general considered less reliable than the 
integral measurements (activation, fission, heating and dose rates) because of the uncertainties 
introduced in the unfolding procedures or in the transformation from time to energy domain. These 
techniques are further investigated in the next sections.

TOF measurements
The TOF technique is used for the neutron spectra measurements in all OKTAVIAN, TUD–Fe 
and FNS–O experiments. The requirements from the experimental information concerning TOF 
measurements are established with some engineering judgement because guidelines for these 
experiments have not been produced yet. High quality TOF measurements would provide: 1) TOF 
spectrum in computer readable format, 2) efficiency function in computer readable format, 3) time 
and energy uncertainty associated with the detector and the neutron source, 4) time into energy 
transformation method and parameters, such as time zero or flight path, 5) method for background 
subtraction.

Figure 11: The FNS neutron source spectra 
specifications and simulation of the neutron 
source spectrum for the W and V experiment

	  

Figure 12: Simulation of the FNS specification 
of the neutron yielding
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The SINBAD compilation of the TUD-Fe experiment provides the TOF spectra and the efficiency 
function in numerical format and an evaluation of the time uncertainty. Thus, the measurements 
for this experiment are considered of high quality.

For the OKTAVIAN Fe and Ni experiments, the figures representing TOF spectra and efficiency 
functions are provided, but the representation is not convenient. The components of the time/energy 
uncertainties are tabulated for the OKTAVIAN forward line experiments. They can be approximately 
applied to the 55° line experiments.

The description of the experimental method adopted to subtract the background is not found 
for any experiment, as already observed during the simulation of the OKTAVIAN 55° source spectra.

The specification of the method for transforming the TOF spectra into energy domain spectra is 
never explicit. The use of some common sense is enough to get consistency with the transformation 
adopted in the OKTAVIAN experiments. Nevertheless, the following drawbacks are noticed.

In the Fe experiment the transformation is classical, which is an approximation for neutron 
energies above ~ 10 MeV.

•	 In the Al experiment, the nominal flight path seems approximate [4].

•	 Three different methods could be applied for the analysis of the O experiment, which are 
described in the reports dealing with similar TOF experiments at FNS. These methods 
require further investigation.

PHS measurements
The pulse height technique is adopted for the neutron spectra measurements by the NE213 
detector in the FNS/TUD in situ and streaming experiments and for all the gamma spectra. The 
measured PHS are not a direct requirement for the quality of the benchmark experiment because 
of the analytical difficulties in their simulation (e.g. with MCNP5). Nevertheless, they are primary 
experimental information, which is considered valuable for future analyses. In most SINBAD 
compilations, the PHS are not available. This is acknowledged as a deficiency in the experimental 
information.

The experimental spectra provided by the TUD team do not include the effect of the detector 
resolution and thus compare directly with the calculated spectra. The unfolding procedure cannot 
be assessed since the PHS and the detector resolution function are not available.

For the FNS in situ experiments, the comparison between calculated (Φtrue) and measured (Φobs) 
spectra requires the application of the detector energy resolution to the calculations. The response 
function consists of Gauss functions with standard deviations that vary with energy:

 
Φobs (E)= Φtrue (E')dE'1

2 p s (E)√
exp (E – E')²

2s² (E)
–
⎡
⎢
⎣

⎡
⎢
⎣

⌠
⎮
⌡
0

∞

 (1)

A MATLAB program was developed, which applies Eq. (1) to the calculated spectra (Figure 13). 
The experimental spectra have an oscillatory structure due to a mismatch between the real detector 
response function and the one used during the data processing. Nevertheless, it is still possible 
to recognise the effect of the nuclear data, since a problem in the ENDF/B-VII library is found 
(Figure 13).

The detector response function for the FNS Fe streaming measurements is not provided.

The detector response functions for the gamma spectra measurements at the OKTAVIAN (W, 
Al, Si experiments) are not given.

Integral measurements
A set of activation foil measurements are available. These measurements are useful for the validation 
of the nuclear data evaluation for specific reaction channels. Thus, they are quoted in Table 2.
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The activation rate measurements are in general more reliable than spectra measurements and 
can be used to validate the spectra measurements where both are available. Documents included 
in SINBAD discuss the coherence between activation and neutron spectra measurements for some 
FNG/TUD experiments. Both measurements were found to be reasonably consistent in the case of 
the ITER Bulk Shield experiment. Concerns about the coherence between the spectra and activation 
measurements are expressed for the SiC experiment. The coherence test is not passed for the ITER 
Streaming experiment, therefore the respective spectra measurements are not included in SINBAD. 
For the FNG/TUD W experiment, the consistency is questionable and the integral measurements 
could be considered more reliable than spectra measurements [8].

Figure 13: Example of application of the detector resolution function 
to the calculated spectra of the in situ FNS experiments

	  

Table 2: Reaction rates measured at FNS and FNG; legend:  
X = yes (available), – = not available; C = Graphite, W = Tungsten, V = Vanadium, ST = Streaming, 

SiC = Silicon Carbide, SS = Stainless Steel, BB = Blanket Bulk, DR = Dose Rate

FNS FNG

Reaction C W V ST W SiC SS BB ST DR

27Al(n,a)24Na x x x – x x x x x –

58Ni(n,2n)57Ni x – – – x – x x – x

58Ni(n,p)60co x – – – x x x x x x

90Zr(n,2n)89Zr x – – – x – – – – –

56Fe(n,p)56Mn – – – – x – x x – –

93Nb(n,2n)92mNb x x x x x x – x x –

115in(n,n’)115min x x x x x – x x – –

197Au(n,γ)198Au x x x x x x x x x –

186W(n, γ)187W – x – – – – – – – –

55Mn(n, γ)56W – – – – x – x x – –
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Conclusions

This paper is addressed to a general reader, who would be interested in the experiments contained 
in SINBAD–‘fusion neutronics section’. It is also intended as a ready guide on the usefulness of the 
benchmark experiments for nuclear data validation. The synthesis of the quality assessment reports, 
released in the 2010 compilation of the database is presented. Interested readers are encouraged to 
search for further, more detailed and extensive information directly in the SINBAD database.

A shorthand note is finally released on any OKTAVIAN, FNS, FNG and TUD experiments, as it is 
in the quality assessment section of the 2010 SINBAD compilation. The claims follow the previous 
discussion, in the belief that they do not appear as ‘self–assertive’.

The OKTAVIAN TUNGSTEN experiment seems to be of sufficient quality for nuclear data 
validation purposes. However, in order to use this benchmark for the validation of modern cross-
section evaluations, supplementary experimental information would be needed on:

•	 the neutron realistic effects in the lower energy part of the spectrum (in particular the 
background subtraction method should be detailed),

•	 the gamma source measurements,

•	 the gamma detector response function.

The FNS TUNGSTEN experiment is ranked as benchmark quality experiment. However, 
supplementary experimental information would be needed on the effect of the experimental unfolding 
technique of the NE213 measurements and on the activation foils positioning, the corresponding 
uncertainty and housing

The FNG TUNGSTEN (integral) experiment is ranked as a benchmark quality experiment.

The FNG/TUD TUNGSTEN experiment could be ranked as a benchmark quality experiment, 
provided that supplementary experimental information is available on:

•	 the realistic and complete estimation of neutron and gamma flux point–wise uncertainties,

•	 availability of the original pulse-height distributions measured by spectrometers would be 
useful for those who wish to carry out their own spectra unfolding,

•	 some inconsistencies observed with the FNG–W (integral) benchmark results should be 
explained and resolved.

The OKTAVIAN SILICON 60 CM experiment can be ranked as a benchmark quality experiment 
for nuclear data validation purposes. In order to make a complete use of this benchmark experiment, 
supplementary experimental information is advisable on:

•	 the neutron realistic effects in the lower energy part of the spectrum (in particular the 
background subtraction method should be detailed),

•	 the gamma source measurements,

•	 the gamma detector response function.

The OKTAVIAN SILICON 40 CM experiment is ranked as a benchmark experiment of 
INTERMEDIATE quality because the neutron leakage flux measurements are only available in 
graphical form and their reading off is approximate.

The FNS GRAPHITE experiment is ranked as benchmark quality experiment. However, in order 
to use this benchmark for the validation of modern cross-section evaluations, supplementary 
experimental information would be needed on the effect of the experimental unfolding technique, 
activation foils positioning and housing

The FNG SILICON CARBIDE experiment is ranked as a benchmark quality experiment.

The FNG/TUD SILICON CARBIDE experiment could be ranked as a benchmark quality experiment, 
provided that supplementary experimental information is available on:

•	 realistic and complete estimation of neutron and gamma flux point–wise uncertainties,
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•	 availability of the original pulse-height distributions measured by spectrometers would be 
useful for those who wish to carry out their own spectra unfolding,

•	 some inconsistencies observed with the FNG-SiC benchmark results should be explained 
and resolved.

The FNS VANADIUM experiment is ranked as a benchmark quality experiment. However, in 
order to use this benchmark for the validation of modern cross-section evaluations, supplementary 
experimental information would be needed on the effect of the experimental unfolding technique 
of the NE213 measurements and on the activation foils positioning, corresponding uncertainty and 
housing

The OKTAVIAN ALUMINIUM experiment is ranked as a benchmark quality experiment. 
However, in order to use this benchmark for the validation of modern cross-section evaluations, 
supplementary experimental information is advisable on:

•	 the neutron flight path parameter,

•	 the neutron realistic effects in the lower energy part of the spectrum (in particular the 
background subtraction method should be detailed),

•	 the gamma source measurements,

•	 the gamma detector response function.

The OKTAVIAN IRON experiment seems to be of sufficient quality for nuclear data validation 
purposes. However, the measurements should be used with caution because the uncertainties are 
very large.

The FNS IRON DOGLEG–DUCT experiment is ranked as an INTERMEDIATE quality benchmark 
experiment. Supplementary experimental information is needed on the neutron source spectrum. 
Likewise, supplementary experimental information would be useful on the neutron detector 
response function.

The TUD IRON SLAB experiment is ranked as benchmark quality experiment. It would be 
advisable to obtain more information on the source term.

The OKTAVIAN NICKEL experiment is of benchmark quality for nuclear data validation 
purposes.

The STAINLESS STEEL BULK SHIELD experiment is ranked as a benchmark quality experiment. 
However, the fact that the geometrical data are only given in the MCNP input format may pose 
problems for users of other codes. A comprehensive geometry description would be helpful.

The FNS OXYGEN experiment is ranked as a benchmark quality experiment. However, in order 
to use this benchmark for the validation of modern cross-section evaluations, supplementary 
experimental information would be needed on the neutron effective flight path parameter.

The TUD/FNG ITER Bulk Shield experiment could be ranked as benchmark quality experiment, 
provided that supplementary experimental information is made available on the realistic and 
complete estimation of neutron and gamma flux point–wise uncertainties; moreover, the original 
pulse-height distributions measured by spectrometers would be useful for those who wish to carry 
out their own spectra unfolding.

The ITER NEUTRON STREAMING experiment is ranked as a benchmark quality experiment.

The ITER DOSE RATE experiment is ranked as a benchmark quality experiment.

The FNS SKY–SHINE experiment could be ranked as a benchmark quality experiment, provided 
that supplementary information on the neutron source spectrum is supplied.



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 201190

the 2010 coMpilatioN oF siNbad: Quality assessMeNt oF the FusioN shieldiNg beNchMarks

Acknowledgements
The paper is the synthesis of the outcomes from the quality assessment of the SINBAD experiments 
in ‘Fusion Neutronics Section’, supported by the Ministry of Science of Slovenia and by the OECD/
NEA Data Bank. The authors wish to thank Dr. Enrico Sartori for the collaboration.

References

[1] Kodeli, I., E. Sartori, B. Kirk, “SINBAD Shielding Benchmark Experiments - Status and Planned”, 
Proc. of the American Nuclear Society’s 14th Biennial Topical Meeting of the Radiation Protection and 
Shielding Division, Carlsbad, New Mexico, USA, American Nuclear Society, ANS Order No. 700319 
on CD, pp 87-92 (2006).

[2] Ichihara, C., et al., “Measurement and Analysis of Neutron Leakage Spectra from Spherical 
assemblies of Chromium, Manganese and Copper with 14 MeV Neutrons”, Journal of Nuclear 
Science and Technology, Vol. 37, No.4, p. 358-367 (2000).

[3] Yamamoto, J., et al., “Gamma-Ray Emission Spectra from Spheres with 14  MeV Neutron 
Source”, Proceedings of the 1988 Seminar on Nuclear Data, JAERI Report, JAERI-M 89-026, p. 232 
(1989).

[4] Milocco, A., A. Trkov, I. Kodeli, “The OKTAVIAN TOF Experiments in SINBAD: Evaluation of the 
Experimental Uncertainties”, Annals of Nuclear Energy 37, pp. 443-449 (2010).

[5] X–5 Monte Carlo Team, MCNP–A General Monte Carlo N–Particle Transport Code, Version 5, Volume 
I, II, III, April 24 (2003).

[6] Seki, Y., et al., “Monte Carlo Calculations of Source Characteristics of FNS Water Cooled Type 
Tritium Target”, J. Nucl. Sci. Technol., 20, 686 (1983).

[7] Maekawa, F., et al., Compilation of Benchmark Results for Fusion Related Nuclear Data, JAERI Report, 
JAERI-Data/Code 98-024 (1998).

[8] Trkov, A., et al., “Progress in Evaluated Nuclear Data for Tungsten with Covariances”, Proc. of the 
International Conference on the Physics of Reactors “Nuclear Power: A Sustainable Resource”, Interlaken, 
Switzerland (2008).



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 91

sessioN iii 

Chair: Arjan Plompen

ANDES

Session III





Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 93

MeasureMeNt oF (N,xNγ) reactioNs oF iNterest For New Nuclear reactors

Measurement of (n,xng) reactions of interest for new nuclear reactors

Maëlle Kerveno,1 Catalin Borcea,2 Philippe Dessagne,1 Jean-Claude Drohé,3 Erwin Jericha,4 
Habib Karam,1 Arjan J. Koning,5 Alexandru Negret,2 Andreas Pavlik,6 Arjan J.M. Plompen,3 

Chariklia Rouki,3 Gérard Rudolf,1 Mihai Stanoiu,3 Jean-Claude Thiry1

1Institut Pluridisciplinaire Hubert Curien, CNRS/IN2P3-UdS, Strasbourg, France
2Horia Hulubei National Institute of Physics and Nuclear Engineering,  

Bucharest-Magurele, Romania
3European Commission, Joint Research Centre, Institute for  

Reference Materials and Measurements, Geel, Belgium
4Technische Universität Wien, Atominstitut der Österreichischen Universitäten, Vienna, Austria

5Nuclear Research and Consultancy Group, Petten, The Netherlands
6Universtität Wien, Fakultät für Physik, Vienna, Austria

Abstract
Our presented research is focused on cross-section measurements of (n,xng) reactions in the framework 
of Generation IV nuclear reactors studies. Indeed the development of new fast reactors or the 
investigations concerning new fuel cycles require the improvement of nuclear databases over a wide 
range of energies, nuclei and reactions. One of the challenges of new measurements, in this field, is 
the accuracy level that they can reach and which is required by the Nuclear Data High Priority List 
produced by the NEA.

Our collaboration has developed an experimental set up based on the prompt gamma ray spectroscopy 
method, using the GELINA facility of IRMM at Geel (Belgium), which produces a pulsed, white neutron 
beam. The results concerning 232Th(n,xn g) and 235U(n,xn g) reactions cross-sections measurement, 
in the fast neutron energy domain (up to 20  MeV), are presented and compared with existing 
experimental data but also with theoretical TALYS calculations.

All these investigations are performed in the framework of ANDES program (7th framework program, 
EURATOM).
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Introduction

Precise knowledge of (n,xn g) reactions is a key issue in present day’s reactor development studies. 
Indeed the new Generation IV nuclear reactors explore new energy domains, and imply reaction rates 
unknown or badly known at this stage. For the design of these new systems, the (n,xn) reactions have 
to be well described by simulation codes as they are an important energy loss mechanism and as 
they lead to neutron multiplication and production of radioactive isotopes. From a theoretical point 
of view, in the case of fissionable targets, the prediction of (n,xn) reactions implies a good knowledge 
of fission parameters as a strong competition exists between neutron emission and fission in the 
studied nuclei. Moreover (n,xn g) reactions allow to test, validate or improve theoretical codes, such 
as TALYS[1] (used in this work) by providing information and constraints on a wide range of nuclear 
structure parameters such as branching ratio, level densities, spin distributions…

The presented work is performed using the (n,xn g) technique, already used for stable isotopes 
as 208Pb [2], for which a high precision experimental setup was designed. It has already been used to 
measure (n,xn g) reactions on isotopes such as 235U, 232Th and natW. In this paper, results on 235U(n,xn g) 
for x=1,2, and on 232Th(n,xn g) for x=1,2,3 are presented and compared to TALYS[1] calculations.

Experimental setup

This section treats the applied measurement techniques as well as the experimental setup, shown 
in Figure 1.

The (n,xng) technique
This method consists in detecting the g radiation from the decay of the excited nucleus created by 
the (n,xn) reaction using High-Purity germanium (HPGe) detectors. They yield the level population 
cross-section of the nucleus in a given excited state.

The TOF technique
The experiment is realized at GELINA, a facility at IRMM, Belgium [3,4]. GELINA produces a white, 
pulsed neutron beam using the (g,xn) and (g,F) reactions on a depleted uranium target which leads 
to an incident flux spectrum from a few keV up to several MeV.

The pulsed beam enables energy separation of the incident neutrons using a time spectrum, 
which can be calibrated thanks to the presence of a g-flash. The experimental setup is located 
30 m away from the neutron source. The data acquisition resolution being 10 ns, this flight path is 
the best compromise between time resolution and flux intensity, allowing a resolution of 1 MeV at 
neutron energy of 20 MeV.

Figure 1: Sketch of the experimental setup used at GELINA, FP16/30m
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Data acquisition
The signals arising from the detectors are processed by TNT21 cards developed at IPHC. Signals are 
processed online in parallel in two different channels, one determining the event time by applying 
the Constant Fraction Discriminator (CFD) method and one calculating the g-ray energy of the 
incident events using the Jordanov-knoll [5,6] signal treatment method. The events are stored in list 
mode files, where the energy is encoded on 14 bits and the time resolution is 10 ns.

Flux monitoring
Precision of cross-section measurements depends very strongly on the uncertainties of the incident 
neutron flux which is illustrated in Figure 2, thus it is of upmost importance to have very precise 
flux determination.

The flux is measured using a 235U fission chamber. The vacuum evaporated 235UF4 deposit is 
highly enriched in 235U (>99.5%) and very thin (324 mg/cm2 of 235U). The effective thickness of the 
fission chamber was chosen between 6 and 7 mm, as this leads to the best ratio of fission fragment 
energy loss (signal) and radioactivity a particle energy loss (background noise).

After extensive studies for the optimization of the fission chamber configuration and a high 
precision calibrating measurement performed at the Physikalisch-Technische Bundesanstalt (PTB), 
Braunschweig, Germany, uncertainties of 2.1% on the efficiency of the detector have been reached. 
See the paper of J.-C. Thiry elsewhere in these proceedings for more details.

Gamma-ray detection
The g-rays, emitted from the produced isotopes, are detected using four high purity germanium 
(HPGe) counters, made of planar crystals with depths ranging from 2 to 3  cm and surfaces 
dimensioned between 10 and 28  cm2. The detectors are optimized for high resolution detection 
at low energies (resolution of 0.7 keV at 122 keV). They are placed at angles of 110° and 149° which 
allows the angular dependence to be taken into account. Backward angles were chosen to reduce 
dead time caused by the observation of events due to g-flash scattering.

1. TNT : Treatment for NTof.

Figure 2: Differential neutron flux measured at FP16/30m at GELINA

	  



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 201196

MeasureMeNt oF (N,xNγ) reactioNs oF iNterest For New Nuclear reactors

Data analysis

Differential cross-sections
The differential production cross-section for a g transition of interest at a given angle qi and energy 
Ei can be expressed as:

 
(qi, Ei) =ds

dΩ
1

4p
nGE (qi, Ei)

nFC (Ei)
εFC sU,f (Ei)
εGE (Ei)

V 
FC

V sple

sFC

ssple 
(1)

where nGE and nFC represent the dead time corrected numbers of detections for a given ray in the 
Ge energy spectrum and for the fission chamber high energy spectrum respectively, εGE and εFC the 
germanium detector’s and the fission chamber’s efficiency, sU,f the 235U fission cross-section, VFC and 
Vsple the areal densities of the uranium layer in the fission chamber and the sample, sFC and ssple the 
surfaces of the uranium layer in the fission chamber and the sample.

Angle integration
The quantity of interest is the total reaction cross-section which requires integration of equation (1). 
One can show that the differential cross-section can be expressed as a finite sum over even degree 
Legendre polynomials [7,8]:

 
(q) =ds

dΩ
stot

4p S
∞

i=0

aiPi(cosq).
 (2)

where stot is the total angle integrated cross-section, and the ai are coefficients (a0 =1) depending on 
the angular momentum of the initial and final state Ji, Jf and the transition multipolarity L [7,8]. As 
the highest order Legendre polynomial in the decay distribution has order ≤2L and ≤2Ji, this infinite 
summation can be limited to M terms, where M=min{2L,2Ji}.

Usually the sum can be limited to even Legendre polynomials up to the order of 6 as the 
contribution of higher-order polynomials is small. Under this assumption the integrated cross-
section can be obtained in very good approximation from measurements at two angles where the 
value of the fourth-order Legendre polynomial P4 is zero according to:

 stot ≈ 4p ds
dΩ

ds
dΩ

w1* (q1*) + w2* (q2*)
⎡
⎢
⎣

⎡
⎢
⎣ (3)

with q1
* = (30.6°or 149.4°), q2

* = (70.1° or 109.9°), w1
* = 0.3479 and w2

* = 0.6521 [7,8].

Results

In this paper, the results for two different measurement sets of (n,xn g) cross-sections on 235U and 
232Th are presented and compared to the prediction of the TALYS code [1].

Samples and running time
The two samples used in these experiments have the following characteristics (see Table 1):

Table 1: sample characteristics and measuring time

Purity (%) Total mass (g) Surface (cm²) Thickness (mm) Running time (h)
235u 93.18 ± 0.031 37.43 ± 0.01 113.173 ± 0.070 0.211 ± 0.006 1248
232th 99.5 11.9939 ± 0.0001 36.463 ± 0.195 0.302 ± 0.004 375
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Cross-sections
Averaged cross-sections were derived from the time-of-flight spectra for neutron energy bins of suit-
able sizes. The integral cross-sections were summed according to Eq. (3) using the results obtained 
with the four HPGe detectors from both angles 110° and 149°. The cross-sections are not corrected 
for internal conversion. The total uncertainties vary from 5 to 7%.

Table 2 summarizes the g transitions observed in various nuclei created by (n,n’) and (n,2n) 
reactions on 235U and (n,n’), (n,2n) and (n,3n) reactions on 232Th.

The 235U isotope
Figure 3 shows the results obtained for the (n,n’ g) and (n,2n g) reactions on 235U compared to the only 
existing experimental data [9] and TALYS calculations [10].

The used TALYS code was very well optimized for the fission cross-section of the isotope of 
interest and its descendants [10] as shown in Figure 4.

One can remark that the total cross-sections for the (n,n’) and (n,2n) reactions are quite well 
predicted by the TALYS code. But, nevertheless, the agreement with our experimental data is not so 
good for (n,xn g) reactions. In the case of the 129.3 keV g-transition in 235U, the discrepancies between 
experimental data and TALYS are rather small but the shape is not well reproduced in the 1 – 6 MeV 
neutron energy range. Concerning the (n,2n g) cross-sections, the behaviour of the experimental 
data is well predicted by the code but as one can see, in Figure 3 (b, c and d), a factor of 0.455 exist 
between theory and experiment. For the 152.7  keV g-transition in 234U created by the 235U(n,2n) 
reaction, experimental data from [9] exist but they have been normalized to theoretical predictions 
by a factor whose value is not specified in the paper.

Table 2: g transitions observed corresponding to 235U(n,n’),  
235U(n,2n) and 232Th(n,n’), 232Th(n,2n), 232Th(n,3n) reactions

Target Reaction
Gamma 

Energy (keV)
Initial 
level

Final  
level

235U n,n' 129.3 5/2+ 7/2 –

n,2n 152.7 6+ 4+

n,2n 200.9 8+ 6+

n,2n 244.2 10+ 8+

Target Reaction
Gamma 

Energy (keV)
Initial 
level

Final 
level

232Th n,n' 49.4 2+ 0+

n,n' 112.75 4+ 2+

n,n' 171.1 6+ 4+

n,n' 223.7 8+ 6+ 
n,n' 550.4 5 – 6+

n,n' 612.3 3 – 4+

n,n' 665 1 – 2+

n,n' 714.2 1 – 0+

n,n' 774.1 2+ 0+

n,n' 681.1 0+ 2+

n,n' 735.9 2+ 2+

n,n' 780.2 3+ 2+ 
n,2n 185.7 5/2 – 5/2+ 
n,3n 182.5 6+ 4+
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Figure 3: Total g-production cross-sections due to a/ the 235U(n,n’) reaction for the 129.3 keV 
transition (state 5/2+ -> 7/2-) and due to 232U(n,2n) reaction for the b/ the 152.7 keV transition 

(state 6+ -> 4+) c/ the 200.97 keV transition (state 8+ -> 6+) and d/ the 244.2 keV transition 
(state 10+ -> 8+). The results are compared to TALYS predictions and experimental data if they exist. 

Our data points are connected by a solid line.

Figure 4: TALYS total cross-section predictions for the (n,f), (n,n’) and (n,2n) reactions  
on 235U compared to evaluated databases and experimental data (EXFOR)
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The 232Th isotope
The total (n,n’) reaction cross-section has been already measured in the range 0- 2  MeV while 
the (n,2n) reaction has been well studied as shown in Figure 5. One can see also that the TALYS 
calculations of the fission process in 232Th, made by A.J. Koning, is in good agreement with the 
evaluated data. On the contrary, the theoretical predictions of the total (n,n’) and (n,2n) cross-
sections seem to be underestimated in comparison with experimental and evaluated data.

Concerning our (n,n’ g) cross-section measurements, one can note in Figure 6 that the TALYS 
calculations are in good agreement with the experimental data except above roughly 8 MeV where 
the decrease of the excitation function is overestimated by the code. It has to be mentioned that 
the uncertainties of the 49.4 keV g-transition cross-section are rather large due to the low statistic 
in this peak (highly converted).

Figure 5: TALYS total cross-section predictions for the (n,f), (n,n’) and (n,2n) reactions  
on 232Th compared to evaluated databases and experimental data (EXFOR)

Figure 6: Total g-production cross-sections due to 232Th(n,n’) reaction for the 49.369 keV transition 
(left) (state 2+ -> 0+) and the 112.75 keV transition (state 4+ -> 2+), the 171.2 keV transition (state 6+ -> 4+) 

and the 223.6 keV transition (state 8+ -> 6+) (right). The results (connected by a solid line) are 
compared to TALYS predictions (no experimental data exist in this gamma energy range).
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Concerning higher  g energy transitions (Figure  7) coming from the deexitation of the other 
exited bands to the states of the ground state band, the agreement between TALYS calculations and 
experimental data is worse than for g-transitions between states belonging to the groundstate band. 
In this case, we were able to compare our data, in the 0 – 3 MeV neutron energy range, with existing 
experimental ones from [11] and the agreement is very good.

For the (n,2n g) and (n,3n g) reactions, we have, for the moment, obtained the cross-sections 
for the 185.7 keV g-transition in 231Th and for the 182.5 keV g-transition in 230Th. In the last case, 
the uncertainties are rather large because of the combined effect of the lower cross-sections and 
the low neutron incident flux (Figure 2). As for the results obtained with the 235U isotope, those 
reactions (with x>1 and neutron energies higher than ~ 8 MeV) are not well predicted by TALYS. More 
precisely, the behaviour of the excitation functions is well reproduced but for the (n,2n g) reaction 
the TALYS code underestimates the cross-section by a factor of 2.58 and for (n,3n g) reaction, the 
calculated cross-section is overestimated by a factor of 0.72.

Discussion
These exclusive measurements are very useful to test the predictive power of theoretical calcula-
tions. As we have seen before, it is not sufficient for a model code to calculate correctly the total 
reaction cross-section of a process to predict with the same confidence level the g production cross-
sections. Indeed, the code has to take in consideration a lot of structure parameters like branching 
ratio, level densities, spin distributions etc… And even on an extensively studied nucleus like 235U, 
the TALYS code is not yet able to predict the (n,xn g) reaction cross-section correctly. These kinds of 
experimental data are thus very important and allow the improvement of the knowledge of these 
parameters.

There are indications that the semi-classical exciton model simply fails to properly describe 
the spin distribution that accompanies the pre-equilibrium process. Large deviations, in the right 
direction, from the exciton model are found [12,13] when a quantum-mechanical multi-step direct 
model is used instead of the exciton model. The correct spin dependence of the underlying DWBA 
cross-section is then taken into account [14], as opposed to a posteriori assigning a spin distribution 
to the cross-sections. It is expected that theoretical agreement will be improved if so-called FKK or 
other multi-step direct models are included.

Conclusion and perspectives

After a consequent work to reduce the uncertainties of these measurements, we are currently able 
to measure (n,xn g) cross-sections of a precision ranging from 5 to 7%. The new data on 235U and 232Th 
presented in this paper, will thus complete the knowledge of g production in (n,xn) reactions. These 
results will be subject to further investigations from experimental as well as from theoretical point 
of view.

In the framework of ANDES project (7th Framework program), future measurement campaigns 
will be devoted to the measurement of 238U(n,xn g) cross-sections. Indeed, some experimental data 
already exist but are not in agreement with each other as it can be seen in [12]. Nevertheless, with 
our experimental set-up, we will be able to provide cross-sections with reduced uncertainties to 
complete the knowledge of these reactions.
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Figure 7: Total g-production cross-sections (preliminary results) due to the 232Th(n,n’) reaction for 
g-transitions from few exciting band to the ground state band compared to J.H.Dave et al. [11] and 
TALYS predictions. As the existing data have been measured only up to 3 MeV, the comparison is 

done only in this neutron energy range. Our experimental data are connected by a solid line.

Figure 8: Total g-production cross-sections due to the 232Th(n,2n) reaction for the 185.7 keV transition 
(left) (from state 5/2- -> 5/2+) and due to the 232Th(n,3n) reaction for the 182.5 keV transition (right) 

(from state 6+ -> 4+). Our experimental data are connected by a solid line.
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Abstract
Particle induced fission has been utilised in the IGISOL (Ion Guide Isotope Separator On-Line) facility 
in the Accelerator Laboratory of the University of Jyväskylä, JYFL, since 1980’s to study the nuclear 
structure of neutron rich nuclei [1]. The ion guide technique allows the production of mass separated 
ion beams of any element, enabling the possibility to perform systematic studies. The primary 
motivation of such studies has been the basic nuclear structure research. However, the properties 
of the ion guide technique make the facility suitable for measuring nuclear data required e.g.  for 
the development of nuclear energy production applications. Such data include atomic masses  [2,3], 
independent fission yield distributions [4], delayed neutron probabilities [5] and beta decay heat [6]. 
The examples show that usually the nuclear data measurements for applications and the basic 
research go together and the same experiments benefit the both goals of research.

The IGISOL facility is currently (as October 2010) moving to a new location next to the recently 
installed high current MCC30/15 light-ion cyclotron [7]. In the same instance, the facility will have 
a major upgrade. The improvements include more effective beam transportation in the experimental 
area, better access with laser beams to the target area and the other stages of ion path, as well as 
designated beam lines for test ion sources. To fully utilise the intense proton and deuteron beams 
available from the new accelerator, a program to build a neutron converter target has been initiated. A 
converter target would allow studies with fast neutron-induced fission, which has certain benefits over 
charged particle-induced fission as a production reaction for the most neutron rich species. Improved 
access to more neutron rich nuclei would boost basic nuclear structure research, and in particular, the 
neutron production allows determine the independent fission yields of key actinides in a simulated fast 
reactor neutron field. This program is intended to take place in collaboration with Uppsala University.

The new IGISOL facility is intended to be operational again in the beginning of 2011.



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011104

FissioN studies iN the reNovated igisol Facility

The IGISOL facility

The IGISOL facility [8] consists of a multitude of instruments for ion manipulation. The main devices 
are a magnetic mass separator based on the ion guide technique [1]; a RFQ cooler trap [9] that can 
be used not only for cooling and bunching the ion beam but also storing and optical pumping [11,12] 
of the ions; a double Penning trap system known as JYFLTRAP [12]; a laser ion source FURIOS [13] 
as well as a collinear ion (or atom) laser spectroscopy set-up  [14], run by the Manchester and 
Birmingham universities.

The ion guide technique is based on stopping the primary ions from nuclear reactions in noble 
gas, typically in helium. Because of the high ionization potential of the buffer gas, the stopped 
species are preserved as ions long enough to be evacuated from the stopping volume still as ions. In 
the original ion guide method in the mid-1980’s in the University of Jyväskylä the ions are evacuated 
entirely by gas flow, which limits the stopping volume in practice to a few 100 cm3 at most. In fission 
and in heavy ion induced fusion reactions the reaction products are too energetic to be efficiently 
stopped in such a small volume. The volume of the gas cell can be increased, if voltages are applied 
inside the ion guide to drift the ions through the gas [15-19]. The larger gas cell is capable to stop 
more ions. On the other hand, the larger gas cells seem also to be more sensitive to the practically 
unavoidable ionization of the buffer gas [20].

At the IGISOL facility, ions are extracted from helium using a differential pumping system 
and mass separated using a dipole magnet with a mass resolving power (MRP) of about 500. This 
is adequate to select an isobar – species with the same mass number A – to be sent directly to 
subsequent spectroscopy, or to JYFLTRAP [12] for more refined purification. In a typical experiment 
the ions are first collected in a radiofrequency quadrupole preparation trap, RFQ. At this stage, 
the energy staggering of the mass selected ion beam is removed by applying buffer gas cooling. 
The continuous beam from the mass separator is also compressed to short ion bunches. This is 
necessary for the operation of JYFLTRAP, since a Penning trap deals with ion bunches. Bunching 
the beam also significantly reduces the background in the collinear laser spectroscopy, because the 
photon detection can be gated by the arrival of the ion bunch in the laser interaction region [14]. 
Furthermore, the ions stored in the RFQ can be optically pumped with lasers to an appropriate 
atomic state for spectroscopy [11,12].

The purification or mass separation achieved with JYFLTRAP is sufficient to separate the 
different species within the isobar, resulting in truly monoisotopic beams of the studied species. 
The MRP of this separation can in many cases exceed 105 [4]. Beta, gamma, and beta delayed neutron 
decay studies significantly benefit from such sources and a vivid research program is established 
around the decay studies of the purified sources.

Even more refine purification can be achieved by using so-called Ramsey-cleaning technique. 
An ultimate example is the separation of 133mXe from the 133Xe ground state by their different 
mass. The mass difference is 300 keV/c2 or 1.7 ppm. It is worth noting that it is not question of only 
identifying the different species but physically separating and producing a sample consisting of 
solely of 133mXe species. The size of these samples is of the order of 106 atoms and they are needed 
for the Comprehensive Nuclear Test Ban Treaty Organisation CTBTO detector network calibrations. 
This achievement is described in detail in [21].

In addition to beam purification, JYFLTRAP can be used as an instrument to determine atomic 
masses very precisely [2]. Atomic masses of over 200 neutron-rich nuclei have been measured with 
JYFLTRAP with an accuracy of a few keV [3].

Fission based studies at the IGISOL facility

At the IGISOL facility the particle induced fission of natural uranium and thorium targets has since 
the 1980’s been used to produce neutron rich isotopes for nuclear spectroscopy studies. During 
these research more than 30 new neutron rich isotopes has been discovered along the systematic 
studies of shell structure evolution in particular in neutron rich between Zr and Cd (Z = 40 – 48). The 
systematic studies of the nuclear shape evolution using the collinear laser spectroscopy in the same 
proton region have often been extended to the proton rich side of the valley of the beta stability, 
since the beams of any of these refractory elements have been available nowhere else. The precise 
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atomic mass studies with JYFLTRAP in the same mass region have revealed a correspondence 
between the nuclear shape and the atomic mass. It was also found that the evaluated atomic masses 
of neutron rich nuclei can in many cases be more than 1 MeV/c2 off from the measured values [22].

Fission studies for nuclear data - ANDES
The monoisotopic samples of fission products available after Penning trap purification are ideal for 
studies with a Total Absorption Spectrometer (TAS). These studies give information of the reactor 
decay heat [23]. The samples produced with JYFLTRAP are free from the isobaric background other 
than produced by the decay of the sample itself. In cases where the mass difference between the 
isomer in the ground state is a few hundred keV, it is even possible to achieve isomeric purification. 
In recent years, practically all the experiments defined as “requested TAS measurements” by OECD 
Nuclear Energy Agency [23] have taken place at IGISOL [6,24].

Measurements of beta delayed neutron probabilities have been performed at IGISOL already 
in 1990’s  [25] and again in late 2000’s  [5]. These measurements are also related to the detector 
development for the Low Energy Branch experiments at the Super Fragment Separator (SFRS) in the 
future FAIR facility. The very last measurement utilising fission reaction at the IGISOL facility before 
it was taken down to be moved to a new location was indeed a beta delayed neutron experiment 
within the ANDES collaboration utilising the newly developed BELEN detector [5].

Fission yield studies
Both the decay heat measurements and the delayed neutron experiments are important for the 
design of the advanced nuclear reactors. Another important data for the design are the independent 
fission yields.

The chemical unselectivity of the ion guide technique makes it also an attractive approach to 
study the fission yield distributions. Due to the ion production mechanism of IGISOL only directly 
produced ions are mass separated and hence independent fission product yields can be measured. 
An extensive effort in this field has been taken place in Tohoku University [26-28] utilising the ion 
guide or IGISOL technique adapted to their facility already at late 1980’s  [29]. Some fission yield 
experiments have been performed in Jyväskylä as well using the means of gamma spectroscopy, but 
a real breakthrough was the utilization of the Penning trap for the determination of fission yields. 
The method is based on the unambiguous identification of most of the fission products – including 
even some isomers – by their mass. The quantification of the mass separated fission products is 
based on ion counting after the Penning trap, which makes the technique also extremely sensitive.

The method was tested with 25 MeV and 50 MeV proton-induced fission of 238U. The data are 
internally reproducible and the results for Rb and Cs yields in the 50 MeV proton-induced fission 
agree with previous measurements. More details can be found in [4].

A much more complete set of yield distributions in 25 MeV proton induced fission of 238U than just 
Rb and Cs was measured. The preliminary yields were given in a report of the EURISOL project [30]. 
Since then, the data has been thoroughly reanalysed. An article of this data is in preparation. In 
addition, the yield distribution of 25 MeV proton-induced fission of 232Th, and the yields for selected 
elements in 25 MeV deuteron-induced fission of 238U were measured and currently in analysed.

The extended IGISOL facility – IGISOL 4

The IGISOL facility is currently (as October 2010) being moved to new premises within the 
Accelerator Laboratory of the University of Jyväskylä. This will be the third location of the facility, 
and including the major upgrade the facility experienced in the early 2000’s, this will be the fourth 
version of the facility, IGISOL 4. The new location in the experimental hall extension provides sev-
eral improvements, including more effective beam transportation in the experimental area, better 
access to the target area with the laser beams, lines for test ion sources for tuning and calibration 
of the experimental equipment. The best way to benefit from the intense light ion beans available 
from the new MCC30/15 cyclotron is foreseen to convert it to neutron beams to be used for particle 
induced fission.
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Beam distribution system
The layout design of new measurement area has been strongly focused to the operation of JYFLTRAP, 
which is involved to the majority of IGISOL experiments. Due to increased distances between 
the switchyard, the RFQ and the trap, also the better positioning for the beam diagnostic units is 
possible and the tuning of the beam transportation between these devices will be improved. An 
increased space after the trap makes it possible to build more sophisticated and complex detector 
setups. In the new layout, the RFQ is located at the central line, at the optical axis of the dipole 
magnet exit. This provides the best ion optics for mass separated beams to be injected to the RFQ, 
where the cooled and bunched beams are transported further to the collinear laser spectroscopy 
setup or to JYFLTRAP.

The collinear laser spectroscopy facility will be moved from the upstairs to the main floor of 
the IGISOL facility. The beam transfer line from the RFQ to the laser hut becomes shorter and the 
visibility to the optical axis of the RFQ makes it possible to perform the laser spectroscopy directly 
inside the RFQ. For the laser spectroscopy studies, the RFQ and the trap will be electrically isolated 
from each other. In this way, JYFLTRAP can be operated also during the laser experiments. It is also 
possible to use the superior ion species identification of the trap by the ion mass in a connection of 
the laser experiments. This would greatly benefit especially the experiments utilizing the in-RFQ 
laser spectroscopy.

A more advanced beam distribution is also allowed by a new switchyard system, which will 
be redesigned in order to allow the fast switching between three beam lines. This would provide 
the possibility for on-line beam monitoring during the beam pulsing cycles of trap experiments. 
Unlike in the present IGISOL facility, all beam lines from the switchyard will be fully accessible. 
This allows the building of permanent beam monitoring setup to one side beam line while another 
side beam line can be reserved for temporary decay spectroscopy experiments. The possibility for 

Figure 1: The accelerator laboratory of the Department of Physics, University of Jyväskylä (JYFL) 
as expected in the near future. The K-130 heavy ion cyclotron will be devoted mainly for heavy ion 

research, while the new MCC30/15 light ion cyclotron serves experiments using 18 – 30 MeV protons 
or 9 – 15 MeV deuterons. The main user of such beams, the extended IGISOL facility,  

will be moved next to MCC30/15. The move of IGISOL allows some rearrangement of the old 
laboratory. The currently expected arrangement is shown in the figure.
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simultaneous distribution of different masses to the separate beam lines is also investigated. This 
would allow the trap and decay spectroscopy experiments of similar mass range to be executed 
simultaneously.

IGISOL front-end design
The intensive light ion beams provided by the new MCC30/15 cyclotron make it necessary to 
redesign the present ion guides to fully benefit the beam intensities available. Heat transfer 
simulations show that at 80 mA beam current of 30 MeV protons the target temperature exceeds 
the melting point of uranium. The performance of the present fission ion guide has not been 
systematically investigated further than up 10 mA proton beam current. The bottleneck however was 
not the front end but the radiation level in the switchyard of the mass separator system, located in 
the experimental area, which prevented further increase of proton beam intensity. The full benefit 
of the high intense light ion beams can be reached with neutron converter targets that would 
allow the use of neutron-induced fission reactions. The converter target is planned to be build in 
collaboration with Uppsala University.

The severest limitation of the fission ion guide used at IGISOL is the stopping efficiency. The 
survival efficiency of the stopped ions is determined to be about 6% while the stopping efficiency is 
estimated to be of the order of 10-4. The simulations agree with the estimated stopping efficiency; 
they also show that all fission fragments are stopped within a 300  mm radius from the target. 
Thus, a fission ion guide with a cylindrical symmetry and approximately 400 mm long, 400 mm in 

Figure 2: The extended IGISOL facility: A) Beam line from MCC30/15. B) Beam line from K130.  
C) The 15-degree bend. D) Storage for active material. E) The 90-degree bend for external ion source. 

F) Switchyard. G) RFQ cooler and trap. H) JYFLTRAP Penning trap. I) Post-trap experimental area. 
J) Laser hut. K, L) Permanent experimental and monitoring stations.
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diameter would increase the stopping efficiency three orders of magnitude. Such a large gas cell 
naturally cannot any more operate with the buffer gas flow alone, but a voltage grid is needed to 
transport the ions to the exit nozzle of the stopping gas cell, similarly to e.g. the CARIBU ion source 
in the Argonne National Laboratory [15,31]. An even more advantaged option is to use a cryogenic 
ion guide, where the stopping gas temperature is lowered to a few tens Kelvin. A full-scale prototype 
of such a device for the future heavy ion beam facility FAIR (Facility for Antiproton and Ion Research) 
has been tested off-line in KVI, Groningen. In the first tests the stopped radioactive recoil ions from 
an internal alpha source have been transported from a distance of about 1 meter to the exit nozzle 
and successfully extracted with an efficiency of about 2% [32].

The current plan at the IGISOL facility is to rebuild the facility based on small volume ion guides 
to be able to compare the yields to the previous installation. However, there is a space reservation in 
the new IGISOL facility front end for a big enough target chamber to house a large gas cell along with 
a neutron converter target, whose benefits will be discussed below. The large gas cell is intended to 
be built within about one or two years from the first successful on-line runs in the new laboratory.

Beams from the present K-130 cyclotron will also be available at the new IGISOL 4 laboratory 
after the upgrade. The heavy ion induced reactions as well as light particle induced reactions with 
equally wide range of projectile energies can still be studied as before the upgrade. Since IGISOL is 
the main user of light ion beams at JYFL and the major fraction of the IGISOL experiments is focused 
to the light ion induced reactions, an expected annual beam time of the IGISOL facility is extended 
to 4000 hours.

In the upgrade, the laser light paths for the LIS (laser ion source) and LIST (laser ion source trap) 
to the IGISOL target area will be improved. A 15-degree electrical beam bender located just after 
the extractor chamber provides a direct sight to the optical axis of the SPIG [33] electrode. A similar 
arrangement for the LIS method from the backside of the ion guide has also been designed. For 
both paths the laser beams enter the target area from the top through narrow channels, bend with 
mirrors through a maze to ensure the radiation protection. The radiation safety issues in general 
have played a critical role in the new IGISOL cave area design. Since the access to the IGISOL target 
area is often restricted a long time after the target irradiation, a specified ion guide preparation area 
has been included to the new layout to make the preparation of the further experiments easier. This 
area is located outside the target area, but it is still inside the radiation shielding.

The present vacuum pumps will be recycled to the new facility. The roots pump cluster used 
to evacuate the target chamber will be made oil free by installing a new oil free backing pump. In 
addition to providing as oil-vapour free operation as possible for the ion guides, which is a necessity 
for their proper performance, the oil-free pumping of ion guide buffer gas will allow helium to be 
recycled also during the fission experiments by using a closed helium cycle, in which the helium is 
purified and reused locally inside the radiation shielding.

Prospects of neutron induced fission
High intense light ion beams can be utilised by using neutron converter target. The conversion rate 
is relatively low: only a few percent can be expected even in the best case. In addition, while the 
pencil-like proton beam can be impinged to a target of 10 mm in diameter, produced neutron beam 
is wider, diverse and subject of severe backscattering. This can partly be compensated by that the 
fission ion guide probably never will be capable of taking more than 30 – 40 mA of proton beam, while 
it is realistic though challenging to expect about 200 mA protons to be impinged in the converter 
target. In addition, the use of neutrons has other benefits.

From the point of view deducing the fission yields for reactions relevant for simulating the 
processes in the advantaged nuclear power plants, the use of neutron-induced fission is self-
explanatory. The other goal of the fission ion guide and the IGISOL facility developments is to 
use fission to produce neutron rich nuclei even further from stability for basic nuclear structure 
research. Also the latter goal can benefit from the possibility to use neutron-induced fission.

Using neutron induced fission gives additional freedom to the design of fission ion guide. The 
ionisation of the buffer gas reduces the performance of the ion guide. Unlike the charged particles, 
neutrons do not ionise the stopping gas. The fission target can thus be placed in the stopping gas 
volume, while in the case of proton-induced fission, the proton beam and therefore also the target 
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must be separated from the stopping volume. This means that in the case of proton induced fission, 
only a relatively narrow cone of all fission fragments can enter the stopping volume in the first 
place. The gain in this geometrical factor is more than 5.

Figure  3 shows the calculated fission yield distributions for palladium isotopes in 30  MeV 
proton-, 15 MeV deuteron- and 5 MeV neutron induced fission. The yield of the most neutron-rich 
isotopes is orders of magnitude higher in neutron-induced fission. Furthermore, as shown in 
Figure 4 for A = 118 isobar, the yield of the isotopes closer to stability neutron induced fission is 
orders of magnitude less than in proton induced fission. This helps avoiding another bottleneck: the 
space charge limit of the purification Penning trap. The charge of the collected ions in the Penning 
trap influences in its operation, and even when the trap can tolerate the total charge, the fraction of 
the ions to be purified should not be less than 10-4.

Adding up five times more primary proton beam, a geometrical factor of 5, and 50 times higher 
production cross-section (for 124Pd highlighted as an example in Figure  3) gives a compensation 
factor more than 1000 to recover from the beam intensity losses in the neutron conversion. Thus, 
with neutron-induced fission the most neutron-rich isotopes can be produced at about the same rate 
as in proton induced fission, however, with much less isobaric background.

Already a very low rate of ions is sufficient for the atomic mass measurements utilising 
JYFLTRAP. In an optimal atomic mass measurement with a Penning trap, the fraction of ion bunches 
with exactly one ion in the precision (or the mass measurement) trap at the time should be as large 
as possible. Typically, the manipulation of each ion bunch takes 150 – 400 ms, and therefore the 
optimal rate of ions is just a few ions per second. For gamma- and beta ray spectroscopy a yield of 
at least several tens of isotopes per second is necessary.

Figure 3: Calculated production cross-sections for Pd isotopes in the  
fission of 238U induced by neutrons, protons and deuterium nuclei
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Conclusions

Though in the IGISOL move to a new location the immediate upgrades are largely focused to the 
facility downstream from the front-end, there is at least one major improvement of the IGISOL front 
end on the way. In order to get a full benefit from the high intense light ion beams provided by the 
new MCC30/15 cyclotron, a neutron converter target will be designed. The neutrons will be used to 
induce fission in actinide targets. In addition, the LIS and the LIST methods will clearly benefit from 
the better access to the optical axis of the ion guide with laser beams. The first experiments in the 
renovated laboratory are expected to take place in summer 2011.
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Figure 4: Calculated independent nuclear charge distributions for A = 118 isobar in the 
fission of 238U induced by neutrons, protons and deuterium nuclei. Note that neutron 
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Abstract
Neutron-induced fission cross-sections of 233U, 241Am and 243Am relative to 235U have been measured 
in a wide energy range at the neutron time of flight facility n_TOF in Geneva to address the present 
discrepancies in evaluated and experimental databases for reactions and isotopes relevant for 
transmutation and new generation fast reactors.

A dedicated fast ionization chamber was used. Each isotope was mounted in a different cell of the 
modular detector.

The measurements took advantage of the characteristics of the n_TOF installation. Its intrinsically low 
background, coupled to its high instantaneous neutron flux, results in high accuracy data. Its wide 
energy neutron spectrum helps to reduce systematic uncertainties due to energy-domain matching 
problems while the 185 m flight path and a 6 ns pulse width assure an excellent energy resolution.

This paper presents results obtained between 500 keV and 20 MeV neutron energy.

Introduction

Precise neutron-induced fission cross-sections of actinides are required for the design of systems 
based on the Th/U fuel cycle, for ADS, and Gen-IV nuclear reactors. Requests concerning the 
accuracy of s(n,f) data are issued by the OECD/NEA nuclear science committee for some isotopes 
and reactor types [1].

An extensive measurement campaign for reducing the s(n,f) uncertainties for major and minor 
actinide isotopes has been carried out at the n_TOF neutron time of flight facility. In this contribu-
tion we report on the 233U, 241Am and 243Am (n,f) cross-sections from 500 keV up to 20 MeV.

Experimental set-up

The n_TOF facility
The n_TOF (Neutron Time Of Flight) facility at CERN is based on a spallation neutron source, consist-
ing of a 80 × 80 × 60 cm3 thick lead target, which is hit by a pulsed beam of 20 GeV/c protons with 6 ns 
r.m.s. and a typical repetition rate of 2.4 seconds.

A 185 m long evacuated beam pipe connects the target with the experimental area equipped 
with several detectors, assuring high energy resolution. The instantaneous neutron flux of 105 n/
cm2/pulse at the sample position makes the installation particularly suitable for high accuracy (n,f) 
cross-section measurements because of the favourable signal to noise ratio related to the natural 
alpha radioactivity of most actinides. A detailed description of the facility can be found for example 
in ref. [2] and references therein.

The detector
Neutron-induced fission cross-section measurements have been performed using a Fast Ionization 
Chamber (FIC). The detector is a modular set of cells. Each cell is composed of three aluminium 
electrodes 12 cm in diameter which are separated by gaps of 5 mm filled with gas (90% Ar + 10% CF4) 
at a pressure of 720 mbar. The central electrode is 100 m in thickness and is plated on both sides 
with a fissile isotope matching the beam diameter, while the two outer electrodes are 15 m thick. 
An electric field of 600 V/m is obtained in the gaps by connecting the central electrode to the bias 
voltage and by keeping the outer ones at ground potential.

Data analysis

Cross-sections are extracted relative to 235U, which is a standard between 0.15 MeV and 200 MeV. 
At high energy, the output signals of the FIC are strongly affected by the g-flash, i.e. photons and 
other relativistic particles created in the spallation reaction. A software compensation technique [3] 
that subtracts the output of two adjacent electrodes was applied to extract the signals of fission 
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fragments. These were further subjected to a pulse shape analysis routine and an amplitude 
threshold selection to discriminate between fission fragments and a particles.

The TOF information was converted to a neutron energy scale by defining the so-called “time 
zero” by means of the g-flash. The “stopping time” was given by the fission fragment signals. The 
neutron-induced fission cross-sections are extracted according to Eq. (1):

s x(n,f ) = s 235(n,f ) c fN x
N 235 m x

m 235 A x
A 235

. . . .

where s235(n,f) is the tabulated ENDF/B-VII.0 cross-section, x stands for the investigated isotope (233U, 
243Am or 241Am), Nx denotes the number of fission events detected for isotope x, mx is the mass (in 
grams) of isotope x, Ax is the atomic number of isotope x and cf is a correction factor accounting for 
dead time effects and detection efficiency. The dead time was treated as non-paralyzable, and the 
detection efficiency was estimated by simulating the energy loss of fragments in the gas with the 
FLUKA [4] code. Both corrections are of a few percent only and contribute less than 1% to the total 
uncertainty.

Considering all effects and corrections introduced in the measurement, the overall systematic 
uncertainty of the extracted cross-section is 3%. An important contribution is due to the uncertainty 
of the mass of the various deposits, which is 1.35% for 235U and 1.2% for all other isotopes. The 
statistical uncertainty is less than 2% for 233U in the whole energy range for a binning of 20 bins/
decade and less than 3.5% in the case of 243Am (same binning) for neutron energies higher than 
1 MeV. At lower energies, below the fission threshold, the poor counting statistics gives rise to a 
maximum uncertainty of 7.2%. A variable bin size was used to extract the neutron-induced fission 
cross-section of 241Am, where the statistical uncertainty is < 2.9% for neutron energies above 1 MeV, 
and up to 9.5% below the fission threshold.

Results

The n_TOF results for 233U agree within 2.1% with the experimental data by Lisowski et al.  [5], 
Meadows et al.[6] and Kanda et al.  [7] (see Figure 1). The ENDF/B-VII.0 library is mainly based on 
these data, though for normalization purposes a “higher 235U  s(n,f) was used to produce better 
agreement with fast critical benchmark experiments” [8]. As a result, at En < 0.7 MeV we confirm the 
experimental data reported in Figure 1 and the older ENDF-BVI.8 library, suggesting a revision of 
the ENDF/BVII.0 evaluation.

The fission cross-section data for 243Am tend to cluster in two distinct groups in the 1-6 MeV 
neutron energy range, separated by about 20% from each other (see Figure 2). The Laptev et al [9] 
experimental data confirms the Goverdovskiy et al.  [10] and the Behrens et al.  [11], lying in the 

Figure 1: Comparison among previous data and n_TOF results for 233U
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high energy cluster. The most recent experimental data set at the time of the ENDF/B-VII.0 release 
was by Laptev et al.  [9] (information from [8]). Nevertheless such high cross-section values are in 
disagreement with the averaged cross-sections obtained in the ZEBRA reactor experiment  [12], 
probably the reason why they have been discarded in the ENDF/B-VII.0 evaluation. The n_TOF results 
confirm Fomichev at al. [13] and therefore the low energy cluster.

In the case of the 241Am (n,f) cross-section the most recent experiment reported in EXFOR and 
ranging up to energies higher than 10 MeV is dated 1983 (Dabbs et al. [14]). The n_TOF results agree 
rather well (within 3%) with this cross-section, confirming this data set rather than the older one by 
Behrens et al. [15]. Jurado et al [16] experimental data suggest even lower cross-section values around 
10 MeV (see Figure 3).

Conclusions

Taking advantage of the high instantaneous neutron flux, the excellent resolution in neutron energy, 
and the low background of the n_TOF facility, neutron induced fission cross-sections of 233U, 241Am 
and 243Am have been measured with high accuracy over a wide neutron energy range.

Figure 2: Comparison among previous data and n_TOF results for 243Am

Figure 3: Comparison among previous and n_TOF results for 241Am



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 117

NeutroN-iNduced FissioN cross-sectioN oF 233u, 241aM aNd 243aM iN the eNergy raNge 0.5-20 Mev

Acknowledgements
This work was supported by the EC under contract FIKW-CT-2000-00107 and by the funding agencies 
of the participating institutes.

References

[1] Nuclear Energy Agency (NEA), “Uncertainty and target accuracy assessment for innovative 
systems using recent covariance data evaluations”, International Evaluation Co-operation, Vol. 26, 
NEA/WPEC-26, OECD/NEA, Paris (2008).

[2] Belloni, F., et al., “Measurement of the neutron induced 233U fission cross-section in the energy 
range 0.5< En< 20 MeV”, in preparation (2010).

[3] Colonna, N., et al., Nucl. Instr. Meth. A, in preparation, (2010).

[4] Fassò, A., et al., FLUKA: a multi-particle transport code, Report numbers CERN-2005-10 (2005), 
INFN/TC_05/11, SLAC-R-773.

[5] Lisowski, P.W., et al., “Fission cross-section ratios for 233,234,236U relative to 235U from 0.5 to 
400 MeV”, Proc. of the International Conference on Nuclear Data for Science and Technology, Springer, 
p. 737, Juelich (1991).

[6] Meadows, J., et al., “The Ratio of the Uranium-233 to Uranium-235 Fission Cross-Section”, Nucl. 
Science and Engineering, 54, 317 (1974).

[7] Kanda, J., et al., “Measurements of fast neutron induced fission cross-section of 232Th, 233U and 
234U relative to 235U”, Radiation Effects, 93, 233 (1986).

[8] ENDF/B-VII.0, descriptive comments (2006).

[9] Laptev, A.B., et al., “Neutron-Induced Fission Cross-Sections of 240Pu 243Am and NatW in the 
energy range 1-200 MeV”, Nucl. Phys. A, 734, E45 (2004).

[10] Goverdovskiy, A.A., et al., “Measurement of the Ratio of the Cross-Sections for Fission of 243Am 
and 235U by 5-10.5 MeV Neutrons”, Atomnaya Energiya, 67, 30 (1989).

[11] Behrens, J.W., J.C. Browne, “Measurement of the Neutron-Induced Fission Cross-Sections of 
Americium-241 and Americium-243 Relative to Uranium-235 from 0.2 to 300 MeV”, Nucl. Science 
and Engineering, 77, 444, (1981).

[12] Sweet, D.W., Report AEEW-R-1090 (1977).

[13] Fomichev, A.V., et al., “Neutron Induced Fission Cross-Sections For 240-Pu, 243-Am, 209-Bi, 
Nat-W Measured relative to 235-U in the Energy Range 1-350  MeV”, Khlopin Radiev Inst., 
Leningrad Reports No. 262.

[14] Dabbs, J., et al., “Measurements of the 241Am neutron fission cross-section”, Nucl. Science and 
Engineering, 83, 22 (1983).

[15] Behrens, J.W., et al., “Measurement of the Neutron-Induced fission cross-section of 241Am and 
243Am Relative to 235U from 0.2 to 30 MeV”, Nucl. Science and Engineering, 77, 444 (1981).

[16] Jurado, B., et al., “Fission Cross-Sections and Fission-Fragments Mass Yields via the Surrogate 
Reaction Method”, Proceedings by Am. Inst. of Phys., No. 1005, p. 90 (2007).





Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 119

sessioN iv 

Chairs: Ferenc Tarkanyi, Urszula Woznicka

Detectors and facilities

Session IV





Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 121

MeasureMeNt oF (N,xNγ) reactioNs at high precisioN

Measurement of (n,xnγ) reactions at high precision

Jean-Claude Thiry,1 Catalin Borcea,3 Philippe Dessagne,1 Jean-Claude Drohé,2 Erwin Jericha,4 
Habib Karam,1 Maëlle Kerveno,1 Arjan J. Koning,6 Alexandru Liviu Negret,3 Andreas Pavlik,5 

Arjan J.M. Plompen,2 Chariklia Rouki,2 Gérard Rudolf,1 Mihai Stanoiu2

1Université de Strasbourg, Strasbourg, France 
CNRS, Strasbourg, France

2European Commission, Joint Research Centre, Institute for Reference Materials and 
Measurements, Geel, Belgium

3National Institute of Physics and Nuclear Engineering “Horia Hulubei”, Bucharest-Magurele, 
Romania

4Technische Universität Wien, Atominstitut, Vienna, Austria
5Universtität Wien, Fakultät für Physik, Vienna, Austria

6Nuclear Research and Consultancy Group, Petten, The Netherlands

Abstract
The design of Generation IV nuclear reactors and the research of new fuel cycles require knowledge 
of cross-sections for different nuclear reactions. Our work is focused on the determination of the 
cross-sections of (n,xng) reactions occurring in these new reactors. The aim is to measure unknown 
cross-sections and to reduce uncertainty on present data relative to reactions and isotopes present in 
transmutation or regeneration processes.

The current study is relative to measuring 232Th(n,n’g) and 235U(n,xng) reactions in the fast neutron 
energy domain (up to 20 MeV). The experiments are performed at GELINA (IRMM, Belgium) which 
delivers a pulsed, white neutron beam. The time characteristics of the beam enable us to measure 
neutron energies with the time of flight (TOF) technique. The neutron induced reactions (in this 
case inelastic scattering and (n,2n) reactions) are identified by online prompt g spectroscopy with an 
experimental setup including 4 HPGe detectors. A double layered fission chamber is used to monitor 
the incident neutron flux.

As the precision is a key issue in these measurements, the detectors used in the experiment were 
studied extensively in order to reduce the uncertainties of the results to a minimum. Simulations and 
calibration experiments were realised and are presented.
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Introduction

Knowledge of (n,xn) reactions is of crucial importance for the development of the new Generation IV 
nuclear reactors. These future systems will explore new energy domains and in order to optimise 
their design, the measurement of (n,xn) reaction cross-sections at a high level of precision is 
absolutely mandatory. Indeed, these reactions are an important energy loss mechanism, lead to 
neutron multiplication and production of radioactive isotopes.

The measurements are realised using the (n,xng) technique, for which a high precision experi-
mental setup was developed and is presented here. It is meant to be used to probe reactions for 
which a high precision is required, such as for the 238U(n,n’) reaction cross-section, part of the NEA 
High Priority List  [1]. The ultimate goal of developing these measurement techniques is to study 
(n,xn) reactions on 233U, lacking experimental data, which is of upmost importance for the thorium 
cycle. For example, the 233U(n,2n)232U reaction leads in its decay to 208Pb, emitter of a 2.6 MeV g ray. 
Presence of such energetic photons has a major impact for the reactor core temperature, and there-
fore needs to be studied precisely.

Experimental setup

The experimental setup, shown in Figure 1, as well as the applied measurement techniques are 
treated in this section.

The (n,xnγ) technique
A sample enriched in AX isotopes is irradiated by a neutron beam inducing (n,xn) reactions, which 
produce A-(x-1)X isotopes in excited states. Decay of these isotopes leads to emission of characteristic 
g rays, witnessing a prior reaction. The intensity of these g rays yields the cross-section of isotope 
production in a given excited state. The data can be used to validate theoretical codes, such as 
TALYS, which is able to predict (n,xng) reaction cross-sections (see e.g. ref. [2]).

The TOF technique
The experiments presented in this work were performed at the GELINA facility of the IRMM, Geel, 
Belgium, which produces a white, pulsed neutron beam using the (g,xn) and (g,F) reactions on a 
depleted uranium target. The energy domain of the produced neutrons ranges from a few keV up to 
several MeV [3,4].

Figure 1: Experimental setup used at GELINA, FP16/30m
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The TOF technique is used to determine the incident neutron energy and the presence of a 
g flash enables us to calibrate the time spectra. In order to obtain the best compromise between time 
(and thus neutron energy) resolution and flux intensity (resolution of 1 MeV at En = 20 MeV) the setup 
was installed at 30 m distance from the neutron source.

Flux monitoring
The uncertainties on the incident neutron flux (Figure 2) influence strongly the quality of the cross-
section measurements. For this reason special effort has been made to obtain very precise flux data.

A fission ionisation chamber with a uranium sample is used to determine the neutron flux. 
The deposit, highly enriched in 235U (>99.5%), is very thin: 324 μg/cm2 and was made of vacuum 
evaporated 235UF4. The effective thickness of the fission chamber was chosen between 6 and 7 mm, 
as this leads to the best ratio of fission fragment energy loss (signal) and radioactivity a particle 
energy loss (background noise), as explained later.

γ detection
4 High Purity Germanium (HPGe) detectors, referred to as grey, red, green and blue are used to observe 
the g rays emitted by the created isotopes. These semiconductor counters are made of semi-planar 
crystals with depths ranging from 2 to 3  cm and surfaces between 10 and 28  cm2. This type of 
detectors has been chosen as they allow for high energy resolution at low g ray energy together with 
a good timing. In order to take into account the angular distribution of the emitted g rays, they are 
placed at 110° and 149° with respect to the incident neutron beam. Backward angles were chosen 
to reduce dead time caused by the observation of events due to g flash scattering, amounting up to 
60% of the detections.

Efficiency of the fission chamber

As mentioned previously, the precision of the (n,xng) measurements is of upmost importance. This 
section treats the efforts made on reducing the uncertainty caused by the fission chamber. Indeed, 
this detector presents one of the major sources of error on the final results. For this reason, an 
extensive work was realised on the determination of the fission chamber efficiency.

Determination of the fission yield
An energy spectrum for the UF4 deposit acquired during (n,xng) measurements at the GELINA facility 
is shown in Figure 3. In the low energy domain of the energy spectra one can see a very strong 
contribution coming from the a particle signals, which are due to the radioactivity of the uranium 

Figure 2: Differential neutron flux measured at FP16/30m at GELINA
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foils. To the right, in the higher energy ranges one can observe events due to fission products in a 
double-humped shape.

Separating the a particle signals from the fission events is a delicate process. In fact, the signal 
amplitudes generated both by the uranium decay and the neutron induced fissions have a respective 
upper limit value, i.e. their pulses are always weaker than a certain energy, but they do not have a 
lower limit. This means that the fission product signals share a part of their energy domain with 
the a particle signals which makes a strict separation between both types of signals very difficult. 
The only acceptable approach to achieve this goal is to apply an energy threshold to discard the 
a component and to correct for the portion of fission product signals lost.

Optimisation of the fission chamber configuration
As a threshold has to be applied to the energy spectra, it is important to configure the fission chamber 
in a way that as few events as possible are lost in this procedure. This means that we have to determine 
the configuration which leads to the best separation between a decays and fission products.

To achieve this, several measurements were performed. First, the thickness of the fission 
chamber was modified. Thicknesses of 6.5, 8 and 27 mm were chosen. The result is shown in Figure 4 
(left). This comparison shows that the best configuration is to have a 6.5 mm gap between the anode 
and the cathode. Indeed, in this scenario the a particles are penalised with respect to the fission 
products. As their range is longer and their kinetic energy rather high, most of the energy loss occurs 

Figure 3: Energy spectrum for the fission chamber deposit UF4  
in its initial configuration: the gap between the electrodes  

is 8 mm with reverse biasing (HV on the deposit)

	  

Figure 4: Comparison of the different configuration possibilities of the fission chamber:  
(a) shows the effect of varying the effective volume of the chamber,  

(b) shows the effect of polarisation changes
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in the Bragg peak, whereas fission products lose their energy almost continuously. Increasing the 
volume thus means detecting more a particles, and filling up the valley between both contributions.

In a second study the impact of biasing was analysed. Figure 4 (right) shows the difference 
obtained when applying a reverse bias (HV on the deposit) or a forward bias (HV on the opposite 
electrode). In fact, the signal left in the fission chamber depends on the charge created, and thus 
the energy deposited, but also on the distance to the collection electrode. For this reason, fission 
products stopping in the chamber before reaching the opposite electrode create a larger signal in 
the forward bias scenario than in the reverse bias case. It is therefore preferable to apply forward 
biasing.

Correction for signal loss
In order to correct for signals lost, we distinguish between two different types. First, there are 
fission products created in the deposit without sufficient energy to leave the foil creating no signal 
at all. Secondly there are fission products producing a weak signal which is lost as it falls below the 
threshold in the energy distributions.

Whereas the first type can be corrected easily by applying well-known techniques  [5,6], the 
second type cannot be corrected so easily. For this reason Geant4 [7] simulations were performed 
in order to reproduce the spectra and to show the behaviour of the fission products at low energy. 
The results in this region were however not satisfactory. Indeed, at very low energy, the energy 
loss of the fission products is not well known, which leads to a systematic difference between 
the simulated and measured spectra. Because of this, we cannot conclude how to extrapolate the 
fission product contribution towards low energies: A linear extrapolation to zero amplitude appears 
plausible, but there is no conclusive proof that this is adequate. In fact, for reverse biasing the 
simulations show that the expected loss is larger than would be inferred from a linear extrapolation 
while in contrast linear extrapolation is expected to be adequate for a forward bias. Again, given the 
imperfect nature of the simulations the situation is inconclusive.

Calibration measurements at PTB
As the previous correction strategies were not reliable, the fission chamber was calibrated using a 
monoenergetic (E = 8.4 MeV) neutron beam produced at the Physikalisch-Technische Bundesanstalt 
(PTB) in Braunschweig. The beam was well characterised by different reference measurements of 
high precision, including a recoil proton telescope (RPT) and a liquid scintillation detector [8]. The 
neutrons were produced through D(d,n)3He reactions. Time of flight and energy information were 
saved in list mode files, enabling time gating on the acquired data, to eliminate neutrons with 
wrong energy, e.g. born through break-up reactions in the deuterium target or slowed down through 
scattering in the experimental hall. For the measurements several foreground runs were performed 
to obtain statistics of at least 10000  events in the fission chamber. Two series of background 
measurements were made: the first by placing a shadow cone between the neutron source and the 
detector to evaluate the indirect component of fission events generated and a second by taking the 
deuterium gas out of the target and bombarding the empty target with deuterons to estimate the 
amount of neutrons created by other mechanisms than that of the direct reaction.

After corrections for acquisition dead time and air attenuation, these measurements enabled 
us to determine the efficiency to detect a fission event in the ionisation chamber to be (94.4 ± 2.1)%, 
when applying a threshold in the middle of the plateau separating a particles and the main fission 
product contribution. Using this value, measured at 8.4  MeV, as a reference together with the 
corrections for events lost due to absorption in the foil [5,6], we can calibrate our efficiency curve 
shown in Figure 5.
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Efficiency of the HPGe detectors

Another large source of uncertainties comes from the evaluation of the g-detection efficiency of the 
HPGe detectors. This section presents the work that has been realised on the determination of this 
quantity.

Efficiency computing method
The absolute photopeak-efficiency of a germanium detector in the case of extended samples depends 
on several parameters, which have to be taken into account in the total efficiency calculation. Besides 
the position of the detector with respect to the g-ray emitting sample and the energy of the studied 
g ray, these parameters also include:

•	 the shape of the g-ray emitting sample (in our case this corresponds to the beam diameter 
of the order of 5 cm)

•	 the geometry of the crystal inside the detector

•	 the self-absorption kEg of the g rays inside the sample

Calibrations realised with a point source only are not sufficient in our case, as the studied 
sample is not point-like, i.e. the geometrical distributions of the emitted g rays cannot be calculated 
at a satisfactory level. Another difficulty is introduced by the absorption of the g  rays inside the 
sample which is an important factor as the density and thickness of the used samples are rather 
high.

The best way to consider all these parameters is to measure the efficiency with calibrated 
sources and to compare these to Monte-Carlo simulations of the detector [9]. The procedure for this 
method is realised in several steps: First, the geometry of the crystal is determined and entered into 
a Geant4 simulation code. Then calibrated sources (point-like and extended) are placed at different 
spots of the sample position. The obtained results are compared to the simulated spectra. The 
differences in the yields are used to determine the dead layers of the crystal and to calibrate the 
simulation input. Once the simulation parameters are fixed, the second step consists of simulating 
the studied sample. For this purpose the geometry of the sample is entered into the simulation 
code and g rays of the energies of interest are shot randomly within the sample. The ratio between 
the number of events in the photo-peak and the number of g rays simulated is the absolute peak-
efficiency of the detector.

Figure 5: Final efficiency values as a function of incident neutron energy
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Microfocus computer tomography of the detectors
As the precision of the constructor’s specifications of the detector geometry was not reliable enough 
to perform accurate simulations, the internal crystal dimensions had to be verified. A non-destructive 
way to accomplish precise crystal measurements is to expose the detector to a radiative source. This 
was realised at the Microfocus Computer Tomography device of the Department of Metallurgy and Materials 
Engineering (MTM) at the Katholieke Universiteit Leuven (KUL).

A polychromatic X-ray source (Philips HOMX 161) operated at a voltage of 125 kV and a current of 
0.28 mA, filtered by a 2 mm aluminium and a 1 mm copper shield [10], was used for the experiment. 
The data acquisition was realised through a CCD camera (Adimec MX12P) delivering 12 bits grey 
scale images at a resolution of 1024  ×  1024 pixels, resulting in a voxel size of 110 – 150  μm. The 
detectors were placed on a rotating table and pictures were taken ever. 0.5°. The data were processed 
with the AEA Tomohawk software for 3D reconstruction.

With this configuration we were able to visualise the internal geometry of the detector. For 
the chosen beam energy, the detector cap was transparent, whereas the high density germanium 
crystal was not penetrated. Figure 6 shows the results of this experiment for the green detector. In 
this picture we can clearly recognise the germanium crystal held by an aluminium structure at the 
centre, surrounded by the detector cap. Knowing the precise dimensions of the cap, we were able to 
calibrate the experimental data and to determine the size of the crystal.

For the small crystals of the green and blue detectors we found that the diameter of the crystal 
was indeed a little smaller as the manufacturer specified. Moreover, the difficulties encountered 
in simulating the green detector could be explained by a wrong crystal to detector entrance 
window distance, which is in fact 3 mm longer than expected. The values determined here are in 
good agreement with the simulation results obtained by Geant4. Further investigations with the 
manufacturer also led to better specifications of the red and grey detectors, for which an agreement 
was found in the simulations.

Figure 6: μ-ct analysis of the green detector, showing different cuts of the reconstructed data
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Efficiency results
The efficiencies were simulated with the best fitted detector geometries and dead zone sizes 
obtained from the discussions above, and measurements were performed using different sources. 
The final experiment to simulation ratios of our calibration measurements are shown in Figure 7. 
In total 7 measurement series have been performed. A 152Eu point source was placed at the centre 
position of the sample, and then displaced by 12 mm to the right, left, up and down. Two further 
measurements were realised with a 133Ba point source and an extended 152Eu source of 50  mm 
diameter at the centre position to check the previous results.

Figure 7: Experiment to simulation ratios for the efficiency calibrations  
for different source positions (see legends) of the four detectors
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One can observe that the values obtained during the different measurement series all lie within 
a range of ± 2% with respect to the simulated values for the intermediate energy range (from 121.78 
to 778.90 keV). For the low energy values, mainly the first point at 46 keV, the experimental values 
are differing a little more from the simulated ones. Indeed this region is more sensitive to dead 
zones and the rounding parameter at the front of the crystal as well as on the absorption of the 
detector window. The results for this domain are however sufficient for our needs.

The deviation between data and calculation in the intermediate energy domain can be 
explained by uncertainties on branching ratios and also by the fact that the simulations did not 
account for complete energy spectra. In fact, only the energies of interest were simulated, neglecting 
smaller energies rays due to background radiation. This can lead to small errors when subtracting 
the rays from the background. Such a particular deviation could me observed for the 244.7 keV ray, 
which is systematically lower experimentally than in the simulated spectra.

The differences between the measured series are mainly due to the position precision of the 
source. This can be observed best for the green line, corresponding to the “left” position of the 
source. For the detectors grey and red it is overestimated experimentally, whereas the detectors blue 
and green are showing an underestimated value. In fact, the grey and red detectors are positioned 
to the right-hand side (RHS) of the experimental setup, as described in Figure 1, and the blue and 
green ones to the left-hand side (LHS). As the experimental values are higher for the RHS placed 
detectors, this means that the source was placed too much to the right. This is confirmed by the 
fact that the outer detectors, i.e. the grey and the blue one, see a larger difference. Indeed as they are 
located at 110° they have a grazing angle to the target plane and a variation of the source position is 
seen more strongly as for the other detectors. Simulations show that a variation of 1% on this ratio 
of the grazing angle detectors corresponds to approximately 1 mm displacement.

Taking into account the variation of the different points simulated at different energies as well 
as the systematic uncertainties coming from the calibration sources used, this procedure enabled 
us to determine the g efficiencies at uncertainties ranging between 2 and 3% in the energy domain 
of interest.

Conclusions

The aim of this work was to analyse all the different components used in the experimental setup to 
reduce the error to a minimum. This was achieved through an extensive analysis of the detection 
efficiencies of the used counters. For the fission chamber we were able to reduce the uncertainties 
on the efficiency to 2.1% and the Microfocus Computer Tomography helped to obtain uncertainties 
on the g-detection efficiencies ranging between 2 and 3% depending on the photon energy.

Figure 7: Experiment to simulation ratios for the efficiency calibrations  
for different source positions (see legends) of the four detectors (continued)
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With these efforts, the current experimental setup is able to measure (n,xng) reaction cross-
sections at uncertainties of 5-6%, coming from the before mentioned efficiency uncertainties as well 
as from other errors due to target specifications and yield extraction. It has already been used to 
probe (n,n’g) and (n,2ng) reactions on 235U and (n,n’g), (n,2ng) and (n,3ng) reactions on 232Th [11].

Acknowledgements
The authors thank the team of operators of the GELINA facility for the preparation of the neutron 
beam. This work was partially supported by the Integrated Project for European Transmutation 
(EUROTRANS).

References

[1] OECD/NEA, “Nuclear Data High Priority Request List”, www.oecd-nea.org/dbdata/hprl.

[2] Mihailescu, L.C., et al., “A measurement of (n,xng) cross-sections for 208Pb from threshold up to 
20 MeV”, Nuclear instruments and Methods in Physics Research, A811, 1 (2008).

[3] Tronc, D., J.M. Salomé, K. Böckhoff, “A new pulse compression system for intense relativistic 
electron beams”, Nuclear instruments and Methods in Physics Research, A228, 217 (1985).

[4] Ene, D., et al., “Global characterisation of the GELINA facility for high-resolution neutron time-
of-flight measurements by Monte Carlo simulations”, Nuclear instruments and Methods in Physics 
Research, A618, 54 (2010).

[5] Budtz-Jørgensen, C., H.-H. Knitter, G. Bortels, “Assaying of targets for nuclear measurements 
with a gridded ionization chamber”, Nuclear Instruments and Methods in Physics Research, A236, 
630-640 (1985).

[6] Carlson, G.W., “The effect of fragment anisotropy on fission chamber efficiency”, Nuclear 
Instruments and Methods, 119, 97-100 (1974).

[7] Allison, J., et al., “Geant4 – A simulation toolkit”, Nuclear Instruments and Methods in Physics 
Research, A506, 250-303 (2003).

[8] Mosconi, M., et al., “Characterisation of Fission Ionisation Chambers using Monoenergetic 
Neutrons”, Proceedings of the EFNUDAT Workshop, Cern, Geneva (2010).

[9] Deleanu, D., et al., “The gamma efficiency of the GAINS spectrometer”, Nuclear Instruments and 
Methods in Physics Research Section, A624, 130 (2010).

[10] Kerckhofs, G., et al., “Validation of x-ray microfocus computed tomography as an imaging tool 
for porous structures”, Review of Scientific Instruments 79(1), 1-9 (2008).

[11] Kerveno, et al., “Measurement of (n,xng) reactions of interest for the new nuclear reactors”, 
these proceedings.



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011 131

ModelliNg d-be aNd d-c NeutroN sources For spiral-2

Modelling d-Be and d-C neutron sources for SPIRAL-2

Mitja Majerle,1 Stanislav P. Simakov2

1Nuclear Physics Institute of the ASCR, Řež near Prague, Czech Republic
2Karlsruhe Institute of Technology, Karlsruhe, Germany

Abstract
SPIRAL-2 facility, which is currently under construction will produce intense white neutron spectra 
using deuteron beams (30-40  MeV) bombarding thick Be and C targets. The experimental data 
describing neutron production and induced radioactivity in these types were studied and data were 
fitted to phenomenological models to be used in future calculations concerning SPIRAL-2 and similar 
facilities.
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Introduction

The future SPIRAL-2 facility, currently under construction at GANIL, Caen (France), will consist of a 
high-power superconducting driver LINAC delivering a high-intensity deuteron, proton and heavy 
ions beams [1]. Deuterons (30-40 MeV) bombarding thick Be and C targets will be used to produce an 
intense white neutron spectrum.

To predict the intensity and spectra shape of these neutron sources dedicated and validated 
computational tools and relevant cross-section data are needed. White energy neutron sources 
exploiting the irradiation of Be or C targets with deuterons were not sufficiently studied so far.

MCNPX calculations with built-in nuclear reaction models disagree with available experimental 
data up to factor of 2-3 [2], and we tried to get a more precise simulation for neutron yields from 
beryllium and carbon targets under deuteron bombardment by employing the stripping and 
compound models for deuteron-nuclei interactions. This approach was previously developed for the 
modelling of the d-Li neutron source and was implemented in the McDeLi code [3].

The radioactivity induced in Be and C type of targets was calculated with the EASY-2007 code 
package [4].

Available models and software for d-Be and d-C source modelling

The McDeLi code [3] is an extension to the MCNP code with a source subroutine fo1r the modelling 
of the neutron spectrum from the d-Li reaction. The approach used for the Li target can be applied 
to Be and C, and the adapted McDeLi code can be used to model the neutron production in these 
targets. The main modifications of the code include the substitution of ionization losses and nuclear 
parameters of the target materials. Free model parameters were also fitted to experimental data.

Evaluating and modelling experimental data for Be and C targets

The experimental data for reactions of deuterons on Be and C were collected from various 
experiments with thick targets that were performed from 1960’s up to now, with the energies 
ranging from few MeV up to tens of MeV. The most common experimental method used was the 
Time-Of-Flight measurement (TOF), which can determine the neutron spectra from 0.2 MeV up to 
the energy of the deuteron beam. Figures 1 and 2 show the collected data in forward directions 
together with the values for Be and C targets modelled with the modified McDeLi code. Figures 3 and 
4 show the total neutron yields in the forward direction together with modelled values. In Figures 5 
and 6 the comparison of experimental and modelled values for other directions is shown.

The produced neutron spectrum consists of the forward oriented neutrons with the peak 
around half of the deuteron energy originating from the stripping process and of the isotropic 
neutron continuum at energies below 5 MeV from compound reaction, see Figure 6.

The experimental data are mainly focused on the peak of the stripping neutrons and several 
sets of measurements in this neutron energy region exist. The disagreement between different sets 
of measurements is around 30% for Be and 50% for C targets. The uncertainty of the modelled data 
is mainly caused by the disagreement between experimental data.

However, few experimental data describing the neutron spectrum below 3 MeV are available, 
and the accuracy of the modelled data in this neutron energy region is poor. The uncertainty can 
reach up to 100%. But, in forward directions and at deuteron energies of ca. 30 MeV, the contribution 
of neutrons below 5 MeV to the total neutron yield (and its uncertainty) is 10-20%.

The model predictions satisfactory describe the total neutron yield in forward direction for Be 
and C targets (Figures 3 and 4). These values concern mostly the neutrons from stripping process 
(most experimental spectra were integrated above few MeV threshold).

The angular distributions of neutrons from both types of targets seem to be modelled satisfac-
tory. Drastic decrease of accuracy at larger angles is not expected (Figure 5 and 6).
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Figure 1: Experimental (symbols connected with lines) and simulated (thick lines) spectral  
neutron fluences in the forward direction at different deuteron energies for Be target
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Figure 2: Experimental (symbols connected with lines) and simulated (thick lines) spectral  
neutron fluences in the forward direction at different deuteron energies for C target
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Figure 3: Total thick target neutron yield in the forward direction for different deuteron  
energies for Be target. Experimental (symbols) and modelled (thick line) values. Modelled  

values were obtained by the integration of the spectra from 5 MeV upwards.
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Figure 4: Total thick target neutron yield in the forward direction for different deuteron  
energies for C target. Experimental (symbols) and modelled (thick line) values. Modelled  

values were obtained by the integration of the spectra from 4 MeV upwards.
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Figure 5: Angular distribution of the neutrons from Be target irradiated with 33 and  
65 MeV deuterons. Experimental (symbols) and modelled (solid line) values.
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thick Be target. Experimental values (symbols) and modelled (solid line) values.
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Estimation of the radioactivity induced in the Be and C targets

The number of radioactive nuclei and their g dose rates after the irradiation were calculated with the 
code package EASY-2007 [4]. An irradiation of Be and C thick targets with 50 mA of 40 MeV deuterons 
during 10 days was assumed.

It was found that the radioactive isotope 7Be contributes the highest  g dose rate from both 
targets. Cooling times before the g dose rate decreases under hands-on limits at 0.3 m distance are 
in orders of years for the Be target (Figure 7) and months for the C target (Figure 8) after assumed 
irradiation period of ten days. Suitable target shielding and transport systems should therefore be 
considered for the target construction.

The calculated radioactivity of the Be target was compared to the values found in the EXFOR 
database. The agreement in the same order of magnitude was found, which is pointing out the 
disagreements between experimental cross-sections for thin (used in calculation) and thick targets.

Figure 7: FISPACT calculated g dose rate at 0.3 m distance from Be target  
after 10 days irradiation with 50 mA deuteron current at 40 MeV
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Figure 8: FISPACT calculated g dose rate at 0.3 m distance from C target  
after 10 days irradiation with 50 mA deuteron current at 40 MeV
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Conclusion

SPIRAL-2 neutron sources consisting of Be and C targets bombarded by deuterons with energies 
around 30  MeV can be reliably modelled with a modified version of the McDeLi code which 
implements Serber stripping and compound reactions.

The experimental data for the neutron production in the Be and C targets bombarded with 
deuterons were extracted from several publications, and are modelled with an accuracy around 30% 
for Be and 50% for C targets above 5 MeV neutron energy.

The radioactivity of the targets after the deuteron irradiation was estimated with the EASY-
2007 code package. It was found that 7Be presents the major contribution to the g dose rate in both 
types of targets, and that after a typical irradiation session the cooling times will be in the orders 
of months for C target and years for Be target. Transport and shielding systems should be therefore 
considered for the target construction.
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Abstract
The contribution is an overview of the recent and the foreseen major investments in the field of 
nuclear physics research in IFIN-HH. In particular, the experimental infrastructure for nuclear physics 
made available during the last years at the TANDEM Laboratory of IFIN-HH will be presented, with 
emphasis on gamma spectroscopy, including a novel in-beam fast-timing infrastructure using a unique 
mixed array of LaBr3:Ce and HPGe detectors.

The major development project for the Nuclear Physics research in Romania is the construction of the 
ELI Nuclear Physics pillar in the Magurele research campus. The present status of the ELI Nuclear 
Physics project will be presented, together with several research possibilities that will be opened by 
the construction of the facility.
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Introduction

With a history extending over more than 50 years, the nuclear physics research in the “Horia 
Hulubei” National Institute for Physics and Nuclear Engineering (IFIN-HH), located in the Bucharest-
Magurele campus, was continuously of the high level according to the scientific standards. Due to 
significant investments in the experimental infrastructure, IFIN-HH developed constantly during 
the last five years and started to become an important experimental infrastructure in Europe.

The TANDEM Laboratory

Since its commissioning in 1976, the TANDEM accelerator of IFIN-HH was intensively used for experi-
mental research in fundamental nuclear physics. The maximum voltage originally was 7 MV and was 
later extended to 9 MV. In 2006 started a detailed program of modernization of the accelerator, and until 
2010 all major components were replaced. The original charging system was replaced with a Pelletron 
chain system, which has an improved charging efficiency and is more reliable in operation. The accel-
erator tubes were changed with a new set with Titanium electrodes and spiral fields. The ion optics 
inside the accelerator was also improved, leading to ion transmission typically at the level of 90-95%. 
At present the TANDEM has three ion sources: a SNICS-II sputtering source for normal experiments 
requiring currents over 1 particle-nA on target, an AMS-dedicated MC-SNICS-II sputtering source, and 
a duoplasmatron alpha-particle source with charge exchange on Lithium. In 2009 was commissioned 
a fast beam pulsing system in nanoseconds range, consisting in a chopper with 5 MHz frequency and 
sub-divisions and a 25% packing buncher with pulse duration between 1 and 3 nano seconds. The pulsing 
range of the accelerator is extended to the millisecond range using a chopper system constructed in the 
laboratory and installed on the “low-energy” side, between the ion sources and the accelerator. The mod-
ernization program leads to significant increase of the reliability in operation of the accelerator, and at 
present it works at the level of 5000-6000 hours of beam delivered per year. From 2009 the experiments 
at the IFIN-HH TANDEM are accepted after a peer-review from the recently established international 
Physics Advisory Committee (PAC) of the accelerator.

Besides the modernization of the accelerator, significant investments in the experimental 
infrastructure were made during the last years. At present there are six beam lines, most of them 
with dedicated experimental setups: a gamma spectroscopy and in-beam fast timing setup, one 
multi-purpose reaction chamber for RBS and ERDA material analysis techniques, one setup for the 
study of ionization processes via X-ray and charged-particle spectroscopy, one beam line equipped 
with a large reaction chamber and a high-granularity, 80 element neutron detectors array for the 
study of nuclear reaction mechanisms, one dedicated AMS beam line and one 0 degree magnetic 
separator for reactions in inverse kinematics. A relatively large number of different gamma and 
charged-particle detectors were also acquired, in the laboratory being available at present a number 
of 18 55% HPGe detectors, two 120% Clover HPGe detectors, 4 Germanium LEPS detectors, BGO anti-
Compton shields and several Si E-DE telescopes of different sizes.

The Clover detectors together with two 55% HPGe were used to build a high-efficiency decay 
spectroscopy setup, used mostly to measure sub-barrier cross-section with the stack activation 
technique, and also for gamma spectroscopy in nuclei populated following beta decay.

The in-beam fast timing array
One of the gamma spectroscopy projects that allowed addressing research topics which complement 
the experiments performed at other experimental facilities and provides uniqueness to the IFIN-HH 
TANDEM Laboratory is the construction of a mixed HPGe-LaBr3:Ce detectors array for in-beam fast 
timing experiments. Launched on the market during the last five years, the LaBr3:Ce scintillation 
detectors provide the best gamma-ray relative energy resolution achievable with scintillators, between 
2 to 3% depending on the size of the crystal. On the same time, these detectors have very good timing, 
with time resolution of about 160 picoseconds for 1.5”x1.5” cylindrical crystals and support very high 
counting rates. These characteristics make them ideal for in-beam measurements of excited states 
in nuclei produced in fusion-evaporation reactions, provided that the original complexity of the raw 
spectra is reduced by appropriate selections made using high-resolution HPGe detectors.
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The “Fast Timing” array set up at the TANDEM Laboratory (Figure 1) can accommodate up to 8 
LaBr3:Ce detectors and 8 HPGe detectors, in a flexible geometrical configuration. The granularity of 
the array is suitable for in-beam measurements, where relatively long cascades of gamma transitions 
are produced in fusion-evaporation reactions. The HPGe detectors are standard cylindrical detector 
with 55% relative efficiency, and the LaBr3:Ce are as follows: 3 elements cylindrical 2” × 2”, 3 elements 
cylindrical 1.5” × 1.5”, and 2 elements with truncated cone shape, 1” smaller diameter, 1.5”  larger 
diameter and 1.5” height. The absolute detection efficiencies for 1.33 MeV are ~0.7% for HPGe sub-
array and respectively ~0.5% for LaBr3:Ce sub-array. Details about the electronic processing of the 
signals coming from the detectors and data analysis procedure can be found in reference [1].

After building the in-beam fast timing setup, in the commissioning phase several test experi-
ments were performed to investigate the performances of the apparatus. First, the lifetime of the 
yrast 7/2+ state in 107Cd was re-measured, and the value obtained, 0.69(3) ns is in good agreement 
with the adopted value of 0.71(4) ns. Another test experiment aimed to approach the lower limit 
for the lifetimes that can be measured with the setup. From the systematic the lifetime of the first 

Figure 1: The “Fast Timing” array at the TANDEM Laboratory in Magurele

	  

Figure 2: Spectra illustrating the measurement of the first 3/2+ state in 199Tl using the centroid shift 
method and the systematic of B(M1) and B(E2) for corresponding 3/2+ ® 1/2+ in odd-A Tl isotopes
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3/2+ state of 199Tl is expected to be ~100 ps or smaller, and since this nucleus can be easily populated 
using the 197Au(a,2n) reaction, it was selected as test case. With the “Fast Timing” array we obtained 
for the half-life of the first 3/2+ state in 199Tl the value of 47(3) ps, corresponding to a perfect agree-
ment with the systematic of the M1 and E2 reduced transition for the same state in odd-A Tl isotopes 
(Figure 2).

These results demonstrated the sensitivity of the array, which can be used to measure in-beam 
half-lives from 20 nanoseconds down to the level of 50 picoseconds. The lower limit of this range 
overlaps with the upper limit for plunger measurements, and until the construction of the Bucharest 
“Fast Timing” setup was not covered by a dedicated in-beam gamma spectroscopy array. Respect 
to plunger method, the electronic timing method has no geometrical restrictions regarding the 
placement of the detectors relative to the beam axis, thus a better detection efficiency can be 
obtained, and consequently more precise experimental results. One should also consider the fact 
that lifetimes of hundreds of picoseconds were typically measured for states populated following 
beta decay with fast detectors placed in tight geometry. Using the in-beam fast timing technique 
one gain access to a multitude of excited nuclear states which are not populated in beta decay but 
are populated in reactions with light or heavy ions.

The “ELI Nuclear Physics” Project

Experimental techniques based on the use of conventional lasers are present in Nuclear Physics 
studies from decades, and proved to be extremely useful in the investigation of the properties of the 
nuclei. All of them are low-energy techniques and use the atomic electrons as a “bridge” to access 
information about the nucleus. During the last decade since one of the major scientific achievements 
obtained in the beginning of the 2000s was the experimental prove of the possibility to obtain 
radioactivity by hitting a target with a high-intensity laser beam. The high electromagnetic fields 
of the laser beam accelerate the electrons and the atomic nuclei from the target and several kinds 
of radiations are generated in primary and secondary processes: electrons, protons, heavy ions, X 
and gamma rays. Each of these is distributed in a specific energy range, strongly depending on the 
power of the laser source. At the present high-intensity laser facilities, with powers of ~1 PW or 
below, the energy transferred to protons or heavier ions is large enough to induce nuclear reactions. 
Processes as fusion-evaporation, fission or direct reactions, all induced by laser-generated secondary 
particles, have been observed. All these experimental discoveries triggered inside the Extreme Light 
Infrastructure (ELI) collaboration, which has the goal to construct a distributed experimental facility 
for physics with high-intensity lasers in Europe, the idea of building a dedicated pillar for nuclear 
physics studies. The site chosen for the nuclear physics pillar (ELI Nuclear Physics – ELI-NP) is the 
Bucharest-Magurele campus, near IFIN-HH and very close to the TANDEM Laboratory.

For the Extreme Light Infrastructure - Nuclear Physics facility two central instruments are planned:

1. A very high intensity laser beam, where two 10 PW lasers can be coherently added to the 
high intensity of 1023 − 1024W/cm2 or electrical fields of 2×1015V/m.

2. A very intense, brilliant, very low bandwidth, high-energy g  beam, which is obtained by 
incoherent Compton back scattering of a laser light on a very brilliant, intense, classical 
electron beam.

A detailed description of the high intensity laser system, of the gamma beam and of the physics 
to be addressed at the ELI Nuclear Physics facility can be found in the White Book of the project [2]. 
In the following we will only briefly summarize them.

The high intensity laser system will consist of two lasers with 10 PW peak-pulse power, pulse 
width between 25-160 fs, pulse repetition rate between 1/10 - 1/60 Hz, contrast better than 1012, and 
focused laser intensity ≥ 1023 W/cm2. With coherent combination of the two lasers, intensities up to 
1024 W/cm2 might be achievable. These lasers will have the pulse power with one order of magnitude 
larger than the existing high intensity lasers, which have up to 1 PW. In order to reach these laser 
parameters, the most favourable solution for ELI-NP laser facility is to use OPCPA technology at the 
front-end and Ti:Sapphire high-energy amplification stages.

The Gamma Beam will be generated using a warm LINAC in X-band RF (120-180 MeV/m) plus 
532nm laser, similar to MEGA-ray LLNL’s project. This approach is based on the interaction of short 
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pulse lasers with relativistic electrons generated by a warm LINAC to create ultra bright mono-
energetic gamma-ray beams. The scattered radiation is Doppler up shifted by more than 1,000,000 
times and is forwardly directed in a narrow, polarized, tuneable, laser-like beam. The Gamma Beam 
of ELI-NP follows closely the MEGa-ray facility currently being constructed at LLNL. It will use the 
same X-band LINAC technology but extended from 250 MeV to 600 MeV and the same state of the 
art 120 Hz diode pumped laser technology but extended from 1 J to 10 J. It will duplicate as much 
as possible the control systems and hardware being developed for LLNL machine. The reflective 
laser for the production of g-rays will run reliable at the high repetition rate of 120 Hz using 
diode pumping. By using a ring-down cavity for the laser pulse, within the macro-pulse of 120 Hz 
repetition rate, 100 micro-pulses can be realized, increasing the overall repetition rate to 12 kHz. 
The experiments envisaged with the g source defined severe constraints for the parameters of the 
g beam: bandwidth equal or higher than 10−3, energy up to 19 MeV to access all GDR, total flux higher 
than 1013 photons/sec, peak brilliance higher than 1022 photons mm−2 mrad−2 s−1 (0.1% BW)−1 in order 
to improve the ratio effect-background.

At ELI Nuclear Physics facility will be possible to perform either experiments requiring the 
high intensity laser and the gamma beam synchronized on the target or experiments using only 
one of these systems. The facility will make possible a broad range of experiments addressing 
topics of high interests in the present time, as presented in the White Book of the project [2]. Due to 
the specific nuclear physics profile, it will be possible to develop and use complex, high sensitivity 
nuclear spectroscopic techniques to characterize the radiations emitted when the high intensity 
laser pulse interacts with the target. Using the recently observed Radiation Pressure Acceleration 
mechanism it might be possible to obtain bunches of accelerated ions with the density close to the 
density of the original solid matter. When such a dense bunch is stopped in a thick layer is possible 
to observe large deviations from the Bethe-Bloch formalism for the stopping of heavy ions in matter. 
The dense ion bunches created and accelerated with the high intensity laser might also be used to 
produce very exotic isotopes which cannot be produced at the projected radioactive beam facilities. 
With the high-resolution gamma beam it will be possible to investigate the fine structure of the 
dipole excitation in nuclei, the GDR and Pigmy resonances, and other aspects of nuclear structure. 
On the other hand, the intense and high-energy gamma beam can be used to produce high-quality 
positron beams, with many applications in the materials science.

The ELI Nuclear Physics project was from the beginning strongly supported by the Romanian 
Government. At present, the feasibility study is completed, and after the approval from the 
Romanian Government the funding application was send for pre-evaluation to the EC agency 
JASPER. The final approval of the project from European Commission is expected in summer 2011, 
and the construction phase to take place between 2012 and 2015.
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Abstract
A common method for simulating the thermal neutron conditions in the stellar interior is based on 
the 7Li(p,n)7Be reaction near threshold energy. This method was pioneered at FZK, Karlsruhe, by 
Ratynski and Kaeppeler  [1]. Maxwellian-averaged neutron capture cross-sections of mean energy 
25  keV, relevant to the s-process nucleosynthesis, are measured at existing Van-de-Graaff (VdG) 
proton accelerators. Soreq NRC Applied Research superconducting linear Accelerator Facility (SARAF) 
phase 1 [2] is in its final stage of commissioning. Maxwellian averaged neutron capture cross-section 
measurements are planned to be conducted using a forced-flow closed-loop liquid-lithium target 
(LiLiT) [3]. The proton beam energy spread of RF linear accelerators, such as SARAF, is typically larger 
than the spread of proton beams of VdG accelerators. The energy spread of SARAF proton beam at 
1912 keV is calculated to be of the order of 20-40 keV FWHM as compared to about 3 keV FWHM 
for VdG accelerators. For simulating the SARAF proton beam we performed an experiment at the 
IRMM-Geel VdG using a gold foil degrader positioned before the LiF target. This degrader shifts the 
mean proton energy to 1912 keV and it broadens the proton beam energy to values simulating the 
spread of the proton beam at SARAF. For calibrating the cross-sections we also performed a 7Li(p,n)7Be 
experiment without the gold foil degrader at a proton energy of 1912 keV. The VdG was operated in a 
pulse mode and the neutron energies were determined by time-of-flight measurements using 6Li glass 
detectors. Detector efficiencies were obtained by Monte Carlo calculations. We present our study and 
compare the results for both narrow and broad energy proton beams. Comparison to calculations is 
also shown.
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Introduction

A common method for simulating the thermal neutron conditions in the stellar interior is based 
on the 7Li(p,n)7Be reaction near threshold energy. This method was pioneered at FZK, Karlsruhe, 
by Ratynski and Käppeler [1]. Maxwellian-averaged neutron capture cross-sections of mean energy 
25keV, relevant to the s-process nucleosynthesis, are measured at existing Van-de-Graaff (VdG) 
proton accelerators. Proton beams impinge solid targets of metallic lithium or LiF. Due to beam 
current limitations and heat removal limitations the neutron intensity is limited to about 109 n/s 
with an energy distribution peaking at 25 keV. This in turn limits the measurement of small neutron 
capture cross-sections in general and in particular capture cross-sections leading to short half life 
isotopes.

Soreq NRC Applied Research superconducting linear Accelerator Facility (SARAF) phase 1 [2] is 
in its final stage of commissioning. At the current stage the SARAF phase 1 RF linear accelerator will 
be able to accelerate protons up to energies of about 4 MeV and currents up to 3 mA. Maxwellian 
averaged neutron capture cross-section measurements are planned to be conducted using a forced-
flow closed-loop liquid-lithium target (LiLiT) [3]. The neutron fluxes for the 7Li(p,n)7Be reaction near 
threshold are expected to be around 8×1010 n/s.

The proton beam energy spread of RF linear accelerators, such as SARAF, is typically larger 
than the spread of proton beams of VdG accelerators. The energy spread of the SARAF proton beam 
at 1912 keV is calculated to be of the order of 20-40 keV FWHM as compared to about 3 keV FWHM 
for VdG accelerators. Beam spread is a crucial parameter determining the high energy tail and the 
angular distribution of the outgoing neutrons in the reaction 7Li(p,n)7Be near threshold.

For simulating the SARAF proton beam we performed an experiment at the IRMM-Geel VdG 
using a gold foil degrader positioned before the LiF target. This degrader shifts the mean proton 
energy to 1912  keV and it broadens the proton beam energy to values simulating the spread of 
the proton beam at SARAF. For calibrating the cross-sections we also performed a 7Li(p,n)7Be 
experiment without the gold foil degrader at a proton energy of 1912 keV. The VdG was operated in 
pulse mode and the neutron energies were determined by time-of-flight measurements using 6Li 
glass detectors. Detector efficiencies were obtained by Monte Carlo calculations.

We present our study and compare the results for both narrow and broad energy proton beams. 
Results for both narrow and broad proton energy beams include: neutron energy distributions for 
emission angles in the 0°-80°  range, average Maxwellian neutron energy, gold neutron capture 
cross-sections and number of neutrons per incident proton. The results of the narrow-energy beam 
are compared to results measured at FZK, Karlsruhe  [1]. Also, all uncertainties of the measured 
quantities are discussed. A comparison to calculations is also shown.

Figure 1: A schematics of the SARAF phase 1 accelerator
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SARAF RF linear accelerator

The high current SARAF accelerator phase 1 is now in the final stages of commissioning [2]. It will 
be capable of accelerating 3 mA of 4 MeV protons. Phase 1 is composed of an ECR ion source, an 
RFQ accelerator and 6 superconducting half wave resonators. Figure 1 is a schematic of the SARAF 
phase 1 accelerator capable of accelerating high currents of protons and deuterons to 4 and 5 MeV, 
respectively. Figure 2 is a schematic diagram of the prototype superconducting accelerator made of 
6 cavities and the experimental beam line.

Figure 2: The superconducting module (left) and the experimental beam line (right)

	  

	  	  	  	  	  	  	  	  	  	  	  

Figure 3: LiLiT liquid lithium target
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LiLiT liquid lithium target

The LiLiT target [3] is a windowless forced-flow closed loop liquid lithium target. The LiLiT setup is 
built as a loop circulating liquid lithium at a temperature of ~200° C and producing a jet (acting as the 
target) onto a thin concave supporting wall, driven by a rotating magnet inductive electromagnetic 
pump. The flow velocity is designed to be around 20 m/s. The liquid lithium is collected in a 
reservoir housing containing a heat exchanger with a mineral-oil closed loop. The target can holds 
currents up to 3.5 mA at proton energy of about 2 MeV.

Experiments at the IRMM VdG

The VdG
The IRMM VdG was operated in pulse mode at a frequency of 625 kHz. The proton pulse width was 
1 to 2 ns. The pulse frequency limits the flight path of 1 keV neutrons to 70 cm. The average current 
was ~ 0.1 μA. Energy calibration of the VdG was checked periodically by a “neutron threshold curve” 
around the threshold (1881  keV) of the 7Li(p,n)7Be reaction. Initially it was calibrated using the 
resonance of the 27Al(p,g)28Si reaction at 991 keV.

Experimental setup
The LiF targets were evaporated on a 1 mm copper plate. Their thickness was about 5 μm, much 
larger than the path length of a proton in the energy interval 1881 keV ≤ Ep ≤ 1912 keV. Two moveable 
6Li glass detectors were positioned at a distance 52 cm from the target and were moved in steps of 
50. The dimensions of the detectors were: (a) 2” diameter by 1” thick, (b) 1” diameter by 0.5” thick. In 
addition, a 6Li glass detector of diameter 2” by 1” thick was positioned at 12 degrees and at a distance 
70 cm from target. The stability of the beam energy was continuously controlled by the end point of 
the monitor detector neutron time spectrum. The anode pulse of each 6Li detector was split between 
a fast timing electronic channel and a slow energy electronic channel. List mode data were recorded 
in coincidence which enabled a 2D information of time-of-flight (TOF) versus energy. The electronic 
time resolution was 4 ns. Two other detectors were used as monitors: a 5” by 5” NaI and a neutron 
long counter. The experimental setup is shown in Figure 4.

Figure 4: Experimental setup of the 2 movable and one fixed monitor 6Li glass scintillation detectors
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Experimental results
Measurements of the angular-energy distributions of the emitted neutrons were conducted for a 
narrow energy beam of standard spread s ~ 1 keV and for a broad energy beam of s~15 keV. Figure 5 
displays a typical TOF spectrum showing the gamma peak (off-scale) to the right, and the neutron 
contribution at longer flight times to the left. The insert shows the gamma TOF distribution with 
FWHM  ≤  4  ns. The sources of gamma rays are the 7Li(p,p’g), 19F(p,a)16O* and 7Li(p,g)8Be reactions 
(prompt peak), gamma rays produced upstream by protons striking accelerator components, and 
gamma-rays from neutrons captured in the room and from the natural background.

Figure 5 also shows a 2D scatter plot where TOF is the X-axis and pulse height (energy) is on 
the Y axis.

The broad energy beam was achieved by bombarding 2093 keV protons on a 2 μm thick Au foil 
positioned in front of the LiF target as shown in Figure 6. The gold foil shifted the beam energy down 
to 1912 keV with the expense of beam broadening due to straggling estimated to be s(E)~15 keV.

Figure 5: 2D display of energy versus TOF (right) and a TOF spectrum (left)
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Figure 6: Generating a broad energy beam by a 2 µm thick gold foil
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The steps conducted to obtain the energy distribution of the neutrons were as follows:

•	 Selecting a 2D window for the neutrons;

•	 Converting time of flight to neutron energy;

•	 Subtracting background from scattered gammas and neutrons;

•	 Correcting for efficiency of the detectors for each neutron energy;

•	 Correcting for solid angle of each detector;

•	 Sum all energies at all angles to obtain the integral energy distribution.

The energy spectra obtained for the narrow and broad energy beams are displayed in Figure 7.

Figure 7: Energy distributions for narrow-energy (blue) and broad-energy (green) proton beams.  
Also a comparison to a semi-Maxwellian energy distribution with kT=25 keV (red)

	  

Figure 8: Energy distributions for narrow-energy proton beam and a comparison to  
Ratynski-Käppeler data [1] and to a semi-Maxwellian energy distribution with kT=25 keV
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Figure  8 compares the narrow beam energy distribution to that obtained by Ratynski and 
Käppeler [1] and a semi-Maxwellian with kT=25 keV.

It is clearly seen from Figure 7 that the energy spectra for the narrow and broad beams peak 
nearly at the same energy close to 25 keV. However the energy distribution for the broad beam has a 
larger tail to higher neutron energies. Figure 8 shows that the rise of the neutron energy distribution 
for the present data shifts slightly to lower energies as compared to the data presented in ref. [1].

Uncertainties in the determination of energy distributions
The uncertainties in the data reduction analysis are as follows:

•	 Neutron energy

- DE/E=2 Dt/t where t is the time of flight;

- The detector thickness affects the uncertainty more at the higher neutron energies than 
the lower ones;

- Dt has an electronic component ~ 4 ns FWHM;

- Dt/t (at 1 keV) ~ 0.4%, Dt/t (at 60 keV) ~ 2.7%;

- Dt has an error of 5% (1” detector) due to the thickness.

•	 6Li Detector Efficiency

- Multiple scattering inside the detectors mainly occurs due to oxygen and silicon nuclei 
composing the glass;

- Multiple scattering affects more the efficiency of a thicker and larger size 6Li detector;

- Multiple scattering changes the path length of the neutron, thus affects the flight time 
till an absorption with 6Li occurs.

•	 Multiple scattering of stray neutrons and gamma rays (background subtraction)

- The neutron energy distribution has a random background of neutrons and gamma 
rays. It was assumed that the background is equal at each time bin and is equal to the 
background between the gamma flash and the neutron end point as shown in Figure 5. 
This background increases the uncertainty in data reduction of the neutrons and 
especially affects the low energy neutrons having lower statistics.

Gold activation cross-sections
The uncertainties in the data reduction analysis are as follows:

Experimental gold activation, 197Au(n,g)198Au, cross-sections for the integral neutron distribution 
were also measured for the narrow-energy and broad-energy beams and for cone angles ~60° and 
~80°. Figure 9 shows the geometrical positions of the planar gold foils. The gold foils were positioned 
at 1 mm and 5 mm from the target and their diameters were 18 mm and 22 mm respectively. The 
procedure for deriving the cross-sections was a three step process as follows:

a. Measure the 7Be activity of the target, extract the number of emitted neutrons due to the 
reaction 7Li(p,n)7Be. Accurate current integration was essential.

b. Measure the activity of the gold foils and correct the activity for the number of neutrons 
emitted to a cone covered by the gold foil to the total number of neutrons. Scattering by the 
copper target backing is taken into account.

c. Correct the experimental activity measured using the planar gold foils to an expected 
activity of a hemispherical foil with the aid of Monte Carlo calculations and then estimate 
the gold activation cross-sections.

Activity measurements of both 7Be and 198Au were conducted using a low background HPGe 
detector.



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011150

experiMeNtal study oF saraF eNergy-broadeNed beaM oN the 7li(p,N)7be NeutroN spectruM

Table 1 shows the correction factors applied to correct the gold foils activity from a planar to 
hemispherical shape. The correction factors were obtained using the Monte-Carlo code SimLiT [5] 
for the 7Li(p,n)7Be neutron production and the GEANT4 Monte Carlo code for the transport of the 
outgoing neutrons from the 7Li target till they interact via the (n,g) reaction with the gold foil. The 
calculations take into account the varying effective thickness of the Au target with scattering angle 
and the scattering of neutrons by 1 mm copper backing of the target.

Table 2 shows the experimental 197Au(n,g)198Au cross-sections averaged over the neutron spectrum 
obtained from the proton beams with narrow and broad energy. A comparison to the cross-section 
cited by Ratynski and Käppeler [1] is also given for the narrow beam and good agreement is observed.

We also calculated from the 7Be activity the number of neutrons/proton in the 7Li(p,n)7Be 
reaction generated for both narrow and broad beams. In Table 3 we compare these ratios to our 
calculations with SimLiT code [5] and to the PINO code [4]. It is seen that the results of the SimLiT 
Monte Carlo code [5] are in decent agreement with experimental results.

Figure 9: Experimental setup for measuring the gold activation cross-section (not to scale)

	  

Table 1: Correction factors applied to modify the experimental activity of the planar 
gold foils to the expected activity of a hemispherical shape gold foils

Narrow beam Broad beam
target 1 1/1.25 1/1.32
target 2 1/1.17 1/1.07

Table 2: Experimental gold activation cross-sections and comparison to FZK result

Narrow beam Narrow beam FZK [1] Broad beam
target 1 cross-section (mb) 596±12 586±8 652 ±12
target 2 cross-section (mb) 582±12 607±20
average cross-section (mb) 589±12 586±8 630±16
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Conclusions

•	 The energy distribution for the broad-energy beam of s=15  keV is similar to that of the 
distribution of the narrow energy beam and they peak nearly at the same energy. The broad-
energy distribution has a tail extending to higher energies than that of the narrow-energy 
beam.

•	 The neutron distribution of the broad-energy beam better matches a Maxwellian flux 
distribution of kT=25 keV.

•	 The neutron energy distribution for the narrow-energy beam is slightly shifted to lower 
neutron energies compared to that measured by Ratynski and Käppeler[1].

•	 The ratio between the average gold activation cross-section for the broad-energy beam and 
that of the narrow-energy beam is (1.070±0.035).

•	 The gold activation cross-section for the narrow-energy beam agrees well with that 
measured by Ratynski and Käppeler [1].

•	 It was necessary to incorporate Monte-Carlo calculations to complement the experimental 
data analysis for estimates of:

- Multiple scattering inside the detector;

- The change of path length of the neutron in the detector which is reflected in change of 
flight time;

- The efficiency of the detectors;

- Scattering of neutrons in the 1 mm copper target backing;

- The angular distribution of the neutrons impinging the gold foils;

- Removal of neutrons from the expected cone by the 1 mm copper backing of the LiF target.
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Table 3: Experimental and calculated neutron/proton  
ratios and comparison to calculations

Narrow beam Broad beam
experiment (1.10±0.02) x 10-6 (1.36±0.03) x10-6

Calculated (SimLiT [5]) 1.17 x 10-6 1.20 x 10-6

Calculated (PINO [4]) 0.9 x 10-6 0.9 x 10-6
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Abstract
The global energy demand continues to rise and nuclear power has a potential to be part of the solution 
of energy problem. Complete and accurate information about the nuclear reactions ensures developing 
and operating nuclear reactors to reach high efficiencies and adequate safety standards. This demands 
many nuclear data of improved quality, including covariance nuclear data and correlations. The new 
neutron source IREN (1 stage) has been put in operation at the end of 2009. The first stage includes 
the construction of the LUE-200 linear accelerator and non multiplying target. The first measured 
TOF spectra have been presented recently. The facility is in continuous completion and improvement 
(according to the full version in the project). The program for neutron data investigation on the IREN 
neutron source is in preparation. The measuring targets for neutron cross-sections TOF spectra would 
be selected between isotopes of construction materials, fission products and minor actinides. Now the 
experimental facilities are in preparation – detectors, innovative electronics equipment and systems 
for data acquisition and analysis.
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Neutron data needs

Complete and accurate information about the nuclear reactions ensures developing and operating 
nuclear reactors to reach high efficiencies and adequate safety standards. The next generation 
general purpose Evaluated Nuclear Data Files – ENDF/B-VII.0, JEFF-3, BROND-3 of recommended 
nuclear data for advanced nuclear science and technology applications contain data primarily for 
reactions with incident neutrons.

Nuclear data needs are determined by national priorities in present and future plans of nuclear 
energy production. Here we present only some considerations about data needs at present and taking 
into account possibilities of the neutron source IREN. High burn-up fuels, thermal and fast reactors 
lifetime extension, transmutation of structural materials, improvement data for fission products 
and taking into account increasing the contribution of  minor actinides. The main direction of 
national Russian strategy is closed fuel circle with fast reactors as the base of technological platform. 
Mainly minor actinides nuclear data fission cross-sections for Pu, Am and Cm isotopes, Am isotopes 
capture cross-section. These data are necessary for minor actinides transmutation to decrease nuclear 
waste radiotoxicology, for Th-U fuel cycle – the basic reserve for involving Th in nuclear power.

The NEA SG-26 working group stimulates selected measurements that answer generally accepted 
high-precision nuclear data needs, such as those identified by the recent on nuclear data needs for 
advanced reactors and ADS, as categorized in the High-Priority Request List for nuclear data.

Resonance region is important for advanced fuel cycle applications. Advanced fuel cycle will 
be closed thereby requiring that spent nuclear fuel be reprocessed to produce new fuel for nuclear 
reactors. The nuclear data for many of the actinides anticipated in the fuel reprocessing streams 
are not well known. Moreover, the safety basis for efficiently sized equipment, in terms of inventory 
and through put, will require the demonstration of acceptable margins of subcriticality. The minor 

Figure 1: IREN upper accelerator hall
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actinides data such as capture cross-section, fission cross-section, fission neutron yields, and fission 
product yields plays important roles as their concentration of the minor actinides become large. 
The traditional fast reactor model employs the separated plutonium as fuel. But the Gen-IV fast 
reactors will use mixed minor actinides to achieve the proliferation resistance goal. This means that 
the initial concentration of americium and curium will be not ignorable. The differences of data 
in major libraries are still significant. The resonance data in hundreds eV up to thousands eV 
region will play important role when the temperature of reactor increase.

IREN neutron source

The full-scale scientific research complex IREN will comprise a 200-MeV linear accelerator LUE-200 
with a beam power about 10 kW, and subcritical multiplying target. The characteristics of the full-
scale complex IREN (integral neutron yield 1015 n/s and pulse width 0.6 µs) will allow it to rank among 
the best neutron sources of such class. The realization of the project is conducted in several stages. 
The first stage includes the construction of the LUE-200 linear accelerator and non-multiplying target. 
This will make possible to carry out experiments which require precision neutron spectroscopy in 
the energy range from fractions of eV to few keV already at the first stage of IREN.

The first stage of the IREN neutron source has been put into operation at the beginning of 2009 [1].

At the end of 2009 the facility reached the following parameters:

•	 Energy of the accelerated electrons – 30 MeV;

•	 Peak current – 3 A;

•	 Pulse width – 100 ns;

•	 Repetition rate – 50 Hz;

•	 Beam power – up to 400 W;

•	 Target – non multiplying W;

•	 Integral neutron yield – about 1011 n/s.

Figure 2: Neutron flux density at 10 m flight path of IREN source.  
Calculated (solid squares) and measured (open circles).
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The parameters of the extracted neutron beam are estimated on the base of the experiment on 
neutron transmission through tantalum filter sample 2 mm thick (Figure 3). This element has strong 
resonances in total cross-sections in the energy region from eV to keV. This experiment has been 
performed in optimal background conditions.

The measured spectrum shows the reached wide energy interval.

FLNP operates also 2 neutron producing facilities: IBR-2 – a pulsed fast reactor which after 
modernization will be put into operation in few months; electrostatic neutron generator EG-5 for 
producing fast neutrons.

Experimental methods and facilities

Ultimate goal of any neutron data measurement is the obtaining of a set of resonance parameters 
for a given nucleus. Average, group and point-wise cross-sections can be reconstructed from these 
parameters for the required energy region using modern calculation techniques [2]. In order to extract 

Figure 3: Neutron transmission through Ta foil, measured with liquid  
scintillator detector. Experimental points and SAMMY [2] fit.
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Figure 4: Liquid scintillator detector counts vs. neutron energy at IREN  
60 m flight path. Sample – natural Cu foil. Time channel width – 250 ns.
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the resonance parameters in the most precise and unambiguous way, it is necessary to measure a set 
of different cross-sections for the given nucleus: total (transmission), capture, scattering, fission etc. 
In FLNP JINR a complex of experimental set-ups is under construction, which will allow to measure 
simultaneously or sequentially different neutron cross-sections at the IREN facility. The core of the 
experimental complex will be the 4p detector system “Romashka”. This is a modern version of the 
4p multisectional scintillation detector applied first in neutron spectroscopy by G.V. Muradyan [3] 
He gave this name to the detector with allusion to a special shape of scintillators (like a flower 
Daisy). This was a starting period of the multiplicity (of gamma quanta and neutrons per act of 
neutron-nucleus interaction) spectrometry method that insures many important results in precise 
measurement of resonance neutron cross-sections and their functions, parameters and spins of 
resonances etc. On the Figure 6 is presented one of the first systems Romashka.

This detector is assembled from 12 scintillators NaI(Tl) which are divided on two halves of 
6  crystals. The crystals measure in total is 16.6 l NaI(Tl) and they are placed in a cylinder with 
the outside diameter 30 cm. The scintillations of each crystal are seen through a light guide by a 
photomultiplier tube. We intend to use this detector for some auxiliary measurements on IREN.

The basic configuration of core multiplicity detector consists of 24 NaI hexagonal crystals 
200 × 78 × 90 mm equipped with modern photomultipliers and digital readout system. For specific 
measurements it can be supplemented by HPGe detectors for gamma-ray spectroscopy and Stilbene 
scintillator crystals for measuring fast neutrons.

Rather large inner diameter of 180 mm can allow for measurements with big targets which may 
partially compensate low neutron intensity from IREN. The following quantities can be measured 
using “Romashka” in combination with other auxiliary detectors:

Figure 5: 4π - multidetector system ROMASHKA

	  

 

	  

Figure 6: Detector system “Romashka”. The inner diameter  
is 180 mm. Total length of the sensitive part is 400 mm.
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Capture cross-section measurements
The most direct and obvious application of the 4p gamma-ray detector in the field of neutron data 
is the measurement of the capture cross-section. The target is placed in the centre of the detector, 
and the gamma-ray detection count rate is measured as a function of the neutron time of flight. 
Although the efficiency of the detector is rather high, but it’s not 100%, so some corrections should 
be applied in order to account for the variation of gamma-ray spectra and multiplicities for different 
isotopes and to extract the absolute value of the cross-section. A reference target with well-known 
cross-section should be used for normalization purpose. Gamma-ray multiplicity can be used as an 
additional parameter to increase the accuracy of the obtained data.

We have high-efficiency g-detector based on liquid scintillator which detects the neutrons via 
g-quanta cascades followed by neutron capture in a special converter within detector. The replacement 
of converter with target sample allows the use of detector for registration of neutron capture reactions. 
Overall detector design consists of 6  sections which surround cylindrical empty volume along the 
neutron beam. The total length of detector assembly is 700 mm with inner and outer radii 300 and 
730 mm respectively. Each section has a volume of 35 litres (210 litres for entire assembly). Inner surface 
of each section is covered with titanium oxide. Liquid scintillator represents a mixture of toluol with 
PPO (4 g/litre), POPOP (0.5 g/litre). Scintillator contains also B(OCH3)3 (about 50% of toluol) for decreasing 
of neutron lifetime in scintillator. Every section is equipped with two PMT which are attached to a 
section’s front and back sides. This detector has been used for various experiments in fundamental and 
applied neutron physics. The photo the detector from its back side is shown on Figure 7.

Total cross-section (transmission) measurements
The same detector can be used for transmission measurements. In this case the investigated target 
is placed in front of the detector, and in the centre of the detector a special converter is inserted. 
The converter consists of several rare-earth isotopes with high density of resonances, so that the 
resulting capture cross-section curve is rather smooth and the efficiency of conversion is rather 
high. The transmission is measured using standard sequence of measurements: without target and 
with targets of different thicknesses.

Figure 7: Liquid scintillation detector for investigation of neutron transmission and capture reactions. 
1-cap of individual PMT. 2-empty volume for the samples or converter, 3-safety siphones.
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Fission cross-section and α coefficient measurements
Fission cross-section can be measured with “Romashka” using multiplicity method [3, 4]. It exploits 
the fact that gamma-ray multiplicities for the fission process (typically 8-10) are significantly different 
from the capture process (typically 2-3). The multiplicity parameter can be used, after proper calibration 
and normalization, for simultaneous measurement of these two processes in one experiment for a 
fissioning target. Reference targets with known capture/fission cross-sections should be also used 
for normalization purposes. In addition, in FLNP JINR there are a number of specially designed fast 
ionization chambers which can be placed in the centre of “Romashka” and used as an additional 
external trigger for the fission cross-section measurements. The multiplicity method is especially 
useful for the a coefficient measurements, which is the ratio of capture to fission cross-sections.

Neutron and gamma emission from fission.
Addition of digitization electronics provides new features to gamma multiplicity measurements 
like pulse height and time peak-off evaluation from the individual pulses. Application of digital 
signal processing (DSP) algorithms reduces coincidence resolution down to the nanosecond scale 
(~1ns). Combination of time peak-off method with pulse height correction of detected multiplicity 
events dramatically suppresses the background as it was demonstrated in prompt fission neutron 
measurements [5].

Evaluation methodology

In the resolved resonance region the resonance analysis of experimental data will be performed by 
the code SAMMY Multilevel R-Matrix Fits to Neutron Data Using Bayes’ Equations.

For appropriate application of multiplicity method the necessity of using the codes GEANT and 
MCNP is obvious.

For unresolved resonances we can apply our code HARFOR and continue the investigations of 
neutron strength function energy structure [6].

Measurement and analysis of the experimental data of neutron transmission in dependence 
of sample thickness will give additional information for energy structure in the unresolved region.

The code NJOY will be explored for validation of the evaluation.

Start-up of Nuclear Data program

For development of Nuclear Data program on IREN we are using information for national require-
ment of neutron data from IAEA documents and especially the priority list of key materials identi-
fied by SG26 for advanced reactor systems [7]:

•	 19 actinides (cross-section covariances, nubar covariances) in priority order:

- 235,238U, 239Pu;

- 237Np, 240,241Pu, 241,242m,243Am;

- 232Th, 233,234,236U, 238,242Pu, 242,243,244,245Cm.

•	 34 structural, moderator and coolant materials (cross-section covariances) in priority order:

- 16O, 23Na, 52Cr, 58Ni;

- 1H, 12C, 28Si, 90,91,92,94Zr, 206,207,208Pb, 209Bi, 4He, 6,7Li, 9Be, 10B, 15N, 19F, 27Al, 56,57Fe, 155,156,157,158,160Gd, 
166,167,168,170Er.

A possible candidate for starting and testing measurements of nuclear data seems to be natural 
Gadolinium, namely measurements of natural Gd neutron capture cross-section, transmission and 
self-indication.
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Gd with very big thermal neutron cross-section is important for the nuclear technology new 
type nuclear fuel fabrication. So called “Gadolinium” fuel became popular ultimately.

Gd with very big thermal neutron cross-section and big magnetic moment is applicable in 
medicine for neutron capture therapy and nuclear magnetic resonance
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Abstract
The Monte-Carlo burn-up code ALEPH is being developed in SCK∙CEN since 2004. Belonging to the 
category of shells coupling Monte Carlo transport (MCNP or MCNPX) and “deterministic” depletion 
codes (ORIGEN-2.2), ALEPH possess some unique features that distinguish it from other codes. The 
most important feature is full data consistency between steady-state Monte Carlo and time-dependent 
depletion calculations. Recent improvements of ALEPH concern full implementation of general-purpose 
nuclear data libraries (JEFF-3.1.1, ENDF/B-VII, JENDL-3.3). The upgraded version of the code is 
capable to treat isomeric branching ratios, neutron induced fission product yields, spontaneous fission 
yields and energy release per fission recorded in ENDF-formatted data files. The alternative algorithm 
for time evolution of nuclide concentrations is added. A predictor-corrector mechanism and the 
calculation of nuclear heating are available as well. The validation of the code on REBUS experimental 
programme results has been performed. The upgraded version of ALEPH has shown better agreement 
with measured data than other codes, including previous version of ALEPH.
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Introduction

The growing of computing power caused sustainable growth of the share of Monte Carlo codes 
in nuclear reactor research and development. These Monte Carlo codes can provide the most 
accurate locally dependent neutronics characteristics in realistic 3-D geometries of any complexity. 
However, they still have had limited applicability to follow the evolution of the system neutronics 
characteristics with time. There is a variety of Monte Carlo burn-up codes developed worldwide: 
MONTEBURNS [1], MCB [2], MOCUP [3], CINDER’90 incorporated into MCNPX [4], MVP [5], Serpent [6], 
MURE  [7], EVOLCODE  [8]. The common principle of these codes is steady-state Monte Carlo 
calculation of neutron fluxes and spectra followed by solving the system of Bateman equations for a 
given time step using the reaction rates calculated from these fluxes and spectra. Then the nuclide 
concentrations are updated and passed to Monte Carlo driver for recalculation of fluxes and spectra, 
etc. This procedure repeats up to the end of the irradiation and/or decay history. As a rule, these 
codes wrap around general purpose Monte Carlo radiation transport codes (MCNP [9], MCNPX) and 
depletion codes (ORIGEN [10], CINDER’90 [11]). However, some of them use built-in depletion modules 
(MCB, Serpent). The method of coupling is often is realized as a set of scripts which complicates its 
utilization by non-experienced users.

The general-purpose burn-up code ALEPH merging MCNP(X) Monte-Carlo radiation transport 
and ORIGEN-2.2 [10] depletion codes is being developed in SCK∙CEN since 2004 [12,13]. Belonging to the 
same category of shells coupling Monte Carlo transport and “deterministic” depletion codes, ALEPH 
possess some unique features that distinguish it from other codes. The most important feature is 
full consistency of cross-section data. The same unionized cross-section tables (i.e. cross-sections 
are linearized on the same energy grid) for a given nuclide are used for Monte Carlo transport and 
subsequent depletion calculations. The reaction rates are calculated at the beginning of each time 
step using the fluxes and spectra calculated by MCNP(X). ALEPH allows the user to change materials, 
temperature and geometry after each time step to reflect the irradiation conditions. Finally, the code 
is easy to use since it requires only several extra cards in MCNP(X) input file. The validity of ALEPH 
has been confirmed for different types of problems [14,15,16].

However, since ALEPH invokes ORIGEN-2.2 to perform time evolution calculations, it retains all 
limitations inherent to ORIGEN. This concerns the accuracy of matrix exponential method to solve 
Bateman equations and limited number of nuclear data involved.

The upgraded version of ALEPH code is free from these limits which makes it powerful and 
flexible burn-up tool.

Modifications to ALEPH

Several principal modifications have been made to ALEPH code: extending the nuclear data set, 
adding an alternative to ORIGEN method of obtaining nuclide concentrations, enabling the predictor-
corrector mechanism, and calculating of heating due to neutrons, photons and decay. Besides that, 
some minor corrections were made in order to improve the code performance and facility of use.

Nuclear data
Major improvement concerns nuclear data treatment. ORIGEN-2.2 is capable to treat only limited 
number of reactions (radiative capture, fission, (n,2n),(n,3n),(n,p) and (n,a)). However, the number 
of open reaction channels can be significantly higher and increases drastically for the problems 
involving energies higher than characteristic to nuclear reactors, such as in accelerator driven 
systems (ADS). The auxiliary utility, ALEPH-DLG [13] wrapping around NJOY code [17] was modified 
to be able to build the nuclear data library containing nuclide production cross-sections up to 1 GeV. 
The library can be constructed for a set of temperatures from basic general-purpose evaluation 
(JEFF-3.1.1 [18], ENDF/B-VII [19], or JENDL-3.3 [20]). Then it is extended to higher number of nuclides 
and reactions per target nuclide by adding the data from TENDL-2009 library  [21]. TENDL-2009 
contains ~2000 neutron files and ~1200 proton files for the nuclides with half-lives greater than 
one second. The upper energy limit in these files is either 200 MeV for the majority of stable and 
important unstable nuclides or 60  MeV for short-lived isotopes. Actinides, however, have upper 
limit 20 MeV. Final step is extension to higher energies using HEAD-2009 activation data library [22]. 
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HEAD-2009 library contains neutron and proton induced data for 684 stable and unstable nuclides 
in the primary particle energy range 150 MeV to 1 GeV.

Proton induced reactions can play an important role in investigating the time behaviour of 
spallation and activation products in an ADS. The capability to treat proton data was added to 
ALEPH. To summarize, the new library constructed by ALEPH-DLG consists of ~2000 neutron files 
and ~1200 proton files for individual nuclides with half-lives greater than a second. Files contain up 
to ~2000 reaction cross-sections with upper energy limit 1 GeV.

Since the number of reactions for an individual nuclide can be rather high, significant efforts 
were directed to accelerate the cross-section averaging over the spectrum produced by the MCNP(X). 
The algorithm of averaging in ALEPH and format of activation data storing (PENDF tapes generated 
by NJOY code) were found to be ineffective. The format of activation data files was changed to ACE 
(A Compact ENDF) dosimetry type [4,9] where only reaction cross-sections are recorded. A unique 
energy grid is employed for all neutron and proton induced reactions on all nuclides in the library. 
Tests have shown that the total time to get one-group averaged cross-sections for most complex 
problem (involving all reactions for all nuclides in the library, i.e. about 460,000 neutron and proton 
induced reactions) is comparable to the time to process ~3000 neutron reactions for most complex 
problem handled by previous version of ALEPH.

At the beginning of each time step ALEPH was updating only cross-sections in ORIGEN library, 
moreover, the cross-sections of reactions leading to metastable states remained unchanged. All other 
information, such as neutron fission product yields and radioactive decay data was not updated. 
The modified version of ALEPH is capable to use almost all data supplied in basic libraries, namely 
radioactive decay data (e.g. JEFF-3.1.1 radioactive decay file contains information for 3851 nuclides), 
total recoverable energy per fission of fissile nuclides, spontaneous neutron fission product yields, 
and direct neutron and proton fission product yields.

Method to obtain concentrations
ORIGEN-2.2 uses matrix exponential method to solve the system of first-order ordinary differential 
equations. It is clear however that the expansion series have limited accuracy due to round-off error, 
and, due to stiffness of a general system, short-lived nuclides must be removed from the system 
and treated separately (in ORIGEN-2.2, by Gauss-Seidel iterative technique) [23]. Modern computers, 
however, allow applying more precise methods of solving the stiff systems of first-order differential 
equations with constant coefficients. The implicit Runge-Kutta method of order 5 (Radau IIA, three 
stages) [24] with step size control and continuous output has shown reasonable performance and 
stability when solving the system containing up to ~4000 equations for all known nuclides. This 
algorithm has then been incorporated in the code. Typical running time strongly depends on the 
size of the system and for majority of the problems is not competitive with matrix exponential 
method (minutes versus seconds or even milliseconds). However, this is still significantly less than 
the MCNP(X) running time to obtain fluxes and spectra. A simple parallelization was implemented 
and could be invoked in case the number of burnable materials exceeds the number of CPU allocated 
to the problem (assuming that MCNP(X) runs in parallel mode). This reduces significantly the total 
computational time for huge problems with numerous burnable materials. ORIGEN-2.2 can still be 
used in ALEPH if the speed rather than quality is required.

Predictor-corrector algorithm
Previous version of ALEPH did not use any predictor-corrector mechanism. It should be noted 
however that predictor-corrector will obviously slow down the code since additional steady-state 
Monte Carlo calculations of fluxes and spectra are required. The best option from the quality/
performance point of view remains the fine binning of irradiation history, however it is not always 
possible to properly define it. This situation is somehow similar to the variance reduction technique 
inside Monte Carlo code itself: the best variance reduction is simply higher statistics, but for some 
problems such increase is not feasible.

In order not to severely overburden memory consumption, the approach from MCNPX [4] which 
originates from MONTEBURNS [1] was adopted for ALEPH. The fluxes and spectra are calculated at 
the beginning of time step, and then the concentrations are obtained at the half of the time step. 
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Using these concentrations, the fluxes and spectra are recalculated and finally the concentrations 
at the end of time step are computed on the basis of new fluxes and spectra. ALEPH takes the 
responsibility whether to apply predictor-corrector or not by comparing the nuclide concentrations 
and reaction rates at the beginning and end of time step.

Nuclear heating
The ALEPH-DLG utility was modified in order to provide the neutron and photon heating numbers 
(kerma-factors) in the ALEPH data files. Using these total kerma-factors, the energy release rates 
by neutrons and photons in the material could be calculated at the beginning of each time step by 
folding these numbers with neutron and proton fluxes, accordingly. Then they are integrated over 
the time together with decay energy release rates to get the total energy release in the material 
during the given time step.

Recoverable energy per fission or capture event
It is a customary to use the total power of the system or specific power per material when describing 
irradiation history. However, this power must be converted to flux in order to obtain the reaction 
rates for the right side of Bateman equations. The ALEPH uses the following ratio to get the flux 
value at the beginning of time step after steady-state Monte Carlo calculation:

 f = 6.242×1018 j MCNP
P

F ∑ wiQ fi + C ∑ wiQci
i i

⎛
⎜
⎝

⎛
⎜
⎝

 , (1)

where P is specific power of a given material in MW, F and C are the numbers of fission and neutron 
capture events occurred in the material per source particle simulated in MCNP(X) calculation, Q fi 
and Qci are energy releases per fission and capture events on nuclide i, wi stands for the atomic 
fraction of nuclide i in the material, and jMCNP is the track length estimate of neutron flux in MCNP(X) 
calculation normalized to source particle. The values of recoverable energies per fission and capture 
events are taken from ENDF/B evaluations. If the recoverable energy per fission event is not provided 
in nuclear data files, the ORIGEN-2.2 approximate formula is used [10]:

 Q fi = 1.29927×10-3Z²
i √A²i + 33.12, (2)

where Zi and Ai are charge number and atomic mass of nuclide i. The user however can alternatively 
input the desired value of recoverable energy per fission.

The implementation of the changes to ALEPH allows concluding that all the limitations 
related to nuclear data treatment and method to perform depletion calculations are eliminated, 
and possible final uncertainties in nuclide concentrations will depend on the original nuclear data 
uncertainties only.

Besides major improvements some  minor corrections were done, such as the possibility to 
follow time evolution of different material types (fuel, moderator, clad, etc.) in the same code run. 
The improved version of the code contains significantly reduced number of commands extra to 
standard MCNP(X) input than its predecessor.

Validation of modified ALEPH

The GDF Suez Company requested to validate ALEPH by comparison with the experimental data 
from the REBUS study [25], which they had acquired, and not with the MALIBU [26] or ARIANE [27] 
experiments, for example. It was therefore decided to undertake the validation study using the data 
from the REBUS experiment [28].
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The REBUS experiment
REBUS  [28] was an international programme aimed at providing an experimental database for 
validation of reactor physics codes used for burn-up credit estimations. As part of the experi-
ment, several UO2 fuel elements were irradiated for four full cycles in a commercial PWR at the 
Neckarwestheim NPP in Germany. The rods from the fuel assembly from this power plant then 
underwent first a gamma spectroscopy scan to determine their burn-up profile and later a radio-
chemical analysis, during which the majority of the radionuclides of interest, in particular, to code 
validation were determined with high precision. The REBUS experiment actually considered two 
different reactors and two different types of fuel, but it was assumed that the uniform nature of the 
flux in a large commercial power reactor should make simulations relatively straightforward.

Reliable data was also available on the geometrical and material properties of the fuel assembly. 
Its position in the reactor core, however, was not known and neither was the history of any possible 
reshuffling. This limited the simulation options to the fuel-assembly level (as opposed to a possible 
full-core calculation).

The power history had been calculated at the Neckarwestheim NPP applying a licensed 
deterministic code for this type of reactors from the Siemens Company, which used the reactor’s 
thermal output as a normalization factor. A separate computer code was used for the calculation of 
the fuel and moderator temperature history, whereas the data on the changing boron concentrations 
over time was available experimentally.

Model
The approach from [28] adopted 53 time steps of power history. The boric acid in the system was kept 
constant at the average value and a single, constant temperature was used for the moderator, the 
cladding and the fuel. The initial fuel composition was adjusted for the typical presence of 234U, the 
percentage of which was not specified in [28]. Assuming that the fuel was enriched by gas diffusion, 
the process of enrichment in 234U is similar to the one of 235U. One quarter of the 18x18 assembly was 
modelled, with reflective boundaries on two sides to mimic the symmetry of the system and the 
white boundaries on other sides to simulate an infinite assembly array. The model has no division of 
the fuel elements in the vertical direction, but each of the fuel pins was burnt separately (i.e. was a 
different material in ALEPH parlance). A sketch of the model is shown in Figure 1.

Figure 1: a) Model of fuel pin. The cladding thickness is 2.8 mm.  
b) Assembly model. The UO2 pins are coloured in yellow.

 (a) (b)
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Three different pin types were present in the assembly model: the UO2 fuel pin from Figure 1, a, 
the UO2-Gd2O3 pin and the empty guide-tube pin.

In addition to ALEPH itself, the results obtained with the 2-D deterministic code WIMS [29] recalcu-
lated to the reference date of the measurements have been used for validation. Calculations were also 
done using a pure ORIGEN-2.2 model, for which high-burn-up PWRUE libraries [10] matching the experi-
mental conditions were employed. Finally, results of MALIBU experiment [14] were also considered.

Discussion
The results of the comparison of nuclide concentrations are shown in Figure 2. They can be deemed 
satisfactory and comparable in quality with the ones from a previous verification attempt of the 
original ALEPH code  [14], which used the MALIBU program data. It has to be borne in  mind, of 
course, that the MALIBU program considered a very different reactor core setup, fuel composition 
and burn-up history, so that any comparison can only be qualitative.

The quantitative analysis was performed using two deviation criteria useful to perform 
statistical analysis when the values differ by several orders of magnitude:

 F = 10
1
N ∑

N

i=1
(lgCi

exp–1gCi
calc)²

, (3)

 H = 1
N ∑

N

i=1

Ci
exp – Ci

calc

DCi
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⎛
⎜
⎝

⎛
⎜
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²
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Figure 2: Deviation of calculated nuclide concentrations from experimental data
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where N stands for the total number of experimental points Ci
exp and Ci

calc are the experimentally 
measured and calculated nuclide concentrations, and DCi

exp represents the experimental error. The F 
criterion allows estimating adequately and reliably the correlation closeness between calculated and 
experimental data, while H accounts for experimental error [30]. The deviation factors are shown 
in Table 1.

The results of calculations with modified ALEPH code show improvement with respect to the 
related calculations by original ALEPH. It is observed from Figure 2 that very large discrepancies for Am 
and Cm isotopes found for ALEPH are no longer present among the results of calculation with upgraded 
ALEPH. It should be noted that the experimental error attributed to most of AM and Cm isotopes was 
quite high, reaching 36% for Cm-242. The concentrations for the major actinides are within 5% deviation 
from measured data. The 234U concentrations in the initial fuel compositions remain uncertain. Another 
isotope with a substantial discrepancy, 237Np, has a rather large experimental uncertainty attached 
to its value. This is a positive outcome of using a complete and consistent set of nuclear data both in 
MCNP(X) and in the depletion calculations.

The concentrations of fission products vary in quality with the nuclides present in higher amounts 
generally yielding better results and with the nuclides most important from the waste management 
point of view, such as 135Cs and 99Tc, showing a satisfactory match. The same is true of 137Cs, which was 
used for experimental gamma scanning, aimed at burn-up profile determination. The agreement with 

Table 1: Calculated deviation factors

Code F H
Malibu 1.146 0.137
wiMs 1.595 0.245
origeN 1.722 0.491
aleph 1.598 0.341
aleph new 1.495 0.204

Figure 3: Neutron induced FP yields from different libraries and codes. The total sum over all FP is 2.
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the experimental data is very good for the Nd isotopes, which testifies to the correct burn-up values 
used in the model. The results of most of the Sm isotopes are disappointing, however, as are those of Pd 
isotopes. This is attributed to results calculated with both ALEPH versions, as well as with ORIGEN-2.2. 
The reason is neutron induced fission product yields. They differ significantly between ORIGEN-2.2 
libraries and libraries used by upgraded ALEPH code (the calculations with FP yields from JEFF-3.1.1 and 
ENDF/B-VII were performed). For some nuclides the difference in FP yields is as high as several orders of 
magnitude which is vividly seen from Figure 3. It should be noted that in the standard ENDF evaluated 
files, as a rule, the FP yields are given only for thermal point, fast spectrum averaged and for 14 MeV. 
Thus the folding with neutron spectrum becomes one of the main sources of final uncertainty.

To summarize, the general trend is an overestimation of the calculated concentrations and the 
differences with the experimental data which exceed the uncertainties of the latter. However, for 
the current requirements of the nuclear industry, the achieved accuracy can be deemed satisfactory.

Conclusions

Two principal features of ALEPH Monte Carlo burn-up code, a nuclear data library covering neutron 
and proton induced reactions, neutron and proton fission product yields, spontaneous fission 
product yields, radioactive decay data, total recoverable energies per fission, and numerical solution 
of Bateman equations make this tool flexible and powerful. The area of application ranges from 
single pin model to full-scale reactor model, including such specific facilities as accelerator driven 
systems. In addition, the format of the input file used to describe the model and the irradiation 
conditions has been greatly streamlined, making introduction of errors in the parameters of the 
simulation much less likely.

The code has been validated on REBUS experimental data. There is notable improvement with 
regard to original version of ALEPH, ORIGEN-2.2 and WIMS codes. The fission products are generally 
overestimated which is attributed to the uncertainties in direct fission product yield data. However, 
the deviations from experimental data satisfy the current requirements.
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Abstract
A new automatic dosimeter for measurement of radiation dose from neutron and ionization radiation 
is presented. The dosimeter (kerma meter) uses commercial PIN diodes with long base as its active 
element. Later it provides a maximal dependence of the minority carriers life time versus absorbed 
dose. The characteristics of the dosimeter were measured for several types of commercial diodes. 
Device can be useful in many environmental or industrial applications.
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Introduction

In result of wide application of different types of semiconductor’s detectors in modern experimental 
nuclear physics today, stands up a new requirement to improve detectors reliability. The irradiation 
changes the properties of semiconductor materials due to the generation of defects, hence 
parameters of the detectors may be considerably changed. To investigate sensitivities of parameters 
of detectors under irradiation, the neutrons, protons and electrons are used. During the process of 
detectors irradiation the absorbed dose must be measured and the process of measurement must 
be as simple as possible.

The PIN diodes are used as a device for measurement of dose from fast neutrons and charged 
particles since 1959 [1]. But for the precise measurement of absorbed dose few important parameters 
must be controlled. They are the temperature, time interval after irradiation of the diode and also 
the parameters of test signal (amplitude of current and pulse width). Recent progress in developing 
the embedded systems allows to create simple and reliable devices which are easy to use. 
Measurements can be automated enough and it is possible to do all important corrections of data 
to output results in units of dose. In this article we describe the device for measurement of dose by 
measurement of forward voltage on PIN diode for given constant current. The device called RM20 
has been developed in frame of bachelor-ship’s work.

Short theory for optimal application RM20

The principle of application of PIN diode for measurement of absorbed dose is simple enough and 
described in works [2], [3]. Let us consider the PIN diode as it is shown in Figure 1. The total forward 
voltage can be presented in a form (1) (where Vfw is total forward voltage, Vpn – junction voltage, Vrb 
– voltage on resistance of part of i-type silicon).

 Vfw = Vpn + Vrb (1)

According to work [4] we can present dependencies for each component of total voltage using 
the semiconductor’s detector parameters as (2)

 Vfw = Vpn + Vrb = jT · ln + jT · ln
I(t) · Nd(Φ)

e · S · Ni
² · √ Dn · tn

⎡
⎢
⎣

⎡
⎢
⎣

I(t) + B(Nt[Φ])

A(Nd[Φ]) + B(Nt[Φ])

⎡
⎢
⎣

⎡
⎢
⎣
 (2)

The dependencies of the minority carriers life-time and resistance of silicon on the neutron 
dose can be obtained from  [4] and where jT=(ko·T/e), ko –Boltzmann constant, T - temperature, 
Φ-fluence, Nd is concentration and Dn diffusion length, tn time of life for majority carriers in i-Si, 
I(t)- forward current at time t, S- area of P-N junction, Ni – intrinsic carriers concentration for Silicon, 

Figure 1: The structure and equivalent circuit of PIN diode
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e- charge of electron, Knd and Knt– coefficient of dependencies for concentration of majority carriers 
and for traps with energy 0.6eV versus absorbed dose (Nd0, Nt0 - concentrations before irradiation), 
also

A(Nd[Φ]) = e · ·
Nd0 · exp(–Knd · Φ)

Ni
²Dn

t(Φ)
   and   B(Nt[Φ]) = e · L

2
· Ni · Nt0 · exp(Knt · Φ)

We can use a commercial PIN photo-diode BPW34 [6] to estimate influence of dose on each compo-
nent of equation (1). The results of calculation are presented on Figure 2. According to work [5] we 
can estimate the temperature of passive part of diode for given pulse width of current. To simplify 
we assume that process of cooling of diode does not play important role and that temperature of 
full diode is the same as temperature of passive part of diode (the part of i-type silicon). Differential 
equation describing the process of heating of diode in this case can be presented in form (3).

 
dT
dt

= rn(T)
C · p · S²

· I²(t) (3)

where rn(T) - resistivity of silicon (I-part), C- specific heat of silicon, p- density of silicon, I(t) forward 
current of diode in time t, L- length of passive part of diode, S - area of diode. The results of numeric 
solution are shown in Figure 3. Accurate measurement of VFW is possible if the power dissipation 
before irradiation and after irradiation are the same (it means that diode is under the same 
temperature). If serial resistance of i-type region before irradiation is Rbo and its resistance after 
irradiation is Rbi and Rbi/Rbo=  k from equilibrium of power dissipation we can obtain a relation of 
currents Ii=Io*k1/2. From experimental data we have got upper limit of k (for diode BPW34 k up to 60). In 
case k equals 49 we can obtain that the power dissipation for current 1mA for 60ms will be the same 
as for current 7mA for pulse length 20ms.

Short remarks about results of simulation are shown in Figures  2 and 3. The simulation of 
dependence of forward voltage versus dose (Figure  2) was obtained for assumption that during 
irradiation in silicon only single trap level was born with energy ½ of energy gap of silicon. It 
could explain big errors in calculation in comparison with experimental data. The dependencies 
presented in Figure 2(b) can be used for estimation of length of pulse of current for diodes with 
known resistance of the base after irradiation. We can conclude that for application of calibration for 
diode from article [6] is necessary to use the same parameters of the test signal and temperature of 
ambient. The error of measurement will increase with increasing absorbed dose and with increasing 
variation of temperature of ambient.

Figure 2: Results simulation of BPW34 for VFW from neutron fluence
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Dosimeter hardware, firmware and software

The dosimeter was developed as simple system with manual control to read the forward voltage drop 
across PIN diode and as the system controlled by external personal computer. In mode of PC control 
the dosimeter allows online monitoring of the diode that is under investigation and then to display 
data in form of fluence of neutrons. The dosimeter can be used in many fields of control and calibra-
tions of detectors and radiation hardness of detectors and also for studying different materials under 
high radiation doses. Let us describe the basic hardware and software components of dosimeter.

Hardware
The complete circuit block diagram is shown in Figure 4. Other main functions are incorporated 
in the dosimeter: Current generator (Curr. Gen.) allows to set stable current for investigated diode 
in range 1-99mA with step 1 ± 0.1mA by digital switches DSW1, DSW2. High voltage supply (HVS) 
allows to generate 25 V DC for current generator. 12 bit ADC allows to measure voltage drop on diode 
in range 0-5VDC with accuracy ± 10mV. Temperature sensor (T sens.) to measure temperature in 
range -20 + 80 C with accuracy ±0.25C and resolution 0.06 C. Source of reference voltage 1.25 VDC for 
calibration of ADC. The connections of modules are build on analog switches SW1..5. Control module 
based on MCU Atmega8 from ATMEL Co. allows to control all measurement processes and output 
results of measurement on LCD display. The MCU allows to communicate with external PC also.

Figure 3: Results of simulation of temperature of P-N junction for BPW34

	  

Figure 4: The complete circuit block diagram of RM20
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Firmware
The firmware for MCU Atmega8 was created using BASCOM AVR Basic. The diagram of algorithm of 
measurements is shown in Figure 5. In regime of manual control only one push button is used for 
measurement. Every time before the measurement is used the calibration when the reference voltage 
is measured by 12bit ADC. When the push button “START” is pressed for more than 2 seconds, the 
dosimeter will switch to remote control mode. The current version of firmware measures the voltage 
without conversion to units of fluence.

Software
The software for control and graphic user interface (GUI) for dosimeter was created in environment 
of Lab Windows CVI. External control extends the usage of the radiometer. First of all using external 
software we can use dosimeter for online monitoring of studied diode. Then we can use embedded 
functions for sending of alarm messages. We can select maximum limit of temperature and maximum 
of measured voltage (fluence). When the maximum of selected value is reached the short message can 
be sent to defined e-mail address. For calibrated diodes we can apply corrections for self-annealing, 
correction for long cable resistance and for fluctuation of temperature during experiment. For known 
spectrum of radiation we can use recalculation using NIEL hypothesis.

Conclusion

The RM20 kerma meter is a practical device for application in wide area of nuclear physics experi-
ments. The current version of kerma meter is optimized commercial PIN diode BPW34 and Si-1, 
Si-2 [7] as active elements. Automatic corrections have been used for recalculation of dose in case 
of influence of self annealing for BPW34. Automatic optimization and correction can be used for 
adjustment of pulse width for BPW34 and Si-2. The RM20 can be controlled manually or by computer. 
This allows RM20 to be used for remote monitoring of absorbed dose and for calibration of new types 
of diodes.

Figure 5: The algorithm of measurements realized by firmware of dosimeter
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Abstract
Extensive angular-energy distributions of neutron currents expected from deuterium fusion in the 
Wendelstein 7-X stellarator have been calculated by means of the Monte Carlo method. The MCNP5 
code has been employed. A simplified model of the W7-X fusion reactor, developed at the Max-Planck-
Institut für Plasmaphysik, has been utilised to carry on computer simulations. Five cylinders above the 
stellarator have been modelled additionally. They will contain radiation detectors. The obtained spectra 
are to be used by the PTB Braunschweig to design five sets of neutron and gamma dosimeters and 
detectors. The counters are to provide information concerning both thermonuclear plasma diagnostics 
and dosimetry.

The neutron spectra have been calculated in nine angle bins, 10  degrees each, for bottom, lateral 
and top surfaces of an every individual cylinder. Due to a poor statistics in case of the lateral and 
especially top surfaces, the mesh-based weight windows technique of variance reduction has been 
employed. Solely particles entering the cylinders, at any point of the relevant surface, have been taken 
into account for all calculations. In the source model only 2.45 MeV neutrons from D-D reactions have 
been taken into account. Because of a non-central location of the W7-X in the experimental hall, the 
angular spectra are different in the case of the lateral and top surfaces, while for the bottom surfaces 
almost identical for all cylinders. The 2.45 MeV neutron peak is well visible for currents across the 
bottom surfaces. It decreases for the lateral surfaces and through the top surfaces it actually vanishes, 
because of absence of near reflecting surfaces in surroundings. Thermal and epithermal neutrons 
predominate in the energy distributions across all surfaces. In every case, the current of neutrons 
crossing any surface perpendicularly is noticeably higher than the current of neutrons moving almost 
parallel to this surface.
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Introduction

The Institute of Nuclear Physics Polish Academy of Sciences in Krakow, as a member of the Association 
Euratom-IPPLM (Poland), is engaged in an international cooperation with the Max-Planck-Institut für 
Plasmaphysik (IPP) in Germany. The Polish scientific network „Neutrons-Emission-Detection” manages 
the project “Neutron diagnostic for pulsed plasma source”. The foregoing paper supplements the mentioned 
study.

The Wendelstein 7-X stellarator  [1,2] is currently being constructed at the IPP branch in 
Greifswald. Contrary to the tokamaks, the stellarators have effectively steady state magnetic 
field because internal plasma currents are  minimized and the equilibrium is actually provided 
exclusively by the external magnetic field. The W7-X stellarator is intended to employ plain 
deuter plasma though deuterium-tritium synthesis is also possible. Namely, two fusion reactions, 
2D(d,n)3He and 2D(d,p)3T, occur with more or less the same probability. Therefore, the tritons of 
the 1 MeV energy from the latter reaction can fuse with the deuterons. The deuterium density is 
expected to be much higher than concentration of the tritons in the W7-X, so spectra of neutrons 
emitted from the stellarator ought to be dominated by 2.45  MeV neutrons from the 2D(d,n)3He 
reaction. The tritium-tritium reactions, 3T(t,2n)4He, because of an even lower probability, have been 
neglected in this study, too.

Neutrons produced in fusion reactions enable to evaluate the ion temperature, which is a 
fundamental parameter in plasma diagnostics. Moreover, safety precautions require knowledge of 
the neutron field around the stellarator. The Technical University (PTB) in Braunschweig is going 
to design and build a set of neutron and gamma detectors, which will be located above the W7-X 
stellarator (Figure 1). The assumed height and diameter of the cylindrical counters are h = 180 cm 
and d  =  100  cm, respectively. Centres of the cylinders are placed 290  cm above the equatorial 
surface of the stellarator at a ring of 770 cm radius, while the average major radius of the plasma 
is 550 cm. The axis of each cylinder is defined by the radii 550 cm and 770 cm, thus the tilt of the 
neutron counters is about 37.185 degrees. This arrangement – called “long counters positions” – is a 
refinement of an old configuration. Previously the counters were to be placed perpendicularly to the 
equatorial surface of the W7-X stellarator. Owing to the cant, the distance detectors-plasma can be 
decreased and the dimensions of the cylinders increased.

Figure 1: Computer visualization of positions of the neutron counters (red cylinders)  
above the Wendelstein 7-X stellarator (courtesy of A. Weller)
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Monte Carlo calculations

Optimization of arrangement of detectors inside the cylinders is going to be based on Monte Carlo 
calculations of neutron spectra for particles entering the counters. The angular-energy distributions 
have been computed for bottom, lateral and top surfaces of all five cylinders using the MCNP5 
code  [3]. The neutron source has been modelled as a ring of the 550  cm radius, which is equal 
the effective major radius of plasma. All the spectra presented in the paper have been calculated 
assuming 1016 n/s emitted from plasma in D-D reactions. As mentioned above, the D-T reactions 
have been neglected. Therefore, the most probable initial neutron energy has been 2.45  MeV 
(Gaussian fusion spectrum at the temperature of ~ 4.64∙107 K).

A cross-section of a simplified CAD model of the W7-X is presented in Figure 2. It contains barely 
major elements of the stellarator, while details are neglected. Even such a model is too complex to 

Figure 2: Cross-section of a simplified CAD model of the  
Wendelstein 7-X stellarator (courtesy of IPP Greifswald)

	  

Figure 3: MCNP model of the W7-X. A horizontal section (plane z = 0 cm)  
through the torus shows the coils, the cooling system and the support  

structure (MCNP input file through the courtesy of IPP Greifswald)
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introduce into the MCNP since the code allows to use only surfaces of the first and second order to 
model geometry. In order to define precisely, for instance, poloidal coils (the blue ones in Figure 2) 
they must have been divided into many small pieces of “simple enough” shapes, what is time 
consuming. The MCNP model of the stellarator is a simplification of the real construction. The 
complicated shapes of varying dimensions – like coils, cryostat, supporting structure and plasma 
– have been “averaged” and modelled as structures of mean measurements corresponding with 
a specific W7-X component [4,5]. A horizontal cut of the W7-X in the MCNP model is presented in 
Figure 3 whereas the horizontal section of the stellarator hall at the level of centres of the cylinders 
is shown in Figure 4. Since the stellarator is placed non-centrally in the experimental hall, distances 
of the cylinders from individual concrete walls differ considerably.

In spite of the simplification, the Monte Carlo geometrical model is still extremely complex 
and calculations have required very long runs to obtain reliable results. The mesh-based weight 
windows technique of variance reduction  [3] has been employed to decrease relative errors. The 
method in question requires several runs in order to achieve a “good enough” set of weight windows. 
When the weight windows seem to be optimal, a very long MCNP job can be run. In the foregoing 

Figure 4: The layout of neutron counters in the experimental hall (plane z = 290 cm)

	  

Figure 5: Sketch of angle bins at the cylinder surfaces  
used in the calculations. All values are in degrees
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simulations the relative errors of neutron spectra across the bottom and lateral surfaces of the 
cylinders appear to be satisfactory and the results are reliable. In the case of the top surfaces it is 
extremely hard to reduce variance, i.e. increase validity of results, for solely neutrons scattered on 
air molecules and concrete walls or ceiling (situated far from the stellarator) can enter the cylinders 
inwards. Optimization of the mesh-based weight windows has been carried out for the detector 
labelled “1” (Figure 4), because only one tally can be optimized in the MCNP code in one series of 
runs. Naturally, the code user can select any of the detectors, but the long-lasting optimization 
procedure has to be carried on again.

The angular-energy neutron spectra have been calculated in nine equal (in two dimensions) 
angle bins, 10 degrees each. As already mentioned, only particles entering the cylinders, at any point 
of the relevant surface, are taken into account for all calculations presented in the paper (Figure 5).

Results

Angular distributions of neutron currents crossing the bottom, lateral and top surfaces of the 
cylinders are shown in Figures  6, 7 and 8. As expected, in the case of the bottom surfaces the 
currents are almost the same for all the counters because they are situated relatively close to the 
W7-X stellarator (Figure 6). Neutrons scattered on air as well as on the hall walls and the ceiling 

Figure 6: Angular distributions of neutron currents  
across the cylinder bottom surfaces

	  

Figure 7: Angular distributions of neutron currents  
across the cylinder lateral surfaces
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Figure 8: Angular distributions of neutron currents  
across the cylinder top surfaces

	  
Figure 9: Angular distribution of current ratio  
for the top surfaces of detectors “1” and “3”

	  

Figure 10: Neutron currents across the  
cylinder bottom surfaces (80÷90 deg)
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dominate the spectra for the lateral and especially the top surfaces. Distance from the concrete wall 
to detector “1” is shorter than from detectors “2” and”5”, whereas detectors “3” and “4” are located 
at the longest from the wall. Accordingly, neutron currents in the case of detector “1” are higher 
than for detectors “2” and “5”, while the least currents have been calculated for detectors “3” and 
“4” (Figures 7 and 8). For all surfaces neutron current increases as the angle grows, particularly for 
the bottom surfaces due to stellarator nearness. An instructive example is presented in Figure 9. 
Namely, angular distribution of current ratio of neutrons crossing the top surfaces of detectors “1” 
and “3”. This is the case for which the effect of distance to the hall walls is remarkable visible, 
particularly for 80÷90 deg angle bin. Energy spectra of neutrons crossing (almost) perpendicularly 
the top, bottom and lateral surfaces are showed in Figures 10, 11 and 12.

The 2.45 MeV neutron peak – associated with non-scattered neutrons from the D-D fusion – is 
well visible in the case of the bottom surfaces (Figure 10). The peak decreases for all the lateral 
surfaces (Figure 11), whereas in the case of the top surfaces it vanishes (Figure 12) due to lack of 
particles moving in the proper direction. For all the surfaces, including the bottom ones, neutron 
currents are maximum for thermal energies. Thus, the spectra are dominated by particles scattered 
on stellarator elements as well as on walls and ceiling of the experimental hall.

As explained above, the most reliable results have been obtained for detector “1”. Because of 
that, it has been chosen to present distributions of neutron currents for various angle bins across 

Figure 11: Neutron currents across the  
cylinder lateral surfaces (80÷90 deg)

	  
Figure 12: Neutron currents across the  

cylinder top surfaces (80÷90 deg)

	  



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011184

aNgular-eNergy spectra oF NeutroNs iN selected locatioNs at the weNdelsteiN 7-x stellarator

Figure 13: Distributions of neutron current across bottom surface (detector “1”)

	  

Figure 14: Distributions of neutron current across lateral surface (detector “1”)

	  

Figure 15: Distributions of neutron current across top surface (detector “1”)
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the top, lateral and bottom surfaces (Figures 13, 14 and 15). The behaviour of the 2.45 MeV peak is 
similar like previously. Neutron currents are the lowest for particles crossing the surfaces almost 
in parallel (0÷10 deg) and they gradually increase when the angle mounts, what corresponds to the 
total angular distributions of neutron currents (Figures 6, 7 and 8). The absolute values of neutron 
current are the highest for the bottom surface and the least for the top surface.

Ratio of the perpendicular to parallel neutron current across the bottom surface of detector “1” is 
presented in Figure 16. For thermal neutrons it is roughly 10 and then the ratio increases with energy. 
The rise becomes noticeable for fast neutrons and is extraordinary high for the 2.45 MeV peak. This 
effect is obvious since non-scattered particles from plasma cross the bottom surface at high angles. 
Probability that uncollided neutrons get through the bottom surface almost parallel is trifling.
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Abstract
One of the well known advantages of thermoluminescence (TL) detectors made of lithium fluoride 
doped with magnesium, copper and phosphorus (LiF:Mg,Cu,P) is their very high sensitivity to ionizing 
radiation. LiF:Mg,Cu,P detectors enable measurements of radiation doses from tens of nanograys up 
to a few kilograys, when the total saturation of the signal of the so-called main dosimetric peak (at 
about 220°C) occurs. In 2006 for the first time we observed unprecedented high-temperature emission 
of LiF detectors heated to temperatures up to 600°C, after exposures to radiation doses ranging from 
1 kGy to 1 MGy. For quantification of the glow curve shape changes of LiF:Mg,Cu,P detectors in this 
range of doses and determination of the absorbed dose, the high temperature coefficient (UHTR) was 
defined. This newly established dosimetric method was tested in a range of radiation qualities, such 
as gamma radiation, electron and proton beams, thermal neutron fields and in high-energy mixed 
fields around the SPS and PS accelerators at CERN. A number of dosimetric sets with LiF:Mg,Cu,P 
detectors are currently installed around the LHC at CERN. The new method for ultra-high dose range 
monitoring with a single LiF:Mg,Cu,P detector, which is capable of covering at least twelve orders of 
magnitude of doses, can be used for dosimetry at high energy accelerators and has great potential for 
accident dosimetry in particular.
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Introduction

There are many kinds of technology impact on the environment. Many facilities that are being built 
in recent years pose a challenge to radiation protection and dosimetry; dosimetric measurements 
appropriate for their environment monitoring need to cover a very wide range of doses. These 
facilities are high-energy accelerators developed for research and hadron therapy of cancer (which 
number is rapidly growing) as well as thermonuclear fusion technology facilities which hopefully 
shall contribute to energy production in future helping the climate change mitigation. Among them 
is the largest high-energy accelerator (the Large Hadron Collider, LHC, at CERN) which started its 
operation in 2009. The crucial milestone in the development and implementation of the nuclear 
fusion technology is going to be the ITER (International Thermonuclear Experimental Reactor), 
which is being under construction at Cadarache (France), and which will generate fast neutron 
fluxes 1000 times larger than in the largest installation up to date (JET - Joint European Torus). These 
technologies produce complex radiation fields in the vicinity of installations. From the radiation 
protection point of view all these facilities require measurements of environmental doses of mixed 
radiation [1]. These radiation fields typically consist of charged hadrons, muons, neutrons as well as 
photons and electrons with energy spectrum extending from fractions of eV to several hundreds of 
GeV. The intensity of this radiation may be very high [2]. Monitoring the radiation field around such 
facilities may require several thousands dosimetric devices, because of its dimensions and complex 
distributions of radiation  [3]. A solution to this problem will require application of a dosimetric 
system that consists of passive dosimeters, mainly alanine, RPL [4] and TLDs [5].

The thermoluminescent dosimeters (TLD) are well developed technology in the field of passive 
radiation sensors, already widely used  [6,7]. LiF:Mg,Cu,P detectors are the most suitable material 
for environmental radiation monitoring due to their high sensitivity, low background, suitable 
energy dependence and long-term stability [8,9]. They are able to measure doses at the level of tens 
of nanogray  [10] and are becoming a standard in the modern environmental TL dosimetry  [11]. 
Nevertheless, such sensors have not yet been applied in the radiation environment as it is presented 
by the technologies mentioned above. The response of lithium fluoride thermoluminescent 
detectors is known quite well for typical types of radiation such as photons, neutrons and beta 
particles, but there is only limited knowledge about their response to complex mixed radiation 
fields, such as those expected around e.g. the LHC, especially in a high-energy range. By exposing TL 
detectors to a well-defined mixed high-energy radiation field better knowledge and understanding 
of their response to these fields has been achieved. The experiments in a known mixed radiation 
environment were conducted at the CERN-EU high energy reference field facility (CERF), providing 
radiation fields similar to those expected around the Large Hadron Collider (LHC) and behind the 
LHC’s shielding walls  [12]. Measurements in this experiment were performed in both the lower 
(mGy) and the higher (1-150 Gy) range of doses [5]. For the latter range, in addition to the experiment, 
Monte Carlo simulations were performed giving good agreement for high energy mixed fields. Tests 
at doses up to tens of kGy were also done at the CERN’s PS-IRRAD6 facility providing mixed high-
energy particles, up to now. They are still under evaluation, however, preliminary results are very 
promising.

In addition, new behaviour of high sensitive thermoluminescent detectors (LiF:Mg,Cu,P) at 
high [13] and ultra-high doses [14] has been recently discovered, which allows using these detectors 
for measurements of doses from tens of nanograys up to several hundred kGy  [15]. The most 
important finding is the appearance of a new peak of light emission from detectors exposed above 
50 kGy [14, 15]. After having discovered the unexpected behaviour of LiF:Mg,Cu,P detectors at very 
high doses, a detailed study of the response of LiF sensors to specific radiation types was carried 
out. Comprehensive measurements of their response after photon, electron, proton and thermal 
neutron high-dose irradiation were completed, and the results confirmed the high-dose behaviour 
of LiF:Mg,Cu,P detectors  [14-17]. In this way it was confirmed that the dynamic range of these 
detectors is meant to cover very broad range of doses.
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Materials and measurements

Materials and readout methods
The response of different LiF-based TL detectors was extensively investigated for the purpose of 
high-dose high-temperature testing during the last few years. Efforts concentrated on high sensitive 
LiF:Mg,Cu,P (MCP-N), 7LiF:Mg,Cu,P (MCP-7), 6LiF:Mg,Cu,P (MCP-6) detectors, equivalent to TLD-
100H, TLD-700H, TLD-600H, respectively. However, standard LiF:Mg,Ti (MTS-N), 7LiF:Mg,Ti (MTS-7), 
6LiF:Mg,Ti (MTS-6), equivalent to TLD-100, TLD-700 and TLD-600, respectively, were also tested in 
order to observe differences in their response. All detectors were developed and produced at the 
Institute of Nuclear Physics (IFJ), Krakow.

The standard annealing cycle was applied; for MCP detectors 240°C for 10 minutes, and for MTS 
detectors 400°C for 1h followed by 100°C for 2h. The readout was performed with the MICROLAB 
Manual Reader-Analyzer RA’94, with a bialkali photomultiplier tube, at temperatures up to 600°C 
with a linear heating rate of 2 K/s. To reduce the high-dose TL signal to PMT a filter was applied in 
order to avoid malfunctioning during the high-dose readout.

Measurements/Irradiation
Detectors were tested at high doses of photons up to 500 kGy; 60Co sources at the IFJ, Saclay and 
KAERI were used [13-15]. The tests with a 10 MeV electron beam were carried out at the Institute 
of Nuclear Chemistry and Technology, Warsaw, with doses ranging from 5 kGy to 1 MGy [16]. Also 
the tests with a 25  MeV proton beam at the Maier-Leibnitz Laboratory in Garching, Germany, 
were performed in order to check the behaviour of the glow curve in the high-dose region after 
irradiation with heavy particles (with LET more than an order of magnitude higher than in previous 
experiments) [15]. In addition, irradiations with 24 GeV/c protons (up to 1 MGy) were done in CERN’s 
Proton Synchrotron IRRAD1 facilities [17]. The occurrence of the peak “B” (a high-temperature peak) 
in the MCP’s glow-curve of MCPs resulting from high-dose irradiation was confirmed but it was not 
observed for MTS detectors [17]. Also the behaviour of LiF:Mg,Cu,P and LiF:Mg,Ti detectors at high 
and ultra-high thermal and epithermal neutron doses up to 1 MGy was investigated at the TRIGA 
Mark II reactor at the Reactor Research Center of the Jožef Stefan Institute (JSI) in Ljubljana. The 
results of all these irradiations confirmed the high-dose behaviour of the MCP detectors.

High temperature LiF:Mg,Cu,P emission

The shape of the MCP’s glow-curves is practically identical when they result from doses ranging 
from nanograys to a kilogray. However, significant changes of this shape have been discovered at 
high and very high doses, as an outcome of all the experiments mentioned above. High temperature 
peaks start to grow at doses above one kilogray and continue to grow up to doses about 50 kilogray 
when a completely new, well separated peak, called peak “B” (see Figure 1), appears in the MCP’s 

Figure 1: LiF:Mg,Cu,P glow-curves resulting from 10 MeV electron irradiation
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glow-curve beyond 400°C, and its position shifts towards higher temperatures with increasing dose 
(e.g.  from 405°C at 50 kGy to 470°C at 500 kGy for gamma irradiation results) in contradiction to 
standard TL models [18].

TL emission of highly irradiated LiF:Mg,Cu,P detectors is very complex, especially in the region 
of very high doses. It was also found that above 20 kGy the TL emission spectrum changes, shifting 
towards longer wavelength [14,19].

New method

The standard TL method of dose measurements in the range of doses up to 1 kGy in exploiting the 
integrated signal of the main peak (with necessary correction for saturation of this peak for doses 
higher than 1 Gy), so for this purpose the TL signal is usually integrated up to 250°C.

Glow curves in the range from 1 kGy to 1 MGy
The results of the investigation of the LiF:Mg,Cu,P detectors’ behaviour in the high and ultra-high 
dose range revealed a number of possible glow-curve parameters that could be used for high-dose 
calibration. There was a pattern observed indicating that the glow curve shape is similar for three 
well defined temperature regions, see Figure 2.

Ultra-high temperature ratio (UHTR)
The so called “ultra-high temperature ratio” was defined as a ratio of the integrated TL signal for 
temperatures above the temperature Tx, to the total integrated TL signal:

 UHTR(Tx) =

∑
Tmax

T = Tx

IT

∑
Tmax

T = Tmin

IT

 (1)

where IT denotes TL signal at temperature T; Tmin and Tmax are minimum and maximum temperatures 
of the readout, respectively [20,21].

Regions of TL signal integration for determining the UHTR(250) and UHTR(350) parameters are 
shown in Figure 2, while Figure 3 presents UHTR(250) and UHTR(350) values resulting from the two 
types of irradiation, i.e. electrons and protons. A good agreement of these results enables us to fit 

Figure 2: The regions of integration of TL signal: 0-250°C, 250-350°C and 350-550°C
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calibration curves for both parameters. It has been found that UHTR(250) is a good dose estimator 
for doses from 1 kGy to 1 MGy, while UHTR(350) can evaluate well doses higher than about 50 kGy, 
i.e. in the region of the doses where the high-temperature peak “B” grows.

Ultra-high dose range dosimeter
The configuration of the TL dosimeter that was developed to measure doses within a very broad 
dynamic range is shown in Figure  4. In addition to the MCP-N or MCP-7 ultra-high dose range 
detector, the RADOS dosimeter slide is equipped with a pair of MTS-7 and MTS-6 TL detectors (7Li- or 
6Li-enriched). Thanks to this pair of detectors, such a dosimeter can also detect thermal and epithermal 
neutrons in addition to photons and other ionizing particles. In order to simplify the readout procedure 
of MCP-N/MCP-7 detectors, the MTS-N standard detector is used as a dose “indicator” that allows 
estimating of the dose level, so that we do not need to read the MCP detector out up to 600°C unless it 
has been exposed to a high dose.

Tests and measurements

In order to test this method with a specific radiation type, blind irradiation of the detectors with 
10 MeV electron beam was performed [20,21]. The doses were determined using previously fitted 
calibration of UHTR parameters (see Figure 3). It was observed that the parameter UHTR(350) was 
well suited for dose prediction above about 50 kGy, where the peak “B” was present in the glow 
curve, while UHTR(250) worked better in the region of tens of kilograys, as expected.

Figure 3: UHTR(250) and UHTR(350) for MCP detectors  
as a dose function (proton irradiation-triangles; electron-circles) [20]

0,1 1 10 100 1000

0,0

0,2

0,4

0,6

0,8

1,0  UHTR(250)
 UHTR(350)

 

 Dose (kGy)

U
H
TR

	  

Figure 4: Configuration of the RADOS dosimeter with different types of TL detectors [15]
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To further enhance high reliability of TL detectors, the passive dosimeter holder was pro-
posed [15,22], which contained, in addition to four TL pellets in a RADOS dosimeter slide, alanine, 
a p-i-n diode and RPL detectors inserted together into polyethylene container. Such dosimeters are 
now applied at the LHC at CERN to measure doses at LHCb and TOTEM experiments conducted there.

Summary and conclusions

Recent investigations and the discovery described above  [14,15] could lead to great advances in 
thermoluminescent dosimetry technology by offering an attractive method for dosimetry of mixed 
radiation fields as well as a possibility of measuring a very wide range of doses with a single 
dosimeter [20,21]. Our results indicate that TLDs can be successfully applied to measuring of both 
low and high doses. Such a dosimeter constitutes a universal passive device for dosimetry around 
considered facilities, being not only highly reliable but cheap at the same time. This technology is 
already applied in dosimetry at the LHC and its experiments and is going to be applied in the hadron 
therapy facilities in Krakow. These applications will help spread the technology among other hadron 
accelerators including those devoted to medical applications.

An attempt of explaining the observed unexpected behaviour of the MCP detectors’ glow curve 
has been made [14,15]. It was proposed that traps and recombination centres could be considered as 
a system of interacting clusters. With increasing dose the size of the clusters grows, simultaneously 
increasing the effective activation energy and shifting the TL peak towards higher temperatures. 
However, the nature of these “defect clusters” is unknown. Investigations are in progress as the 
nature of this phenomenon is still unexplained.

The new method for ultra-high dose range monitoring with a single MCP detector is a very 
promising tool for accident dosimetry as it does not require any dose-range prediction.
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Figure 5: Passive dosimeter holder [22] with four types of  
passive sensors: TLD, alanine, p-i-n diode and RPL detectors [15]
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Abstract
Recent progress in the development of a single-pulse Nanosecond Impulse Neutron Investigation 
System (NINIS) intended for interrogation of hidden objects (explosives and other illicit materials) 
by means of measuring elastically scattered neutrons is presented in this paper. The method uses 
very bright neutron pulses having duration of the order of few nanoseconds, generated by a dense 
plasma focus (DPF) devices filled with a pure deuterium or deuterium-tritium mixture as a working 
gas. Very short duration of the neutron pulse, its high brightness and mono-chromaticity allow to use 
time-of-flight method with bases of about few meters to distinguish signals from neutrons scattered 
by different elements.

Results of the Monte Carlo simulations of the scattered neutron field from several compounds 
(explosives and everyday use materials) are presented in the paper. The MCNP5 code has been used 
to get info on the angular and energy distributions of neutrons scattered by the above mentioned 
compounds assuming the initial neutron energy equal to 2.45  MeV (D-D). A new input has been 
elaborated that allows modelling not only a spectrum of the neutrons scattered at different angles 
but also their time history from the moment of generation up to detection. Such an approach allows 
getting approximate signals as registered by hypothetic scintillator+photomultipler probes placed at 
various distances from the scattering object, demonstrating a principal capability of the method to 
identify an elemental content of the inspected objects. Preliminary results of the MCNP modelling of 
the interrogation process of the airport luggage containing several illicit objects are presented as well.
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Introduction

Fight against terrorism is a complicated, multidisciplinary task involving political, economical, psy-
chological, organizational, scientific, technical, etc., issues. An efficient method of detection of explo-
sives and other illicit materials is of principal importance. Despite of long lasting efforts of scientists 
and engineers such a method still does not exist. Existing prototypes are far from maturity, different 
methods used in such devices have they advantages and disadvantages, so still there is a space for 
new ideas, new inventions [1-5].

A new approach to explosives and other illicit materials detection was proposed in [6]. Taking 
advantage of capabilities of modern neutron generators (based on the Plasma-Focus principle) that 
are capable to produce flashes of very intense and very short neutron pulses (<10ns) it is possible 
to determine elemental content of unknown bulk samples from information existing in a field of 
scattered neutrons. The flush intensity reaches up to 109 of 2.45 MeV neutrons per shot from the D-D 
reaction and up to 1011 of 14 MeV neutrons from the D-T reaction. The time-of-flight method can 
be involved in the identification procedure due to the short neutron pulse duration. It seems that a 
single shot inspection systems can be elaborated on the basis of the method proposed, limited in 
time only by computer data processing

Method

The method is based on the well know fact that nuclide-specific information is present in the 
scattered neutron field. By detecting neutrons elastically and in-elastically scattered at different 
laboratory angles for two different incident neutron energies (2.45 MeV and 14 MeV), the amounts 
and positions of the scattering nuclides may be determined.

Scattering signatures of different elements (especially H, C, N and O) should be precisely deter-
mined and data basis of such signatures created. Then, using the data basis, scattering signatures 
measured for unknown samples are unfolded to determine their elemental composition.

The method proposed belongs to a wider group of approaches that make use of specific interac-
tion of neutrons (fast or thermal) with different materials. As a result of such interaction the induced 
gamma radiation is emitted from an object irradiated as well as a field of scattered neutrons appears 
(due to elastic and inelastic scattering of primary neutrons). The information on elemental compo-
sition of the object can be drawn from both the gamma radiation and the scattered neutron field.

We propose to bring into play a neutron source based on a plasma accelerator, which generates very 
powerful pulses of neutrons in the nanosecond range duration. New generation of powerful neutron 
sources of the Plasma Focus type can generate neutron pulses not only short by its duration (in the nano-
second range), but provides a very high neutron yield in these pulses. For example our device PF-6, operating 
at the Institute of Plasma Physics and Laser Microfusion, Warsaw, Poland, with 7.4 kJ of energy in its 
capacitor storage is capable to generate in one pulse of ~10 ns duration up to 109 D-D neutrons (2.5-MeV) 
or 1011 D-T neutrons14-MeV). This feature gives a principal possibility to create a “single-shot detection 
system”. It means that all necessary information will be received using a single (or maximum few) very 
bright pulses of neutrons having duration in a nanosecond range and registered by means of the time-
of-flight technique. A proposal of the general scheme of such detection system is presented in Figure 2.

Figure 1: Main idea of the neutron scattering detection
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Monte Carlo modelling of the method

The MCNP (version5) standard code [7] has been used to investigate various features and properties 
of the method. Inputs to the MCNP code evolved in time from simple ones to more and more 
complicated together with increasing knowledge of the working team. The most important progress 
with the inputs development was an achievement of the capability of simulating scattered neutron 
signals as registered by factious scopes (time-amplitude signals).

Scattering from simple objects
For the start up the MCNP code was used to simulate scattering of neutrons from objects (cubes 
3–5 cm) made of pure basic elements, like Oxygen, Nitrogen, Carbon, Sulphur, as well as of some com-
pounds, e.g. explosives (RDX) and everyday use materials like melamine, glucose and acetamide. The 
aim of these investigations was to examine dependence of the registered neutron signals on angles 
and distances: neutron source – sample, sample – detector etc. The neutron pulse from the point D-D 
source (En = 2.45 MeV) was assumed to be Gaussian in time with the realistic full width at half maxi-
mum (FWHM) of 10 ns. The geometry of computation was as follows in Figure 3:

Figure 2: General scheme of the detecting system
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The first question was how a capability of the method to distinguish basic elements of 
explosives (C, N, O) depends on a scattering angle. From the results presented in Figure 4 it is evident 
that rather high scattering angles 1500–1700 should be used for the determination of the elemental 
content of unknown objects as for lower angles the signals originated from various elements merge 
gradually. In Figure 5 the time – amplitude signals from scattered neutrons for several compounds 
are presented showing the principal capability of the method to determine elemental content of 
irradiated objects. One can see from Figure 5 that for ideal conditions assumed in the computation 
the compounds filling the irradiated objects can be easily identified.

Figure 4: Time-of-flight signals from neutrons scattered by  
the sphere (r = 5cm) filed with the RDX explosive (C3H6N6O6)
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Figure 5: Comparison of the time-of-flight signals from neutrons scattered by spheres filled with  
various materials – a) RDX (C3H6N6O6), b) acetamide (C2H5NO), c) melamine (C3H6N6), d) glucose (C3H12O6)
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Figure 6: Geometry of the suitcase containing four spheres filled  
with various materials (RDX, melamine, glucose and acetamide
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Figure 7: Signals registered by detectors (Nos. 2, 4, 7 and 9)
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Modelling of a real luggage
The next step done in modelling of the various aspects of the method was a simulation of scattered 
signals from a suitcase containing objects (spheres) filled with different materials (explosive RDX 
and three types of everyday use materials –melamine, glucose and acetamide). Scheme of the 
modelling is presented in Figure 6. Collimators were modelled in front of the detectors to avoid 
registering neutrons from other directions. Signals registered by fictitious multichannel time 
analyser (detecting system) are presented in Figure 7.

From the signals presented in Figure 7 one can see that the system of detectors and collimators 
allows getting undisturbed signals that allow to identify the elemental content of spherical objects 
containing various materials. The system allows to determine position of hidden objects as well 
(thanks to collimators used) but several discharges associated with rotation of a luggage are 
necessary in order to get three dimensional positions.

Conclusions

A new method for detection and identification of hidden illicit materials was presented together 
with the MCNP modelling of some of its features. It seems that results of the MCNP modelling 
performed up to now justify a conclusion that the method passed the so called “proof of principle”. 
An extensive programme of further theoretical (MCNP modelling) and experimental investigations 
of the method is now in preparation.
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Abstract
Integral excitation functions for the production of residual nuclides through light charged particle 
activation constitute basic data for various applications. Nowadays, deuteron induced reactions start 
to play an important role as the stripping process generates high production yields and the stopping 
power for deuterons is relatively low.

Some years ago, to meet requirements of practical applications, we started to establish an 
experimental activation database by performing new experiments and a systematic survey of existing 
data of deuteron induced cross-sections up to 50 MeV. Today, this study involves around five hundred 
reactions taking place on the following 40 target elements: B, N, Ne, Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, 
Cu, Zn, Kr, Y, Zr, Nb, Mo, Rh, Pd, Ag, Cd, In, Sn, Te, Xe, La, Ce, Pr, Nd, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, 
Re, Os, Ir, Pt, Au, Tl, Pb.

The measured excitation functions are compared with experimental data found in the literature 
and with the results of the nuclear reaction model codes ALICE-IPPE, EMPIRE-II, GNASH, PHITS 
and TALYS (from the TENDL-2009 and EAF-2007 data libraries). These comparisons can show the 
present predictivity of the codes and contribute to their development e.g. in used potentials, reaction 
parameters, reaction mechanism and phenomenological corrections, resulting in better description of 
for instance (d,p) and (d,2n) reactions.
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Introduction

It is essential to prepare a deuteron-induced activation cross-section database for various applications:

•	 Accelerator and target technology to produce high-energy, high-intensity neutron fluxes for 
nuclear waste transmutation (ADS);

•	 Intensive neutron sources (SNS, ESS, EVADA/IFMIF, ARC neutron activators);

•	 Radioactive ion beam (RIB) production with neutrons (EURISOL, RIA, SPIRAL-2, etc.);

•	 Future controlled fusion experiments and reactors (ITER, DEMO, etc.);

•	 Space applications (resistance of electronics, shielding, etc.);

•	 Intensive deuteron beams play an important role in the field of medical radioisotope 
production as well. High yields of some radioisotopes can be produced only with deuterons 
(15O, 57Co, etc.);

•	 The (d,2n) reaction is more productive than the (p,n) reaction on the same target material 
(186Re, 103Pd, etc.) in case of some important medium- and high-Z radioisotopes;

•	 When irradiating with an accelerator, not only the target itself but its backing, covering layer 
or holder and accelerator parts (gases, transport tubes, energy degraders and collimators, 
target windows, window supports and grids) is bombarded.

Unlike proton induced reactions, the status of the experimental data for deuteron induced 
reactions is rather poor, especially above 15-20  MeV: no systematic study has been performed 
earlier, the published data show large discrepancies (except for a few monitor and medically 
important reactions), the values collected in the EXFOR database are incomplete and contain 
mistakes. Confirmation of excitation functions by experimental assessment of integral yield or 
other benchmarks is also missing. Moreover, the reliability of presently used theoretical codes for 
deuteron induced reactions is low, compared to proton and alpha particle induced reactions, due to 
the modelling problems of the deuteron stripping and pickup.

With the aim of generating a recommended database, the IAEA launched several Coordinated 
Research Projects with our participation, including deuteron induced reactions, by performing 
a systematic compilation and evaluation of literature, by gathering experimental data from new 
measurements and by a comparison with different theoretical codes.

The subsequent CRP’s concerned:

•	 Thin layer activation method and its applications in industry (1992-1996);

•	 Charged particle cross-section database for medical radioisotope production: Diagnostic 
radioisotopes and monitor reactions (1995-1999);

•	 Cross-section database for medical radioisotope production: Production of therapeutic 
radionuclides (2003-2007);

•	 Nuclear Data Libraries for Advanced Systems: Fusion Devices: Fusion Evaluated Nuclear Data 
Library FENDL 3.0 (2008-2011).

In the frame of the above mentioned projects, for the everyday applications in the participating 
institutes and for basic research, we performed a systematic experimental study on deuteron 
induced reaction cross-sections for a large variety of elements during the last two decades.

We present here the used methods and some examples of the results, the status of the investi-
gations and future plans.

Earlier investigations

As it was mentioned in the introduction, the activation cross-section database of deuteron induced 
nuclear reactions is very scarce, especially when compared to that of proton induced reactions.
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The available data were gathered in four types of experiments:

•	 At era of low energy nuclear physics, measurements were done mostly on elements having 
only one stable isotope to investigate basic nuclear reaction mechanisms. The effect of the 
secondary neutrons was neglected. Only very few cross-section measurements used solid 
state detectors for spectrum analysis; some of them are obviously erroneous.

•	 A more systematic study on thick (and thin) target yields for many targets was done up to/
at 22 MeV at IPPE (in Obninsk) for practical applications.

•	 Recently, some groups (from Japan and Czech Republic) made a few irradiations specifically 
for accelerator technology (focused on IFMIF).

•	 By recognizing the importance of deuterons in medical radioisotope production, new data 
were measured on some highly enriched targets.

In these studies, only very few data were reported above 20 MeV deuteron energy but fortunately, 
as exception, reliable experimental data were measured in Julich, Karlsruhe and Kiev on some metal-
lic targets with higher energy beam.

Experimental method

Here we present the most important features of the experimental techniques used in our investiga-
tions in the last 20 years.

The standard single target or stacked target irradiation method was used to measure cross-
sections [1]. Solid targets or gas cells were stacked with interleaved beam monitor foils. The target 
stacks were inserted into a Faraday-cup like target holder, equipped with a collimator and secondary 
electron suppressor. The monitor foils were used as recoil catchers as well as for exact determina-
tion of beam intensity and energy by re-measuring the well known excitation function of the moni-
tor reaction in the covered energy range.

Most of the metal targets were commercially available high purity foils; other targets were 
prepared by electro-deposition, vacuum-deposition, pressing or sedimentation from natural or 
enriched metals or oxides; high purity gases were filled in gascells. The irradiation setups are shown 
in Figure 1a and 1b.

The irradiations were performed using external beams of the cyclotrons given in Table 1, at 
low beam intensity to avoid target damage (outgassing, evaporation, melting). Typical irradiation 
intensities varied between 30-200  nA. The irradiation time was chosen between 3-120  min 
depending on the half life of the investigated radionuclide. As in most cases short- and long-lived 
activation products are produced simultaneously, a compromise has to be reached.

Data acquisition started shortly after end of bombardment in case of low energy irradiations 
(below 20  MeV) while in case of high energy irradiations a cooling time of at least 3-4 h was 
introduced because of the high activity induced and/or the transport from the irradiation place to 
the detector. Spectra were measured by means of standard or extended-range HPGe detectors (g-ray 
or X- and low energy g-ray, respectively) and Si surface barrier detectors (a-particles).

Figure 1: Irradiation setup; stacked foils (a) and stacked gas cells (b)
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In most cases, no chemical separation was done, except for investigations of a dedicated medical 
radioisotope production route. The measurements were repeated several times for months, allowing 
more accurate determination of long lived activation products as well. Suitable large detector-sample 
distances (5-70 cm) guaranteed low dead times and no pile-up effects. For activities derived from X-ray 
or low energy g-ray measurements, a correction for self-absorption in the metal foils was applied. As 
the gamma spectra were very complex, an interactive spectrum analysis and iterative data evaluation 
(corrections for contribution of contaminating signals) were used to separate and identify different 
activation products. In case of any contradiction, the spectrum unfolding and the data evaluation were 
repeated, taking into account systematic trends, parent-daughter relationships, etc.

Difficulties and drawbacks of the used experimental method
•	 Too ambitious program: large number of targets and wide energy range in one irradiation. In 

many cases, no dedicated activation product is looked for (except for medical applications, 
TLA and monitor).

•	 Cumulative effects due to the stacked target technique: uncertainties in energy degradation 
and particle number throughout the stack.

•	 High activities at end of bombardment, delayed start of gamma spectra measurement, hence 
lost of the shorter lived isotopes.

•	 Numerous targets and limited detector capacity: lost of information on the short and very 
long lived isotopes. Problem with following the cumulative effects and with measuring the 
decay curve. In some cases poor statistics.

•	 Various targets (having different thicknesses) are stacked together and various reactions take 
place. It is difficult to use the available beam time optimally and to optimize the irradiation 
parameters.

Data processing

In case of a monoisotopic (or enriched) target, so called isotopic cross-sections were determined; in 
case of target elements with natural isotopic composition, so called elemental cross-sections were 
deduced considering as if the target were monoisotopic. The cross-sections were calculated from 
the well known activation formula using measured activity, particle beam and number of target 
nuclei as input parameters. In some cases, cumulative processes occur i.e. decay of metastable 
states or decay of parent nuclides contribute to the production of the given radioisotope. The decay 
characteristics were taken from the NuDat database [2].

The number of incident particles was initially derived from the total charge on target, measured 
by a Faraday cup-like target holder using a digital integrator. The incident beam energy was 
determined from the accelerator settings; the mean energy in each foil was calculated by means 
of the polynomial approximation of Andersen and Ziegler [3] or with the help of the SRIM code [4].

The beam energy and intensity were further adapted by comparing the excitation function of 
monitor reactions re-measured over the whole energy region studied with the recommended values 
given in IAEA-TECDOC-1211 or its updated version [5] (Figure 2). Depending on the irradiation energy 
and on the stack composition, the monitor reactions may be as follows: 27Al(d,x)22,24Na, natTi(d,x)48V, 

Table 1: Accelerators used in our experiments

Accelerator k-value Laboratory, City Beam
cyclone 110 ucl, louvain la Neuve (be) p, d, 3he, a, hi
avF 110 cyric, sendai (Jp) p,d, 3he, a, hi
cgr 560 40 vub, brussels (be) p, d, a
cv 28
Julic

28
45

FZ Julich, Julich (de) p, d, 3he, a

Mgc 20 20 abo akademi, turku (Fi) p, d, 3he, a
Mgc 20 20 atoMki, debrecen (hu) p, d, 3he, a
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natFe(d,x)56,57Co, natCu(d,x)62,63,65Zn, natNi(d,x)61Cu. After monitoring, the incident energy on the first foil was 
usually confirmed, i.e. it was equal to that determined from the accelerator settings with uncertainty of 
±0.3 MeV. Taking into account the cumulative effects on variation of possible incident energy and target 
thicknesses, the uncertainty on the median energy in the last foil of a stack may reach ±0.8-1.5 MeV.

The cross-section uncertainties were estimated in the standard way [6]: by taking the square 
root of the sum in quadrature of all individual linear contributions, supposing equal sensitivities for 
the parameters appearing in the formula. The following uncertainties were taken into account in 
the propagated error calculation: intensity of the detected radiation (4-20%), peak area determination 
including statistical errors (mostly <5%), number of target nuclei including non-uniformity (5%), 
detector efficiency (10%) and incident particle intensity (7%). Typical cross-section uncertainties 
were evaluated to be approximately 11-14%. The strongly non-linear (exponential) effect of half life 
and time was not taken into account.

Experimental results

The overview of the target materials studied and the related publications or status of the evaluation 
is given in Table 2.

Figure 2: Example of a recommended monitor reaction  
and the adjusted re-measured values (series 1-4)

27Al(d,x)24Na
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Table 2: Overview of our work

target
e

(Mev)

application

reference (journal, volume, year, page)Medical Monitor tla
natb 10 7be NiMb 103 (1995) 389
natN 15 15o, 13N, 11c ra 80 (1998) 59
natNe 8.6 18F ips 59 (1997) 1707
27al 50 22,24Na NiMb 174 (2001) 235
45sc 50 44gsc 46sc measured, data evaluation in progress
natti 50 48v 48v ari 48 (1997) 657

NiMb 161-163 (2000) 178
NiMb 174 (2001) 235
NiMb 262 (2007) 7

natv 40 51cr 51cr submitted
natcr 50 52mMn 54Mn measured, data evaluation in progress
55Mn 40 54Mn, 51cr measured, data evaluation in progress
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target
e

(Mev)

application

reference (journal, volume, year, page)Medical Monitor tla
natFe 50 52,54Mn, 51cr 56,57co 57co aip 392 (1997) 659

NiMb 161-163 (2000) 178
NiMb 174 (2001) 235
NiMb 267 (2009) 15

59co 40 60co NiMb 268 (2010) 17
64,natNi 50 60,61,64cu, 52Mn, 

51cr
61cu 56,57co ips 59 (1997) 1262

ra 76 (1997) 15
ips 59 (1997) 1262
NiMb 174 (2001) 235
irrMa-6 (2005)
NiMb 258 (2007) 308
proc. Nd2007 (2008) 1354

natcu 50 64cu 65cu 65cu aip 392 (1997) 659
NiMb 174 (2001) 235
irrMa-6 (2005)
NiMb 251 (2006) 56
NiMb 260 (2007) 495

natZn 50 66,67ga, 61,64,67cu 65Zn NiMb 217 (2004) 531
78,80,natkr 13 81rb/81kr 

generator
ra 88 (2000) 135
ra 92 (2004) 203

89y 40 88y 88Zr, 88y aip 769 (2005) 1658
proc. arcebs 06 (2006) 69
ra 95 (2007) 187

natZr 50 88y 91m,92m,95Nb, 95Zr NiMb 217 (2004) 373
aip 769 (2005) 1658

93Nb 40 93Mo NiMb 161 (2000) 172
Jlcr 255 (2007) 297

nat,100Mo 50 94tc, 99Mo, 99mtc 96mtc 95m,95gtc ips 59 (1997) 1637
aip 475 (1999) 987
aip 769 (2005) 1658
proc. Nd2007 (2008)1354
proc. eNc 2010
ari (2010) in print

103rh 21 103pd 102grh NiMb 187 (2002) 3
JNst suppl. 2 (2002) 1286
ari 67 (2009) 1574

natpd 40 104,110,111ag 105mgag, 110,111ag ra 92 (2004) 215
NiMb 217 (2004) 193
ann. univ. turkuensis ser. d 499 (2002) 14

natag 40 110ag 110mag, 109cd ari 64 (2006) 1013
nat,114,116cd 40 110,111,114min 114min aip 769 (2005) 1662

ra 93 (2005) 561
NiMb 259 (2007) 817

natin 40 113sn/113min 
generator

113sn ari (2010) in print

natsn 40 119sb 120,124sb, 117msn aip 769 (2005) 1662
will be submitted

122,123te 20 123,124i ari 48 (1997) 267
ari 50 (1999) 535

natxe 44 123,124i ra 47 (1989) 25
ra 47 (1989) 169

natla 50 139ce measured, data evaluation in progress
natce 50 141ce measured, data evaluation in progress

Table 2: Overview of our work  (continued)
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Theoretical calculations

Why model calculations were performed for our investigated reactions?

•	 To check the predictivity of model codes with a priori calculations.

•	 To have preliminary knowledge on the behaviour of the excitation functions, before the 
experiment and during the data evaluation.

•	 To select among contradicting experimental data found in the literature (energy shifts, 
significant differences in absolute values).

•	 To estimate the contributions of reactions taking place on the stable isotopes of the target 
element and the contributions of decays in case of cumulative processes.

•	 To estimate radionuclide impurities from residual nuclei having unfavourable decay 
characteristics (very long half life, no gamma, etc.).

•	 To prepare recommended curves by adjusting the theoretical result to the experimental data.

target
e

(Mev)

application

reference (journal, volume, year, page)Medical Monitor tla
141pr 40 140Nd/140pr, 

139mNd/139pr 
generator

Jlcr suppl. 50 (2007) 102
NiMb 267 (2009) 727

natNd 40 140Nd/140pr 
generator

measured, data evaluation in progress

natgd 50 161tb measured, data evaluation in progress
159tb 50 157dy measured, data evaluation in progress
165ho 40 165er Jlcr suppl. 50 (2007) 99

NiMb 266 (2008) 3529
167,nater 40 167,170tm Jlcr suppl. 50 (2007) 487

NiMb 259 (2007) 829
169tm 40 169yb ari 65 (2007) 663

Jlcr suppl. 50 (2007) 99
NiMb 267 (2009) 727
ari (2010) in print

natyb 40 177glu, 167tm NiMb 247 (2006) 223
proc. Nd2007 (2008)1354

natlu 50 169yb
nathf 50 177glu NiMb (2010) in print
natta 40 182gta NiMb 267 (2009) 19:3293
natw 50 186re 183,184m,184gre Jlrc suppl. 42 (1998) 912

proc. 6th ilc (1997) 761
NiMb 211 (2003) 319

natre 40 186re 185os measured, data evaluation in progress
192,natos 50 192ir, 186re 189,190,192ir ari 65 (2007) 1215
natir 40 191,193m,195mpt, 192gir 190,192ir 5ici brussels (2005)

NiMb 247 (2006) 210
natpt 40 198,199au, 

191,195mpt, 192ir
188,191pt, 192ir NiMb 226 (2004) 490

ra 92 (2004) 223
aip 769 (2005) 1015
NiMb 243 (2006) 20

197au 40 198gau 196g,198gau
nattl 50 201tl proc. Nd2010 in print
natpb 40 206bi 205,206bi JrNc 276 (2008) 835

Table 2: Overview of our work  (continued)
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•	 A variety of codes have been developed on the basis of equilibrium and pre-equilibrium 
reaction mechanisms. These codes have similar physics with different degrees of complexity 
in input preparation and require different computing times. Some of them are used when 
detailed properties of nuclear reactions are needed, including population of discrete levels. 
On the other hand, when the number of open channels is large and it is impossible or 
very time consuming to provide all the required input data with sufficient accuracy, the 
advantages of these detailed codes may be reduced.

We have found at the beginning and during long period that in such a case, the faster codes 
with less effort in input preparation are often more practical choices. The situation, however, is more 
complex. The used codes also depend significantly on many other factors, like availability of proper 
expert for using dedicated codes and development of computer technology and the automation 
of recommended input parameters, which make easier the use of more detailed codes. Therefore, 
at the beginning, taking into account our aim with model calculations, we have tried to make 
calculations with the simpler codes in all cases.

Only when more detailed calculation promised the solution, we used more complex codes 
(isomeric yields, recommended data) to solve the large discrepancy in case of simple code. The 
calculations have always been carried out without any parameter adjustment to see the general 
tendencies. In the last decade, we systematically performed detailed calculations by using more 
sophisticated codes and by comparing the results of the different approaches.

The cross-sections of the investigated reactions were calculated using the pre-compound model 
codes ALICE-IPPE [7], EMPIRE-II [8], GNASH [9], TALYS [10] and PHITS [11]. The experimental data are 
also compared with the cross-section data in the TENDL-2009  [12] and the EAF-2007  [13] nuclear 
reaction data library. In recent years the ALICE-IPPE-D and EMPIRE-II-D versions ALICE-D and 
EMPIRE-D for simplicity), modified for better description of deuteron induced reactions, were used.

While ALICE-IPPE gives only the total cross-section of the concerned reaction channels, the TALYS 
and EMPIRE codes permit to calculate a population of different low-lying levels and can thus estimate 
the isomeric ratios for these levels. Knowledge of isomeric ratios is important for all cases where only 
a part of the integral reaction cross-section can be measured in the corresponding experiment.

In our previous works, ALICE-IPPE and EMPIRE-II were used successfully for the description of 
a large amount of reaction cross-sections induced by light charged particles. However, during the 
recent analyses of the (d,p) reactions on the isotopes 114Cd [14], 169Tm [15], 192Os [16] and some others, 
we were confronted with a large underestimation of the measured cross-sections.

It is well known that for the (d,p) reactions at low energies, the direct stripping process play 
a very important role [17] so we tried to estimate a possible contribution of the neutron stripping 
process on the basis of the standard distorted wave born approximation (DWBA). The simplified 
DWBA approximation gives a rather reasonable description of the observed cross-sections for the 
(d,p) reaction only at energies of about 20 MeV. To improve the description of experimental data at 
lower energies by analyzing more carefully the schemes of neutron single-particle levels, as well as 
the optical model parameters for the incident deuteron and emitted proton, are in progress.

To achieve now a better description of (d,p) reactions with the theoretical codes, statistical 
blocks of a phenomenological simulation of direct (d,p) and (d,t) transitions based on the general 
relations for nucleon transfer reactions in the continuum, considered by Walker [18], were introduced. 
A phenomenological enhancement factor K in these relations was taken as energy dependent and 
estimated to describe the whole set of the observed (d,p) cross-sections for medium and heavy nuclei.

By this improvement, in the ALICE- D and EMPIRE- D code versions, the direct (d,p) channel is 
increased strongly and this is reflected in changes for all other reaction channels. As ALICE-IPPE 
calculates only the total cross-section, for estimation of isomeric states, isomeric ratios calculated 
by EMPIRE-D were applied to ALICE-D total cross-sections.

Examples

Some preliminary unpublished results as examples are shown in Figures 3-8 to see the status of the 
experimental data and the predictivity of the theoretical codes.
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Figure 3: Excitation function of natV(d,x)51Cr reaction
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Figure 4: Excitation function of natMo(d,x)96Tc reaction
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Figure 5: Excitation function of natIn(d,x)113mgSn reaction
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Figure 6: Excitation function of natSn(d,x)124Sb reaction
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Figure 7: Excitation function of 197Au(d,p)198gAu reaction
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Figure 8: Excitation function of 100Mo(d,x)ind99Mo reaction
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Summary and conclusions

We measured lots of data for applications and for comparison with scared earlier studies and with 
the results of theoretical models and the activation data libraries. The new experimental data 
improve the status of the available basic information for dedicated activation data files prepared in 
various projects at research and nuclear data centres

•	 to monitor deuteron beam parameters,

•	 for production of diagnostic and therapeutic radioisotopes,

•	 for thin layer activation technique,

•	 for accelerator and target technology.

Arising new tasks and applications as well as improvement of model codes need new measure-
ments.
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Abstract
Monoenergetic neutrons were produced at the Van de Graaff accelerator of the EC-JRC-Institute 
for Reference Materials and Measurements (IRMM, Geel, Belgium). An air-jet cooled D2-gas target 
(1.2  bar, DEd  =  448  keV) was bombarded with Ed  =4976  keV deuterons to produce neutrons up 
to En = 8 MeV energy via the D(d,n)3He reaction. Higher energy neutrons up to En = 18 MeV were 
produced via the T(d,n)4He reaction by bombarding a TiT target with Ed =1968 keV deuterons.

Pulse height spectra were measured at different neutron energies from En = 8 MeV up to En = 18 MeV 
with the NE-213 liquid scintillator based Pulse Height Response Spectrometer (PHRS) of UD-IEP. The 
energy calibration of the PHRS system has been extended up to En = 18 MeV. Pulse height spectra 
induced by gamma photons have been simulated by the GRESP7 code. Neutron induced pulse height 
spectra have been simulated by the NRESP7 and MCNP-POLIMI codes. Comparison of the results of 
measurements and simulations enables the improvement of the parameter set of the function used by 
us to describe the light output dependence of the resolution of the PHRS system at light outputs of L > 
2 light units. Also, it has been shown that the derivation method for unfolding neutron spectra from 
measured pulse height spectra performs well when relative measurements are done up to En = 18 MeV 
neutron energy. For matrix unfolding purposes, the NRESP7 code has to be preferred to calculate the 
pulse height response matrix of the PHRS system.

Leakage spectra of neutrons behind bismuth slabs of different thicknesses have been measured with 
the PHRS system by using monoenergetic neutrons. The maximum slab thickness was d = 14 cm. 
Simulations of the measurements have been carried out with the MCNP-4c code. The necessary nuclear 
cross-sections were taken from the from the ENDF/B-VII and JEFF-3.1 data libraries. For both libraries, 
the agreement of measured and simulated neutron spectra is good for the 5 MeV ≤ En ≤ 18 MeV neutron 
energy region. However, for both libraries, the observed differences between measured and simulated 
neutron spectra are beyond statistical uncertainty for the En < 5 MeV region. Further experimental 
check of cross-section data of the two libraries for bismuth is recommended for the En < 5 MeV region.
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Introduction

The Pb-Bi eutectic alloy (44.5% Pb and 55.5% Bi) has been used as coolant of the blanket in some 
types of fission fast reactors. The alloy has been used as target material of intense spallation 
neutron sources. It is a candidate for coolant of the fuel blanket of some accelerator driven systems 
to be used for nuclear waste transmutation. All these applications need detailed knowledge of the 
neutron transport and the necessary transport calculations need validated and consistent cross-
section data libraries.

A 3-steps method developed by us [1] was used for integral testing of cross-section data sets. 
The method employs the Pulse Height Response Spectrometry (PHRS) technique, and the steps 
are a) performing measurements of spectra modified by slabs of different thicknesses exposed by 
different neutron sources, b) Monte Carlo simulations of the experiments with the MCNP-4C code [2] 
using differential cross-section data taken from measurements and/or libraries of evaluated data, c) 
comparison of the obtained experimental data with results of the simulations.

In this work we report results of our experiments and Monte Carlo simulations aiming at the 
extension of the calibration of our PHRS system up to En = 18 MeV neutron energy. We present results 
of leakage spectrum measurements obtained for bismuth using quasi-monoenergetic neutrons in 
the 8 MeV ≤ En ≤ 18 MeV neutron energy range. Also, we present results of the simulations of the 
experiments obtained using the MCNP-4c code taking cross-section data sets from the ENDF/B-VII 
and JEFF-3.1 evaluated data libraries.

Experimental

Production of quasi-monoenergetic neutrons
The experiments were performed at the 7 MV Van de Graaff (VdG) accelerator facility of the Neutron 
Physics Unit of IRMM. Deuteron beams were used to produce quasi-monoenergetic d+D and d+T 
neutrons. The uncertainty of the energy of the deuteron beam was ± 5keV. The accelerator settings 
for the experiments were calculated by the EnergySet (ver. 3) program [3]. The code can calculate 
energy spectra and fluences of the neutrons emitted by the sources, too.

d+D neutrons were produced via the D(d,n)3He nuclear reaction using an air jet cooled gaseous 
deuterium target with a 5 μm molybdenum entrance window and a tantalum plate as stop of 
the deuteron beam. The target was bombarded by Ed = 4976 keV deuterons to generate neutrons. 
The beam current was Id = 1 μA. The pressure of the D2-gas in the h = 40 mm target cell was kept 
at p  =  1.2 bar. The energy loss of the deuteron beam was DE  =  312  keV in the entrance foil and 
DE = 448 keV in the D2-gas. At J = 0o angle measured from the direction of the bombarding beam, the 
centroid of the energy distribution of the neutrons was <En> = 8 MeV in the middle of the target and 
the width of the monoenergetic peak was FWHM = 436 keV.

d+T neutrons were produced via the T(d,n)4He nuclear reaction. An air jet cooled and wobbled 
TiT target (Target code: IRMM-20) was bombarded by Ed = 1.968 MeV deuterons to generate neutrons. 
The beam current was Id = 7 μA. The TiT target layer was formed on a 0.5 mm thick silver backing. 
The amount of the deposited titanium was 1.936 mgcm-2 and the ratio of the number of T atoms to 
the number of Ti atoms was NT/NTi = 1.7. The energy loss of the deuteron beam was DE = 311 keV in 
the TiT layer. At J = 0o angle measured from the direction of the bombarding beam, the centroid of 
the energy distribution of the neutrons was <En> = 17.999 MeV in the middle of the TiT layer and the 
width of the monoenergetic peak was FWHM = 440 keV.

Monitoring and logging of the irradiation parameters was done by the control system of the 
accelerator and beam transport system. In the case of the D2-gas target, readings of the temperature 
sensor and the pressure sensor of the gas handling system were also recorded during irradiation. 
The neutron flux was monitored by two long counters with BF3 proportional counter tubes.
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The neutron spectrometer
The Pulse Height Response Spectrometry (PHRS) method was employed. The spectrometer was 
developed at IEP-DU [4]. The neutron detection was done by a NE-213 liquid scintillator encapsulated 
in an aluminium case of 0.5 mm wall thickness. The diameter and the length of the scintillator 
were 49  mm and 50.5  mm, respectively  [5]. The scintillator was attached to a Hamamatsu R329 
photomultiplier tube. The electronics of the spectrometer consisted of standard NIM modules and 
PC cards. The data acquisition was done by a multichannel analyzer (MCA) PC card in a personal 
computer (PC1 in Figure 1). At IRMM, measured data were recorded in event list mode, too, with a 
Modular MultiParameter Multiplexer module (MMPM) developed at IRMM and a data acquisition 
(DAQ) PC card. Counts of the two neutron monitors used were recorded by 32 bit scalers and a DAQ 
PC card. The block diagram of the PHRS spectrometer is shown in Figure 1.

Pulse height spectra of protons recoiled by neutrons were derived via pulse shape discrimina-
tion and from the measured event lists. In the second case two dimensional contour plots were gen-
erated from the event lists that show the occurrence of the events in matrices of the measured pulse 
rise time to the measured pulse height. Then the intervals were set for separating the gamma and 
neutron induced events. In the next step the events induced by recoiled protons were selected and 
their corresponding pulse height spectra were derived as a function of the light output measured in 
light units (LU). Following the procedure described in Reference 4 the light output from recoiled pro-
tons was converted to neutron energy and a derivation method was used for obtaining the neutron 
spectrum from the measured pulse height spectrum.

Energy calibration
The linearity of the channel-to-energy conversion was checked via measurement and evaluation 
of gamma spectra of calibration sources emitting only one decay gamma-ray (22Na, 54Mn, 88Y and 
137Cs). 4th order polynomials were fit to the Compton-edges in the spectra and channel positions 
of the maximum (CHmax) and half-maximum (CH1/2) were identified for each Compton-edge. Using 
CHmax and CH1/2 the channel position of the Compton-edge (CHCompton) was interpolated following 
the procedure described in Reference 6 by Dietze and Klein [6]. Finally a linear fit to the obtained 
(CHCompton; ECompton) pairs was done.

The energy scale was converted to light output scale using the following linear relationship

 L(E) = 1MeV– 1 * (E – 0.005MeV) (1)

Figure 1: Block diagram of the PHRS system used in the experiments
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where L is the light output that is induced in the scintillator by an electron of E energy. This scaling 
is valid for E > 50 keV electron energy in the case of the NE-213 liquid scintillator. This scaling is 
used by the GRESP and NRESP Monte Carlo codes [7, 8]. A transformation of this scaling was done in 
the cases of measurements with neutrons because the unfolding code of our PHRS system uses the 
scaling defined by Verbinski et al. [9]. Before and after each neutron irradiation gamma spectrum of 
a 22Na calibration source was measured for checking the gain stability of the electronics.

Method of estimation of the energy resolution of the spectrometer using gamma photons
According to Reference 6 the DLFWHM/L relative energy resolution of the spectrometer was estimated 
by the

 @ 1.5 *
DLFWHM

L

L1/2 – Lmax
L1/2

 (2)

equation for each Compton-edge in the measured gamma spectra. The interpolation procedure 
described in Reference 6, too, was also performed and lead to more precise estimation of DLFWHM/L.

The light output dependence of the resolution was described by the

 
DLFWHM

L
= A² + +B²

L
C²
L²

 (3)

function where A, B and C are constants. These constants were determined from fitting the (L; 
DLFWHM/L) pairs obtained from Eq. 2 and the interpolation.

The final values of the A, B and C constants were obtained from fitting each measured gamma 
spectrum. First, for each calibration source, the GRESP7 code was run for simulating the ideal pulse 
height distribution of the electrons induced in the scintillator by the gamma photons. Broadening 
of the ideal gamma lines was described by Gaussian distribution. The fitting function was the 
convolution of the ideal spectrum and the Gaussian function as

 N(CHi) = N norm *
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∑ NGRESP7(CHj) *

1
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⎨
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where N(CHi) is the number of counts in the i-th channel CHi, Nnorm is a normalisation constant, CHmax 
is the number of MCA channels in the measured spectrum, NGRESP7(CHj) is the simulated value for the 
ideal pulse height distribution in the j-th channel and

 s j = L j ·
A² + B²/L j + C²/L j²

2  2ln 2√
√  (5)

and

 L j = k * (CH j – CH offset) (6)

and k denotes the channel-to-L conversion factor.

Leakage spectrum measurements
The arrangement of the leakage spectrum measurements is shown in Figure 2. The geometrical 
centres of both the NE-213 scintillator and the bismuth slabs were on the axis of the bombarding 
beam (J  =  0o direction). The front surface of the housing of the NE-213 scintillator and the 
30 cm × 30 cm surfaces of the bismuth slabs were perpendicular to the J = 0o direction. The distance 
between the air jet cooled back surface of the beam stop of the neutron emitting target and the 
front surface of the housing of the NE-213 scintillator was 200 ± 0.3 cm. The distance between the 
back side of the first bismuth slab and the front surface of the housing of the NE-213 scintillator was 
5.8 cm. The maximum thickness of the bismuth block was d = 14 cm when all the 7 pieces of slabs 
were put between the detector and the target.
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Background measurements
Background measurements were performed to estimate the effect of neutrons from room scattering 
and sky shine both for the d+D and d+T target. Neutrons emitted at forward angles were shadowed. 
In the first type of the background measurement a cone made of brass and a polyethylene disc with 
a nylon plug were put in between the target and the 14 cm thick bismuth block. In the subsequent 
measurement the 14 cm thick bismuth block was removed from the arrangement. For the D2-gas 
target gas-in and gas-out measurements were done, too, to estimate contribution of neutrons from 
the components of the target holder cell.

Results

Measurements and simulations for the extension of the calibration of the spectrometer
Figure 3 shows, as an example, a colour map of the pulse rise time – pulse height matrix measured 
for d+T neutrons at En = 18 MeV. The intervals used for identification of neutron events are indicated 
in the figures. Similar matrices were measured for d+D neutrons, too. Figure 4 shows the measured 
pulse height spectra induced by d+T neutrons with energy in the 13.4 MeV ≤ En ≤ 18 MeV region 

Figure 2: Arrangement of the leakage spectrum measurements

	  

Figure 3: Identification of the region of neutron events in the pulse rise time – pulse height matrix
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and the light output of the NE-213 scintillator as a function of the neutron energy. The new data 
points measured by us for extending the neutron energy calibration of our PHRS system are in good 
agreement with the calibration curve published earlier by Verbinski and his co-workers for the 
NE-213 liquid scintillator [9].

The left graph in Figure  5 shows the light output dependence of the DLFWHM/L resolution of 
the NE-213 scintillator as a function of L-1. The data points were obtained from evaluation of the 
measured gamma spectra of 22Na, 54Mn, 88Y and 137Cs calibration sources performing both the 
estimation and the interpolation procedure described in Reference 6. The curve was fitted to the data 
points that were obtained via interpolation. Constants of the fitted curve were used for obtaining 
the A, B and C constants (see Equation 5 above). The left graph of Figure 5 shows the pulse height 
spectrum measured for an 88Y source and the fit obtained from the convolution of the result of the 
relevant GRESP7 simulation and a Gaussian function with light output depending s. The s(L) function 
was obtained using the A, B and C parameters and Equation 5. The agreement of the measured and 
simulated spectrum is good that validates the set of A, B and C for L ≤ 1.7 LU light outputs.

Figure  6 shows measured pulse height spectra that were induced by En  =  8  MeV neutrons 
and by En = 18 MeV neutrons. Also, the results of NRESP7 simulations are shown in Figure 6. The 
disagreement for high L values indicates the limitations of the extrapolation of the DLFWHM/L – L 
relationship obtained from gamma calibration measurements for L < 2 light outputs. In order to get 
a more realistic DLFWHM/L – L relationship, that is valid in a much broader light output range, it is 
necessary to include in the procedure the neutron spectra induced by monoenergetic neutrons. The 

Figure 4: Measured pulse height spectra induced by d+T neutrons with  
energy in the 13.4 MeV ≤ En ≤ 18 MeV region (left) and the light output  
of the NE-213 scintillator as a function of the neutron energy (right)

	  
	  

Figure 5: Light output dependence of the DLFWHM/L resolution of the NE-213 scintillator  
obtained with calibration gamma sources (left). The pulse height spectrum measured  

for an 88Y source and the fit obtained from GRESP7 simulation (right)
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DLFWHM/L values evaluated for the monoenergetic peak of the measured neutron spectra have to be 
added as new data points for the measured DLFWHM/L – L relationship. Then the new set of the A, B 
and C parameters can be obtained from consecutive NRESP7 simulations and adjustment of values 
of A, B and C until a good agreement is reached between the measured and simulated pulse height 
spectra for each neutron energy.

In Figure 6 the right diagram also shows the pulse height spectrum for the d+T neutrons with 
En = 18 MeV energy comparing the result of a Monte Carlo simulation performed with the MCNP-
PoliMi code with the data and the NRESP7 calculation. The agreement is acceptable for L > 1 light 
outputs even in linear scale. It has to be mentioned, however, that much worse result was obtained 
for d+D neutrons at En = 8 MeV energy.

The results of the simulations indicate that the NRESP7 code is a better choice for calculating a 
response matrix for our NE-213 liquid scintillator based PHRS system.

Leakage spectrum measurements
For d+D neutrons of En = 8 MeV neutron energy and for d+T neutrons of En = 18 MeV neutron energy, 
Figure 7 shows the neutron spectra measured by the spectrometer at a fixed position behind the 
bismuth blocks of different thicknesses. The spectra measured without bismuth block (d = 0 cm 
thickness) were used for estimating the DLFWHM/L resolution of the spectrometer at En = 8 MeV and at 
En = 18 MeV as described above.

The peak below the main peak comes from protons recoiled by neutrons that interact with 
carbon nuclei in their first collision in the scintillator material. The main peak is induced by 
neutrons that recoil protons in their first collision in the scintillator material. The broadening of the 
peaks and the high energy tail of the monoenergetic peak are caused mainly by the finite resolution 

Figure 6: Simulated and measured pulse height spectra induced  
by En = 8 MeV neutrons (left) and by En = 18 MeV neutrons (right)

	   	  

Figure 7: Neutron spectra measured behind bismuth blocks of different thicknesses  
for d+D neutrons at En = 8 MeV (left) and for d+T neutrons at En = 18 MeV (right)
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of the spectrometer and the numerical method used for calculation of the neutron spectrum from 
the measured pulse height spectrum induced by recoiled protons.

Results of the Monte Carlo simulations of the leakage spectrum measurements
Figure 8 shows results of MCNP-4c simulations for d+D neutrons at En = 8 MeV (left) and for d+T 
neutrons at En  =  18  MeV (right). The neutron flux was averaged for the volume of the NE-213 
scintillator. The thickness of the bismuth block was d = 14 cm. The results obtained taking cross-
section data from the JEFF-3.1 evaluated library are compared to results obtained with ENDF-B/VII 
data. For the d+T neutrons the agreement is within the statistical uncertainty of the simulations 
in the whole energy region. In the case of d+D neutrons the disagreements observed at En < 5 MeV 
neutron energy are above the statistical uncertainty of the simulations.

In Figure  9 attenuation of the measured and simulated neutron fluxes integrated for the 
monoenergetic peaks are shown as a function of the thickness of the bismuth block. The neutron 
flux was averaged for the volume of the NE-213 scintillator. The simulations were performed using 
JEFF-3.1 data. The type of the exponential curve fitted to the attenuations was Φ(d) = A*e-b*d for both 
the experimental and calculated data. The agreement of the experimental and calculated results 
is very good for the 18 MeV d+T neutrons for each slab thicknesses except d = 10 cm. The obtained 
ratio of the attenuation factors of the exponential fits was bCalc./bExp. =1.005. Larger difference can be 

observed for each slab thicknesses in the case of the 8 MeV d+D neutrons. The difference is reflected 

Figure 8: MCNP-4c simulations for d+D neutrons at En = 8 MeV (left) and for d+T  
neutrons at En = 18 MeV (right). The neutron flux is averaged for the volume of  

the NE-213 scintillator. The thickness of the bismuth block is d = 14 cm.

	   	  

Figure 9: Attenuation of the neutron flux integrated for the monoenergetic peak of d+D neutrons  
at En = 8 MeV (left) and d+T neutrons at En = 18 MeV (right) as a function of the thickness of the  

bismuth block The neutron flux is averaged for the volume of the NE-213 scintillator.
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in the ratio of the b constants of the exponentials, too, that were fitted to the experimental and 
calculated data. The result for the ratio was bCalc./bExp. = 0.94.

Conclusions

The energy calibration of the PHRS system has been extended up to En = 18 MeV. Pulse height spectra 
induced by gamma photons have been simulated by the GRESP7 code. Neutron induced pulse height 
spectra have been simulated by the NRESP7 and MCNP-POLIMI codes. Comparison of the results of 
measurements and simulations has showed that the function used by us for describing the light 
output dependence of the resolution of our PHRS system can be used for interpolation in the L < 2 
LU light output region. Extension of the function to the L > 2 LU region needs re-evaluation of the 
parameter set of the function. Also, it has been shown that the method used by us for calculating 
the neutron spectra from measured pulse height spectra performs well at En  ≤  18  MeV neutron 
energies and the unfolded spectra can be used for relative measurements. For matrix unfolding 
purposes, the NRESP7 code has to be preferred to calculate the pulse height response matrix of the 
PHRS system.

The pulse height spectra obtained in our leakage spectrum measurements can be used for 
checking the validity of cross-section data sets of evaluated libraries via comparison of results of 
measurements and the relevant Monte Carlo simulations.

For both libraries, the agreement of measured and simulated neutron spectra is good for 
5 MeV ≤ En ≤ 18 MeV neutron energies. However, for both libraries, the observed differences between 
measured and simulated neutron spectra are beyond statistical uncertainty for the En  <  5  MeV 
region.

Further experimental check of cross-section data of the two libraries for bismuth is recommended 
for the En < 5 MeV region.
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Abstract
We present an overview of the present knowledge of (n,t) reaction excitation functions in the 14-21 MeV 
energy range for Cd, Cr, Fe, Mg, Mo, Ni, Pb, Pd, Ru, Sn, Ti, Zr. Experimental data are compared with 
evaluated data libraries, cross-section systematics, and TALYS calculations. The new values for the 
50Cr(n,t)48V cross-section measured using g-spectrometry at 15, 16, 17.3 MeV are presented.
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Introduction

Tritium is a β--radioactive isotope with T1/2 = (12.33 ± 0.02) y [1]. It is produced in almost all structural 
materials exposed to high-energy neutron fields provided that the neutron energies are above the 
threshold of approximately 10 MeV. Investigation of this energy domain was of minor importance 
for classical light-water nuclear reactors, but it will be important for radiation safety in future 
fusion reactors and accelerator driven systems. In these facilities intensive neutron fluxes will 
be produced, making even neutron-induced tritium production, which has a low cross-section, 
important.

The mean energy of electrons emitted during tritium β-decay is 5.69 keV (with an endpoint of 
18.6 keV). Such low-energy electrons are practically impossible to detect, because they are usually 
stopped inside the sample itself (self-absorption). Those rare electrons that penetrate outside the 
sample are absorbed in the packing of a detector. The only possibility to detect low-energy electrons 
is by a liquid scintillation technique – to admix a sample in a liquid scintillator. In addition, this 
method is non-selective requiring not only very high purity elemental samples, but even very highly 
isotopically enriched samples if the goal is a measurement for well defined reaction channels. In 
addition, preparation of solid samples for liquid scintillation is difficult and we have therefore 
decided to measure tritium production indirectly – by detecting the residual nuclei of the (n,t)-
reactions. These residual nuclei can be produced from a specific nucleus via three channels:

 A
ZX + n → Y + tA–2

Z–1 ,

 A
ZX + n → Y + n' + dA–2

Z–1 ,

 A
ZX + n → Y + p + 2nA–2

Z–1 .

The threshold energy of the tritium production channel is several MeV lower than those of 
the other two channels, see Table 1. Moreover, when charged particles are emitted, they have to 
overcome the Coulomb barrier whereby a significant cross-section is only found several MeV above 
the threshold, see Figure 1. Therefore, in a certain neutron energy domain (usually up to 20-22 MeV), 
we can be sure that a residual nucleus was produced along with a tritium nucleus.

Present knowledge in (n,t) cross-sections

The present knowledge of excitation function of (n,t) reaction is insufficient in most cases.

Experimental data
Early experimental data around 14.6  MeV are mostly not reliable enough, as they do not agree 
between each other and discrepancies can reach a factor of 2 or 3 (e.g., 50Cr, 58Ni, 54Fe, 46Ti), see 
Figures 2-5. For a few isotopes, there is only one experimental point (e.g., 90Zr, 102Pd, 106Cd, 112Sn), see 
Figures 7-10. The uncertainties are large (25-50%) or completely missing.

Several measurements were performed at higher energies (e.g., 50Cr, 58Ni, 54Fe, 92Mo), see 
Figures  2-4, 6. A few data are reported at 22.5  MeV  [2], but they cannot be considered as real 
cross-sections, because they come from irradiations with a very broad neutron spectrum 
(FWHM = 15.8 MeV). Such effective cross-sections should be considered as integral data.

Evaluations
Some evaluated data files contain data for (n,t) reactions from threshold up to 20 MeV. Large dis-
crepancies can be observed among different libraries. A particularly strange behaviour is shown by 
the BROND-2.2 library for the 90Zr and 204Pb nuclides, see Figures 8 and 12. For many nuclides, there 
are no experimental data and the evaluations are based only on nuclear model calculations (e.g., 
96Ru, see Figure 12). For some isotopes, there are neither experimental nor evaluated data available 
(e.g. 24Mg, see Figure 13).
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Therefore, a deterministic code TALYS  [3] (version 1.0 with a default setting of nuclear 
models) was used to calculate excitation functions of (n,t) reactions, see Figures 2-13 (and other 
channels leading to the same residual nuclei, see Figure 1) from threshold up to 24 MeV. In relevant 
cases, calculation of both ground and isomeric states were performed. At lower energies, TALYS 
systematically predicts significantly lower (n,t) cross-sections than measured.

Additionally, we made a comparison with (n,t) reaction cross-section systematics of 
Konobeyev [4], which applies to isotopes with A ≥ 40 and neutron energies at 14.5 and 20 MeV, see 
Figures 2-13. Cross-section systematics is usually an analytical formula derived from the analysis of 
experiments. Konobeyev developed a new approach based on pre-equilibrium exciton and evaporative 
models. It fits in the range of experimental data around 14.5  MeV, but it strongly overestimates 
experimental data around 20 MeV, which were obtained after the systematics was created.

Table 1: The threshold energies are given for the three possible channels leading to the same 
residual nucleus. The target isotopes are ordered by mass number. The energies were calculated 

using Qtool [5] with the masses given by Audi and Wapstra [6]. Half-lives and main γ-lines  
(rounded values) of the residual nuclei are taken from Nuclear Data Sheets.

Target Reaction Residue Threshold [MeV] Residue half-life Eg [keV] (Ig)

12-Mg-24
(n,t)

11-Na-22
16.3

2.6 y 1274.5 (100%)(n,n’d) 22.8
(n,p2n) 25.1

22-ti-46
(n,t)

21-sc-44
13.5

4 h (g.s.)
59 h (isomer)

1157 (100%) – g.s.
270.9 (87%) – isomer(n,n’d) 19.9

(n,p2n) 22.2

24-cr-50
(n,t)

23-v-48
12.9

16 d 983.5 (100%)
1312 (98%)(n,n’d) 19.3

(n,p2n) 21.6

26-Fe-54
(n,t)

25-Mn-52
12.7

5.6 d (g.s.)
21 min (isomer)

1434 (100%) – g.s.
1434 (98%) – isomer

935.5 (95%) – g.s.
(n,n’d) 19.0
(n,p2n) 21.3

28-Ni-58
(n,t)

27-co-56
11.3

77 d 846.8 (100%)
1238 (67%)(n,n’d) 17.6

(n,p2n) 19.9

40-Zr-90
(n,t)

39-y-88
11.5

107 d 1836 (99%)
898.0 (94%)(n,n’d) 17.8

(n,p2n) 20.1

42-Mo-92
(n,t)

41-Nb-90
11.1

15 h 1129 (93%)
2319 (82%)(n,t) 13.5

(n,n’d) 19.9

44-ru-96
(n,t)

43-tc-94
8.9

4.9 h (g.s.)
52 min (isomer)

871.1 (100%) – g.s. 
871.1 (94%) – isomer
702.6 (100%) – g.s.

(n,n’d) 15.2
(n,p2n) 17.5

46-pd-102
(n,t)

45-rh-100
9.3

21 h
539.5 (81%)
2376 (33%)
822.7 (21%)

(n,n’d) 15.6
(n,p2n) 17.9

48-cd-106
(n,t)

47-ag104
9.0

69 min (g.s.)
34 min (isomer)

555.8 (93%) – g.s.
555.8 (91%) – isomer

767.7 (66%) – g.s.
(n,n’d) 15.3
(n,p2n) 17.6

50-sn-112
(n,t)

49-in-110
9.2

4.9 h (g.s.)
69 min (isomer)

657.8 (98%) – g.s.
657.8 (99%) – isomer

884.7 (93%) – g.s.
(n,n’d) 15.5
(n,p2n) 17.7

82-pb-204
(n,t)

81-tl-202
6.0

12.2 d 439.6 (91%)(n,n’d) 12.3
(n,p2n) 14.6
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Figure 1: Excitation functions of the sum of the (n,t), (n,n’d), and (n,p2n) reactions calculated using 
TALYS. A concave part of a curve corresponds solely to (n,t) reaction. Above a characteristic 

inflection point, which depends on a target nucleus, other reaction channels become important.

0.00001

0.001

0.1

10

14 16 18 20 22 24
Neutron energy [MeV]

C
ro

ss
-s

ec
tio

n 
[m

b]

50Cr(n,X)48V

92Mo(n,X)90Nb

54Fe(n,X)52Mn

58Ni(n,X)56Co

102Pd(n,X)100Rh

204Pb(n,X)202Tl

46Ti(n,X)44Sc

90Zr(n,X)88Y

	  

Figure 2: Cross-sections of 50Cr(n,t)48V reaction measured to date [7-10] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 3: Cross-sections of 58Ni(n,t)56Co reaction measured to date [7,10-13] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 4: Cross-sections of the 54Fe(n,t)52Mn reaction measured to date [8,9,12,16-19] are compared 
with evaluated data libraries, cross-section systematics, and TALYS calculations. Experimental cross-
sections for isomeric (M), ground state (G), and their sum (G+M) are distinguished by different colours.
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Figure 5: Cross-sections of the 46Ti(n,t)44Sc reaction measured to date [7-15] are compared with 
evaluated data libraries, cross-section systematics, and TALYS calculations. Experimental cross-

sections for isomeric (M), ground state (G), and their sum (G+M) are distinguished by different colours.
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Figure 6: Cross-sections of the 92Mo(n,t)90Nb reaction measured to date [7,9,20] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 7: Cross-sections of the 90Zr(n,t)88Y reaction measured to date [15] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 8: Cross-sections of the 102Pd(n,t)100Rh reaction measured to date [7] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 9: Cross-sections of the 106Cd(n,t)104Ag reaction measured to date [16] are compared with evaluated 
data libraries, cross-section systematics, and TALYS calculations. Experimental cross-sections for 

isomeric (M), ground state (G), and their sum (G+M) are marked by different colours. TALYS calculations 
of M and G are shown up to 20 MeV, because (n,n’d) reaction becomes important for higher energies.
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Figure 10: Cross-sections of the 112Sn(n,t)110In reaction measured to date [16] are compared with 
evaluated data libraries, cross-section systematics, and TALYS calculations. Experimental cross-
sections for isomeric (M), ground state (G), their sum (G+M) are distinguished by different colours.
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Figure 11: Cross-sections of the 204Pb(n,t)202Tl reaction measured to date [15,16] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 12: Cross-section systematics of the 96Ru(n,t)94Tc reaction are  
compared with evaluated data libraries and TALYS calculations
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Materials and methods

Selection of samples
When using samples of natural isotopic abundance, the (n,t) reaction can be measured free from 
interferences for the stable isotope that has the lowest number of neutrons among the stable 
isotopes of one element (i.e. an isotope on the neutron deficient side of the valley of stability, see 
Figure  14) by the proposed method. If the (n,t) reaction on this isotope leads to a β--radioactive 
isotope with appropriate half-life and g-lines, then, g-spectrometry can be used to determine the 
activity of a residual nucleus and the (n,t) cross-section may be deduced.

Contributions from other isotopes of the same element can be excluded in the considered 
energy region (14-22  MeV), but it is necessary to pay attention to elemental purity of samples, 
because of possible interferences with other reactions on other nuclides. The most important 
candidate interference is with the (n,2n) channel from an isotope that has one proton less (the 
isotope that is under the investigated isotope in the chart of nuclides). For example, in the case of 
the 46Ti(n,t) reaction there is a possible interference with the 45Sc(n,2n) reaction, see Figure 14.

Figure 13: The excitation function of 24Mg(n,t)22Na reaction calculated with TALYS
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Figure 14: Depiction of the (n,t) reaction on the chart of nuclides. Four examples  
of isotopes selected as feasible for our experiments (58Ni, 54Fe, 50Cr, 46Ti) and the  

possible interference with the (n,2n) channel are shown. Adapted from [21].
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The (n,t) cross-sections around 15 MeV are roughly 50 μb, while the (n,2n) cross-sections are 
about 500 mb. To suppress the (n,2n) channel down to 1% of the (n,t) cross-section, the maximum 
permitted level of impurity is ~ 10-6. For example, the ratio of the amount of 45Sc nuclei to the amount 
of 46Ti nuclei in a sample should not be bigger than 10-6.

Neutron source
We use the Van de Graaff accelerator at IRMM in Geel, Belgium, for the production of quasi-mono-
energetic neutrons via the T(d,n)4He reaction. Deuteron beams with kinetic energies of 1–4 MeV 
and currents of about 10 μA directed to a solid T/Ti target (with the thickness of 2 mg/cm2 on a Au 
backing) produce quasi-monoenergetic neutrons with energies between 16.1 and 20.7 MeV in the 
forward direction and down to 13 MeV at backward angles. Typical neutrons fluxes are up to 108 n 
sr-1s-1.

Neutron energies are calculated using the EnergySet code [22] based on the reaction tables of 
Ref. [23] and the stopping powers of Ref. [24]. Neutron spectra measurements at the IRMM VdG were 
performed recently using the time-of-flight technique  [25]. A detailed measurement of neutron 
spectra will be carried out soon using a single crystal diamond detector [26].

Absolute neutron fluences are measured using thin foils from materials with well known 
excitation functions in the considered energy region and with similar threshold energies as those 
of the (n,t) reactions, see Figure 15. The time dependence of the neutron flux is measured by a long 
counter detector in relative terms [27].

g-spectrometry
Activated samples and monitor foils are measured in the IRMM VdG laboratory with a HPGe 
spectrometer (100% rel. efficiency) surrounded by a 10 cm Pb shielding (of which the inner 3 cm are 
low in 210Pb) with an inside 1 mm Cu layer.

In the case of a low activity measurement, samples are measured in IRMM’s Ultra Low-level 
Gamma-ray Spectrometry (ULGS) facility located in the underground laboratory HADES, on the 
premises of SCK∙CEN, situated at a depth of 225 m. Seven HPGe spectrometers are presently in 
operation there; all detectors are constructed using specially selected radiopure materials optimized 
for use underground. The detector shieldings are composed of 15-20 cm of Pb lined with 5-15 cm 
of electrolytic Cu. The best present value of background is 220 counts/day/kg of Ge (in the energy 
region 40-2700 keV) [28].

Figure 15: Examples of excitation functions of neutron fluence monitors:  
93Nb(n,2n)92mNb [29], 90Zr(n,2n)89Zr [30], 59Co(n,2n)58Co [30]
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The chromium experiment

The 50Cr(n,t)48V reaction is the first one we measured and is described in detail in this section. The 
experimental data at 14.6 MeV measured by liquid scintillation technique differ by a factor of 3; 
huge discrepancies (five orders of magnitude) are observed between the experimental data and 
theory, see Figure 2. This energy region is especially intricate as it is a steeply increasing part of the 
excitation curve.

Experimental data at higher energies were measured recently using g-spectrometry [10]. Good 
agreement can be seen for experimental data and TALYS calculations in the region between 18 
and 21 MeV. The experimental point at 17.3 MeV is twice as much as the TALYS calculation. This 
could indicate that TALYS underestimates cross-sections for En  <  18  MeV. The JENDL-3.3 library 
underestimates experimental data in the whole energy range.

We decided to repeat the 17.3 MeV experiment in order to check if we get the same result as 
V. Semkova et al.  [10] and to measure 50Cr(n,t)48V at two lower neutron energies to prove whether 
early experimental data or TALYS calculations correspond to reality.

Irradiation
The expected low cross-sections (~10-100 μb) required massive samples and long irradiation time. 
Three natCr samples (4.345% abundance of 50Cr) in form of discs with 5 mm in thickness and 30 mm 
in diameter (m ≈ 25 g) were irradiated at the same time. The 3.5 MeV deuteron beam was directed 
to a tritium target and the produced neutron field was used to irradiate the three Cr samples. 
They were placed at the angles of 95°, 81°, 63° with respect to the incident deuteron beam, which 
resulted in the irradiations with neutrons with the energies of (15.0±0.6), (16.0±0.4), (17.3±0.4) MeV, 
respectively.

Thin foils of Zr (0.15  mm thick) and Nb (0.05  mm thick) were used as beam monitors, see 
Figure 15. They were placed in front of and behind each Cr sample.

Measurement
After 12 days of irradiation, the activities of monitor foils were measured with a HPGe detector at 
IRMM. The Cr samples were transported to the HADES laboratory, where each sample was measured 
on two different HPGe detectors (a 60% rel. eff. coaxial detector and a 50% rel. eff. planar detector - 
BEGe-type); a single measurement lasted about 7 days. The Cr samples were placed in special Teflon 
containers with centring rings, in order to assure that the samples are placed in the centre of each 
container. The distances between a Cr sample and a detector endcap were 1.8 and 2.0 mm (for the 
two different detectors used).

The 48V activities in the samples immediately after the irradiation were ~ 100 mBq. The total 
sample activities were dominated by 51Cr (~ 10 kBq) coming from the 52Cr(n,2n)51Cr reaction, but the 
detection limits of 48V were not seriously affected due to the lower energy of the 51Cr g-ray (320 keV).

Data analysis

Data analysis was performed using the two following g-lines of 48V (T1/2 = 15.9735 d): Eg = 983.525 keV 
with Ig = 99.98% and Eg = 1312.106 keV with Ig = 98.2% [31]. Standard spectroscopy corrections were 
applied to calculate the number of produced 48V nuclei in each Cr sample; the neutron fluences 
obtained from monitor foils were used to calculate the 50Cr(n,t)48V cross-sections.

The EGS4 (Electron–Gamma–Shower) Monte Carlo code [32] was used to simulate the full energy 
peak efficiencies of the HPGe detectors. The simulations were based on the following data:

•	 the measured dimensions and estimated composition of samples (homogeneous activity 
distribution in samples assumed),

•	 the manufacturer’s information on dimensions of HPGe detectors,
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•	 the dimensions of Ge deadlayer and crystal position when cooled derived from detector 
radiographs followed by experimental calibration measurements performed with standardized 
point-like sources.

EGS4 was also used for the determination of cascade coincidences, which resulted in the correction 
factor of up to 40%. Isotropic and uncorrelated g-ray emissions were assumed.

The reported uncertainties are the combined standard uncertainties (coverage factor k=1). The 
following components contribute to the total uncertainties:

•	 the uncertainty of the efficiency determination (which is about 5%, as obtained through 
validations in proficiency testing exercises [33]),

•	 the systematic uncertainty caused by inhomogeneous activity distribution inside Cr samples 
(about 2% as estimated from EGS4 simulations),

•	 the statistical uncertainty of the Gaussian fit of g-peaks (2-7%).

Other sources of uncertainties like measurement time, half-life, g-emission probability are 
negligible (less than 0.1%).

Results and discussion

The measured cross-sections are plotted in Figure 16. The cross-section at 17.3 MeV is slightly higher 
than the one measured by V. Semkova  [10], but still in a reasonable agreement. The trend down 
to lower energies is clear - the cross-sections at 15 and 16 MeV are significantly below the earlier 
experimental data at 14.6  MeV. At the same time, they are one order of magnitude higher than 
TALYS and JENDL-3.3 at 16 MeV and two orders of magnitude higher at 15 MeV.

Large uncertainties in neutron energies are due to the big size of the samples covering large 
angles and resulting in broad neutron spectra in each sample. Because the high energy part of the 
neutron field passing a Cr sample contributes more to the reaction rate than the low energy part, 
the effective cross-section at the mean energy is not close to the actual cross-section at the mean 

neutron energy taken in the usual sense 〈E〉1 =
EfdE∫
fdE∫

. Instead we investigated whether a closer 

match would be obtained with a mean energy given by 〈E〉2 =
EsfdE∫
sfdE∫

. To determine this energy an 

energy dependence of the cross-section must be assumed. The excitation function s (E) was fitted 
with the power law s (E) ~ Ea for the two cases – the experimental trend and the TALYS prediction 
(the JENDL prediction gives almost the same a-coefficients in the 15-17.3 MeV region). The required 

Figure 16: Experimental cross-sections of 50Cr(n,t)48V reaction (data presented in this paper are 
highlighted in red) compared with JENDL-3.3, cross-section systematics, and TALYS calculations
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neuron spectra were obtained from EnergySet. In addition, the cross-sections values were corrected 

according to the calculated difference between 〈s〉 =
sfdE∫
fdE∫

 and s(〈E〉2) for the power law.

The corrected cross-sections at the corrected mean energies are plotted in Figure  16. It is 
obvious that they are strongly model dependent. The next apparent finding is that even the TALYS-
based correction does not help to reach agreement between the measured values and the TALYS 
calculations. In fact, the excitation curve from either set of corrected values remains unaltered. 
The experimental results show that TALYS strongly underestimates the excitation curve in the 
15-17 MeV energy region and it seems that the excitation curve has a more moderate slope in this 
energy region, while the steep part is at lower energies.

Conclusion and outlook

We measured the cross-sections of 50Cr(n,t)48V at 15-17.3 MeV. The trend of the results confirm that 
while early experimental data at 14.6 MeV are strongly overestimated, the calculations performed 
with the default version of TALYS strongly underestimate the excitation curve in the measured 
energy region.

We intend to perform fine tuning of TALYS nuclear models parameters for the description of 
triton emission. The reason for systematic overestimations of data at 14.6 MeV is also an issue to 
investigate.

We plan to measure 50Cr(n,t)48V at 14 MeV and (n,t) cross-sections for other isotopes between 15 
and 21 MeV. To suppress the large uncertainties in neutron energy, we consider to repeat some of 
the measurements using larger target-sample distances, which should be possible as the counting 
statistics were sufficient.
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Abstract
The Nb-Zr alloy (99% niobium and 1% zirconium) presents a constituent part of construction material 
for the high-flux test module of IFMIF (International Fusion Material Irradiation Facility). Therefore 
systematic studies of neutron activation of 93Nb in both the white (p+D2O) - and quasi-monoenergetic 
(p+7Li) neutron fields at neutron energies relevant to IFMIF were carried out using the NPI cyclotron-
based fast neutron facility. The nuclear spectroscopy methods with HPGe detector technique were used 
to obtain the activities of produced isotopes.

Seven proton beam energies between 19.8 and 37.4 MeV were used to produce quasi-monoenergetic 
neutrons. Reactions (n,2n), (n,3n), (n,4n), (n,3He), (n,a) and (n,2na) were investigated. Nb cross-
section data for neutron energies higher than 22.5 MeV do not exist in the literature.

The reactions (n,2n), (n,3n) and (n,4n) only were observed in the experiments with white neutron spec-
trum. Integral benchmark – C/E values (E means experimental results and C means calculated ones) are 
discussed.

Measured activation data are compared with predictions of the EAF-2007 library.
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Introduction

Two neutron generators are employed to study cross-section data using activation foils method. 
Both generators are based on proton beam (maximum energy of 40 MeV) of Rez U120-M isochronous 
cyclotron. Rez apparatus is described in details in ref. [1]. One neutron generator is based on p+D2O 
reaction and produces white (IFMIF like) neutron spectrum. Second generator is based on p+7Li 
reaction and produces quasi-monoenergetic neutron (QME) spectra. We are able to measure cross-
section data at incident neutron energies higher than 20  MeV, where such data are scarce. The 
irradiated foils are studied using gamma-spectroscopic technique.

Isotopes obtained in the reactions (n,2n), (n,3n), (n,4n), (n,3He), (n,a) and (n,a2n) on 93Nb were 
studied using p+7Li reaction (quasi-monoenergetic neutrons). The reactions (n,2n), (n,3n) and (n,4n) 
only were observed  [2] in the experiments using p+D2O reaction (white spectrum of neutrons). 
According these measurements the experimental cross-section values (QME) and C/E values (white 
spectrum) are obtained. (E means experimental results and C means calculated ones). In both cases 
the experimental results are compared with predictions of EAF-2007 library [2]. The cross-section 
data for Nb for neutron energies higher than 23 MeV do not exist.

Neutron spectra

White spectrum (p+ D2O)
Heavy-water-stream target (~ kW beam-power) is used to produce white spectra at proton beam 
energy of 37 MeV. Mean neutron energy is 13.9 MeV, energy range is up to 33.0 MeV. Flux density is 
up to 3x1011 n/cm2/s for 15 μA of proton beam. The neutron spectrum for proton beam energy 37 MeV, 
beam current of 15 µA and distance from D2O target 3 mm is shown in the Figure 1.

Spectra were determined by combination of dosimetry foils method (experiment) and the 
MCNPX simulation of experimental setup [3].

Quasi-monoenergetic spectrum (p+7Li) (QME)
7Li (C backing to stop protons) target is used to produce QME spectra. It reliably operated at beam-
power of 600 W. Proton beam energy range is 18-38 MeV. Flux density is ~ 108 n/cm2/s calculated (in 
peak) for 30 MeV and 1 μA proton beam at minimum t-s distance of 50 mm. The scheme of reaction 
chamber is shown in the Figure 2.

Quasi-monoenergetic spectrum (p+ 7Li) consist of quasi-monoenergetic part corresponding to 
the reactions to g.s. and 0.429 MeV state in 7Be, low-energy tail generated by reactions on 7Li leading 
to further excited states in 7Be, other reactions on 7Li and reactions of protons on carbon stopper. 
See Figure 3.

Figure 1: White neutron spectrum (p+D2O), see text
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Two sets of neutron spectra are used in our analysis.

Spectra adopted from TOF data of Y.Uwamino et al.  [4]. Simple r-square law is utilized and 
geometry factors are neglected.

Spectra calculated by the MCNPX simulation of present experimental setup, S.P.Simakov et 
al.,  [5]. Simulated data included experimental geometry conditions (Li foil, thick C beam stopper, 
alcohol coolant, flanges and experimental hall). MCNPX and LA-150h proton cross-sections library 
were used for this purpose.

Experimental conditions

Nb foils diam. 15 mm and weight approx. 0.75 g were irradiated.

Measurement using white spectrum, p+D2O source. The distance of the foil to neutron source 
was 57 mm, typical proton beam current was 15 μA and typical irradiation time was 20 h.

Measurements using quasi-monoenergetic spectra, p+7Li source. The distances of Li target to 
foils were of 48 and 88 mm. Typical proton beam was 3 μA and typical irradiation time was 20 h. 
Proton beam energies of 19.8, 25.1, 27.6, 30.1, 32.6, 35.0 and 37.4 MeV were used.

Proton beam intensity vs. time was recorded.

Figure 2: Scheme of reaction chamber for QME neutron production (p+7Li)

	  

Figure 3: Typical spectrum of QME neutrons (p+7Li reaction). Carbon stopper included.
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The activities of obtained isotopes were measured by methods of gamma spectroscopy. For this 
purpose two HPGe detectors of 23 and 50% efficiencies and resolution of 1.8 keV at 1.3 MeV were 
utilized. Spectra were measured at different cooling times. Activated isotopes were identified on the 
basis of T1/2 , g-ray energies and intensities.

Observed isotopes (reaction) are shown in Table 1.

Experimental results and their errors
Experimental results (RR) are obtained in the form: Activity / 1 μC of proton beam / 1 kg target. In 
the case of the reactions (n,2n) and (n,a) we have firstly to subtract low energy bump, En<20 MeV. 
The library EAF-2007 is used for these purposes.

RR ~ ∫ spectrum(E) x CS(E) x d(E) → CS(E), RR ~ ∑ spectrum(E) x CS(E) ΔE. We have more neutron 
spectra; therefore we have to solve set of equations to obtain cross-sections (CS).

The errors (assumed as an estimation of standard deviation) are presented in Table 2.

The uncertainty of MCNPX (QME) simulated spectra in the low-energy tail is under investiga-
tion. The possible effect of proton beam energy uncertainty is discussed in the next parts.

The errors of the activity measurement only are shown in the next figures.

Cross-sections and C/E results obtained in the experiments

Experimental results are presented in the next part. The cross-section values obtained using QME 
spectra are analysed for both distances source – foil (48 and 88 mm) using UwTOF [4] and MCNPX [5] 
spectra. In the cases of reactions (n,xn) the results are compared with C/E ratios obtained in the 
white spectra measurements. EXFOR data are shown as well.

The results are compared with EAF-2007 database. These values included the decays throw 
isomeric states, if needed. All possible channels are included as well (e.g. (n,a) means (n,a+)).

The low energy tail in the reactions (n,2n) and (n,a) is subtracted using EAF-2007 library.

The energy bins of VITAMIN J+ structure for energies > 17.33 MeV seems to be too wide.

Table 1: Isotopes obtained in the reaction of neutrons on Nb target

Isotope T1/2 Reaction Threshold (MeV)
Nb90 14.60 h (n,4n) 29.078
Nb91m 60.86 d (n,3n} 16.999
Nb92m 10.15 d (n,2n) 9.063
y91m 49.71 m (n,he3) 8.362
y90m 3.19 h (n,α) 0
y88 106.65 d (n,α 2n) 13.554

Table 2: Error estimations

Error of proton-beam current from y.uwamino [4] (TOF) 10%
error of our proton-beam current 5%
Estimation of the uncertainty of spectra simulation mCNPX [5] QmE peak 10% 
Estimation of the uncertainty of d2O spectrum [3] Ep < 25 mev 6%
Estimation of the uncertainty of d2O spectrum [3] Ep> 25 mev 20 – 30%
error of activity measurement min 3% 
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Reaction (n,2n)
QME. The effect of low energy tail is important, error of subtracted part is assumed as 5%. The higher 
energy bump (when we use TOF spectra) in the cross-section behaviour seems to be unphysical. The 
MCNPX correctly simulated geometry of the experiment. See Figure 4. The overall agreement of 
experimental and EAF-2007 cross-section data is seen.

White spectrum. Obtained C/E value is 0.951, error is 3%. Error due to the 3% possible uncertainty 
of proton beam energy is 3%.

Reaction (n,3n)
QME. EAF-2007 overestimates measured CS data. We can estimate C/E ratio as ~ 1.4 – 1.5. See Figure 5.

White spectrum. C/E = 0.803, error 9%. Error due to the 3% uncertainty of proton beam energy 
is 10%. For the agreement between QME and white spectrum we need two standard deviations 
including both the error of the white neutron spectrum and error due to the uncertainty of beam 
energy.

Reaction (n,4n)
QME. EAF-2007 overestimates CS data. We can estimate C/E ratio as ~ 2.5. See Figure 6.

Figure 4: Reaction (n,2n), QME spectrum	  

Figure 5: Reaction (n,3n), QME spectrum
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White spectrum. C/E  =2.32, error 13%. The values estimated from QME spectra and white 
spectrum agree. But we have to take into account that only points of white spectrum with energies 
higher than 30 MeV are included and the error of neutron spectrum is 20 – 30%. Moreover, error 
interval due to the uncertainty of 3% of proton beam energy is 0.3 – 3. Even for the beam energy 
uncertainty of 1% the error interval is 0.75 – 1.7.

Reaction (n,α)
The effect of low energy tail of the spectrum is important, error of subtracted part is assumed as 
10%. EAF does not correctly describe the reaction. See Figure 7.

Figure 6: Reaction (n,4n), QME spectrum

	  

Figure 7: Reaction (n,α), QME spectrum

	  Figure 8: Reaction (n, 3He), QME spectrum
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Reaction (n,3He)
The library EAF-2007 overestimates experimental CS data. See Figure 8.

Reaction (n,α 2n)
The library EAF-2007 properly describes experimental CS data. See Figure 9.

Some comments to the error analysis (QME neutrons)

Effect of subtraction of low-energy tail contribution to the experimental CS values
Subtracted parts effect is estimated using formula: M x ∫Neutr.sp.(En) x CS[EAF](En) dEn, En < our 
first exp. point. The coefficient M is a measure of deviation from EAF-2007 data.

Example Nb93(n,2n)Nb92m, MCNPX spectra, distance target foil 48 mm is shown on Figure 10. 
Errors of subtracted parts were assumed as 5%.

Example Nb93(n,a)Y90m, MCNPX spectra, distance target foil 48 mm is shown on Figure 11. 
Errors of subtracted parts were assumed as 10%.

Figure 9: Reaction (n, α 2n), QME spectrum

	  

Figure 10: Reaction (n, 2n), dependence on coeff. M
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Error bars are not shown in the Figures 10 and 11 because of its complexity. Results for multi-
plication coefficient 1 and others are within errors or close to these values.

Effect of correlations coefficients obtained during the calculations of experimental data
It concerns all reaction. We assumed that the low energy tail in the reactions (n,2n) and (n,a) are 
already subtracted. We can formulate our problem RR=A*CS as the matrixes. Then the error matrix 
for CS is (A’WA)-1 , Wii are weights of RRi , otherwise zero.

Correlation coefficients are negative and usually small (~ -0.05). The effect of correlation coefficients 
is (in our cases) small.

Conclusions

Quasi-monoenergetic high energy neutrons based on p-7Li source are used to study neutron reac-
tions on 93Nb target. Seven different proton beam energies were employed. We presented new 
cross-section data for neutron energies higher than 23 MeV. Results are compared with EAF-2007 
library. Present data on (n,2n) and (n,a 2n) reactions well correspond to the EAF predictions, some 
under- and overestimations of EAF cross-sections are indicated for reactions, (n,a), (n,3n) and (n,3He).

The data from measurements with QME neutrons are compared with results of integral bench-
mark experiments (by the C/E ratio) carried out with the white-spectrum neutrons from D2O source 
for the reactions (n,2n), (n,3n) and (n,4n). Both sets of data are in the agreement, but in the case (n,3n) 
reactions within two standard deviations only.

The sources of possible errors are analyzed.

The effect of energy-bin structure of VITAMIN J+ to simulation of the spectra and to cross-
section data at higher energy region is indicated.
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Abstract
The proton and deuteron induced reactions are of great interest for the assessment of the induced 
radioactivity of accelerator components, targets and beam stoppers as well as isotope production 
for medicine. In particular, the IFMIF (International Fusion Material Irradiation Facility) needs 
such data for estimation of the potential radiation hazards from the accelerating cavities and beam 
transport elements (Al, Fe, Cr, Cu, Nb) and metal and gaseous impurities of the Li loop (Be, C, O, N, 
Na, K, S, Ca, Fe, Cr, Ni). In order to investigate the first important nuclides relevant to the IFMIF, the 
irradiation experiments with the variable-energy cyclotron U-120M of the Nuclear Physics Institute 
Řež were carried out. The deuteron induced reaction cross-sections were investigated by irradiation 
of aluminium, copper, iron (natural isotope abundance) foils by deuteron beam of 20 MeV energy. The 
stacked-foil technique was utilized. The absolute values of cross-sections were calculated from the 
induced activities measurements by calibrated HPGe detectors. The comparison of present results with 
data of other authors and prediction of EAF-2007 library is discussed.
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Introduction

The proton and deuteron induced reactions are of a great interest of induced radioactivity in the 
accelerator components, target and beam stoppers as well. In particular, the IFMIF facility needs 
such data for estimation of potential hazards from the accelerating cavities and beam transport 
elements. The cross-sections are needed in the energy range from the threshold up to 40 MeV both 
for deuterons and protons. The description of deuteron nucleus interaction presents an important 
test for both the quality of reaction mechanics models and evaluation of nuclear data request 
especially for fusion reactor technology.

FISPACT [1] is the inventory code included in the European Activation System (EASY), has been 
adopted by the ITER as the reference activation code. FISPACT has been developed for neutron-
induced activation calculations for materials in fusion devices. From the version FISPACT-2007 
it has been extended to proton- and deuteron-induced activation. FISPACT code uses external 
libraries (EAF-libraries) of reaction cross-sections. The deuteron cross-section data are recorded in 
VITAMIN-J+ (211 bins) standard group structure (up to 55 MeV).

The variable-energy NPI cyclotron provides protons and deuterons in the energy range 
11-37 MeV and 11-20 MeV, respectively. A few years ago a program to verify the EAF-2007 charged 
particle cross-section data using NPI cyclotron was started. In the present paper, the experimental 
investigation of deuteron induced reaction cross-sections on aluminium, copper and iron (natural 
isotope abundance) is reported for deuteron energies up to 20 MeV.

Experimental procedure

Irradiation
The irradiation was carried out using an external deuteron beam of the NPI variable-energy cyclotron 
U-120M operating in the negative-ion mode of acceleration. From the stripping-foil extractor the 
beam was delivered to the reaction chamber through beam line consisting of one dipole - and two 
quadrupole magnets.

The incident deuteron energy was determined by the computational procedure based on meas-
ured trajectory (the frequency and actual extraction radius) of acceleration. This procedure was 
experimentally tested using the activation foil method and the surface-barrier-detector technique. 
The energy was determined with resulting accuracy of 1.0%, the FWHM spread of incident beam up 
to 1.8% was observed.

The activation cross-sections were measured by a stacked-foil technique. Collimated deuteron 
beam strikes the stack of foils in a Faraday-cup-like reaction chamber enabling to employ the 
cooling of stacked foils without the lost of accuracy in the beam current and charge monitoring 
(5%). Stacked foils were irradiated at 200–400 nA deuteron beam in a set of expositions for time up 
to 600 sec.

The high purity metallic foils (Goodfellow product) of Cu, Fe (25 µm declared thickness) and 
Al (50  µm declared thickness) were weighted (within 2% of accuracy) to avoid relatively large 
uncertainties in the foil thickness declared by producer. The mean energy, energy thickness and 
energy spread in each foil was set out by SRIM 2003 code [2]. The foils of examined elements (Cu, Fe) 
were inserted in the chamber by turn with the Al foils, which was utilized for additional monitoring 
of beam current and for appropriate reduction of deuteron energy as well.

Activity measurement
The gamma-rays from the irradiated foils were measured repeatedly by two calibrated HPGe 
detectors of 23 and 50% efficiency and of FWHM 1.8 keV at 1.3 MeV. Experimental reaction rates were 
calculated from the specific activities at the end of the irradiation corrected to the decay during 
irradiation using total charge and foil characteristic as well. The measurement with different cooling 
times lasted up to 100 days after irradiation.
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Results

Aluminium and natural copper irradiation
As the first experiment, the high purity natural Al and Cu foils were bombarded by deuterons from 
U-120M NPI cyclotron with initial deuteron energy 20.4 MeV. Two irradiation runs were carried out 
with mean current 0.09 µA and 0.33 µA during 15 min and 5 min, respectively, to check internal 
consistency of the measurement.

In the Figure 1, the widely known values of the cross-sections for the (d,pa) reaction on 27Al 
are shown. This reaction also served as a standard for normalization. From the picture where our 
data are compared to the data of others authors from EXFOR [3] and the recommended excitation 
function  [3] is seen that present data are in overall agreement with other authors, slightly 
overestimating the recommended ones. The cross-sections of 27Mg and 28Al products with half life 
in range of minutes were measured as well [4,5].

Figure 1: The comparison of present data on the 27Al(d,pα)24Na excitation  
function with cross-section values from other authors from EXFOR database [3].  

Only statistical errors and energy foil thicknesses are shown.
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Figure 2: The comparison of present data on the 65Cu(d,2n)65Zn excitation function with  
cross-section values from other authors from EXFOR database [3] (data presented as  
natural copper reactions are converted to only deuteron induced reaction on 65Cu) and  

EAF-2007 database. Only statistical errors and energy foil thicknesses are shown.
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Natural copper consists of two stable isotopes – 63Cu (69.2%) and 65Cu (30.8%). As an example 
the 65Cu(d,2n)65Zn and 63Cu(d,2n)63Zn cross-sections are shown in Figures 2 and 3, respectively. The 
generation of 65Zn by irradiation of the natural copper may proceed in two contributing reactions: 
radioactive capture 63Cu(d,g) (threshold 0 MeV) and 65Cu(d,2n) (threshold 5.5 MeV) reaction, as well. 
The radioactive capture reaction is known to be very small. Hence, the 63Cu(d,g) reaction would not 
be expected to contribute significantly to the measured yield of 65Zn. On the other hand it is only 
the 63Cu(d,2n) reaction which can produces the 63Zn in an energy range up to 25 MeV (when the 
65Cu(d,4n)63Zn reaction starts). It is seen from the Figure 3 that the EAF-2007 data underestimate the 
experimental cross-sections in the energy region above 3 MeV.

Natural iron irradiation
Natural iron consists of four stable isotopes – 54Fe (5.8%), 56Fe (91.8%), 57Fe(2.1%) and 58Fe (0.3%) – which 
leads to many channel opening. The irradiation was carried up in two runs to see inner consistency 
of results obtaining. The characteristic of single runs are in Table 1.

The reaction natFe(d,*)56Co belongs to the reactions recommended for the cross-section measure-
ment normalization. The comparison of present results (Run A and run B are shown separately to 
see inner consistency of results derivation) with results of another authors from EXFOR database, 
recommended excitation function [3] and EAF-2007 cross-sections [1] (data are converted to a natural 
composition of iron) is shown in Figure 4.

In contrast to well explored reaction natFe(d,*)56Co, the excitation function of the natFe(d,*)56Mn 
is known very scarce. The reason is that the strong gamma-lines 846.8 keV (Ig – 98.9%), 1810.77 keV 
(Ig – 27.2%), 2113.12 keV (Ig – 14.3%), decaying 56Mn (T1/2 = 2.5785 h) interfere with those lines from 
56Co (T1/2 = 77.27 d) decay. To determine specific activity at the end of irradiation, the cooling time 
measurements were taken for a period up to 100 days. The experimental obtained dependence of 
activity on the time measurement was fitted to a sum of two exponential functions accordant with 
56Co and 56Mn decays using MINUIT code [6] and the specific activities for the 56Co and 56Mn were 
obtained separately. The correctness of this approach is seen from Table 2, where the comparison 

Figure 3: The comparison of present data on the 63Cu(d,2n)63Zn excitation function with  
cross-section values from other authors from EXFOR database [3] (data presented as  
natural copper reactions are converted to only deuteron induced reaction on 63Cu) and  

EAF-2007 database. Only statistical errors and energy foil thicknesses are shown.
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Table 1: The natural iron irradiation characteristics

Run
Initial energy

[MeV]
Mean current

 [µA]
Irradiation 

time
a 20.01 0.20 30.33 min
b 20.04 0.24 27.44 min
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of specific activities at the end of irradiation calculated from different gamma-lines is shown. The 
natFe(d,*)56Mn excitation function is shown in Figure 5 where it is seen the EAF-2007 cross-sections 
underestimate the experimental in the deuteron energy up to 12 MeV.

The present natFe(d,*)54Mn cross-section data are in agreement with the previous experiments 
and slightly underestimate the EAF-2007 data in deuteron energy region up to 10 MeV, as it is seen 
from Figure 6.

Figure 4: The comparison of present data on the natFe(d,*)56Co excitation function with cross-section 
values from other authors from EXFOR database [3], recommended values [3] and EAF-2007 database 

corrected for isotopic abundance. Only statistical errors and energy foil thicknesses are shown.
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Table 2: The specific activity at the end of irradiation calculated from the  
interfered lines and from the rest of weak lines. Ed =19.3 (0.3) MeV.

Energy [keV]
56Co

Activity [Bq]
56Mn

Activity [Bq]
846.77 1.687e+4 5.667e+5

1810.77 1.768e+4 5.621e+5
2113.12 1.684e+4 5.513e+5
others 1.680e+4 5.733e+5

Figure 5: The comparison of present data on the natFe(d,*)56Mn excitation function with cross  
section values from other authors from EXFOR database [3] and EAF-2007 database corrected  

for isotopic abundance. Only statistical errors and energy foil thicknesses are shown.
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Figure 6: The comparison of present data on the natFe(d,*)54Mn excitation function with cross  
section values from other authors from EXFOR database [3] and EAF-2007 database corrected  

for isotopic abundance. Only statistical errors and energy foil thicknesses are shown.
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Figure 7: The comparison of present data on the natFe(d,*)52Mn excitation function with cross  
section values from other authors from EXFOR database [3] and EAF-2007 database corrected  

for isotopic abundance. Only statistical errors and energy foil thicknesses are shown.
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Figure 8: The comparison of present data on the natFe(d,*)52mMn excitation function with cross  
section values from other authors from EXFOR database [3] and EAF-2007 database corrected  

for isotopic abundance. Only statistical errors and energy foil thicknesses are shown.
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The 52Mn (T1/2 = 5.591 d) production cross-sections are actually 52(m+g)Mn ones, but only 1.7% (this 
effect is hidden in an experimental uncertainties) is fed from the isomeric state (T1/2 = 21.1 m). This 
isomeric state decays mainly through 1434.07 keV (I = 98.3%) line which interferes with 52Mn ground 
state decay. Using minimisation procedure [6] the 52mMn cross-section was determined. Excitation 
function for natFe(d,*)52Mn and natFe(d,*)52mMn reactions are in agreement with the EAF 2007 data up 
to about 15 MeV as it is seen from Figures 7, 8.

While experimental Mn production cross-sections are in a sufficient agreement with the EAF-
2007 prediction, the EAF-2007 library data overestimate the experimental data for the 55Co (Figure 9) 
and 57Co (Figure 10) production cross-sections (particular 54Fe(d,n)55Co and 56Fe(d,n)57Co – the main 
reaction channels).

The 58Co (T1/2 = 70.86 d) has a long living metastable isomer 58mCo (T1/2 = 9.04 h) decaying through 
the 24.9 keV (I = 0.0389%) gamma-rays immeasurable by a HPGe detector. Moreover, the 58mCo feeds 
the 58gCo by 100%. It is used to obtain 58(m+g)Co production cross-section by measuring the product 
activity after long cooling time (90 days). Such results are shown in Figure 11. We did an attempt 
to specify 58Co production cross-section for 58mCo and 58gCo in particular. To determine specific 
activities A0

m and A0
g at the end of irradiation equation (1) was minimized using MINUIT code [6].

 Ag =
lg

lg – lm
Am

0 (e–lmt – e–lgt) + Am
0 e–lgt , (1)

Figure 9: The comparison of present data on the natFe(d,*)55Co excitation function with cross  
section values from other authors from EXFOR database [3] and EAF-2007 database corrected  

for isotopic abundance. Only statistical errors and energy foil thicknesses are shown.
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Figure 10: The comparison of present data on the natFe(d,*)57Co excitation function with cross  
section values from other authors from EXFOR database [3] and EAF-2007 database corrected  

for isotopic abundance. Only statistical errors and energy foil thicknesses are shown.
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Figure 11: The comparison of present data on the natFe(d,*)58Co excitation  
function with cross-section values from other authors from EXFOR  

database [3]. Only statistical errors and energy foil thicknesses are shown.
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Figure 12: The comparison of present data on the natFe(d,*)57Co excitation function with  
cross-section values from other authors from EXFOR database [3] and EAF-2007 database  

corrected for isotopic abundance. The results of SUD 96 [7] were performed by X-Ray  
spectrometric studies. Only statistical errors and energy foil thicknesses are shown.
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Figure 13: The comparison of present data on the natFe(d,*)57Co excitation function with cross  
section values from other authors from EXFOR database [3] and EAF-2007 database corrected  

for isotopic abundance. Only statistical errors and energy foil thicknesses are shown.
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where Ag is the specific activity of the sample at cooling time t, lg and lm are the decay constant 
for ground and metastable isomer, respectively. Similar procedure was used for the determination 
of the correction of A0

m and A0
g for the decay during irradiation. In Figures 12 and 13 the evaluated 

(d,*) reaction cross-sections of meta-stable and ground-state of 58Co are given. The 58mCo production 
cross-section data [7] obtained by the X-ray spectroscopic studies using either Si(Li) or an intrinsic 
HPGe detector with Be window are shown in Figure 12.

The only reaction 58Fe(d,p) produces 59Fe isotope. The evaluated data underestimate the 
experimental ones as it is seen from Figure 14, where the EAF 2007 cross-section data are corrected 
for the natural abundance 58Fe (0.3%).

The EAF 2007 cross-section data for the natFe(d,*)51Cr reaction also slightly underestimate the 
experimental ones is it shown in Figure 15.

Figure 14: The comparison of present data on the natFe(d,*)59Fe excitation function with cross  
section values from other authors from EXFOR database [3] and EAF-2007 database corrected  

for isotopic abundance. Only statistical errors and energy foil thicknesses are shown.
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Figure 15: The comparison of present data on the natFe(d,*)51Cr excitation function with cross  
section values from other authors from EXFOR database [3] and EAF-2007 database corrected  

for isotopic abundance. Only statistical errors and energy foil thicknesses are shown.
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Conclusion

The deuteron induced activation cross-section measurements on Al, Cu and Fe natural samples were 
carried out using NPI variable energy cyclotron U120M and the gamma spectroscopy technique (HPGe) 
for the investigation of produced radioactive nuclides. The activation cross-sections were determined 
from induced specific activities related to the total charge of deuteron beam. In the determination of 
reaction rates, the time dependence of deuteron beam current was taken into account. Beside the mean 
statistical errors of about 3% in specific activities and energy foil thicknesses calculated using SRIM 
2003 code shown in the figures, the systematic uncertainties are: the energy shift and energy spread of 
incident deuteron beam of about 1% and 1.8% respectively, the beam current measurements – 5% and 
the foil thicknesses – 2% (declared uncertainty was reduced by means of foil weighing). An improve-
ment of monitoring characteristics (initial energy, beam charge measurement) is under progress.

Resulting cross-section data are in good agreement with the major part of previous reported 
experiments. Sufficient agreement is indicated in the comparison of present 54Mn and 56Co 
production cross-section data with those data from EAF-2007 library, especially the data of the 
natFe(d,*)52Mn and 52mMn reactions. The EAF-2007 data for the natFe(d,*)56Mn reaction underestimate 
the experiments in the energy region up to 10 MeV (where the only reaction 58Fe(d,a+) contribute), 
and overestimate the experimental data for the production of 55Co and 57Co (where the main reaction 
channels are 54Fe(d,n)55Co and 56Fe(d,n)57Co, respectively). For the 59Fe isotope (produced only through 
the 58Fe(d,p) reaction), the EAF-2007 evaluation underestimate the experiment of about one order.

An attempt to determine cross-sections for natFe(d,*)58mCo and natFe(d,*)58gFe separately was done as 
well. The 58mCo cross-section values are in acceptable agreement with those data obtained by X-ray spec-
troscopic studies, the estimation of 58gCo production cross-sections was made for the first time. However, 
the six cooling time measurements were not enough for a precise cross-section determination.

Present experimental investigation indicates necessity of further development of the EAF 
deuteron activation evaluation.
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Abstract
The neutron cross-sections of various threshold reactions using different quasi-monoenergetic neutron 
sources based on proton reaction on 7Li target were studied. The measurements were carried out in 
NPI ASCR in Řež near Prague and in TSL in Uppsala (Sweden) and neutron sources with energy range 
from 20 to 100 MeV were used. The last experiment was carried out in February 2010 in TSL Uppsala 
using proton beams with  energies of 65, 70, 80, and 93  MeV. Cross-sections of (n,xn), (n,p) and 
(n,alpha) reactions in Au, Al, Ta, Bi, Y, In foils and iodine samples were determined. Activated foils 
and iodine samples were measured by the means of HPGe detectors and a wide range of spectroscopic 
corrections was applied. Our preliminary values of experimental cross-sections are compared with 
the  results of TALYS code and also with data from EXFOR database. Many cross-sections were 
measured in the energy regions where no experimental data are available so far.
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Motivation

Measurement of spatial distribution of neutrons is an important part of studies of spallation based 
experiments. The activation detectors are very useful tool for neutron field determination in this 
case. We use threshold reactions on gold, aluminium, bismuth, indium, tantalum, yttrium, and 
cobalt samples for neutron detection. Unfortunately, almost no experimental cross-section data for 
most of the observed threshold reactions are available above 30 MeV. Therefore, it is necessary to 
perform new cross-section measurements in this region.

Neutron sources

Our experiments relating to cross-section measurements took place in years 2008 and 2009 in the Nuclear 
Physics Institute (NPI) in Řež (four measurements) and in years 2008 and 2010 in The Svedberg Laboratory 
(TSL), Uppsala, Sweden (seven measurements). Proton beams of different energies were used (in TSL 25, 
50, 62, 70, 80, 92 and 97 MeV, in NPI 20, 25, 32.5 and 37 MeV (Figure 1)). A high energy neutron source 
with well known monoenergetic spectrum is needed for cross-section studies. This source must be in 
addition high intensive in the case of measurements by means of activation method. Unfortunately, 
such an ideal source does not exist. The only available sources to use are quasi-monoenergetic, with 
not negligible continuum background. We used a neutron source based on the 7Li(p,n)7Be reaction. 
Approximately half of the neutrons were produced in the peak corresponding to the ground state and 
the first excited state at 0.43 MeV in 7Be. The second half of the intensity was in the continuum in lower 
energies corresponding to higher excited states, multiple-particle emission etc.

In the NPI, the energy range of neutron source was between 10 and 37 MeV [1]. High energy 
protons from the cyclotron were lead to lithium target with carbon backing to stop protons. 
The  thickness of the neutron source was 2  mm. The sample distances from the lithium target 
were 11 to 16 cm. The neutron flux density was 108 cm-2s-1. The uncertainty of the neutron spectra 
determination was in this case 10 %. The uncertainty of the beam intensity determination was 5%. 
Time of single irradiation was about 20 hours and the process of irradiation was relatively stable. 
Neutron spectra are considered to be the same as in the work of Y. Uwamino [2].

Because of the relatively small source energy range in NPI (up to 37 MeV), the measurements 
were performed in TSL Uppsala. The energy range of TSL cyclotron is from 20 MeV to 180 MeV for 
protons [3]. The remaining part of proton beam behind the lithium target was deflected by a magnet 
and guided onto a graphite beam dump. The neutron beam was formed by 100 cm iron collimator 
and the  maximum neutron flux density 105  cm-2s-1 was possible. Samples were located 373  cm 
from the lithium target. Time of single irradiation was about 8 hours. The uncertainty of the beam 
intensity determination was 10% and the uncertainty of the neutron spectra determination was also 
10%. Our measurements in Uppsala were successful and confirmed the applicability of this source 
to such measurement of reactions used in our activation detectors.

Figure 1: Neutron spectra for different proton energies (NPI ASCR Řež)
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Cross-section measurements

Except the iodine the studied materials were in the form of foils of thickness ranging from 0.05 mm 
up to 1 mm. The weights of the foils were from 0.2 grams up to 7 grams. The foils were wrapped 
in paper, so the nuclide transport between the foils was minimized. The iodine samples were in 
the form of solid KIO4 tablet packed hermetically in plastic. The samples were measured as soon 
as possible on the HPGe detectors. The uncertainty of the efficiency calibration of detectors was 
under 3%. Each foil was measured several times. The transport time of foils on HPGe detector lasted 
for two minutes in TSL and about 15 minutes in NPI.

Spectra from the HPGe detector were analyzed by the program DEIMOS32 after irradiation and 
measurement [4]. DEIMOS enables evaluation of the peak position and its area in defined part of 
the spectrum. The basic peak shape is Gaussian. The obtained areas of peaks contain information 
about detected photon numbers. Appropriate spectroscopic corrections have to be made during 
follow-up analysis. Among them are corrections on  the decay during cooling, decay during irra-
diation and measurement, unstable irradiation, coincidences, non-point like emitter, detector dead 
time, detector efficiency, and self absorption. Spectroscopic corrections make about 1% uncertainty. 
Statistical uncertainty of the Gauss fit of the gamma peaks in the DEIMOS32 code depends on inten-
sity and its value is usually between 1 % and 10%. Final uncertainty is set as a square root of the 
second powers of particular statistical and systematic uncertainties.

The total yield of observed radioactive nuclei per one gram of activated material and one 
neutron was calculated by Eq. (1):

 Nyield =
Sp · Cabs (E)

Ig · εp(E) · COI · C area

t real

t live m foil

1 e(l·t0)

1 – e(–l·treal) 1 – e(–l·tirr)
l · tirr , (1)

where Sp is the peak area, Cabs – self-absorption correction, Ig – gamma line intensity, εp (E) – detector 
efficiency, COI – correction for real Coincidences, Carea – square-emitter correction, Cabs – self-absorption 
correction, treal/tlive – dead time correction, mfoil – mass of foil and the last two fraction represents decay 
during cooling and measurement and decay during irradiation.

The yields calculated by the means of different gamma lines were used for mean value calcula-
tion. The cross-section value can be calculated with the knowledge of yield:

 s =
N yield · S · A

N n · N A
, (2)

where S is the foil area, A – molar weight, Nn – number of neutrons in peak, NA – Avogadro’s number.

To find gamma lines and half life of isotopes a database Lund/LBNL Nuclear Data Search was 
used [6].

Background subtraction

In the ideal case, the threshold energy of the observed reactions lied at the beginning of the neutron 
peak (e.g.  124I in Figure  2). In real case radioisotope production by the background neutrons was 
mostly not negligible, as we can see in Figure 2 for other isotopes. This was solved by the subtraction 
of  background contribution. Background contribution was determined by folding of the neutron 
source spectrum and calculated cross-sections. The cross-sections were calculated by means of 
the deterministic code TALYS 1.0. [5], basic setting of the code was used.

This procedure is insensitive to the absolute value of the TALYS cross-section, but sensitive to 
the shape of cross-section dependency on neutron energy. If we use models with different nuclear 
level density, the shapes of cross-section dependency on energy will change. Default model in code 
TALYS is Fermi, but also backshifted Fermi model, superfluid model, or Goriely or Hilaire tables can 
be used.

The ratio between cross-sections models with different nuclear level density and default Fermi 
model, reaction (n,3n) on bismuth, is represented in Figure 3. In some examples difference between 
Fermi model and others go up to 70%. It is necessary to analyze the influence of this factor on 
determination of radioactive nuclei number in the future.
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Results

Cross-section measurements in NPI and TSL cover a wide range of energies. A lot of new experi-
mental data were measured. Products of (n,xn) threshold reactions were observed up to x = 10, for 
example 209Bi(n,10n)200Bi. The highest observed isotope in gold was 188Au, 108In in natural indium, 119I 
in iodine and 176Ta in tantalum.

Our results for well known cross-sections agree with experimental data found on EXFOR and 
it is possible to believe that also the first measured cross-section data are under control. Values 
of experimental cross-sections are compared with the results of TALYS code and also with data 
from EXFOR [7] database. Some examples are in Figure 4 – Figure 7.

Figure 2: Example of different influence of background (values in the parentheses  
are ratios between production in the peak and total production)
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Figure 3: Difference between cross-section models with different nuclear  
level density and default Fermi model, reaction 209Bi (n,3n)207Bi, TALYS 1.0
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Figure 4: Comparison of experimental data from NPI and  
TSL with TALYS and EXFOR, 197Au (n,2n)196Au reaction
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Figure 5: Comparison of experimental data from NPI and  
TSL with TALYS and EXFOR, 197Au (n,4n)194Au reaction
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Conclusion

Eleven cross-section measurements were performed in years 2008 – 2010 in TSL Uppsala and NPI Řež. 
Quasi-monoenergetic neutron sources were used and energy region from 17 MeV to 94 MeV was covered. 
Our data were compared with data from EXFOR database and with code TALYS. Good agreement 
between our data and other experimental data and code TALYS was observed in many cases. Previous 
measurements in NPI and TSL are now completely processed and were published at scientific workshop 
EFNUDAT – Slow and Resonance neutrons in 2009 in Budapest  [8] and at  International Conference 
on Nuclear Data for Science and Technology in April 2010 in South Korea  [9]. Results from the last 
measurement are still in processing and for this time just preliminary cross-sections data are presented. 
By the means of this new measurement we covered energy range 59 – 89 MeV, where no data were 
available so far.

Figure 6: Comparison of experimental data from NPI and  
TSL with TALYS and EXFOR, 197Au (n,6n)192Au reaction
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Figure 7: Comparison of experimental data from NPI and  
TSL with TALYS and EXFOR, 209Bi (n,4n)206Bi reaction
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Abstract
For a sustainable development of nuclear energy the handling of radioactive waste is a key issue. 
Innovative fuel cycles are developed for the transmutation of  minor actinides and long-lived 
fission products and therefore accurate knowledge of the fuel inventory is necessary. The IGISOL 
facility with JYFLTRAP at the accelerator laboratory of the University of Jyväskylä will be used for 
measuring independent fission yield distributions from neutron induced fission. The facility has a 
well demonstrated ability for such measurements in proton induced fission. Currently, the facility is 
moving to a new location next to the recently installed MCC30/15 high intensity cyclotron. A neutron 
converter target is planned which will make use of the intense proton and deuteron beams. We plan 
to build a water-cooled tungsten target similar to the white neutron source at TSL. The converted 
neutrons allow independent fission yield studies of key actinides in a simulated fast reactor neutron 
field. In addition a thermal neutron field can be produced using a water sphere around the converter 
target. This will allow studies of the fission products of  minor actinides which will become more 
important in today’s light water reactors due to increased burn-up. The neutron source target will 
be realised in collaboration with the AlFONS (Accurate FissiOn data for Nuclear Safety) project of 
Uppsala University, financed by the Swedish Radiation Safety Authority and the Swedish Nuclear 
Fuel and Waste Management Co. The prospects of neutron-induced fission at the renovated IGISOL 
facility will be discussed.
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Introduction

Nuclear power in the near future will go through some changes of importance from a nuclear 
physics point of view. The ageing Light Water Reactors (LWR) of today will be either upgraded or 
replaced with new ones that allow longer use of the fuel, which implies higher burn-up. Most likely 
there will also be the introduction of new reactor concepts belonging to Generation IV, including 
Fast Breeder Reactors (FBR), with the aim of more efficient use of the fuel, and the possibility to 
transmute long lived fission products and actinides. In both cases there will be a need for better 
knowledge of the fuel inventory.

The IGISOL mass separator, coupled to the penning traps of JYFLTRAP, at the University of 
Jyväskylä, has been used successfully during a number of years for the identification of different 
properties of exotic nuclei, including measurements of masses, proton separation energies, and 
decay spectroscopy [1]. Recently it has also proven its capability for high precision measurements 
of proton-induced fission products from 238U [2,3]. It is therefore natural to use this facility also for 
high-precision measurements of neutron-induced fission yields of interest for innovative nuclear 
fuel cycles.

This report presents our intention, within the AlFONS (Accurate FissiOn data for Nuclear 
Safety) project of Uppsala University, to design a neutron source for such measurements, and a few 
preliminary conclusions from our initial studies.

The IGISOL facility

IGISOL stands for Ion Guide Separator On-line and is a successful method, developed at the accel-
erator facility of University of Jyväskylä, for mass separation of short-lived nuclides [4]. The mass 
separation resolution is of the order of m/Δm ≈ 300 or better, which is  enough for an unambiguous 
mass identification over the entire isotopic chart. Ions entering the IGISOL mass separator origin 
from thin targets that have been bombarded by a suitable accelerator beam. In the present scenario 
the idea is to bombard fissile actinides with fast or thermal neutrons, and to use IGISOL for mass 
separation of the fission fragments.

Following radio-frequency quadrupole cooling and bunching, the beam with the selected 
mass is sent to the JYFLTRAP, which contains two cylindrical Penning traps. The Penning traps 
identify isotopes with respect to their mass-to-charge ratio, m/q, by determining the cyclotron 
frequency, fc, of each ion in a strong magnetic field, B, according to the relation fc = 1/(2π) × q/m × B. 
The first Penning trap purifies the beam and the second one is used for the actual measurement. 
The combined effect is a mass resolution of Δm/m ≈ 10-7 or better, enabling high precision mass 
measurements of exotic nuclei and isomeric states [5].

The IGISOL facility has a proven capability for high quality measurements of proton-induced 
fission yields [2,3]. This ability will now be used for measurements of neutron-induced fission yields. 
The high precision of the IGISOL-JYFLTRAP setup will improve the quality of the existing fission 
yields, and extend them with data for fission fragments that have not been included so far and that 
may be of importance in reactors with higher burn-up. In an initial stage 235U would be measured 
for calibration purposes, followed by measurements of 238U, 239Pu and 240Pu. Furthermore, the facility 
can be used for systematic measurements on potential actinides of relevance in various Generation 
IV scenarios, such as 232Th, 233U, 237Np, and 243Am. More detailed information about the IGISOL facility 
and its capabilities is given by Penttilä et al., in recently published work [3] and in another talk at 
this workshop [6].

Initial studies for the design of a neutron source

During the fall of 2010 the IGISOL-JYFLTRAP facility is being moved to a new location next to the 
recently installed MCC30/15 high intensity cyclotron, which enables proton beams of 18-30 MeV with 
a current of 100 µA, and deuterons of half the energy and current [7]. To fully utilize the intense 
proton and deuteron beams, a neutron converter target is being planned. The converter targets 
should be able to simulate both thermal and fast reactor neutron fields in order to perform studies 
of relevance for reactor applications.
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The initial studies within the AlFONS project have been performed mainly with the Monte Carlo 
code MCNPX [8], and a few independent double checks with FLUKA [9,10]. Our approach has been to 
utilize the local experience with the ANITA white neutron source [11], which is being used at the The 
Svedberg Laboratory for studies of Single Event Effects (SEE) with atmospheric-like neutrons. Due 
to the different energies (the ANITA target is exposed to proton energies up to 175 MeV), as well as 
purposes, a straightforward application to the IGISOL facility is not feasible. In any case, the initial 
approach is to use a thick tungsten target of similar dimensions as the ANITA target and produce 
neutrons through the W(p,n) reaction. There is plenty of experience with tungsten as neutron 
converter, and, besides being a heavy, neutron rich nuclide, it has a high melting point, high thermal 
conductivity, and does not produce much residual radioactivity.

In the present work, there are no surrounding material except for the target itself and eventual 
moderator material, and the surrounding is treated as vacuum. All results with neutron flux are 
calculated in the unit neutrons per square centimetre per initial proton, at a distance of 100 cm from 
the centre of the neutron production target. The actual distance between the neutron source and the 
fission target will be 20-50 cm, resulting in a higher neutron flux, but for the initial studies a larger 
distance is selected in order to reduce geometrical effects. The initial calculations were performed 
with 30 MeV protons impinging on a cylindrical tungsten target with 2.5 cm thickness and 2.5 cm 
radius. This is an ongoing work that was recently started, so all results and conclusions below are 
preliminary and subject to change.

Investigations of different target geometries

During our initial investigation we (re)discovered that neutrons at energies below 10  MeV are 
sensitive to the geometry of the production target. For 30 MeV protons the neutrons are produced, 
mainly through the W(p,n) reaction, within 0.1 cm from the surface of the target. The mean free path 
for neutrons in the target matter is relatively low, so targets thicker than 1 cm give a substantial 
shielding effect in the forward direction. Therefore the neutron flux is higher in the backwards 
direction, and we have made a naive test in order to see if it is possible to use this effect in order to 
increase the neutron flux onto the fission target. Figure 1 shows a few examples of the study. In all 
plots the incident proton beam is directed towards the angle 0 degrees. For all cases the neutron flux 
has been measured 100 cm away from the target centre. The black curve is the “normal” case with 
the original tungsten target. Besides a slight forward peaking due to high energy neutrons, there is 
a substantial increase in the neutron flux in the backwards directions. In Figure 2 the corresponding 
energy spectra is show for 0, 90, and 180 degrees scattering angle. The blue curve shows the neutron 
spectra for a small cylindrical target, 0.2 cm thick and with 0.1 cm radius. In this case we get, as 
expected, the opposite effect, with a forward peaked neutron flux which is of the same magnitude 

Figure 1: The left part shows a radar plot of the simulated neutron flux versus scattering angle  
for different target geometries. The gray shaded area in the centre shows the geometry of a  
semi-spherical target that is tilted 45 degrees with respect to the proton beam (incident from  

below). The right part shows the neutron flux for the different geometries in a regular diagram.
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as the backwards neutron spectra for a thick target. A third option that was looked into was to 
use a half-sphere with radius 2.5 cm, which has the flat surface tilted 45 degrees with respect to 
the incident proton beam. In the left part of Figure 1, the shape is outlined as a grey shadow. The 
resulting neutron flux is show as red lines in Figure 1. A fourth option that was investigated was to 
add a cylindrical tungsten tube with thick walls, facing towards the angle 90 degrees. As expected, 
the tube enhances the neutron flux at the scattering angle 90 degrees.

From the four cases displayed in Figure 1, we see that it is in principle possible to enhance the 
neutron flux in a given direction, thereby increasing the fission yield. It should be noted, however, 
that no clear conclusions can be drawn before a more thorough investigation of the neutron fluxes 
are done. The relative increase in neutron flux is less than a factor of two, so the more complex 
geometry of the neutron source will probably discourage further investigations, though there 
are positive aspects with respect to higher fission yield, activation issues, and target cooling that 
need to be considered. Furthermore, the gain will most likely only be of interest for a fast neutron 
spectrum, while the same geometry may become problematic for a thermal spectrum.

Investigations of different moderator geometries

We have made some basic comparisons of the neutron flux with different water moderator thick-
ness. Shown in Figure  3 is a comparison of neutron spectra without moderator, and with two 
different moderator thicknesses, assuming a setup where the moderator is sphere of water that 
completely surrounds the target. As before, the neutron flux is determined at a distance of 100 cm 
from the centre of the target. The spectra are also compared with typical neutron fields for LWR and 
fast reactors [12]. The intensity of the reactor spectra have been renormalized arbitrarily.

As seen it is quite easy to obtain a neutron spectrum that is similar to the one in a LWR. For 
the fast reactor spectra it seems that it may be possible to improve from the un-moderated spectra 
by introducing a little bit of a moderator material in order to make the spectra somewhat softer. 
Another approach may be to reduce the proton beam energy, or consider other neutron sources.

Plans for the near future

As mentioned above the studies mentioned are so far very rudimentary and need to be extended in 
a more systematic manner. Producing a suitable neutron flux in order to obtain fission fragments 
of relevance is of course the main objective, but there are a number of practical considerations that 
need to be addressed. Below is a list of studies that are planned in the near future:

•	 Optimize neutron spectra with respect to energy and intensity in order to make them as 
similar as possible to LWR and FR spectra, by modifying the target geometry and moderator 
thickness. Besides water, other moderator materials may be considered. The selected 

Figure 2: The left part shows the simulated neutron spectra for the “normal” target at the scattering 
angles 0, 90 and 180 degrees. The right part shows the corresponding neutron spectra for a small target. 

The error bars show the statistical uncertainty due to limited statistics in the Monte Carlo simulation.
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moderator needs to be easy to remove or modify when fast neutron spectra will be used. 
Reductions of the incident proton energy will also be considered.

•	 Due to the intense proton beam, up to 100 µA, we need to consider different options for 
cooling of the neutron source, and how this may affect the target geometry. The power 
released in the target is 3 kW, to be compared with the ANITA target at TSL, where the power 
is less than 100 W.

•	 The target area needs to be accessed on a regular basis, so activation of material need to be 
investigated, both with respect to the immediate radiation field from the activated neutron 
source assembly, as well as secondary activation due to neutron leakage into surrounding 
material. The possibility of moving the target assembly into a shielded area should be 
considered.

•	 Other kinds of neutron sources should be considered, for instance the available deuteron 
beam. Mono-energetic neutron sources such as portable D-T or D-D generators are relatively 
easy to handle, but they give lower neutron yields than the proton beam. On the other hand 
they have the advantage of giving neutrons at a well defined energy. In the case of limited 
accelerator access it could be worth consideration.

Conclusions

The IGISOL-JYFLTRAP facility is moving to a new location, and one of the future tasks will be high 
precision measurements of neutron-induced fission yields in view of novel nuclear fuel cycles. Our 
initial studies of the design of a neutron production target shows that it is possible to imitate a 
thermal neutron spectrum, and there are also possibilities for improvements on the un-moderated 
spectra in order to make it more similar a fast reactor spectrum. It is possible to increase the 
neutron flux in arbitrary directions, but because the gain is within a factor of two it is probably not 
worth any further investigations. The design study continues and will soon move from pure nuclear 
physics considerations to more practical issues such as cooling, activation of target and surrounding 
material, and easy handling.

Figure 3: Simulated neutron spectra for a “normal” target without moderator (black circles), 
surrounded by 5 cm water moderator (red circles), and with 10 cm water moderator (blue triangles). 
The spectra are shown for the scattering angle 0 degrees, i.e. along the proton beam axis. Typical 
fast breeder and LWR spectra are shown as dashed and dash-dotted lines, respectively. The error 

bars show the statistical uncertainty due to limited statistics in the Monte Carlo simulation.
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Abstract
The investigation of correlated fission characteristics like fragment mass- and energy-distributions 
is usually based on the double-energy technique using twin Frisch-grid ionisation chambers (IC). 
Providing the existence of prompt-neutron emission data the pre-neutron fission fragment mass and 
energy distributions may be obtained in an iterative process. However, those input data do not exist 
for isotopes other than 233,235U and 239Pu at sufficient detail, and extrapolation methods have to be 
applied when analysing neighbouring compound nuclear systems. The double fission-fragment time-of-
flight spectrometer VERDI aims at investigating the neutron-induced fission fragment characteristics 
Measuring fragment velocity and kinetic energy for both fission fragments simultaneously allows 
obtaining mass and kinetic energy distributions without introducing a-priori information about 
prompt neutron emission. In addition, the measurement of pre- and post-neutron fission-fragment 
data provide prompt neutron multiplicity data as a function of fragment mass and total kinetic energy. 
In order to achieve a mass resolution DA < 2, ultra-fast time pick-up detectors based on artificial 
diamond material are used. The spectrometer in its present single (v, E) version was tested for the first 
time in an experiment performed at the Budapest Research Reactor. The results of this experiment, the 
performance of the diamond detectors with fission fragments, time-of flight spectra and post-neutron 
mass distributions are presented and discussed.

* Present address: Joint Institute for Nuclear Research, Dubna, Moscow Region, Russia.



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011274

the double FissioN-FragMeNt tiMe-oF-Flight spectroMeter verdi

Introduction

Reliable predictions on fission product yields are relevant in modern nuclear applications such 
as GEN-IV reactors or ADS, for the estimation of radio-toxicity of nuclear waste, safety of reactor 
operation, decay heat calculations etc. These data can be also used for the modelling of fission-
fragment mass and kinetic energy distributions of  minor actinides (237Np, 241,243Am, 242-248Cm), for 
obtaining the emission spectrum and multiplicity (as a function of fragment mass) of prompt 
g-rays and neutrons and the delayed neutron emission pre-cursor yields. In order to determine 
this information, it is necessary to measure accurately the fission fragment yield as a function of 
fragment mass and kinetic energy.

Within the concept of a double velocity measurement together with a subsequent measurement 
of both fragment energies pre- and post-neutron fragment mass and energy distributions may be 
obtained. These data then contain information about the number of prompt neutrons emitted as a 
function of fragment mass and excitation energy. The time-of-flight spectrometer VERDI is based 
on the concept of a simultaneous measurement of both fission fragment velocity and energy. 
This principle has been used previously in the case of the Cosi-Fan-Tutte spectrometer which was 
operated at ILL Grenoble (France) [1]. Despite the excellent mass resolution the spectrometer suffered 
from a very small geometrical efficiency and was shut down after a view years of operation. The 
VERDI spectrometer is presently being developed at IRMM with the goal to overcome the limited 
geometrical efficiency in conjunction with sufficient mass resolving power.

Design and detectors

The VERDI spectrometer consists of two symmetric time-of-flight sections with a length of 50 cm 
each, as it can be seen in Figure 1.

At the end of each time-of-flight section an array of silicon-detectors in PIPS design  [2] are 
placed, each array containing up to 19 detectors with an area of 4.5  cm2. This gives an overall 
geometrical efficiency of 0.5%, which is 100 times higher than in the case of Cosi-Fan-Tutte.

The set-up is handled using standard NIM electronics, an ASR (analogue signal router) and a 
tag-word module for detector identification, both modules developed in our research group for the 
VERDI project.

As VERDI aims at achieving a mass resolution better than 2 m. u., it is essential to use a very 
fast fission trigger. In the former Cosi-Fan-Tutte spectrometer micro-channel plate detectors were 
used as fission trigger. This type of detectors, while providing indeed an excellent timing resolution, 
is very delicate in operation and may suffer from radiation damage.

In the case of the VERDI spectrometer, the artificial diamond material was investigated as a 
possible choice for a transmission detector. In a first phase, a thick (non-transmission) detector 
made of artificial polycrystalline diamond material by means of chemical vapour deposition (pcCVD 
diamond detector) was used, and the spectrometer was operated in a single (v, E) configuration.

Figure 1: Schematic view of the double time-of-flight VERDI spectrometer
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Characteristics of the pcCVD diamond detector

In nuclear physics diamond detectors are used mainly in high-energy heavy ion experiments as 
beam monitors and tracking devices, replacing the traditionally employed silicon detectors. The 
advantages of diamond detectors are an easy operation, because they are robust and do not need 
cooling or very high vacuum, a low leakage current and high resistance to radiation [3]. For these 
reasons we tested the response of diamond detectors, for the first time, to low-energy heavy ions, 
i.e. fission fragments. A 100 μm thick pcCVD diamond detector with an active area of 1 cm × 1 cm 
was exposed to fission fragments. The detector is shown in Figure 2.

For the investigation of the timing resolution of the diamond detector, two identical pcCVD 
diamond detectors were placed in a test vacuum chamber, at a distance of 9.5 cm from each other, 
with a spontaneous fission 252Cf source attached to one of them.

Since the time-of-flight spectrum is composed of a large variety of particles, with different 
energies and masses, timing properties had to be deduced from simulations. For that purpose 
Monte-Carlo simulations have been performed on the basis of experimental mass and kinetic-
energy yield data [4-6] and taking the geometry of the set-up into account. The free parameter in 
such a simulation is the width of the total resolution function, which was varied until the best 
description of the experimental time-of-flight spectrum was achieved. The time-of flight spectrum 
thus obtained is presented in Figure 3 together with results of Monte Carlo simulations assuming 
different values for intrinsic timing resolution.

Figure 2: Photo of the pcCVD diamond detector used as fission  
trigger in the single (v, E)-version of the VERDI spectrometer

	  

Figure 3: Time-of-flight spectrum obtained using a 252Cf spontaneous fission  
source (symbols); the data are compared with results from Monte Carlo simulation  

results assuming different values for the intrinsic timing resolution
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The intrinsic timing resolution of the pcCVD diamond detector inferred from the comparison 
of the measured with simulated spectra is (285 ± 15) ps.

The overall time-of-flight resolution of the system pcCVD diamond detector and silicon detector 
was determined using the same procedure and was found to be as good as 400 ps.

During the test measurements the detector was exposed to a total fission-fragment dose of at 
least 1.2 × 109 including a corresponding a-particle dose of 4 × 1010 and a fast neutron dose of about 
5 × 109 without any deterioration of the output signal due to possible radiation damage.

First measurements on the reaction 235U(n, f)

A first test experiment was performed at the Budapest research reactor in the framework of the 
EFNUDAT programme of the European Commission using VERDI in its one-arm configuration. VERDI 
was installed in front of the exit of the cold-neutron beam facility of the reactor. The spectrometer 
was equipped with 10 silicon detectors.

A 113 μg 235U target was mounted on top of the diamond detector in the centre of VERDI.

Attached to the 235U source, a thin 6LiF source was mounted. From the two-body reaction 6Li(n, 
a)3H mono-energetic alphas and tritons are emitted with well known energies; they can, therefore, 
be conveniently used for time calibration. The set-up was irradiated with cold neutrons with a 
thermal equivalent flux of 5 × 107 /s/cm2. The counting rate was 2 fission events /s per detector. The 
experiment took place during 5 days.

In the process of data analysis a pulse-height defect correction according to Schmitt and Neiler [7] 
was applied. The post-neutron mass and kinetic energy distributions for 235U were calculated and com-
pared to experimental data measured with the 2E technique [8, 9]. The mass distributions for 8 detec-
tors are shown in Figure 4 (lines) together with the experimental data (symbols) from ref. [10,11]. The 
distributions obtained with VERDI compare well with that from obtained with the 2E technique. From 
the width of the present distributions we may infer a mass resolution of the VERDI spectrometer in its 
present configuration is of about 3-4 m. u. In order to achieve a better performance several improve-
ments were already implemented.

Recent improvements and perspectives

As the mass resolution is directly related to the timing resolution of the detector system, efforts 
have been made to improve this parameter. Firstly, we implemented a new broadband preamplifier 
of the DBA-IV-type which was developed at GSI (Germany) in particular for the use with diamond 
detectors [12]. As a result the output signal of the large pcCVD diamond detector was much faster 

Figure 4. Mass distributions from the reaction 235U(n, f) obtained for 8 silicon detectors  
(lines) the data measured using the 2E technique are represented by symbols
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showing a rise-time below 1 ns and an improved signal-to-noise ratio. Secondly, we adapted the 
design of our diamond detectors. As shown in Figure 5 a 4-fold segmentation has been imposed. 
Together with a larger thickness (180 mm) the detector capacitance is reduced by a factor of about 7. 
This again led to much shorter signals with a rise time well below 700 ps, and a further improved 
signal-to-noise ratio.

Tests are presently being conducted using a 252Cf source. The first mass and kinetic energy distri-
butions show already a qualitative improvement compared to the previous ones; a detailed analysis 
of the data is in progress.

At the same time, a thin (5 µm) pcCVD diamond detector is tested in view of its possible use 
as a transmission detector in the VERDI spectrometer, in its final two-arm configuration. The 
transmission detector has a 8-fold strip design, for which the capacitance corresponds to that of the 
large-area detector.

Conclusions and outlook

The time-of-flight spectrometer VERDI is operational in its single (v, E) version. It is a compact 
device with large geometrical acceptance and is easy to operate despite the large number of energy 
detectors. The instrument is mobile and can be transported and coupled to any available neutron 
source. In addition, VERDI can also be combined with an array of g-ray and/or neutron detectors to 
perform correlation measurements.

In its final configuration, the VERDI spectrometer will be a useful tool for obtaining fission data 
with high accuracy.
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Figure 5. The segmented pc CVD diamond detector currently used in the VERDI spectrometer
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Abstract
Nucleon-nucleon (NN) interaction is a basis for vast fields of fundamental nuclear physics and its 
application, therefore a detailed knowledge of the dynamics of few-nucleon systems has been a subject 
of intensive quest over several decades. Modern NN potential models can be probed quantitatively 
in the three-nucleon environment by comparing predictions based on rigorous solutions of the 
Faddeev equations with the measured observables. Proper description of the experimental data can 
be achieved only if the dynamical models include subtle effects of suppressed degrees of freedom, 
effectively introduced by means of genuine three-nucleon forces. A large set of high precision, exclusive 
cross-section data for the 1H(d,pp)n breakup reaction at 130 MeV, acquired in a first new-generation 
experiment at KVI Groningen, contributes significantly to constrain the physical assumptions 
underlying the theoretical interaction models. Comparison of nearly 1800 cross-section data points 
with the predictions using nuclear interactions generated in various ways, allowed to establish 
for the first time a clear evidence of importance of the three-nucleon forces in the breakup process. 
Moreover, the results, supplemented by a set of cross-sections from another dedicated experiment 
at FZ Juelich, confirmed predictions of sizable Coulomb force influences in this reaction. Following 
further, comparably rich and precise data sets, encompassing also polarization observables, will form 
a database to validate the theoretical models of few-nucleon system dynamics.
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Introduction

Precise knowledge of the nucleon-nucleon (NN) interaction is one of the most demanded pieces of 
information in the field of nuclear physics. Understanding the details of few-nucleon system dynam-
ics is of crucial importance not only for the fundamental nuclear physics, but also for several fields 
of its application. They comprise, for instance, optimization of radiation shielding design for various 
installations, predicting performance of targets and guides of spallation neutron sources, evaluation 
of irradiation dose in nuclear medicine, planning the future energy amplifiers and nuclear waste 
transmutation plants. The codes used in simulating the reactions relay on accurate modelling of two-
nucleon (2N) and three-nucleon (3N) dynamics, and since this information enters at the very begin-
ning (fast, direct stage of the process in Intra-Nuclear Cascade or Quantum Molecular Dynamics), 
possible inaccuracies in the models can be easily a cause of severe flaws of the global predictions.

In general, the desired exact understanding of all features of the few-nucleon system dynamics 
would provide a natural basis for description of properties and interactions of nuclei. The 2N system 
has been intensively studied over last decades and resulted in forming a solid database, on which 
modern models of NN potentials have been founded. Thus, one is tended to assume that the basic 
NN force is well under control. This optimistic presumption has to be verified by applying models 
of the NN interaction to reproduce properties of many-nucleon systems with increasing complexity. 
Obviously, the least complicated non-trivial environment is the one composed of three nucleons.

Dynamics of the three-nucleon system can be comprehensively studied by means of the 
nucleon-deuteron (Nd) breakup reaction. Its final state, constrained by only general conservation 
laws, provides a rich source of information to test the 3N Hamiltonian details. It is of particular 
importance when components of the models which account for subtle effects, like three-nucleon 
force (3NF) contributions to the potential energy of the 3N system, are under investigation. Nowadays 
precise predictions for observables in the 3N system can be obtained via exact solutions of the 3N 
Faddeev equations for any nucleon-nucleon interaction, even with the inclusion of a 3NF model [1,2].

The most widely used in few-nucleon studies, so called realistic NN potentials (RP) are Argonne 
v18 (AV18), charge dependent Bonn (CD Bonn) or Nijmegen I and II forces. Extension of that picture is 
provided by the baryon coupled-channel potential (CCP), in which one Δ-isobar degrees of freedom 
are allowed on top of purely nucleonic ones [3-5]. The most basic approach, however, stems from the 
effective field theory applied to the NN system. The resulting expansion scheme for nuclear systems 
is called chiral perturbation theory (ChPT). For the 3N system it is numerically developed in full at 
the next-to-next-to-leading (NNLO) order [6-9]. All the above approaches can also be supplemented 
by model 3NF’s. In the RP case semi-phenomenological 3NF’s are used, most commonly the Tucson-
Melbourne (TM99) or Urbana IX (UIX) models. In the CCP and ChPT frameworks this additional 
dynamics is generated naturally, together with the NN  interactions. The predicted effects are, 
however, smaller than for the TM99 or UIX forces.

There are additional difficulties in interpretation of the experimental results by means of 
theoretical calculations. The most important, until recently missing feature, is the Coulomb interac-
tion: The experiments are performed mainly for the deuteron-proton system while all calculations 
used to strictly neglect any long-range forces. Only in the last years a significant step forward has 
been made in including the Coulomb force effects for the breakup reaction. It was first tried within 
the coupled-channels approach  [10,11] and recently applied also for the AV18+UIX potential  [12]. 
Contrary to the former expectations, the influence of the Coulomb force on the breakup observables 
can be quite significant, as will be demonstrated below.

New generation breakup experiment

To allow for conclusive comparisons between the experimental data and theoretical predictions 
large sets of data are required. Unfortunately, precise measurements of the breakup reaction are 
very demanding. The experimental coverage is concentrated at lower energies, below 30 MeV nucleon 
energy – see  [2,13] for references. In the recent years some revival of the activity can be noticed 
(see [14] for the listing of papers), but again, only few kinematical configurations are usually studied.

Our new approach to the breakup research assumed a simultaneous measurement in a large 
part of the phase space by using high acceptance position-sensitive detection system. Measurements 
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of the 1H(d,pp)n reaction were carried out at KVI Groningen, The Netherlands, at 130  MeV beam 
energy, providing worldwide first extensive set of the breakup cross-section data, spanned on a 
systematic grid of kinematical variables. Cross-section values were extracted for about 80 kinematical 
configurations [15,16], defined by the polar angles of the two outgoing protons, q1, q2, and their relative 
azimuthal angle f12, and presented as functions of the arc-length variable S, giving in total nearly 
1800 experimental points. The data covered a substantial fraction of the phase-space and allowed to 
conclude on importance of the 3NF effects for the breakup reaction – only inclusion of this additional 
dynamics in the calculations leads generally to a much better description of the cross-sections.

The role of additional dynamics in the breakup cross-section is recapitulated in a global 
approach to the KVI data in Figure 1. The relative difference of the experimental and theoretical 
cross-sections, (sexp-sth)/sexp, was determined and plotted as a function of Erel, the kinetic energy of 
the relative motion of the two breakup protons. Combining the AV18 potential with the UIX 3NF (left 
panel) significantly improves the data description in almost the whole range of Erel but the smallest 
relative energies, where it drives the predictions away from the data. The overall improvement of 
the data description due to inclusion of the TM99 3NF in the calculations (compared to the ones 
with the pure CD Bonn NN potential) is expressed by a reduction of the global c2 by about 40% [16].

In comparisons of our results we were faced with quite substantial disagreements at low 
values of Erel. Only with the inclusion of the Coulomb force into the calculations in the coupled-
channels approach they were mostly explained and removed [17]. A consistent theoretical treatment 
of phenomenological 3NF and the Coulomb force has been achieved only very recently  [12] and 
allows to scrutinize both these effects at the same level of accuracy. Middle panel of Figure  1 
shows the impact of the Coulomb force effects on our cross-section data. While at larger values 
of Erel the influence of the long-range electromagnetic interaction is negligible, it strongly reduces 
the disagreements at small Erel. Only with such a large set of the breakup data significance of the 
Coulomb effects could have been proved and their behaviour traced over the phase space [17]. It has 
been also established that even after including the Coulomb force there is still room for 3NF effects. 
The resulting total action of both dynamical ingredients supplementing the pure NN interaction can 
be seen in Figure 1, right panel. One observes that at small Erel values to strong action of the Coulomb 
force is compensated by 3NF effects, leading to a nearly perfect agreement between the data and 
the theoretical cross-sections. The discrepancies remaining at large Erel values hint at some still 
unresolved problems in our understanding of 3N system dynamics, e.g. non-complete model of 3NF.

Figure 1: Relative discrepancies between the experimental KVI data and the theoretical predictions 
of the breakup cross-sections as a function of the relative energy of the two breakup protons. 

Left panel: Action of UIX 3NF with respect to the pure NN AV18 potential. 
Middle panel: Action of the Coulomb force, when combined with the AV18. 

Right panel: Combined action of the above two effects together.
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Breakup experiment at forward angles

The first calculations of the Coulomb force influences for the breakup reaction pointed to some 
quite spectacular effects for small emission angles of the two protons. The cross-section is not only 
strongly suppressed but its distribution is distorted, with a local minimum enforced in the middle 
of the S-range. This behaviour has been confirmed by a subset of KVI data, for configurations at the 
acceptance edge of the detection system [17].

To study this effects in some depth, a new experiment has been performed at the Research 
Center Jülich (FZJ), Germany, using the deuteron beam of 130  MeV extracted from the COSY 
synchrotron and the detection system covering the range of very forward polar angles. An example 
of the cross-section data for one of the kinematical configurations common to both experiments 
is shown in Figure 2. An excellent agreement between the two data sets is visible – it should be 
mentioned that both distributions have been normalized independently. This agreement proves 
certain stage of maturity of including the Coulomb force effects in the theoretical calculations [18].

It should be noted that for relatively sharp structures in the cross-section, the theoretical 
calculations have to be appropriately averaged over the angular and energy regions, corresponding 
to the ones used in the data evaluation procedure. Only then they can be confronted with the 
experimental data – the size of the effect can be inspected in Figure 2. A larger sample of the FZJ 
results showing the distortion effect of the cross-section distribution due to the Coulomb force is 
presented in Figure 3.

Also the FZJ experiment provided a rich data set for the 1H(d,pp)n breakup cross-section at 
130 MeV, which has been used for global comparisons with various theories. The data have been 
acquired and analyzed for the forward angular range of proton polar emission angles, providing in 
total nearly 2400 data points. As an example, Figure 4 presents a global comparison of all these data 
with eight theoretical approaches (see legend of the Figure). The comparison is expressed in terms 
of “c2-like” value – one should consider only the relative differences between its values obtained 
when using different theoretical predictions, without attributing a strict statistical meaning to the 
absolute values of the parameter. Comparisons are again made in function of the energy of the 

Figure 2: Cross-section distribution as a function of arc-length S for one kinematical configuration 
(specified in the panel). Dashed line represents calculations without the Coulomb force. Dotted 

line shows the results of calculations including the Coulomb force, for point-like geometry (central 
angles). Averaged calculations are shown as the solid line. Data measured at KVI are shown as red 
dots (with small errors). Cross-section results obtained in the FZJ experiment (for a fraction of the 

collected data) are shown as green dots. The Erel dependence on S is shown by the dash-dotted line.
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Figure 3: Cross-section data for the breakup reaction measured at FZJ for six  
kinematical configurations specified in the panels. The lines show the results of  
the appropriately averaged calculations of CCP with the Coulomb force included.

	  

Figure 4: Quality of reproducing of the experimental FZJ breakup cross-sections data by the 
theoretical predictions as a function of the relative energy of the two breakup protons. 

Data description quality is quantified by chi-square per degree-of-freedom values, without a strict 
statistical meaning, rather as a relatively comparable parameter only.
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relative motion of the two breakup protons (here denoted as E12). One can clearly recognize that only 
the theoretical approaches including the Coulomb interaction are able to much better reproduce the 
bulk of data at small E12 values. Worth noting is also the fact that for relative energies larger than 
about 5 MeV the net role of the Coulomb force is no longer important.

Summary

Studies of the breakup reaction performed in a large part of the phase space are shedding light on the 
role of various aspects of the 3N system dynamics. After the pioneering experiments, further data 
sets are being acquired at several beam energies [19,20]. They present a general success of the modern 
calculations in describing the data, however, possibly complete theoretical treatments, including 
all important ingredients (3NF, Coulomb interaction, relativistic effects), as well as developments in 
ChPT are very important for better understanding of the three-nucleon system dynamics.

The cross-section data are supplemented with equally large sets of various analyzing powers 
and measurements of even higher-order polarization observables (see Refs.[21,22] and references 
therein). Certain discrepancies observed in those observables are a hint of problems in the spin 
part of the current models of 3NF. More experiments to study 3N system dynamics are planned at 
several laboratories, including the next step – continuation of the few-body system studies in the 
four-body environment.
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Experimental study of the (n,alpha) reaction on a set of light nuclei
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Abstract
An experimental setup based on an ionization chamber with Frisch grid and waveform digitizer 
was used for (n,a) cross-section measurements. Use of digital signal processing allowed us to select 
a gaseous cell inside the sensitive area of the ionisation chamber with high accuracy. This kind of 
approach provides a powerful method to suppress background from detector components and parasitic 
reactions on the working gas. The new method is especially interesting for the study of reactions 
on elements for which solid target preparation is difficult (e.g. noble gases). Additionally it has the 
advantage of an accurate determination of the number of nonradioactive nuclei in the selected gas cell. 
In the present experiments a set of working gases was used, which contained admixtures of nitrogen, 
oxygen, neon, argon and boron. Fission of 238U was used as neutron flux monitor. The cross-section of 
the (n,a) reaction for 16O, 14N, 20Ne, 36Ar, 40Ar and the branching ratio a0/a1 of the 10B(n,a0) to 10B(n,a1) 
reactions were measured for neutron energies between 1.5 and 7 MeV.
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Experimental set up

A new spectrometer based on an ionization chamber with Frisch grid and digital signal processing [1] 
and a fast neutron beam profiling technique [2] were developed at IRMM in collaboration with IPPE. 
It allows to measure the cross-section of the (n,a) reaction on constituents of the working gas with 
high precision [3]. This type of set up was later also built at IPPE and in comparison with the IRMM 
spectrometer a set of improvements were achieved. Specifically the new setup allows to reliably 
suppress background of recoil protons in hydrogenous working gases, determine the directionality 
of a  particle emission (in or opposite to the neutron beam direction), work with electronegative 
detector gases maintaining the possibility of good energy resolution, measure for a series of light 
gases the pulse height defect (PHD) which can be quite large. A new method for PHD compensation 
was also developed. Additionally the new setup allows the development of a novel method for 
the measurement of the angular distribution of the reaction products. All these improvements 
allowed us to extend the range of working gases and increase the number of elements which were 
successfully investigated at IPPE.

The block diagram of the new setup, shown in Figure  1, and the working principle of signal 
digitisation and storage are identical to those of the IRMM setup [1, 3]. They are presented here again 
taking into account that some hardware components are different in the two setups. The detector 
consists of two ionisation chambers. The main ionization chamber with Frisch grid (GIC) was used as 
detector for (n,a) reaction products. A parallel plate chamber which contains a thin solid 238U layer was 
used as neutron flux monitor. The uranium sample was installed on the common cathode of the two 
chambers in a back-to-back geometry to the main chamber. In this way the neutron flux was measured 
very close to the position of the gas target simultaneously with the reaction under investigation.

The diameter of the electrodes was 12 cm, the distances cathode-to-grid and grid-to-anode 
were 40 and 3 mm, respectively. The axis of the neutron beam coincided with the symmetry axis of 
the GIC. Different isotopes existing in the working gas of the ionisation chamber can contribute to 
the anode and cathode signals. The anode signal of the GIC and the common cathode signal at the 
exit of the corresponding charge sensitive preamplifiers were linearly amplified (without shaping) 
and fed to the inputs of a two channel waveform digitiser (WFD, LeCroy 2262, 10 bit). The digitisation 
rate was 80 MHz or equivalently a signal sample was taken ever. 12.5 ns. The required trigger for the 
WFD operation was obtained by splitting the cathode signal after the preamplifier. The WFD was 
operated in the so called pre-trigger mode. Digitization was started by the DAQ (data acquisition 

Figure 1: Block diagram of the experimental setup. 
PA – preamplifier, TFA – Timing filter amplifier, D – discriminator, SA – spectroscopy amplifier, 

DLA – Delay line amplifier, WFD – Waveform digitizer, PC – Personal computer.
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programme) and the WFD memory was continuously filled till a trigger occurred. At this moment 
the memory contents were frozen and sent for storage to the PC hard disk. Typical digitised signals 
of an a particle and a fission fragment can be seen in Figure 2. They contain all needed information 
for the production of clean a particle and 238U fission fragment signatures, which is a condition for 
accurate cross-section measurements.

Digital signal processing of the recorded anode and cathode waveforms event-by-event provides 
information about amplitude, starting point, and end point for each signal. Joint analysis of this 
parameters allows to determine the following physical parameters for each event: total kinetic 
energy of the reaction products; full electron drift time (Td) which can be transformed to a spatial 
coordinate in the interelectrode space where the reaction took place; anode signal rise time (Tr) 
which can be used to obtain the emission angle of the light charged particle in the lab coordinate 
system; particle type and emission directionality from the shape of the anode signal. The above 
information allows to localise the birth place of the detected particles and effectively suppress 
background from the surrounding detector components (electrodes and chamber wall). Additionally 
corrections can be made to the measured energy of the reaction products in order to compensate for 
electron loss on electronegative atoms and pulse height defect.

There are a number of advantages using gas targets in cross-section measurements instead 
of solid ones. The number of target atoms can be quite large. For 3% admixture of the concerned 
isotope in the working gas a 100 times larger number of atoms can be obtained in comparison with a 
conventional solid target situated on cathode d. There is freedom in the determination of an isolated 
target volume inside the detector’s sensitive volume. This allows to achieve effective suppression of 
background from the surrounding detector components (electrodes and chamber wall) as mentioned 
above. Most of the light gases are not radioactive and the determination of the number of atoms 
is difficult. For a series of elements (e.g. the noble gases Ne, Ar and other) solid target preparation 
is not an easy task due to their physical and chemical properties. Use of gaseous targets solves 

Figure 2: Examples of signals of the main and monitor chambers
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this problem. The number of atoms in a gaseous target can be determined using simple laws for 
ideal gases. In a gaseous target with suitable pressure both reaction products are stopped within 
the effective volume and the sum of their kinetic energy is measured. Under these conditions 
the problems of passive energy loss in the target material and the particle leaking effect  [4] are 
eliminated. Furthermore the energy deposited in the working gas does not depend on the emission 
angle of the detected particles so that the response function is linear to a good approximation. The 
detector registers particles in the full 4π solid angle and cross-sections can be measured in one 
experiment without any event losses for emission close to 90o. For solid targets two measurements 
are needed, one for forward and one for backward particle emission with the additional requirement 
for corrections near 90o.

Fast neutrons were produced via the T(p.n) and D(d,n) reactions at the IPPE EG-1 accelerator. 
Solid deuterium and tritium targets with thicknesses from 1 mg/cm2 to 2 mg/cm2 were used.

The digitised fission fragment signals were used to generate a pulse height spectrum with a 
clean separation between neutron induced fission and natural a particle decay. The settings of the 
cathode amplifier were optimised for a particle detection in the GIC chamber. With these amplifier 
settings the fission fragment signals were saturated. This was not a problem because the purpose 
of the neutron monitor was to record only the number of fission events and not their real energy 
distribution. The total number of fission events was obtained by properly extrapolating the fission 
fragment spectrum to zero pulse height.

Results

а) Experimental investigation of the 16O(n,α) cross-section
In this experiment 96.84%Kr+3.16%CO2 gas mixture was used. The gas manufacturer (Linde) 
guaranteed the number of oxygen atoms with a precision of better than 3%. Oxygen was as target 
for the (n,a) reaction study. Specifically the cross-section of the 16O(n,a0) reaction channel in the 
neutron energy range 1.7 – 7 MeV was measured. The result is shown in Figure 3. The IPPE data set 
is in good agreement with the earlier measurement at IRMM [3] and the Harissopulos et al. data [5] 
below approximately 5.5 MeV.

In the present work the energy region 5.2-6.2 MeV was investigated in more detail than in the 
earlier work [3]. Particularly the new data show a neutron energy point to the left of which there is 
good agreement between our experiment and the ENDF B VII evaluation and to the right of it the 
existence of a large, 180% discrepancy.

Figure 3: Energy dependence of 16O(n,α0) cross-section
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b) Experimental investigation of the 14N(n,α) cross-section
In this measurement a 97%Kr+3%N2 gas mixture was used. The precision for the number of nitrogen 
atoms (3%) was taken from the specifications of the gas producer. Nitrogen present in the working gas 
was the target for the (n,a) reaction. It was also assumed that nitrogen as small detector gas admix-
ture increases the electron drift velocity. Investigation of the 14N(n,a0) 14N(n,a1) and 14N(n,a2) reaction 
channels in the neutron energy region 1.7 – 7 MeV was performed. The result is shown in Figure 4. 
Our results are in good agreement with the ENDF VII evaluation and the Gabbard et al. data [6] in the 
energy regions 1.7-3 MeV and 6-7 MeV , but there is a large discrepancy in the energy region 4-6 MeV 
which can reach a factor of 3 and more . A possible explanation of this discrepancy could be found by 
analysis of the energy spectra. In the energy region of the discrepancy the cross-section rises steeply 
from low values above 5 MeV to large values down to 4 MeV. Under these conditions a small number 
of background neutrons can produce a lot of a particles. If the detector energy resolution is not suf-
ficiently high this background component can contribute to the real events produced by the main 
group of neutrons so that larger cross-sections than the real values can be obtained.

c) Experimental investigation of 20Ne(n,α) cross-section
In this measurement a 73.72%Kr+22.3%Ne+3.98%CO2 gas mixture was used. The gas manufacturer 
(Linde) guaranteed the number of neon atoms with a precision better than 3%. Neon was the target 
for the (n,a) reaction. Carbonic acid was added to increase the electron drift velocity. Cross-section 
data for the 20Ne(n,a0), 20Ne(n,a1), 20Ne(n,a2) and 20Ne(n,a3) reaction channels in the neutron energy 

Figure 4: Energy dependence of 14N(n,α0) cross-section

	  Figure 5: Energy dependence of 20Ne(n, α0+α1) cross-section
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range 4–7  MeV were produced. Partial cross-sections for the 20Ne(n,a0), 20Ne(n,a1), 20Ne(n,a2) and 
20Ne(n,a3) cannels were measured for the first time. A large pulse height defect was observed. The 
response function has “V type” shape. The right branch corresponds to a particles emitted in the 
neutron beam direction. The left branch corresponds to a particles emitted in opposite direction 
to the neutron beam. A similar effect was found in the work of Bell et al. [7]. They only measured 
the sum of the cross-sections of the (n,a0) and (n,a1) channels. To make a comparison we added the 
partial cross-sections for the (n,a0) and (n,a1) channels as shown in Figure 5 together with the data 
of Bell et al. [7]. There is a large discrepancy between the latter [7] and our data of up to a factor of 3.

d) Experimental investigation of 36Ar(n,α) и 40Ar(n,α) cross-section
In this measurement a P10 (90%Ar+10%CH4) gas mixture was used. The gas manufacturer (Linde) 
guaranteed the number of argon atoms with a precision better than 3%. Argon in the working gas 
was assumed to be the target in which the investigated (n,a) reaction took place. In this experiment 
we could not use carbonic acid to increase the electron drift velocity because the Q-value of the 

Figure 6: Energy dependence of 36Ar(n,α0) cross-section

	  
Figure 7: Energy dependence of 40Ar(n,α0) cross-section
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16O(n,a0) reaction is close to that of 40Ar(n,a0). We used methane instead but in this case there were a 
lot of recoil protons inside the working gas. Using digital methods for pulse shape analysis allowed 
us to separate proton and a particle signals. Investigation of the 36Ar(n,a0), 36Ar(n,a1) and 40Ar(n,a0) 
reactions in the neutron energy region 1.5–7  MeV was made. Some of the results are shown in 
Figures 6 and 7 for the full and high energy ranges, respectively.

In the full energy region we observed a large discrepancy (up to a factor of 2) between our cross-
sections and the data of Davis et al. [8]. In contrast to other reactions which were investigated by 
the latter 36Ar(n,a0) has a large positive Q-value. For this reaction the wall effect is much larger than 
it was for the other reactions studied by Davis et al. It seems that the theoretical calculation of the 
wall effect correction [8] was not precise enough.

f) Experimental investigation of branching ratio α0/α1 for the 10B(n,α) reaction
In this measurement a Kr+10%BF3 gas mixture was used. Boron trifluoride is a pungent, toxic 
and strong electronegative gas. One gram (1 ml) water at 0°C and 762 mm Hg absorbs 3.76 g BF3 or 
equivalently 1 ml H2O absorbs 1242 ml of gaseous BF3. In order to make work with this gas possible 
the chamber and gas system were fully reconstructed using BF3 compatible materials. Furthermore 
a special algorithm was added in the evaluation software which makes corrections for electron 
capture in the working gas. All these improvements allowed us to work safely with boron trifluoride 
and to obtain a reasonable energy resolution. It is necessary to notice that measurements of the 
yield ratio using gaseous targets are practically free from systematic uncertainties.

This is because the yield ratio does not depend on the working gas pressure, number of boron 
atoms and its isotopic composition. There is also no need for the determination of an effective 
gaseous target inside of GIC sensitive volume as is the case in absolute cross-section measurements. 
The results of our measurement together with different evaluations and the Davis et al. data [9] are 
shown in Figure 8. Our data are in good agreement with data of the latter [9] but there is a significant 
discrepancy between the ENDF B VII and JENDL evaluations. The IPPE data clearly support the JENDL 
and disapprove the ENDF B VI evaluation in the energy range of our measurement.

Future plans

Presently we continue the boron measurement with lower neutron energy. In the nearest future 
we plan to measure the 19F(n,a) and 12C(n,a) cross-sections. Furthermore we have developed and 
now are completing the manufacturing of a new low background spectrometer which allows the 
investigation of (n,a) reactions on solid targets for Li and elements of structural materials (e.g. Fe, 
Ni, Cr, V and others).

Figure 8: Energy dependence of the branching ratio α0/α1 for the 10B(n,α) reaction
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Conclusion

It was demonstrated that a new digital spectrometer with gaseous target allows to measure (n,a) 
cross-sections with high precision. Measurement results show that in spite of a long time history of 
investigation of light elements the uncertainty of the cross-section is currently of the order of few 
ten or hundred percent.

Common conclusion of this work is that existing evaluations for (n,a) cross-sections cannot 
describe the real situation. To solve this problem there is a real need for new experimental data and 
new evaluations.
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Abstract
The present work focuses on investigating the non-linear dependence of the average prompt fission 
neutron (PFN) multiplicity as a function of the total kinetic energy (TKE) of the fission fragments (FF) 
by using modern digital signal processing (DSP). A twin Frisch-grid ionization chamber (TGIC) was 
used for FF mass and kinetic energy spectroscopy. A fast NE213 equivalent liquid scintillation neutron 
detector (ND) was used for the PFN time-of-flight measurement. About 107 fission events coincident 
with PFN detection were acquired in the experiment. Correlated FF kinetic energies, the angle between 
the fission axis and the PFN and the PFN velocity were measured with an eight channel waveform 
digitizers (WFD) system, having 100 MHz sampling frequency and 12 bit pulse height resolution. 
Analysis of the acquired data revealed effects, causing distortion of the measured angular distribution 
of PFN and the dependence of their average number on TKE of the FF. Special modification of the 
experiment and respective modifications in the data analysis procedure has resulted in a reasonable 
agreement between experimental results and theoretical calculations. For the first time a linear 
dependence of the PFN multiplicity on TKE in the range of (140 – 220) MeV is demonstrated. A new 
measurement set-up in experiments with actinide targets like 235U, 239Pu, etc. is proposed.
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Introduction

The purpose of the present experiment was to study the details of prompt fission neutron (PFN) 
emission in spontaneous fission of 252Cf. The experimental method was adopted from Ref.  [1] 
replacing the analogue electronics with modern digital pulse processing hardware/software. The 
measurement of correlated fission fragment (FF) kinetic energies by a double ionization chamber 
allowed the determination of FF masses, velocities and angles between FF and the PFN, coinciding 
with FF detection. In the current experiment the reconstruction of PFN emission kinematics was 
done carefully taking into account corrections due to various effects distorting the results of the 
measurement. The advantage provided by the digital pulse processing allowed to resolve some 
longstanding contradictions between theoretical calculations and experimental results.

Experimental setup

The anode current caused by a fission fragment (FF) in the TGIC was amplified by a charge-
sensitive pre-amplifier and sampled with a 12 bit, 100 Ms/sec waveform digitizer (WFD). The step-
like long anode signals were software-wise transformed into short current pulses, which allowed 
effective pulse pile-up elimination. The anode current pulses were used to determine the fission 
fragment angle with respect to the cathode-plane normal. Prompt fission neutron (PFN) time-of-
flight (TOF) spectroscopy was performed after passing the neutron detector (ND) pulse, digitized 
with a 12 bit WFD and a rate of 100 Ms/sec, through a 12th order digital low pass filter. The ND 
pulse shape discrimination was implemented using raw-signal waveforms. The measurement of 
the FF characteristics, both in coincidence and non-coincidence with the PFN, was done without 
re-adjusting the apparatus. A Cf-sample with an activity of about 500 fission/sec, deposited on a 
100 μg/cm2 thick Ni foil was mounted on the common cathode of the twin Frisch-grid ionization 
chamber (TGIC), which operated with P-10 under atmospheric pressure as working gas at a constant 
flow between 50 and 100 ml/min. About 1.2 × 107 coincidences between FF and PFN signals were 
acquired in the measurement, which is comparable to the statistics reported in Ref. [1].

Experimental method and results

The detailed information on PFN emission in fission is available from the measured dependence of 
the average PFN multiplicity on the mass number A and the TKE of the fissile nucleus – ν- (A,TKE). 
Averaged characteristics on ν- (A) or ν- (TKE) by integrating over respective variable are obtained, if 
the FF mass yield matrix - Y(A,TKE) is known, for example:

ν- (A) =
ν- (A,TKE)Y(A,TKE)dTKE⌠

⌡
∞

0

Y(A,TKE)dTKE⌠
⌡

∞

0
 
, (1).

 ν- =⌠
⌡

∞

0
ν- (A,TKE)Y(A,TKE)dTKEdA,  200 =⌠

⌡
∞

0
Y(A,TKE)dTKEdA

Similar relations can be written for averaging over A:

ν- (TKE) =
ν- (A,TKE)Y(A,TKE)dA⌠

⌡
∞

0

Y(A,TKE)dA⌠
⌡

∞

0

, (2).

 ν- =⌠
⌡

∞

0
ν- (A,TKE)Y(A,TKE)dTKEdA,  200 =⌠

⌡
∞

0
Y(A,TKE)dTKEdA

ν(A), ν(TKE) can be easily determined if the distributions of ν(A,TKE) and Y(A,TKE) are known. To do 
so for each fission event the FF and PFN kinetic energies, FF masses along with the angle between 
PFN and FF motion should be determined. All this information can then be used to reconstruct the 
PFN emission kinematics both in the laboratory (LF) and in the centre of mass (CMF) frames. Possible 
explanations of the discrepancies in the results of experiments from refs.  [2-6] might stem from 
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significant systematic errors in the kinematic parameters of the FF. In the measurement method 
of FF mass and kinematic parameters we carefully verified the data analysis procedure taking into 
account the new possibilities provided by the digital signal processing. The measurements were 
carried out using the experimental setup presented in Figure 1.

The two angular distributions of correlated FF, measured in the LF are presented in Figure 2a. 
The angle between the FF and the PFN was measured using half of the TGIC from the layer side in 
one of the measurements and from the target backing side in the other measurement. Comparison 
of the curves in Figure  2a (obtained after energy loss and grid inefficiency corrections were 
applied) demonstrates a significant difference, increasing for the angles close to 90º. Apparently, 
the observed anisotropy distortion in the LF is due to energy losses in the target backing. After 
transformation to the CMF during data analysis this effect might cause systematic errors, distorting 
the reaction kinematics.

The background created by the second FF to the PFN emission of the first one was investigated 
in Ref.  [1] and was modified in our approach. According to the reaction kinematics depicted in 
Figure 2b, the kinetic energy of the second FF in the CMF, must be much higher than the kinetic 

Figure 1: Experimental setup

Figure 2: a) FF angular distribution measured for the 252Cf(sf) reaction within half of the TGIC from the 
layer side (solid line) and from the backing side (dashed line) in LF. b) 252Cf(sf) reaction kinematics.
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energy of the first FF. Bearing in mind the exponential drop of the PFN energy spectrum in the CMF, 
the contribution to the PFN from both FFs could be evaluated using the probabilities defined as:

 
W1 = 1

N
exp(

N
–E1 ), W2 = 1

N
exp(

N
–E2 ), W1 + W2 = 1

 (3),

where W1/W2
 - are probabilities of PFN emission and E1/E2 - are the kinetic energies of first and 

second FF respectively, the parameter N is a normalization factor. A comparison of the mass 
distributions plotted using measured data and probabilities, defined by eq. (3) are presented in 
Figure 3a. Results are in agreement with ref. [1], where the background from the complementary 
fragments was found to be small. The transformation of the measured angular distribution of the FF 
in the CMF, where the cos(Θ) was measured in the target layer half of the TGIC is plotted in Figure 3b, 
proving that more than 99% of the PFN are emitted from fully accelerated FFs. The transformation 
from LF to CMF was done using the following formula:

 ΩCM (νCM , ΘCM)dνCM d cos(ΘCM) = νCM
νlab

Ωlab (νlab (νCM , ΘCM), Θlab(νCM , ΘCM)) (4)

The average PFN multiplicity as a function of FF mass number, evaluated from the experiment 
based on the described method above is presented in Figure 4a in comparison with literature data [1, 
7]. The saw-tooth like shape of the PFN distribution is explained in a model proposed by Brosa et 
al.  [8] making two main assumptions: multi-modal fission and random neck rupture (MM-RNR). 

Figure 3: a) Relative contribution to the PFN of investigated FF from the complementary FF  
as a function of the mass split. b) PFN angular distribution in the CMF after correction for  
background neutrons from the correlated FF along with a fit with Legendre polynomials
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The model provides the link between the experimentally measured configuration, asymmetry and 
neck shape of the fissile nucleus. In addition, the distribution ν- (A,TKE) contains information on neck 
elasticity as well as on the partition of the excitation energy between both FFs. The dependence of 
the PFN multiplicity as a function of TKE is presented in Figure 4b in comparison with data from 
Ref. [1] and theoretical calculations from Ref. [9].

Outlook and conclusion

A modification of the TGIC made recently provides the possibility of the measurement of the FF 
axis orientation in 3D. The anodes of the TGIC are made position sensitive thanks to splitting them 
into two electrically isolated parts as shown in the left part of Figure 5 (backgammon method). The 
motion of the electrons in the grid-anode space induces an electric current shared by the two parts 
of the anode. The difference between instant currents is zero when the electrons are close to the 
line dividing the anode into two symmetric parts (ML-middle line). Deviation from this line to any 
direction perpendicular to the ML increases the current in the corresponding half of the electrode. 
This fact was, provides position sensitivity along a chosen direction. When anode of one half of 
TGIC is oriented along the X axis of the coordinate frame in the right side of Figure 5 and anode of 
the other side is oriented along the Y axis, the fission axis orientation in space can be measured. 
Let the Z axis in Figure 5 be stretched along the TGIC axis, then the ionization chamber part of the 
experimental setup was modified as shown in Figure 6 leaving ND part unchanged. The charge 
sensitive preamplifiers in each anode circuit were replaced by two wideband current preamplifiers. 
Considering drift of electrons created during FF deceleration inside the TGIC, the electric pulses at 
the preamplifier output can be used to evaluate the fission axis orientation in the coordinate frame 
of Figure 5 using the following approach. To measure the cosine of the angle Θ between the FF and 
the TGIC’s axis the drift time method, utilizing the drift time dependence on Θ of electrons released 

by the FF, was implemented: T[L] = – T g

k * (I1[k] + I2[k])∑
Tg+L

k=Tg

∑
Tg+L

k=Tg
(I1[k] + I2[k])

, where Tg is the trigger signal leading edge 

position, I1[k] and I2[k] are the sampled current pulses from the respective half of the anode. The 
trigger signal was obtained from the common cathode pulse and referred to as the time instant 
of the fission event. The dependence of cos(Θ) on the drift time can be found using the following 
formulae:

T90 =
D + 0.5 * d

W
, T90 – T(E) = (T90 – T0(E)) * cos(Θ), PC = PO * T90

T90 + s * T
, where D and d are the cathode-grid and 

grid-anode distances, respectively, W is the free electron drift velocity, T0, T90 are the drift times for 
FF having Θ equal to 0o and 90o, respectively, s is the grid inefficiency, PC, PO are the grid inefficiency 
corrected and uncorrected total charges collected on the anodes and T is the drift time for the 

Figure 5: The anode of the position sensitive TGIC (left). Illustration of fission axis orientation 
evaluation in the coordinate frame with the z-axis directed along the TGIC axis (right).
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considered FF. The XC coordinate of the FF “centre of gravity” was found using the following equation 

XC =

k * (I1[k] + I2[k])∑
Tg+L

k=Tg

∑
Tg+L

k=Tg
(I1[k] + I2[k])

. In a similar way the YC coordinate of the correlated FF, detected in the other 

half of the TGIC, was found. The angles between the fission axis and the coordinate axis were then 
found using the following equations:

 X C = R1 * SIN(Θ) * COS(Φ) 
(5),

 Y C = R2 * SIN(Θ) * COS(Φ)

where R1, R2 are the average range of the FF, having known kinetic energies E1, E2, respectively. 
The ranges were supposed to be proportional to the maximum drift time known for each half of the 
chamber from a cos(Θ) calibration procedure similar to one used in ref. [1]. Finally the three cosines 
between the FF axis and the coordinate axis in Figure 5 were found:

 COS(X) =  SIN(Θ) * COS(Φ) = ,  COS(Y) =  SIN(Θ) * COS(Φ) = ,  COS(Z) = COS(Θ)XC

R1
YC

R2
 (6)

Figure 6: Modified experimental setup of the time position sensitive TGIC

	  
Figure 7: FF angular distributions measured for different fixed intervals in COS(Z)
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The modified experimental setup was used in a measurement of the spontaneous fission of 252Cf 
to prove the above claimed properties of the TGIC. The angular distribution of FF measured for fixed 
intervals in COS(Θ) are plotted in Figure 7, demonstrating the angular sensitivity of the method. 
A preliminary evaluation of precision of the method gives about 0.1 as the averaged between the 
three cosine values. A more detailed evaluation is underway and should be done in the near future, 
but, nevertheless, the preliminary result is already quite promising. The position sensitive TGIC 
developed in this work opens a new perspective for future PFN investigation, especially for actinide 
targets like 235U and 239Pu.

Apparently targets from these nuclei cannot be made of negligible thickness, like for 252Cf. Still 
the PFN investigation should be done in the full solid angle. Hence, positioning of an ND along the 
TGICs axis to simplify the measuring procedure does not work anymore. Here, our position-sensitive 
TGIC will allow to place additional ND off-axis, increasing considerably the experimental efficiency.
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Chair: Yosef Eisen

08:30 Vitaly Khryachkov 
Experimental study of (n,alpha) reaction on a set of light nuclei.

08:55 Shakir Zeynalov 
Backgammon and a time projection application to a twin position-sensitive 
ionization chamber
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aNNex 2: prograMMe

Session IV-2 Detectors and facilities
Chair: Urszula Woznicka

09:20 Alexej Stankovskiy 
Development and validation of ALEPH Monte Carlo burn-up code

09:45 Michal Ciemała 
The PARIS project

10:10 Zdenek Huna 
Automatic dosimeter for kerma measurement based on commercial PIN photo 
diodes

10:35 Coffee break

10:50 Grzegorz Tracz 
Angular-energy distributions of neutrons emitted from the Wendelstein 7-X 
stellarator

11:15 Barbara Obryk 
From nGy To MGy – New TL dosimetry of environmental doses of complex 
radiation at high-energy accelerators and thermonuclear fusion facilities

11:40 Ryszard Miklaszewski 
Detection of explosives and other illicit materials by a single nanosecond neutron 
pulses – Monte Carlo simulations of the detection process

12:15 Workshop closing

12:30 Lunch at Polonia House

14:00 Laboratory visit to The Henryk Niewodniczanski Institute of Nuclear Physics

18:00 End, day 3

19:00 Dinner at Polonia House


