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ABSTRACT

A reliable and validated nuclear database is required for the design of a fusion
reactor. Neutrons produced by the fusion reactions between deuterium and tritium have a very
peaked energy spectrum at 14 MeV, requiring a substantial extrapolation with respect to the
database made available from fission studies. The correct evaluation of shielding properties,
damage, nuclear heating and of tritium breeding performance in the blanket surrounding the
reaction chamber is crucial to the correct reactor design. Moreover, the attractiveness of
fusion relies in the low activation of the reactor components and in the minimal production of
long-term radioactive waste that is pursued with development of low activation materials.

Beside the materials development, Europe is carrying out a co-ordinated program for
the development of adequate nuclear database and numerical tools, directed to evaluations,
processing, application, and benchmarking of cross sections including uncertainty
information.  Experimental validation of data and of the relative uncertainties is also pursued,
both on material samples and on more design-oriented experiments.

A general view of the research work in the field of neutronics and nuclear data for
fusion will be given in the presentation, with emphasis to the experimental validation activity.

1 INTRODUCTION

The objective of the Fusion program is that to harness fusion for the creation of
prototype reactors for power stations which satisfy the needs of society and which are
operationally safe, environmentally compatible and economically viable. The status and the
perspectives of the European fusion program have already been presented by the Head of the
European Fusion Development Agreement (EFDA) during this Conference [1]. Among the
several physical and technological aspects still under investigation, this paper will focus on
the neutronics and nuclear data activity as carried out in the European fusion program.

The first generation of fusion reactors will use as fuel a mixture of deuterium and
tritium, with resulting production of 14 MeV neutrons and of 3.5 MeV alpha particles. While
alpha particles will remain confined in the reaction chamber by the magnetic field, and will
sustain the plasma temperature by transferring to it their energy, the neutrons will escape the
chamber reaching the walls and blanket, and depositing there 80% of the fusion power.

The expected neutron flux, fluence and related quantities are shown in Table 1 for the
international thermonuclear experimental reactor ITER [2], for the demonstration reactor
DEMO and for the fusion reactor [3]. The expected neutron irradiation loads in the inner
reactor   components,   like  the  blanket  and  the  shield,  is such  that   the   design   of   such
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Table 1 – Comparison of neutron flux and related quantities in ITER [2], DEMO [3]
and the fusion reactor [3].

ITER DEMO REACTOR
Fusion power 0.5 GW 2 - 4 GW 3 - 4 GW
14-MeV neutron flux on
the first wall

> 1013 n/s/cm2 > 1014 n/s/cm2 > 1014 n/s/cm2

Total neutron flux on the
first wall

> 1014 n/s/cm2 > 1015 n/s/cm2 > 1015 n/s/cm2

Neutron wall loading ≤ 0.8 MW/m2 2 - 3 MW/m2 2 - 3 MW/m2

Neutron fluence ≤ 0.3 MW y/m2 ≈ 3-8 MW y/m2 ≈ 10-15 MW y/m2

Neutron damage (steel) 3 dpa 30 – 80 dpa 100 – 150 dpa

components is largely affected by nuclear issues. Materials for these components, selected
primarily to fulfill their main function, must be capable at the same time to operate under
temperature  and  pressure  conditions  necessary  to  drive  efficient  thermodynamic working
cycles and to safely withstand the expected neutron loads. In addition to high performance and
safe operation, they must have low activation properties in order to meet the ultimate
requirement of fusion power. A limited number of structural materials exists that fulfill the
requirements given above, and that show compatibility with the candidate breeder and coolant
materials, namely reduced-activation versions of ferritic martensitic steel (RAFM), SiC/SiC
ceramic composites and V-alloys, which are presently considered and developed [3].

Over the past decade, much effort has been devoted within the European fusion
program, as well as in the US, Japanese and Russian fusion programs, to the improvement of
computational methods and of a nuclear data base for fusion. This effort has been driven
mainly by the international thermonuclear experimental reactor (ITER) project whose design
required the creation and the validation of the international fusion evaluated nuclear data
library (FENDL-1,-2) [4]. In parallel to the activities for ITER, the European fusion program
has been continuing to support research activity oriented to the improvement and
experimental testing of neutron cross sections and related uncertainties for “reactor relevant”
materials, in connection to the materials program and to the breeder blanket design activity.

2 NEUTRONICS AND NUCLEAR DATA BASE FOR FUSION

2.1 Neutronics design calculations

The design of fusion reactor components is affected to a large extent by nuclear
calculations and have to rely on adequate numerical tools and on a well qualified nuclear data
base [5]. Nuclear components, like for instance the blanket surrounding the reaction chamber,
have to fulfill important nuclear functions, while operating safely and efficiently under high
neutron irradiation doses. In the blanket, the kinetic energy of neutrons produced in the fusion
reactions must be converted into heat, and tritium must be bred mainly by 6Li(n,T)4He
reactions in order to reach the tritium self-sufficiency. The additional shield provided by the
vacuum vessel, together with the blanket, must protect the superconducting magnet by
reducing below the allowed levels the fast neutron flux and the nuclear heating in the coils.

In the EU fusion program, two concepts of breeder blanket are considered as candidates
for DEMO: the helium cooled pebble bed (HCPB) and the water cooled lithium-lead (WCLL)
blanket [7]. In HCPB blanket ceramic lithium compounds are used as breeder material,
beryllium pebbles as neutron multiplier and helium as coolant, while in WCLL eutectic lead-
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lithium alloy Pb-17Li is used as breeder and multiplier material and water as coolant.
Extensive nuclear analysis is performed in the development of both concepts to design the
breeder and neutron multiplier materials layout, as well as the cooling system, in order to
achieve the tritium production required for the self-sufficiency, while maintaining the blanket
shielding performance

 

First wall 
Blanket 
Vacuum vessel 
SC magnet 

Fig. 1 : MCNP model of ITER (toroidal sector) used in ITER nuclear design

Although ITER will still have a shielding (not  breeding) blanket, extensive neutronics
calculations are required for ITER design [6].  One of the most critical concern is the neutron
streaming through the penetrations in the blanket and vessel for access to the plasma region
and replacement of components, and the impact on the superconducting magnet coils.

The first step of neutronics calculations is the n- and γ-transport calculation to provide
the n- and γ-spectra needed to obtain, using the related nuclear data, the nuclear response of
interest, like tritium production, gas production, nuclear heating, displacement damage,
elemental transmutation and nuclide activation. The most used n/γ transport code in fusion
application is the Monte Carlo code MCNP[8], which allows to properly describe the neutron
source distribution in energy and space in the reaction chamber, and to model the reactor in 3-
D geometry to the required degree of detail, including the asymmetries, openings and
streaming paths. Figure 1 shows the MCNP model used in ITER nuclear design analysis.
Beside the proven capability to treat complex geometries, MCNP employs many built-in
biasing and variance reduction techniques that are essential in analyzing deep penetration
problems with streaming. With modern computer capabilities, up to tenths of millions of
neutrons are generated, tracked and tallied to obtain values of nuclear loads components of
interest, from the first wall up to the most external regions. These calculations involve
transport of n/γ radiation along many mean-free-paths in reactor materials, resulting in strong
flux attenuation.

2.2 Fusion nuclear data

As far as nuclear data are concerned, libraries for fusion applications have been
developed over the last 30 years starting from the data available for fission reactor
applications and significantly extended to cover the fusion requirements due to higher neutron
energy up to 20 MeV, the use of different materials (like for instance Be as a neutron
multiplier and Li as a tritium breeder, or advanced structural materials like Si or V). The
importance of inelastic scattering in the fusion environment required also the improvement of
double differential cross sections to properly describe the energy angle distribution of
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secondary neutrons emitted in the inelastic reactions. Also photon production cross sections
are very important as secondary photons produced in neutron induced reactions contribute
significantly to specific nuclear responses. Specific nuclear response data are required, such
as tritium production, kerma factors, gas production and damage data. Finally, high quality
covariance data must also be provided to enable reliable uncertainty calculations and realistic
safety margins to be applied to design calculations. In the frame of the  EU fusion program,
the European Fusion File (EFF) has been developed as a result of a well co-ordinated effort of
many teams collaborating on the different stages from model calculation and assessment of
experimental data, to processing, numerical benchmarking and experimental validation. The
assessment of the material activation properties requires well-qualified activation calculations
with a complete database to cover all elements and isotopes, including impurities, and to
cover all reaction pathways that may occur in a fusion reactor.  As far as the activation library
is concerned, the European Activation File (EAF) [9] has been developed for more than 20
years now within the EU fusion program by a wide co-operation that has led to the production
of succeeding versions up to the present release EAF-2001. It contains 12470 excitation
functions involving 766 different targets from 1H to 257Fm in the energy range 10-5 eV to 20
MeV. The data in the point wise file are processed into several group wise files with different
micro-flux weighting spectra to meet the various user needs. EAF has the unique feature that
an uncertainty file is also provided that allows to evaluate the degree of confidence on the
data for each reaction channel. As in the case of EFF, in the recent years integral experiments
have been performed by irradiating samples of materials under fusion-relevant neutron
spectra. Results of these experiments are used to validate or, in case, to adjust EAF data.

Apart from the national activities, like the EFF/EAF projects in EU and similar projects
in US, Japan and Russia, a major international effort was spent in the development of the
FENDL library as a reference nuclear data file dedicated to the design of ITER. This project,
co-ordinated by IAEA, required the selection of best available data from national programs,
their testing and qualification. For this purpose, various integral benchmark experiments were
conducted to verify the calculations of nuclear quantities relevant to ITER design and validate
FENDL data. Europe contributes to FENDL with selected evaluations, benchmarking and
experimental validation. In the following section a description is given of the neutronics
experiments recently carried out in EU for validation of EFF, EAF and FENDL libraries.

Finally, a relatively recent line of activity is that devoted to the development of
neutronics and nuclear data for the international fusion materials irradiation facility (IFMIF)
[10], an intense neutron source based on D-Li stripping reaction to test materials under
relevant irradiation levels and conditions, and matching the parameters like the gas
production/dpa damage relation typical of the fusion environment [11]. Since the Li(d,xn)
stripping reaction produces a significant amount of neutrons with energy E>20 MeV (up to En
= 50 MeV  when the deuterons are accelerated to Ed = 40 MeV), the design and the
exploitation of IFMIF requires the extension of fusion nuclear data, traditionally available for
neutron energy up to  En = 20 MeV. This activity, conducted in collaboration between EU,
Japan and US under the co-ordination of the International Energy Agency (IEA), has been
implemented by EFDA within the materials program, and includes neutronics calculations
[12], data evaluation in the intermediate energy range, and experimental validation.

3 EXPERIMENTAL  DATA TESTING AND VALIDATION

Several neutron sources are available in Europe for fusion neutronics experiment,
namely the 14-MeV neutron generator FNG of ENEA (Frascati, Italy), the 14–MeV neutron
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generator of the Technical University of Dresden (Germany) and the Isochron-cyclotron of
Forschungszentrum Karlsruhe (Karlsruhe, Germany). Other facilities in the world include the
SNEG-13 (Sergiev Posad, Russia), FNS of JAERI (Tokai Mura, Japan) and OKTAVIAN of
the University of Osaka (Japan). In 14-MeV neutron generators a beam of deuterons is
accelerated and focused on a tritium containing target to produce a nearly isotropic source of
14-MeV neutrons through the T(d,n)4He fusion reaction. The intensity of the presently
available facilities ranges between 1010–1013 n/s, allowing for irradiation dose rates much
lower (by several orders of magnitudes) than that occurring in the fusion reactor core. For this
reason, they are not suitable to investigate the radiation damage in materials. For this purpose
in fact, the IFMIF facility is required. However, they play an important role for fusion nuclear
data validation and neutronics calculations verification. In integral experiments, material
assemblies are irradiated by neutrons and quantities like the neutron spectrum, flux or specific
responses resulting from neutron interaction with the material are measured by suitable
measuring techniques. The same quantities are then calculated by simulating the experimental
set up with appropriate and detailed numerical models using codes and data to be tested. The
comparison of measured and calculated quantities allows to assess the adequacy of used data
or, in case, to point out deficiencies. Both “clean” and “design oriented” experiments are
performed: in the first case pure materials in simple geometry assembly are considered to
check only the data for the considered element with no uncertainty introduced by modeling or
by the presence of other elements [5, and references therein]; in the second case mock-ups of
reactor components, replicating their relevant material and the geometrical features, are
irradiated. In this second case, the experiment objective is the verification of calculations of
design relevant responses and of the related uncertainty.

An example of a “design oriented” experiment is the bulk shield experiment, performed
at FNG, as part of co-ordinated set of ITER tasks, with the objective to verify the performance
of the ITER blanket/shield with regard, in particular, to the superconducting magnet
protection at the inboard side [13]. A mock-up, representative of the inboard blanket and
vacuum vessel, including the first wall and the magnet coil, was realized, with optimized
configuration and material composition (stainless steel and water) in order to replicate, as
closely as practical, the neutron attenuation properties of the ITER design (see Fig.2).

Fig. 2: Mock-up of the ITER  shield showing the central channel used to locate detectors at
varying depth
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The following quantities were measured as a function of depth inside the
blanket/shield mock-up: neutron and gamma flux and spectra, nuclear heating and neutron
induced activation in ITER Grade stainless steel. The measured quantities were compared
with the same quantities calculated using MCNP with the FENDL-1 and EFF-3 libraries. The
analysis of the experiment showed a good agreement between measurements and  calculations
up to about 1 m of penetration depth. It was noted, however, a slight underestimation of the
nuclear responses all along the penetration depth. For the nuclear heating this underestimation
amounted to 10% -20%,  for the fast neutron flux up to 25-30% and for the gamma flux up to
10%. An example is given in Fig.3 showing the analysis of the fast neutron flux measurement
by means of the 93Nb(n,2n)92mNb activation reaction. A sensitivity and uncertainty analysis of
the experiment was performed to calculate the uncertainty in the computation of the neutron
fluxes as due to the uncertainty in the neutron cross sections [14]. The results showed that
these uncertainties were compatible with the observed C/E deviations. Further measurements
and analysis were conducted using the same ITER shield mock-up with a streaming channel
included, confirming that the MCNP based calculations with the FENDL-1 (and EFF-3)
nuclear data library satisfactorily describe the n/γ flux attenuation in design relevant
geometries [15,16]. Similar experiments were conducted also at FNS facility at JAERI [17,18].
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Fig. 3 : Ratio of the calculated over measured 93Nb(n,2n)92mNb activation reaction rates
(neutron energy threshold equal to 10.8 MeV) vs. the depth in the ITER bulk shield mock up.

Recently, an experiment was conducted to validate the shutdown dose rate calculations
outside the ITER vessel: a mock-up of the ITER vessel (similar to that shown in Fig.2) was
irradiated with 14-MeV neutrons at FNG for three days and, after the source shutdown the
dose rate was measured in a cavity inside the shield up to a decay time longer than two
months [19]. The dose rate was then calculated using MCNP and FISPACT inventory code
[20] with FENDL-2 data, taking into account the spatial distribution of energy spectra of
neutrons and of the resulting decay gammas in the mock-up, and calculating the gamma
transport at the dose rate detector location. The results, given in Fig.4, show a very good
agreement between experiment and calculation within the total uncertainty in the comparison
(±15%), allowing to conclude that the used computational tool can predict the dose rate
outside the ITER vessel within ±15% from 1 day to 2 months of decay time.

In parallel to the activity for ITER, the EU fusion program has focused on the validation
of the EAF activation and decay data for DEMO relevant materials. Several materials have
been irradiated, namely RAFM steels (like MANET, F82H, EUROFER), AISI-316 steel,
Vanadium alloys, SiC ceramic material, pure materials (Cu, W, Fe, Al, Nb, Cr) and breeder
materials (Li4SiO4) [21,22]. Experimental results have provided valuable feedback to
evaluators for data improvement in case deficiencies were detected, and also for the reduction
of uncertainties in case good agreement was found.
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Fig. 4 : Comparison between measured and calculated dose rate inside the mock-up of
the ITER vessel in the shut down dose rate experiment

4 CONCLUSIONS

Nuclear issues strongly affect the performance of fusion reactor components, whose
design requires the use of adequate numerical tools and well qualified nuclear data. Much
effort has been spent during the past decade and much progress achieved in the frame of the
EU fusion program and of the ITER project in the development of reliable nuclear data
libraries and in the verification of design calculations through ad hoc experiments. A
continuous effort is required for further improvement, particularly oriented to experimental
validation and verification of cross sections for both transport and activation calculations
required for the breeder blanket design and materials characterization. Finally, an effort is
required for development of neutronics and of nuclear data for IFMIF at intermediate energies
(E < 50 MeV), including experimental validation.

REFERENCES

[1] K. Lackner, “The nuclear fusion reactor: How close are we to its realization”, Proceedings
of this Conference

[2] R. Aymar, V. Chuyanov, M. Huguet, Y. Shimomura et al., “ITER FEAT – The future
international burning plasma experiment overview”, Proceedings of the 18th IAEA Fusion
Energy Conference, Sorrento, Italy, 4-10 October 2000, IAEA, 2001

[3] K. Ehrlich, E. E. Bloom, T. Kondo, “International Strategy for Fusion Materials
Development”, Journal of Nucl. Mat. 283-287 , 2000, pp. 79-88

[4] A.B. Pashchenko, H. Wienke, "FENDL/E-2.0, Evaluated nuclear data library of neutron
nuclear interaction cross sections and photon production cross sections and photon-atom
interaction cross sections for fusion applications, released on May 15, 1998", Report
IAEA-NDS-175 Rev. 1 (International Atomic Energy Agency).

[5] U. Fischer, P. Batistoni, Y. Ikeda, M.Z. Youssef, “Neutronics and nuclear data:
achievements in computational simulations and experiments in support of fusion reactor
design”, Fus. Engin. Des., 51-52, 2000, pp.663-680

[6] “Nuclear Analysis Report”, ITER Document G73 DDD 2 01-06-06, W 0.1



003.8

Proceedings of the International Conference Nuclear Energy in Central Europe, Portorož, Slovenia, Sept. 10-13, 2001

[7] L. Giancarli, M. Ferrari, M.A. Futterer, S. malang, “Candidate blanket concepts for a
European fusion power plant study”, Fus. Engin. Des., 49-50, 2000, pp.445-456

 [8] Judith F. Briesmeister (Ed.), "MCNP - A General Monte Carlo N-Particle Transport
Code, Version 4C", Los Alamos National Laboratory Report LA-13709-M, 2000

 [9] R. A. Forrest, J. Kopecky, “The European Activation File: EAF-2001 cross section
library” , UKAEA Report UKAEA FUS 451, Euratom/UKAEA Fusion Association,
Culham Science Centre (UK), March 2001

[10] M. Martone (Ed.), “IFMIF International Fusion Materials Irradiation Facility –
Conceptual Design Activity Final Report”, ENEA Frascati, Report ENEA-
RT/ERG/FUS/96-11, Dec.1996

[11] K. Ehrlich, S. Jitsukawa, H. Matsui, A. Möslang, “International Fusion Material
Irradiation Facility IFMIF - An overview of user aspects”, Fus. Engin. Des., 49-50, 2000,
pp.435-444

[12] P.P. H. Wilson, E. Daum, U. Fischer, U. von Mollendorf, D. Woll, “ Neutronics analysis
of the International Fusion Material Irradiation Facility (IFMIF) high flux test volume”,
Fus. Technol. 33, 1998, 136-145

[13] P. Batistoni, M. Angelone, U. Fischer, H. Freiesleben, et al., “Neutronics experiment on
a mock-up of the ITER shielding blanket at the Frascati Neutron Generator”, Fus. Eng.
Design 47, 1999, pp. 25-60

[14] I. Kodeli, L. Petrizzi, P. Batistoni “Transport, sensitivity and uncertainty analysis of FNG
14 MeV Neutron bulk Shield Experiment”, Journal of Nuclear Science and Technology
Supplement 1 (2000), 713-717

[15] M. Angelone, P. Batistoni, L. Petrizzi, M. Pillon, “Neutron Streaming Experiment at
FNG: results and analysis”, Fus. Eng. Design 51-52, 2000, pp. 653-661

[16] K. Seidel, M. Angelone, P. Batistoni, U. Fischer et al., “Investigation of neutron and photon flux
spectra in a streaming mock up for ITER”, Fus. Eng. Design 51-52, 2000, pp. 855-861

[17] C. Konno, F. Maekawa, Y. Oyama, et al. “Benchmark experiment on bulk shield of SS316/water
with simulated superconducting magnet”, Fus. Eng. Design 42, 1988, pp. 267-273

[18] C. Konno, F. Maekawa, Y. Oyama, et al. “Overview of gap streaming experiments for
ITER at JAERI/FNS”, Proceedings of the 20th Symposium on Fusion Technology,
Marseille, France, 7-11 September 1998, pp. 1473-1476

[19] P. Batistoni, M. Angelone, L. Petrizzi, M. Pillon, “Experimental validation of shut down
dose rate calculations inside the ITER cryostat” accepted for publication in Fus. Eng.
Design, 2001

[20] R. A. Forrest, J-Ch. Sublet, “FISPACT 99: User Manual”, UKAEA Fusion, Report
UKAEA FUS 407, 1998

[21] M. Pillon, M. Angelone, P. Batistoni, R. Forrest, J.-Ch. Sublet, “Benchmark Experiments
on Fusion Neutron induced gamma-ray radioactivity in various structural materials”
Journal of Radioanalytical and Nuclear Chemistry, Vol 244, No.2, (2000), 441-445

[22] D. V. Markovskij, R. A. Forrest, H. Friesleben, V. D. Kovalchuk et al., “Experimental
investigation of radioactivities in fusion reactor structural materials by 14 Mev neutrons”
Fus. Eng. Design 51-52, 2000, pp. 695-700


	INTRODUCTION
	NEUTRONICS AND NUCLEAR DATA BASE FOR FUSION
	Neutronics design calculations
	Fusion nuclear data

	EXPERIMENTAL  DATA TESTING AND VALIDATION
	CONCLUSIONS

