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Abstract

A completely new evaluation of the d + 6,7Li interaction cross sections up to 50 MeV has been performed applying a
new methodology which takes into account compound nucleus reactions, pre-equilibrium processes, stripping and direct
interactions. The evaluated d + 6,7Li cross section data were prepared in the laboratory frame, stored in standard ENDF-6
data format and processed by the NJOY code system. A series of benchmark calculations was performed with the McDe-
Licious code to test the new data evaluations against experimental thick and thin lithium target neutron yield data up to
40 MeV deuteron energy. It was shown that the new d + 6,7Li cross section data can well reproduce both the thick target
neutron yields and differential neutron emission cross sections. Thus there is a clear improvement of the prediction accu-
racy for the IFMIF neutron source term simulation with the new d + 6,7Li cross section data evaluations.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The International Fusion Material Irradiation
Facility (IFMIF) [1] will provide an accelerator
based d–Li neutron source for high fluence test irra-
diations of fusion reactor candidate materials. In
the IFMIF lithium target neutrons are generated
through the d–Li stripping reaction and various
other reaction mechanisms. The neutron source
generation must be represented accordingly in the
neutron transport calculation. The McDeLicious
Monte Carlo code [2] was developed along this
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guideline to simulate in the transport calculation
the neutron generation on the basis of evaluated
d + 6,7Li cross sections. A first set of d + 6,7Li cross
section data was evaluated previously in a collabo-
ration of Forschungszentrum Karlsruhe and INPE
Obninsk [3].

Tests against thick lithium target experiments
showed good agreement for the total and forward
neutron yields [4]. Recent measurements of dou-
ble-differential d + 6,7Li cross sections [5,6] revealed,
however, severe deficiencies of the neutron angular
distributions and the inability to properly represent
the population of residual nucleus excited levels.
These results initiated an effort to re-evaluate the
d + 6,7Li cross section data applying a new method-
ology which takes into account compound nucleus
.
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reactions, pre-equilibrium processes, stripping and
direct interactions. The new evaluation methodol-
ogy is described in the following and detailed results
are given for benchmark calculations performed
with McDeLicious to test the new data evaluations
against experimental thick and thin lithium target
neutron yield data up to 40 MeV deuteron energy.

2. Data evaluation for the d + Li reaction system

up to 50 MeV

Much effort was spent during the last decade to
find and adjust appropriate nuclear models for the
description of d + Li interactions in the energy
range from a few to 50 MeV. The available d + Li
data evaluation of Konobeyev et al. [3] e.g. is based
on the use of the intra-nuclear cascade model for
non-elastic reactions, the Serber model [7] for strip-
ping processes and the diffraction approximation [8]
for elastic deuteron scattering.

In the evaluation approach of this work, the fol-
lowing nuclear processes are assumed to take place
when a deuteron collides with a lithium nucleus:
elastic scattering, evaporation (i.e. compound
nucleus formation), pre-equilibrium processes, neu-
tron/proton stripping and direct processes resulting
in the excitation of specific residual nucleus levels.

For the deuteron elastic scattering, the diffraction
approximation was proven to be inadequate,
especially for back angle scattering. As a suitable
alternative, the use of a phenomenological optical
model potential (OMP) was elaborated for
d + 6,7Li interactions in the energy range up to
50 MeV [9]. The resulting agreement of calculated
angular distributions of elastically scattered deute-
rons with experimental data is very good, thus sug-
gesting the use of this OMP in the nuclear reaction
cross section calculations.

Neutron emission is the most important reaction
channel for applications to IFMIF. A proper neu-
tron OMP must be available for the evaporation,
pre-equilibrium and direct reaction models with
neutrons in the entrance or exit channels. A combi-
nation of the Koning global neutron OMP [10] and
a modified Chiba local potential [11] was shown
to be suitable for neutron energies from 12 to
50 MeV and the energy range below 12 MeV,
respectively. This choice was based on the observa-
tion that the global Koning OMP for the n + Be
system shows good agreement with experimental
data for total, reaction and elastic scattering cross
sections above 12 MeV. The real part of the Chiba
local potential had to be decreased to get agreement
of calculated and measured n + 9Be total, reaction,
elastic scattering cross sections and elastic scattering
angular distributions for neutron energies from 0.1
to 12 MeV.

The Bechetti and Greenlees [12] OMP was used
for describing the emission of protons and tritons,
and the Avrigeanu and Hodgson potential [13] for
the a-particles.

The nuclear model calculations for the evapora-
tion and pre-equilibrium reactions were performed
with the GNASH code [14] in combination with
ECIS95 [15]. Double-differential cross sections were
produced using Kalbach systematics for angular
distributions. The stripping processes were modelled
on the basis of the Serber theory [7]. Direct reac-
tions were described with the DWUCK4 code [16]
which allows the calculation of angular distribu-
tions for Li(d,n) reactions leading to the formation
of the nucleus either in ground or excited states.
The level scheme for 7Li isotope was represented
by five excited levels, assuming that several levels
with small width can be replaced by one ‘wide’ arti-
ficial level. The neutron energy distributions for the
direct reactions were calculated by spreading the
cross section for a particular level over its excitation
energy with Gaussian distribution, accounting for
the level width. For 16.6 MeV incident deuterons,
Fig. 1 shows the calculated double-differential neu-
tron emission cross section and its breakdown into
the different reaction components. It is revealed that
the inclusion of direct interaction processes is essen-
tial for representing the structures of the emission
cross section at high neutron energies. This is due
to the fact that the direct reaction mechanism is
dominant for the emission of neutrons with energies
above the deuteron incidence energy. It is noted that
pre-equilibrium emission of neutrons do not signif-
icantly contribute at forward angles but become
more important at backward scattering angles.
Fig. 2 compares the results of the evaluated dou-
ble-differential neutron emission cross sections and
the measured data of Baba and co-workers [6] at
40 MeV deuteron incidence energy.

The deuteron cross sections evaluated for 6Li and
7Li were stored on ENDF-6 formatted data files and
processed into the ACE format for the McDeLi-
cious Monte Carlo code by using a modified version
of the NJOY-99 code system [17]. The ENDF data
files contain elastic scattering data and secondary
particle emission spectra up to 50 MeV deuteron
energy.
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Fig. 1. Measured [5] and evaluated 7Li(d,xn) double-differential neutron emission cross section and its decomposition into reaction
components for 16.6 MeV deuterons.
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Fig. 2. Double-differential neutron emission cross sections for 40 MeV incident deuterons: comparison of evaluated and measured [6]
data.
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3. Validation against thick Li target neutron yields

A set of 11 independent experiments on thick
lithium target yields is available for validation anal-
yses including the recent measurements by Bém
et al. [5] at 16.3 and 17 MeV and Baba and co-work-
ers [6] at 25 and 40 MeV deuteron incidence energy.
These experimental data sets cover the deuteron
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Fig. 4. Angular neutron yields from thick lithium target at
different incident deuteron energies. Symbols – experimental
data; curves – calculations with McDeLicious (2005 and 2001
d–Li data), McDeLi and MCNPX codes.
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energy range from 5 to 40 MeV and thus are well
suited for benchmarking the IFMIF d–Li source
term.

The validation analyses were conducted on the
basis of Monte Carlo calculations with the McDeLi-
cious code which is capable of using the d–Li evalu-
ated cross section data. For comparison, benchmark
calculations were also performed with the semi-
empirical d–Li reaction model of McDeLi [18], the
predecessor to McDeLicious, and the ISABEL
intra-nuclear cascade model of the high energy par-
ticle Monte Carlo code MCNPX [19].

The comparison of measured and calculated for-
ward neutron yields, Fig. 3, shows that McDeLi-
cious with the updated d–Li cross section data is
well able to reproduce the experimental results over
the entire deuteron energy range from threshold up
to 40 MeV. This is a clear improvement over the ori-
ginal 2001 d–Li evaluation [3] which gave an under-
estimation of the experimental yields below 20 MeV
and some deviations from the recent measurements
of Baba and co-workers [6] at 25 and 40 MeV. With
the updated d–Li cross section data, the average
deviation of calculated and measured forward neu-
tron yield data is around 10%. The approaches of
the McDeLi and the MCNPX codes give significant
worse agreement with the experimental neutron
yields. McDeLi is not capable of prediction below
15 MeV deuteron energy while MCNPX underesti-
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Fig. 3. Comparisons of measured and calculated thick lithium target forward neutron yields as a function of deuteron incidence energies.
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mates the neutron yields by a factor 2 over the entire
deuteron energy range.

Neutron angular differential yields were mea-
sured from 15 to 40 MeV deuteron energy in several
experiments, in most cases, however, only in the
forward directed hemisphere. The comparison of
McDeLicious calculations using the new d–Li eval-
uation shows that the angular dependence can be
satisfactorily predicted over the whole range of mea-
sured deuteron energies and secondary neutron
angles, see Fig. 4. The other approaches show again
a worse reproduction of the experimental data set,
especially below 20 MeV.

Measured double-differential neutron yields from
thick lithium targets are available from the experi-
ments of Baba and co-workers [6] (25 and 40 MeV
deuteron incidence energy), Bém et al. [5] (17 MeV)
and Sugimoto [20] (32 MeV). The comparison of
McDeLicious calculations with the measured energy
distributions (double-differential thick target neu-
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Fig. 5. Energy differential neutron yields from thick lithium
target at 25 MeV deuteron incidence energy. Symbols – experi-
mental data of Baba and co-workers [6]; curves – calculations
with McDeLicious (2005 and 2001 d–Li data) and MCNPX
codes.
tron yields) demonstrates significant improvements
achieved with the updated d–Li evaluation. As
shown in Figs. 5 and 6 for the Baba experiments,
both the absolute values and the shape of the energy
spectra are reproduced with better accuracy. In par-
ticular it is seen that the humps in the high energy
part of the neutron spectra, corresponding to the
population of low lying states in 8Be due to the
7Li(d,n) reaction, are well represented by the McDe-
Licious calculations with the newly evaluated d–Li
cross section data.

The accuracy of the thick Li target neutron yield
data has a direct impact on the IFMIF irradiation
parameters. IFMIF will be operated at 40 MeV deu-
teron energy and the material irradiation specimens
will be located in the deuteron beam direction sub-
jected to an angle of ±80�. An uncertainty assessment
of the related thick target neutron yields for IFMIF
neutronics calculations was performed on the basis
of the recent experiment of Baba and co-workers
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Fig. 6. Energy differential neutron yields from thick lithium
targets at 40 MeV deuteron incidence energy. Symbols – exper-
imental data of Mann et al. [21] and Baba and co-workers [6];
curves – calculations with McDeLicious (2005 and 2001 d–Li
data), McDeLi and MCNPX codes.
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[6] performed at the Tohoku University using the
AVF cyclotron and applying the time-of-flight
(TOF) technique for the measurement of the neutron
spectra at various angles between 0� and 110� at
40 MeV deuteron incidence energy. These measure-
ments are considered state-of-the-art with the highest
experimental accuracy currently achievable. An
uncertainty of 20% was assessed for the double-dif-
ferential neutron yields at 40 MeV deuteron inci-
dence energy when using the McDeLicious code
with the newly evaluated d–Li cross section data.

4. Conclusions

A new evaluation of the d + 6,7Li interaction
cross sections up to 50 MeV has been performed
applying a new methodology which takes into
account compound nucleus reactions, pre-equilib-
rium processes, stripping and direct interactions.
Microscopic and global optical model potentials
were developed to describe elastic cross sections
and transmission coefficients for deuterons, neu-
trons and protons. The re-evaluated d + 6,7Li cross
section data were prepared in the laboratory frame,
stored in standard ENDF-6 data format and pro-
cessed by the NJOY code system. The new data
evaluations show an improved agreement with mea-
sured differential cross sections and thin target neu-
tron yields.

A series of benchmark calculations was per-
formed with the McDeLicious code to test the new
data against experimental thick lithium target neu-
tron yields. It was shown that the experimental thick
target yields can be well reproduced over the entire
deuteron energy range up to 40 MeV. Other method-
ological approaches as available with the McDeLi
and MCNPX codes which use built-in semi-empiri-
cal analytical models for the d–Li cross sections give
significant worse agreement. Thus there is a clear
improvement of the prediction accuracy for the
IFMIF neutron source term simulation with the
new d + 6,7Li cross section data evaluations.
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