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Abstract. One of the outstanding new developments in the field of partitioning and
transmutation (P&T) concerns accelerator-driven systems (ADS) which consist of a combination of a high-power, high-energy accelerator, a spallation target for neutron production and a sub-critical reactor core. The development of the commercial critical reactors
of today motivated a large effort on nuclear data up to about 20 MeV, and presently
several million data points can be found in various data libraries. At higher energies,
data are scarce or even non-existent. With the development of nuclear techniques based
on neutrons at higher energies, nowadays there is a need also for higher-energy nuclear
data. To provide alternative to this lack of data, a wide program on neutron-induced data
related to ADS for P&T is running at the 20–180 MeV neutron beam facility at ‘The
Svedberg Laboratory’ (TSL), Uppsala. The programme encompasses studies of elastic
scattering, inelastic neutron production, i.e., (n, xn0 ) reactions, light-ion production, fission and production of heavy residues. Recent results are presented and future program
of development is outlined.
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1. Introduction
One of the outstanding new developments in the field of partitioning and transmutation (P&T) concerns accelerator-driven systems (ADS), which consist of a combination of a high-power, high-energy accelerator, a spallation target for neutron
production, and a sub-critical reactor core.
The development of the commercial critical reactors of today motivated a large
effort on nuclear data up to about 20 MeV, and presently several million data points
can be found in various data libraries. At higher energies, data are scarce or even
non-existent. With the development of nuclear techniques based on neutrons at
higher energies, nowadays there is need also for higher-energy nuclear data.
The nuclear data needed for transmutation in an ADS can roughly be divided
into two main areas. First, the initial proton beam produces neutrons by spallation
reactions. This means that data on proton-induced neutron production is needed.
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In addition, data on other reactions are needed to assess the residual radioactivity
of the target. Second, the produced neutrons can induce a wide range of nuclear
reactions, and knowledge of these are useful in the design of ADS. Among these
reactions, some cross-sections can be used directly. Examples are elastic scattering
for neutron transport, proton and alpha production for assessment of the hydrogen
and helium gas production in the target window or core, and fission for obvious
reasons.
In most cases, however, direct data determination is not the ultimate goal. The
global capacity for such measurements is insufficient to obtain complete coverage
of important data. It is even impossible in theory to supply all relevant data. In
a reactor core, large quantities of short-lived nuclides affect the performance of the
core during operation, but measuring cross-sections for these nuclides is impossible
because experiment targets cannot be made. This means that the experimental
work must be focused on providing benchmark data for theory development [1],
making it possible to use theoretical models for unmeasured parameters in a core
environment.
An often overlooked aspect is the nuclear data that should be measured in the
first place. Nuclear data are not needed for a demonstration of the principle of
driving a sub-critical assembly with an external neutron source. The need for
nuclear data becomes imminent when a realistic large-scale facility is the goal.
With large uncertainties in the nuclear data, large safety margins have to be used,
which results in excessive costs. Thus, the role of nuclear data is to reduce the cost
for reaching a certain level of safety.
Another important aspect is the trade-off between general and particular information. Below 20 MeV, a single cross-section can be of paramount importance to
the entire application. An example is the neutron capture resonance in 238 U that
provides the Doppler effect so important for the stability of critical reactors. Moreover, some cross-sections are fundamentally inaccessible to theory, particularly in
the resonance region. As a result, at low energies more or less complete data coverage for major elements is required. Above 20 MeV, the situation is fundamentally
different. The cross-sections are smooth, and the behaviour of the total technical
system is always dictated by the sum of a large number of reactions, neither of
which strongly dominates the performance. Therefore, getting a grip on the overall
picture is more important than precision data on a single reaction. For a review of
nuclear data for ADS at high energies, see [2].
2. Activities at TSL, Uppsala
To meet the demand described above, a wide program on measurement of crosssections of neutron-induced nuclear reactions is running at The Svedberg Laboratory (TSL) in Uppsala, Sweden. The results presented here were all obtained at the
old neutron beam facility, used between years 1990 and 2003. In the year 2003, a
new facility was built and commissioned for joint use in nuclear data measurements
and electronic testing (see Pomp et al [3]).
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Figure 1. The old TSL neutron beam facility.

Figure 2. The neutron energy spectrum with and without TOF rejection of
low-energy neutrons.

2.1 Neutron production
At the old neutron facility (see figure 1), quasi-mono-energetic neutrons are produced by the reaction 7 Li(p,n)7 Be in a target of 99.98% 7 Li. After the target, the
proton beam is bent by two dipole magnets into a 8 m concrete tunnel, where it
is focused and stopped in a well-shielded carbon beam-dump. A narrow neutron
beam is formed in the forward direction by a system of three collimators, with a
total thickness of more than 4 m. The energy spectrum of the neutron beam is
shown in figure 2. About half of all the neutrons appear in the high-energy peak,
while the rest are roughly equally distributed in energy, from the maximum energy
and down to zero. The thermal contribution is small. The low-energy tail of the
neutron beam can be reduced by time-of-flight measurements (see figure 2).
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Figure 3. The MEDLEY set-up.

Figure 4. The SCANDAL set-up.

2.2 Base equipment
Two major experimental set-ups are semi-permanently installed. The MEDLEY
detector telescope array (Dangtip et al, 2000) is housed in a scattering chamber
and operated in vacuum (see figure 3). At the exit of this chamber, a 0.1 mm
stainless steel foil terminates the vacuum system, after which the neutrons travel in
air. Immediately after MEDLEY follows SCANDAL (scattered nucleon detection
assembly), a set-up designed for large-acceptance neutron and proton detection [4].
The MEDLEY detector array consists of eight particle telescopes, placed at 20–
160◦ with 20◦ separation. Each telescope is a ∆E-∆E-E detector combination, with
sufficient dynamic range to distinguish all light ions from a few MeV up to maximum
energy, i.e., about 100 MeV. The ∆E detection is accomplished by fully depleted
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Figure 5. Elastic neutron scattering at 96 MeV from

208

Pb and

12

C.

silicon surface barrier detectors, and CsI (Tl) crystals are used as E detectors. For
some experiments, active collimators are used. These are plastic scintillators with
a hole defining the solid angle. The equipment is housed in a 100 cm diameter
scattering chamber, so that the charged particles can be transported in vacuum.
Recently, the facility has been used also for fission studies. In that case, the
silicon detectors are used for fission fragment detection.
The SCANDAL set-up [4] has been designed for elastic neutron scattering studies.
It consists of two identical systems, placed to cover 10–50◦ and 30–70◦ , respectively
(see figure 4). The energy of the scattered neutron is determined by measuring the
energy of proton recoils from a plastic scintillator and the angle is determined by
tracking the recoil proton. In a typical neutron scattering experiment, each arm
consists of a 2 mm thick veto scintillator for fast charged-particle rejection, a 10
mm thick neutron-to-proton converter scintillator, a 2 mm thick plastic scintillator
for triggering, two drift chambers for proton tracking, a 2 mm thick ∆E-plastic
scintillator which is also part of the trigger, and an array of CsI detectors for
energy determination of recoil protons produced in the converter by n–p scattering.
The trigger is provided by the coincidence of the two trigger scintillators, vetoed by
the front scintillator. SCANDAL can also be used as proton or deuteron detector.
In those cases, the veto and converter scintillators are removed.
3. Research programme
3.1 Elastic neutron scattering
Elastic neutron scattering is of utmost importance for a vast number of applications.
Besides its fundamental importance as a laboratory for tests of isospin dependence
in the nucleon–nucleon and nucleon–nucleus interactions, the optical potentials derived from elastic scattering come into play in virtually every application where a
detailed understanding of nuclear processes is important. Elastic neutron scattering is important also for fast-neutron cancer therapy, because the nuclear recoils
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Figure 6. Neutron-induced light-ion production in iron, lead and uranium
at 96 MeV.

account for 10–15% of the dose. Up to now, data on 12 C and 208 Pb at 96 MeV
have been published by Klug et al [5] (see figure 5 also), and five other nuclei are
under analysis.
A facility for studies of inelastic neutron scattering has recently been commissioned, and first data have been taken by Lecolley [6].
3.2 Light-ion production
Although the MEDLEY set-up was initially intended for medical purposes, the
requirements from these led to a multipurpose detector design, which has turned out
to be useful for many different applications. One of these is hydrogen and helium
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Figure 7. Cross-sections for neutron-induced fission.

production in ADS, exemplified with measurements on iron, lead and uranium
(Blideanu et al [1], see figure 6 also).
3.3 Fast-neutron fission
Although the main fission effects in an ADS arise from neutrons at lower energies, the high-energy neutron fission gives significant contributions to the power
released. Very little data exist on high-energy fission, but the situation is under
rapid improvement. This can be exemplified by the ongoing work at the TSL neutron beam, manifested in a number of recent publications by Smirnov et al [7] and
Ryzhov et al [8]. A new facility for studies of angular distributions is also under
commissioning [9]. In figures 7 and 8 some of these measured data of fast-neutron
fission cross-sections are displayed. For reference of parallel works, see ref. [10].
In figure 9 excitation function measurements carried out with existing facility has
been shown with the intention that such future program is in developmental stage
after increased beam intensity.
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Figure 8. Anisotropies in neutron-induced fission.

3.4 Residue production
A series of studies of residue production has been carried out in parallel with the
other experiments mentioned here, at an irradiation facility located just outside the
primary neutron beam. For the short-lived residual radio-nuclides, cross-sections
were determined using activation techniques. The production of long-lived radionuclides was studied by accelerator-mass spectroscopy (AMS) after chemical separation [11]. For another such study, see ref. [12] also.
4. Conclusions
The rapid growth in demand for neutrons has motivated the construction of a new
20–180 MeV neutron beam facility at TSL (see figure 10). The most important
features of the new facility are, increased intensity by reduction of the distance
from neutron production to experiments, availability of much larger beam diameters, increased versatility concerning various beam parameters, like the shape, and
reserved space for a future pulse sweeping system.
For nuclear data research, the increased intensity will facilitate a large experimental program at 180 MeV, hitherto excluded by count rate limitations. For the
276
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Figure 9. Excitation function for the production of 56 Co from natural copper
by neutron-induced reactions.

Figure 10. The new TSL neutron beam facility.

testing of electronics, the increased intensity in combination with a larger beam diameter, which facilitates testing a large number of components simultaneously, will
provide a total failure rate of about a factor 300 larger than for the present facility.
This means that the new TSL neutron beam facility can outperform any existing
facility in the world. The facility being developed at TSL has wide application in
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the field of medical sciences and its related data pool [13,14]. More such details are
available at our web site www.tsl.uu.se.
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