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Abstract. Over the past years an experimental programme has been run at the neutron
beam of The Svedberg Laboratory with the aim to study light-ion production induced by
96 and 175 MeV neutrons for a wide variety of targets. The measurements have been conducted using the Medley facility which allows measurement of p, d, t, He-3 and alpha
production at fixed angles (from 20 to 160 degrees in steps of 20 degrees) over a wide dynamic range. An overview of the results obtained at the now finished campaign at 96 MeV
will be given. Since 2007 we have been running at 175 MeV with C, O, Si, Fe, Bi and U
as target material. Preliminary results from these measurements will be shown and compared to model calculations with Talys-1.2. We also summarize the Medley measurements
of elastic np and nd scattering and of angular distributions of fission fragments.

1 Introduction
The Medley setup was initially designed for neutron-induced light-ion production measurements at
energies up to 100 MeV. The purpose was to measure needed nuclear data for medical applications
such as fast neutron cancer therapy at the neutron beam of The Svedberg Laboratory (TSL). The
detector arrangement consists of eight three-element telescopes mounted inside an evacuated scattering
chamber. The telescopes are placed to measure at angles between 20 and 160 degrees, in steps of 20
degrees. Particle identification is achieved by means of the ∆E-∆E-E method, using two silicon surface
barrier detectors (SSBD) followed by a CsI(Tl) scintillator. The thickness of the first SSBD is about 50
to 60 µm. Thus, it is possible to measure double-diﬀerential cross sections of the produced light ions
over a wide dynamical range. Details about the set-up are given in Ref. [1] and a photograph is shown
in Fig. 1.
Soon after the first measurements on carbon have been done, other applications came into focus.
These comprise mainly accelerator-based transmutation of nuclear waste and soft-error eﬀects in computer memory [2]. In addition to the light-ion production studies, measurements of elastic np and nd
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Fig. 1. Left picture: Photograph of the opened Medley chamber with inserted Am-241 calibration source at the
target position. Neutrons enter from the opening seen in the upper half of the picture. The exit flange is seen on
the lower right side. Right picture: Photograph of the targets mounted inside aluminium frames on the lock of the
chamber. During an experimental run, the targets can be changed from the outside without breaking the vacuum.

scattering as well as angular distributions of fission yields have been done. In Sect. 2 we summarize
the light-ion campaign at 96 MeV and Sect. 3 describes the ongoing campaign at 175 MeV with an
upgrade version of the original set-up. Sect. 4 summarizes the elastic scattering and fission measurements. We conclude with a summary and an outlook on possible future activities.

2 Light-ion production measurements at 96 MeV
The 96 MeV measurements have been performed at the old quasi-monoenergetic neutron beam of
TSL [1]. Neutrons were produced by the 7 Li(p,n) reaction. The experimental set-up was located about
9 m downstream the Li target and the time-of-flight (TOF) method was used to suppress the neutron
tail. The arrangement of collimators and a clearing magnet allowed for an almost background free
measurement at suﬃcient beam intensity. Measurements have been done on C [3], O [4], Si [2], Fe,
Pb and U [5].
The main corrections that are necessary to apply are (1) correction for the reaction losses in the
CsI detector, (2) correction of energy and particle loss inside the target, and (3) correction for the
so-called frame overlap or wrap around. The correction for the reaction losses has been determined
from MCNP and Geant simulations and amounts to at most 8%. A detailed description of the target
correction is given in Ref. [6]. For the frame overlap correction we have determined the (wrongly)
accepted neutrons of lower energy from measuring elastic np scattering with a CH2 target (see Fig. 2).
Corrections have then been done using tabulated values from the ICRU Report 63 [7]. Even after
correction for the frame overlap, the accepted neutron spectrum is not truly monoenergetic but has a
small remaining tail contribution [4].
From the double diﬀerential cross sections for the various targets, we also deduced the energy and
angular diﬀerential cross sections, particle production cross sections and Kerma coeﬃcients. The latter
showed that the evaluation in Ref. [7] underestimates the C and O kerma at 96 MeV by about 10% [8].

3 Light-ion production measurements at 175 MeV
In 2004 the new neutron beam at TSL was taken into operation. A reduced distance from the Li target
now allows measurements at the highest available energy of TSL within reasonable data-acquisition
times [9]. The detectors within Medley had to be adapted to the increased energy range; now 1000 µm
thick SSBD are used as ∆E2 detector and longer CsI(Tl) have been installed (see, e.g., Ref. [10]). A
measurement of the CsI(Tl) response to 160 MeV protons has been done at the proton beam line of
TSL. The experimental results are in good agreement with model calculations [11].
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Fig. 2. Measured proton energy versus relative neutron TOF for elastic np scattering from a CH2 target. The
horizontal band stems from 12 C(n,px) events. The bent band reflects the kinematic relation between neutron and
proton energy for a fixed scattering angle. Frame overlap can be seen at proton energies of about 8 and 20 MeV.

Fig. 3. Example of a quasi-monoenergetic 175 MeV neutron spectrum as measured with Medley (open circles).
Closed circles show the accepted neutron spectrum after application of the TOF cut. It can be seen that the TOF
cut is eﬀective only below 90 MeV. The small peak at 20 MeV is from frame overlap.

Due to the limited time resolution of the SSBD, the width in time of the proton beam pulse onto
the 7 Li target, and, most of all, the much reduced distance between Li target and the target in Medley,
the eﬀect oﬀ the TOF cut on the accepted neutron spectrum is, compared to the runs at 96 MeV, much
reduced. An example for a neutron spectrum before and after the TOF cut is shown in Fig. 3.
So far data have been collected for the following targets: C, O, Si, Fe, Bi and U. Preliminary
results have, e.g., been published in Refs. [10–13]. Some preliminary results for p, d, t, He-3 and alpha
particle production from Fe and Bi at 20 degrees are also shown in Figs. 4 and 5 and compared to the
corresponding measurement at 96 MeV.
These preliminary data indicate that the Talys code [14] manages to describe proton production
reasonably well even at 175 MeV but has problems with the composite particles. Two problems that
seem to remain even for protons are the description of the compound part of the spectrum and the
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Fig. 4. Preliminary results for light-ion production (from protons, top row to alpha particles, bottom row) cross
sections at 20 degree from iron at 175 MeV (filled circles, left side) compared to the results from Ref. [5] at
96 MeV (filled circles, right side). The solid and dashed lines indicate the Talys-1.2 calculations [14] with the
relative contributions of diﬀerent reaction mechanisms.

behaviour at the high-energy end of the spectrum (especially for Fe(n,px)). The latter can only partially
be explained by limited experimental energy resolution.

4 Elastic np and nd scattering and fission measurements
While light-ion production has been the main research line for which Medley has been used, but also
other measurements have been done. Elastic np scattering has always been necessary for normalization and spectrum measurement purposes. It has also been used for spectrum measurements of the
newly installed white neutron source ANITA from the maximum energy of close to 180 MeV down
to about 1.5 MeV [12]. However, even dedicated runs to measure both the elastic np and nd scattering
cross sections have been performed. For the latter a CD2 plastic target has been used. This target was
mounted to be almost parallel with the beam axis to minimize energy loss for the outgoing deuterons
at high angle. In this way the cross sections could be obtained over a wide angular range. The results
showed clear eﬀects from three-body force eﬀects [15–17].
Also eﬀorts towards measuring angular distributions of fission fragments have been undertaken.
For these experiments we have used 238 U evaporated on a CH2 backing as target. The fission fragments
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Fig. 5. Preliminary results for light-ion production (from protons, top row to alpha particles, bottom row) cross
sections at 20 degree from bismuth at 175 MeV (filled circles, left side) compared to the results from Ref. [5] at
96 MeV for a lead target (filled circles, right side). The solid and dashed lines indicate the Talys-1.2 calculations
[xx] with the relative contributions of diﬀerent reaction mechanisms.

were registered in the first SSBD and the 20 degree telescope registered, in addition, elastic np scattering events from the backing. During beam-oﬀ alpha particles from alpha decay have been counted
with the same detector arrangement. With this method, normalisation problems like amount of target
mass and eﬀective solid angle was avoided and the anisotropy for neutron-induced fission of 238 U at
21 MeV could be measured [18]. The achievable time resolution with Medley at the TSL neutron beam
was a limiting factor for further progress.

5 Summary and outlook
We have briefly summarized the experimental eﬀorts for which the Medley set-up has been used at
the TSL neutron beams. A large data set on neutron-induced light-ion production at 96 and 175 MeV
was obtained for the first time. Thus, together with the results from elastic scattering measurements
with the SCANDAL set-up (not discussed here but see, e.g., Ref. [19]), nuclear model codes dealing
with the tricky challenge to link the low energy region (En < 20 MeV), where experimental data are
readily available, with the high energy domain (En > 200 MeV), where diﬀerent reaction mechanisms
are expected to dominate, can now be compared with extensive high-quality experimental data.
For the future we plan to closer explore the neutron energy domain below 30 MeV. This is, again,
driven by lack of experimental data in combination with both nuclear data needs for applications such
as gas production in construction material in nuclear energy production (both so-called GenIV and
fusion reactors), soft-error eﬀects in microelectronics, etc., and persisting problems of nuclear model
codes to describe, e.g., pre-equilibrium emission and handling of composite particles. Therefore, we
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plan a new campaign with an adapted version of Medley at the future Neutrons For Science (NFS)
facility at Spiral2/GANIL, France. There, we also plan to renew our eﬀorts on fission measurements
with improved timing capabilities of the future Medley.
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