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Abstract
A facility for detection of scattered neutrons in the energy interval 50-130 MeV,
SCANDAL (SCAttered Nucleon Detection AssembLy), has recently been installed at
the 20-180 MeV neutron beam facility of the The Svedberg Laboratory, Uppsala. It
is primarily intended for studies of elastic neutron scattering, but can be used for the
(n,p) and (n,d) reaction experiments as well. The performance of the spectrometer
is illustrated in measurements of the (n,p) and (n,n) reactions on XH and 12 C. In
addition, the neutron beam facility is described in some detail.
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Introduction

The interest in high-energy neutrons is rapidly growing. This is due to a number of
potential large-scale applications involving fast neutrons, either having been identified or being under development. These applications primarily fall into three sectors;
nuclear energy and waste, medicine and electronics effects.
The recent development of high-intensity proton accelerators has resulted in
ideas to use subcritical reactors, fed by external spallation-produced neutrons, for
transmutation of waste from nuclear power reactors or nuclear weapons material.
This might result in less problematic waste material and/or energy production [1].
Conventional radiation treatment of tumours, i.e. by photons or electrons, is
a cornerstone in modern cancer therapy. Some rather common types of tumours,
however, cannot be treated successfully. For some of these, very good treatment results have been reached with neutron therapy, which is the largest non-conventional
therapy world-wide [2, 3].
The last few years, it has become evident that electronics in aeroplanes suffer
effects from cosmic-ray neutrons [4, 5]. The now most well-known effect is that a
neutron can induce a nuclear reaction in the silicon substrate of a memory device,
releasing a free charge, which in turn flips the memory content. This random reprogramming is obviously not wanted. Similar effects causing hardware damage
have recently been identified also on ground level.
Neutrons at aircraft altitudes give a significant radiation dose to airplane personnel. This poses a relatively new dosimetry problem, which is currently under
intensive investigation [6].
Finally, fundamental nuclear physics with intermediate-energy neutrons has recently got widespread attention due to the experimental studies of the absolute
strength of the strong interaction in the nuclear sector, derived from neutron-proton
scattering data [7].
Elastic neutron scattering plays a key role for the understanding of all these areas.
The most important reason is that it allows a determination of the optical potential,
which plays a decisive role in every microscopic calculation including neutrons in
either the entrance or exit channel. In addition, the elastic cross section is also the
largest of the individual partial cross sections contributing to the total cross section.
In fact, a consequence of the optical model is that the elastic cross section must
constitute at least half the total cross section.

All the applications mentioned above involve neutrons at much higher energies
than for the traditional applied areas, e.g. nuclear power. Extensive evaluated data
libraries have been established for the development of nuclear fission and fusion
for energy production, which have a 20 MeV upper limit. Very little high-quality
neutron-induced data exist above this energy. Only the total cross section [8] and
the (n,p) reaction have been investigated extensively [9, 10]. There are high-quality
neutron total cross section data on a series of nuclei all over this energy range. In
addition, there are (n,p) data in the forward angular range at modest excitation
energies available at a few energies and for a rather large number of nuclei.
Besides this, there are data on neutron elastic scattering from UC Davis at
65 MeV on a few nuclei [11]. Programmes to measure neutron elastic scattering
have been proposed or begun at Los Alamos [12] and IUCF [13], with the former
resulting in a thesis on data in the 5-30° range on a few nuclei [12]. The design of
SCANDAL has been based on the experiences from the latter two projects.
Besides the role of elastic neutron scattering data for determining the neutron
optical potential, there are also cases where they can be of direct use. Examples
are in neutronics of spallation systems, including accelerator-driven transmutation
cores, and fast-neutron cancer therapy, where 10-15 % of the dose comes from elastic
neutron scattering.
All these research areas are represented at the neutron beam facility of the The
Svedberg Laboratory (TSL). The facility has previously been described in a NIM
publication [14]. Major recent upgrades in the neutron production motivate a renewed description of it, which is found in section 2. An overview of the experimental
area is given in section 3, and the SCANDAL setup is described in section 4. Section 5 is devoted to experimental tests of the performance of the device, while the
experimental programme is discussed in section 6, and finally, a summary and the
conclusions are presented in section 7.

2
2.1

Neutron beam production
Neutron production techniques above 50 MeV

Neutron beam facilities above 50 MeV have traditionally been of two types; white
sources and quasi-monoenergetic. White spallation sources have been used at Los
Alamos [15] and Paul Scherrer Institute [16], and a new source is presently being
installed at CERN [17]. Typically, the energy-integrated flux is significantly larger
than for monoenergetic sources, on the expense that the flux per energy unit is much
smaller. For elastic neutron scattering measurements, i.e. the scope of this paper,
this smaller flux per energy unit is a clear disadvantage. This is illustrated by the
fact that no data on elastic neutron scattering at intermediate energies have been
published from white sources.

Monoenergetic sources are, like the Uppsala facility, in most cases employing the
Li(p,n) reaction. Such installations have been operated at UC Davis [18], IUCF [19],
TRIUMF [20], NAC [21], TIARA [22], UCL [23], and RIKEN [24].
Recently, a novel technique has been developed at IUCF to produce tagged
neutrons at a cooler ring [25]. This technique can be used to provide neutron beams
with well-defined energy and intensity, but with the drawback that the intensity
is very poor. A programme is underway to measure neutron-proton scattering, for
which the intensity is sufficient, while it is inadequate for elastic scattering from
nuclei.
Finally, the D(p,n) reaction has been extensively used to produce intense neutron
beams with a slightly worse intrinsic resolution than the7Li(p,n) reaction, but with
the advantage that reasonably polarized neutrons can be obtained. The limited
beam resolution, however, prevents resolved studies of (polarized) elastic neutron
scattering from nuclei.
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2.2

The TSL neutron beam

An overview of the neutron beam facility at the The Svedberg Laboratory (TSL)
is presented in fig. 1. Protons from the cyclotron impinge on a neutron production
target from the left. After the target, the remaining proton beam is bent into a beam
dump tunnel. A narrow neutron beam is denned by a system of three collimators.
The major experimental devices are installed in a separate hall. The different parts
are given detailed descriptions below.
Lithium targets of 100-800 mg/cm 2 thickness (2-15 mm), enriched to 99.98 % in
7
Li, are mounted in a remotely controlled water-cooled stainless-steel rig with four
target holders, each with a diameter of 26 mm. One of the target positions contains
a fluorescent screen viewed by a TV camera, which is used for beam alignment and
focussing. Targets can be changed without breaking the vacuum; a vacuum lock
reduces the exposure of the lithium targets to air to a few seconds. Previously, a
cold trap was located close to the lithium target arrangement. Increased pumping
capacity has made this cold trap unnecessary.
After passage of the target, the proton beam is deflected in two magnets and
bent into an 8 m long tunnel, where it is focussed onto a water-cooled graphite
beam dump. The integrated current from this Faraday cup is used for proton beam
monitoring, which is also a relative monitoring of the neutron beam. An efficient
dumping of the high-intensity proton beam is important for various reasons. A high
beam transmission through the magnet elements reduces the irradiation around the
beam tubes, making activation a smaller problem. In addition, the reliability of the
proton current for relative neutron intensity monitoring improves.
A low-cost system has been installed to handle automatically the high-intensity
beams in the beam dump line. It is based on placing electrically insulated 1 mm
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Figure 1: Overview of the Uppsala neutron beam facility.

stainless-steel pins vertically along the diameter of the beam tube in the path of
the beam at two positions in the bending section. The beam profile is measured by
scanning the beam with an upstream steering magnet. The beam is centered on the
two pins by an automatic routine. An example of measured profiles for 180 MeV
protons with and without production target is shown in fig. 2, which was obtained
by scanning the preceding bending magnet current from 135 to 150 A. The effect
of inserting the target is clearly visible. The centroid has shifted due to the lower
energy in the beam after having passed it, and the width has increased due to energy
and angular straggling.
The neutron beam produced in the forward direction is geometrically denned by
a system of three collimators. The first one consists of a 1.1 m long iron cylinder of
revolver type with four axial holes of different diameter. The cylinder is remotely
controlled to collimate the neutron beam to solid angles of 60, 80, or 100 /xsr.
The fourth hole has the beam tube diameter, and can be used e. g. for alignment
purposes when free sight through the collimator is required. The collimators are
doubly conical in shape, with a central waist denning the solid angle.
The second collimator is 0.8 m thick and consists of iron and paraffin slabs,
while the third one, about 2 m thick, is made of iron only. Neither of these two
collimators shape the neutron beam, but serve as scrapers of the beam halo from
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Figure 2: Example of a measured beam profile. The open and filled circles shows the
profile with and without a lithium target, respectively.

the first collimator. The third collimator is conical in shape, with entrance and
exit diameters of 60 and 75 mm, respectively. It is located in a wall separating
the neutron-production area and the main experimental hall, and it also contains a
beam shutter.
Protons passing through the lithium target have a small probability to pick up
an electron and become hydrogen atoms, which are not deflected by the magnet
after the target. For some experiments, this H° flux can be a problem. If so, a 1
mm thick aluminium valve after the first collimator can be closed, which results in
H° breakup, and a dipole after the valve is used to clean the beam.
All the neutron production and collimation takes place in vacuum. The first
major installation in the experimental hall, MEDLEY, is part of the vacuum system,
which is terminated by a 0.1 mm stainless-steel foil at the exit of the MEDLEY
scattering chamber.
In applications where the proton contamination of the beam has to be minimal,
the aluminium valve and the clearing magnet described above can be used, with
the valve terminating the vacuum, i. e. the MEDLEY exit foil is removed and the
neutrons pass through the downstream fraction of the neutron beam line in air.
With such precautions, the charged particle contamination of the neutron beam has
been measured to be about 10~5.
A prominent feature of the neutron production facility is the very good shield-

ing between the dumping and the experimental area, which gives low experimental
background. The long distance between the neutron production and experiment
area allows rejection of low-energy neutrons by time-of-flight techniques. A fast
switching magnet upstream the neutron production facility allows it to be run in
beam-share mode with other experiments at the laboratory, making very efficient
use of the beam possible.

2.3

High-intensity irradiation facility

The main experimental devices are installed in a separate hall, well shielded from the
neutron production. There is, however, one notable exception. Activation experiments can benefit from higher intensities and require very little space. A neutron
irradiation facility for activation targets of maximum diameter 25 mm and length
60 mm is available 1.9 m downstream the neutron production target, located just
after the proton bending magnet. It makes use of neutrons produced at an angle
about 1° off the initial beam axis, and it does not interfere with other ongoing
experiments further downstream.

2.4

Beam intensity monitors

Relative monitoring is provided by the proton beam Faraday cup (see above). In addition, absolute monitoring of the neutron fluence is obtained from a fission detector,
based on thin-film breakdown counters (TFBCs) [26]. It consists of a double-sided
n
U target and two TFBCs placed close to the target surfaces at its both sides.
The fissile layers are deposited onto a 0.1 mm thick aluminium foil. The diameters
of the fissile layers and the sensitive surfaces of the TFBCs are about 36 mm. The
detectors and the target are placed in a non-vacuum aluminium chamber for electrical shielding and mechanical protection of the detectors. The device includes also
a pulse amplifier placed in a separate box.
Depending on the required counting rate and the statistical accuracy, it is possible to use either one of the detectors or both of them simultaneously. The single-side
mode is useful for neutron energies in the 20-100 MeV range when the proton beam
current is in the range of a few fiA. The double-side mode provides maximum sensitivity of the monitor, which is useful in the 100-180 MeV range where proton beam
currents are commonly in the range of a few hundred nA.
Because of the nature of TFBC operation [27], detectors of this type can sustain
only a limited number of breakdowns. Thus, for reliable and long-time operation of
a TFBC, its counting rate should not exceed what is required to get a reasonably
small statistical error. Under normal conditions this means about one breakdown
per second, or a few thousand counts per hour. The tentative lifetime of the TFBC
under such conditions is about 1500 proton /iA-hours. The counting rate can be

optimized by adjusting the monitor sensitivity, which can be regulated within a
rather wide range by varying the applied voltages or by using different targets, as
well as by selecting the optimum mode of operation, i. e. single- or double-sided.
The absolute uncertainties in the measured neutron fluence are about 10 %.

2.5

Neutron beam characteristics

The 7Li(p,n) reaction produces a neutron spectrum consisting of a full-energy peak
and a continuum of neutrons at lower energies, roughly evenly distributed in energy.
The intensity is approximately equally distributed on these two regions. The fullenergy peak is due to excitation of the ground state and first excited state (Ex =
0.43 MeV) in 7 Be. The energy of it is slightly lower than the initial proton energy
(Q = —1.6 MeV), and the width is primarily given by the thickness of the lithium
target. Typically, widths in the 1-4 MeV region have been used.
The intensity of the full-energy peak over the full beam area with the 60 /xsr
solid angle collimator is 5 • 104 neutrons per mm 7Li target and /iA of incident
proton beam. The cyclotron is operated in isochronous mode up to 100 MeV, with
proton beam intensities up to about 5 fiA. Above 100 MeV, it employs frequency
modulation, which results in much less intensity, about 200 nA at the highest proton
energy, 180 MeV. To some extent this loss in proton intensity is compensated for
by a lower energy loss in lithium, allowing thicker targets to be used for the same
energy resolution. Thereby a loss in proton beam intensity by a factor ten gives a
neutron intensity reduction by a factor five.
Low-energy neutrons can be rejected by time-of-flight techniques, which is illustrated in fig. 3. The pulse width of the cyclotron is about 4 ns, which corresponds to
a neutron energy interval of 13 MeV at 100 MeV neutrons 8 m from the production
target. This is the main reason for the incomplete rejection.
For a 100 MeV energy and a 8 m flight path to the experimental setup, the
first three wrap-around neutron energies are at 24, 11 and 6 MeV. Thereby, for all
measurements of ejectiles with higher energies, this is normally not a problem. For
some experiments, however, this can be a major obstacle. A system to increase
the pulse separation with preserved intensity is under consideration. One possible
technique might be to select pulses with a sweeping system at an early stage of
the acceleration where the activation of the lost beam is small, combined with an
increased ion source intensity.
The magnetic spectrometer LISA [14] has been used for characterization of the
high-energy part of the neutron spectrum. By measuring the (n,p) reaction on CH2
and pure carbon targets, the H(n,p) reaction spectrum can be constructed. Knowing
the energy variation of the H(n,p) cross section, i. e. the np scattering cross section,
the energy distribution of the incident neutrons can be derived. This technique
has shown that the energy distribution within 40 MeV of the full-energy peak is
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Figure 3: Reconstructed energy spectra of incoming neutrons, using a proton spectrum
in the angular range 0 — 5° measured with the LISA magnetic spectrometer. The solid
line shows the spectrum without time-of-flight conditions, and the dashed spectrum is
obtained with such a cut.

in good agreement with the data on the 7Li(p,n) reaction by Byrd and Sailor [28],
while measurements at lower neutron energies have not been carried out with this
method, due to the limited momentum bite of the magnetic spectrometer.
In fission measurements on fissile targets, like 235 U, wrap-around neutrons can be
a major problem all the way down to zero energy. This has motivated an investigation of the low-energy neutron content in the beam. The measurements were based
on time-of-flight (TOF) techniques in conjunction with neutron-induced fission reactions. Targets of 232 Th, 235 U, 238 U, and n a t U were used in different runs. Fission
fragments were detected by TFBCs with fast timing properties. The TFBCs were
mounted close to the targets as sandwiches. In addition, one of the sandwiches with
a 235U target was surrounded by a 1 mm thick Cd foil. Since cadmium possesses
a very high capture cross section at neutron energies below about 0.5 eV, the foil
attenuated the neutron flux in this energy region by many orders of magnitude. On
the other hand, neutrons with energies above about 10 eV interacted with the foil
material with a probability of only 2-3 %. Thus, a comparison of data obtained with
two 235U targets with and without cadmium surrounding them allowed an estimation
of the neutron flux in the near-thermal energy region.
As an example of the results, fig. 4 shows time spectra of fission events obtained

in the neutron production hall in the vicinity of the irradiation position described
in section 2, with a peak neutron energy of 44 MeV. The spectra of 232 Th and n a ^U
fission events reflect the high-energy part of the neutron spectrum, while the ones
of 235U are affected by wrap-around of low-energy neutrons. A comparison of the
spectra obtained for 235U targets with and without cadmium surrounding them,
makes it evident that the neutron spectrum includes a measurable component at
energies below 0.5 eV. Assuming a Maxwellian energy distribution for the low-energy
component, its time-averaged flux was found to be about 1 % of the high-energy
peak neutron flux. Similar investigations were made in the experimental hall. TOF
spectra of fission events were obtained for 235U and 238U targets, placed alternately
in the beam, and out of the beam. The resulting thermal/peak flux ratio was found
to be not more than 2 • 10~4.
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Figure 4: The fission reaction rate versus time measured in the neutron production hall.
The peak neutron energy is 44 MeV (see the text for details).
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The uniformity of the beam at the high-intensity irradiation position has been verified by activation techniques, where foils covering different regions of the beam spot
were activated. No deviations from uniformity was found beyond a 4 % uncertainty
given by statistics and the systematic uncertainty of the measurement.

3

Experimental area

The experimental hall contains three major devices. The Light Ion Spectrometer
Assembly (LISA) is a magnetic spectrometer [14] for (n,p) studies. It has been
used for extensive studies of the (n,p) reaction on nuclei in the A = 9 — 208 mass
range [29, 30, 31, 32, 33, 34], and on precise experiments on np scattering [35, 36,
37, 38].
The MEDLEY detector array [39] has been designed for measurements of neutroninduced light-ion production cross sections of medical relevance, i. e. for fast-neutron
cancer therapy and related dosimetry. It consists of eight particle telescopes, placed
at 20-160 degrees with 20 degrees separation. Each telescope is a AE — AE — E
detector combination, with sufficient dynamic range to distinguish all charged particles from a few MeV up to about 130 MeV. All the equipment is housed in a 100
cm diameter scattering chamber, so that the charged particles can travel in vacuum.
The SCAttered Nucleon Detection AssembLy (SCANDAL) is primarily intended
for studies of elastic neutron scattering, but can be used for the (n,p) and (n,d)
reactions as well. It is described in some detail below.
Finally, there is about 8 m of neutron beam line between SCANDAL and the
beam dump. This is used for other kinds of experiments, like fast-neutron fission [40],
studies of neutron-induced electronics failures [41, 42] or dosimetry research.

4
4.1

The SCANDAL setup
General layout

The setup is primarily intended for studies of elastic neutron scattering, i.e., (n,n)
reactions. The neutron detection is accomplished via conversion to protons by the
H(n,p) reaction. In addition, (n,p) reactions in nuclei can be studied by direct
detection of protons. This is also used for calibration of the setup. Therefore, it has
been designed for a quick and simple change from one mode to the other.
The device is illustrated in fig. 5. It consists of two identical systems, in most
cases located on each side of the neutron beam. The design allows the neutron
beam to pass through the drift chambers on the left side of each setup, making
low-background measurements close to zero degrees feasible.
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In neutron detection mode, each arm consists of a 2 mm thick veto scintillator
for fast charged-particle rejection, a neutron-to-proton converter which is a 10 mm
thick plastic scintillator, a 2 mm thick plastic scintillator for triggering, two drift
chambers for proton tracking, a 2 mm thick AE plastic scintillator which is also
part of the trigger, and an array of Csl detectors for energy determination. The
trigger is provided by a coincidence of the two trigger scintillators, vetoed by the
front scintillator. If used for (n,p) studies, the veto and converter scintillators can
be removed, and additional drift chambers can be mounted if desired.
In neutron detection mode, a large solid angle of protons emitted from the converter is of crucial importance to get reasonable statistics. This implies that the
distance from the converter to the Csl hodoscope should be as short as possible,
while proton tracking is required. Inserting a third drift chamber would improve
the proton tracking, both in position accuracy and in overall efficiency, but at the
expense that the proton solid angle decreases dramatically. Therefore, only two drift
chambers are used, but the design allows a third chamber to be installed if desired.

SCANDAL
(SCAttered Nucleon Detection AssembLy)

(Not to scale)

Figure 5: Schematic figure of the SCANDAL setup.
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4.2

Converter scintillator

Neutrons have to be converted to charged particles to be detected. We have chosen
the H(n,p) reaction for neutron-to-proton conversion because it has a large cross
section (above 50 mb/sr at small angles in the 50-130 MeV range), and it populates
no excited states in a residual nucleus. Two main approaches can in principle be
used; passive or active converters.
Active converters have the advantage that they can be thicker, because the proton straggling on the way out of the scintillator can be measured and compensated
for. The maximum thickness of an active converter is thereby set by the energy
resolution of the detector. A typical plastic scintillator has a resolution in the 1015 % range, and the proton energy loss is about 0.7-1.0 MeV/mm for 70-100 MeV
protons. Thereby, a converter thickness of 10 mm gives up to 10 MeV deposited
energy, and the resolution contribution is henceforth up to about 1 MeV.
The most frequently used converters contain hydrogen and carbon, which allows
unambiguous measurements up to 12 MeV excitation energy. For higher excitation energies, the 12 C(n,p) channel opens in the converter, and therefore a unique
identification of the target excitation is no longer possible. This is obviously not a
problem for elastic scattering, or inelastic scattering to low-lying states, but complicates experiments where low-energy neutron emission is under study. This problem
is, however, present both for active and passive converters.
The problems above can be circumvented by using a passive liquid hydrogen
converter, but the technique is both non-trivial and expensive. Another prize to
pay is that the converter must be an order of magnitude thinner for the same resolution. Based on these discussions, we have chosen to use active plastic scintillator
converters.

4.3

Csl hodoscope

The setup has in total 24 CsI(Na) detectors, 12 in each system. These detectors
are trapezoidal in shape, 30 cm high with a 7 • 7 cm2 cross section area at the PM
tube end, and a 5 • 5 cm2 area in the other end. By placing them in alternating
directions, a 72 cm wide Csl hodoscope has been installed. This geometric shape is
not optimal; the crystals were manufactured for another experiment and have been
recycled. The shape makes the light output position-dependent, and this effect has
to be compensated for in the offline analysis.
An average energy resolution of 3.0 MeV has been demonstrated for 77 MeV
protons. As each detector has an individual resolution, it may deviate significantly
from this figure; ranging from less than 2 MeV up to around 5 MeV in the worst
case.
Csl crystals are frequently doped with tallium, which allows particle identifica-
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tion through pulse-shape analysis. Doping with sodium, like in the present case,
makes the crystals much more resistent to radiation damage, at the expense that
the particle identification capability is lost. In the present application, this is not
an important matter. The only particle identification needed is proton-deuteron
separation, which is easily accomplished with AE — E techniques.

4.4

Drift chambers

The drift chambers serve two main purposes; they improve the angular resolution
and they allow rejection of spurious events. The H(n,p) cross section close to zero
degrees is rather flat over several degrees in the lab system. This effect, combined
with the rather large front-area of the Csl's, makes the effective subtended angular
range for each detector quite large. This would be a major contribution to the
energy and angular resolution without proton tracking.
Furthermore, the Q-value for 12 C(n,p) is —12.6 MeV. Thus, at forward angles
energy detection can isolate the protons which are due to conversion via H(n,p).
At about 20° conversion angle, the proton energies from the two processes are the
same, and thereby it can no longer be determined whether the energy lost was due
to excitations in the neutron scattering sample or in the conversion. By applying a
maximum opening angle criterion on the conversion (see fig. 5), such problems can
be avoided.
Sufficient angular information is obtained by placing drift chambers between the
converter and the Csl's. Hence, the conversion point is well determined. This has
also the potential of allowing rejection of spurious events. With this technique, the
remaining contribution to the angular resolution is the width of the neutron beam
(or the scattering sample). The only way to improve the angular resolution further
would be to use a narrower beam or target, but that would be at the expense of
count rate.
The drift chambers are of double sense-wire type with two-dimensional readout.
The horizontal coordinate is determined from one out of 40 drift cells, and the
vertical from one out of eight. Each drift cell is 24 mm wide, making the total active
area 960 • 192 mm 2 . The position within each cell is determined by measuring the
electron drift time. The position resolution is 0.3 mm (FWHM) for each coordinate.
The chambers are described in more detail in reference [43].
The maximum detection efficiency possible to obtain for a single coordinate is
about 98 %, when defining a good event as having at least one hit in a plane. There
is, however, a non-zero probability of cross-talk between adjacent wires. For most
events, the time information can be used to select the correct wire, but not all. In
elastic neutron scattering measurements with SCANDAL, these double-hit events
have to be rejected. By lowering the high voltage biasing the chambers, the nominal
efficiency is slightly reduced, but the fraction of double hits is reduced even more,
14

increasing the figure-of-merit for good events. For optimum conditions, the efficiency
for a single coordinate is in the 90-97 % range.

4.5

Multitarget

For (n,p) measurements, a multitarget arrangement can be used to increase the target content without impairing the energy resolution. This multitarget box allows up
to seven targets to be mounted simultaneously, interspaced with multi-wire proportional counters. In this way it is possible to determine in which target the reaction
took place, and corrections for energy loss in the subsequent targets can be applied.
In (n,n) measurements, the multitarget is placed empty upstreams the scattering
target, and used as charged-particle veto. A more detailed description can be found
in reference [14].

4.6

Resolution

The energy resolution in neutron mode has contributions from the neutron beam
(1.2 MeV at FWHM), the converter (1.4 MeV), the two trigger scintillators (0.3 MeV
each), straggling in non-detector materials (0.25 MeV), kinematics (1.2 MeV), and
the Csl detectors (3.0 MeV). This makes a total excitation-energy resolution of
3.7 MeV in elastic scattering measurements. This resolution is comparable with the
distance from the ground state to the first excited state in most of the nuclei of
interest, e.g.,12C (4.4 MeV), 16O (6.1 MeV), 40Ca (3.3 MeV), 90Zr (1.8 MeV), and
208
Pb (2.6 MeV).
The angular resolution is solely due to the neutron beam and target width. With
the present setup dimensions and a 5 cm wide sample, it is about 1.4° (rms). The
angular resolution is most crucial at small angles, where the cross section falls very
rapidly. For these angles, the cross section is also very large, and thereby a narrow
strip target could be used to improve the angular resolution, without making the
total beam time considerably longer.

4.7

Solid angle and count rate

The solid angle subtended by each system in the proton detection mode is about
240 msr for a point target. Applying the maximum opening angle criterion on the
second scattering in the converter (see above), required for neutron detection, makes
the effective solid angle smaller - about 130 msr per setup at full coverage of the
15° cone. The conversion efficiency is then about 5 • 10~4.
In a typical experiment, the two arms will be located such as to cover 10-50°,
and 30-70°, respectively. For a one-week run on 208 Pb, the total number of counts
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for a one-degree angular bin is expected to be about 5 000 at 10°, and 1 at 70°,
illustrating that the cross section falls off rapidly with angle.

4.8

Electronics and data acquisition

Each plastic scintillator has two PM tubes, mounted adjacent to each other on one
of the longer, horizontal sides of the scintillator. The signals are lead to a remote
counting room, where they are handled using mainly standard electronic units.
The signal from each plastic scintillator PM tube is split into an energy and a
timing branch using a linear fan-in/fan-out. The pulse height of the energy signal
is registered by a charge-integrating ADC (QDC), which is gated by a MASTER
signal (see below).
The timing signal is fed to a constant fraction discriminator (CFD), which generates a stop signal for a TDC. In addition, for the veto and trigger PM tubes, a
second CFD signal is utilized for event definition. A logic OR between the two PM
tubes is used to define a hit in the respective detector. A logic AND between the
two trigger (Tl and T2) signals, vetoed by the veto detector (V) signal, is used to
define an event in the left- or right-side setup, i. e. a SCANDAL LEFT or SCANDAL
RIGHT event. These signals are fed to a pattern unit to register which setup triggered the event. Furthermore, an OR between SCANDAL LEFT and SCANDAL
RIGHT defines the MASTER signal, which announces the presence of an event in
one of the setups. The MASTER signal causes a read-out of the system, starts the
TDCs, and gates the energy signals (ADCs) and the pattern unit.
The Csl signals are processed by preamplifiers placed close to the detectors. After
transport to the counting room, the signals are fed into a spectroscopic amplifier
and registered by peak-sensing ADCs.
Drift chamber amplifiers and discriminators are mounted directly on the chambers. The output signals are fed to a LeCroy 4290 TDC system, situated in the
experimental area, and read out by CAM AC.
The radiofrequency (RF) signal from the cyclotron is used as a time-of-flight
reference signal, and is recorded as a stop signal in a TDC which is started by the
MASTER signal. At the same time, the complementary of the RF signal is used to
veto the OR unit that defines the MASTER signal; i.e., if there is no RF signal, no
MASTER signal will be created. In addition to this, a computer busy signal from
the data acquisition system (see below) acts as a veto on the MASTER signal.
A sealer unit is used to monitor the dead time of the data acquisition system
and the intensity of the neutron beam. The number of pulses from a 100 Hz clock,
both with and without a computer busy veto, is registered for the dead time determination, giving typical values of 5-10 %. Signals from the proton beam Faraday
cup and the fission counter give two independent values of the neutron flux.
Data are recorded on an event-by-event basis using SVEDAQ, a general-purpose
16

data acquisition system employed at the TSL [44]. Data are read out through a
CAMAC branch highway and sent to a VME-based event-builder. From the eventbuilder system, data are split into two independent branches; to an Exabyte tape
station for recording, and to online analysis. A SUN workstation is used for online
sorting, monitoring and control. Typical online spectra that can be displayed are
pulse heights from scintillator detectors, time-of-flight (TOF) and drift chamber hit
position distributions.

5
5.1

Experimental tests, data analysis and results
Experimental procedure

To investigate the characteristics of the SCANDAL setup and to illustrate the experimental procedures, we have performed measurements both in proton and in neutron
detection mode, at a neutron beam energy of 96 MeV.
The proton mode runs were used for studies of the H(n,p), 12 C(n,p) and 12 C(n,d)
reactions, as well as for calibration purposes. In order to get enough statistics for
the calibration of all Csl detectors, each arm was consecutively placed at both sides
of the beam, giving sufficient data for the six detectors closest to the beam at each
setting.
In the (n,p) measurements, the multitarget box was filled with CH2 targets of
total thickness 0.26 mg/cm 2 , and with carbon targets of total thickness 0.34 g/cm 2 .
A background run was made with the multitarget box containing only one CH2 foil
for reference.
In neutron mode, a carbon cylinder of 5 cm height and 5 cm diameter was used
as a target, while the multitarget box was empty and acting as a charged-particle
veto. Here, the angular ranges 10-50° and 30-70°, respectively, were covered by the
two arms.

5.2
5.2.1

Proton mode test experiment
Energy calibration

For the analysis of both proton and neutron mode data, the scintillator detector
pulse heights (PH) have to be converted into energy. This calibration is done using
protons from H(n,p) reactions in one of the CH2 foils in the multitarget box.
In the Csl cases, two calibration points are identified for each detector: a pedestal
channel due to events detected in other Csls, and thus associated with zero energy;
and a H(n,p) proton peak. A centroid channel is found by fitting a Gaussian to the
proton peak, and the deposited energy represented by that channel is obtained by
calculating the energy loss of protons between the target and the Csl in question.
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Assuming a linear correspondence between PH and energy gives a simple relation
between these quantities. However, due to detector geometry and local variations
in the light output of a Csl crystal, the PH depends on the proton hit position. If
not compensated for, this effect will contribute with up to half the intrinsic energy
resolution in the Csls. Therefore, a polynomial describing the PH as a function of
the vertical hit position is employed instead of a constant value in the PH-energy
relation.
The plastic scintillator detectors are calibrated using events where protons hit a
narrow, central section of the scintillator, i. e. where the distance is approximately
the same to both PM tubes, and where it can be assumed that both of these detect
half of the energy deposited. Each PM tube is calibrated separately. The energy
represented by the peak channel in a PH spectrum is obtained by calculating the
preceding losses, as in the Csl case. A pedestal channel gives a second calibration
point for each PM tube, and a linear correspondence is assumed. Finally, the total
energy detected by a plastic scintillator is the sum of the energies in the two PM
tubes.
The total energy of a particle emitted in the target is obtained by adding the
energies from the AE and E detectors, as well as the energy loss that the particle
undergoes in materials where it is not detected, such as detector wrapping, drift
chamber foils and air. The latter contributions are calculated.
5.2.2

Particle identification

A AE — E technique is used to separate protons and deuterons originating in the
target. Fig. 6 shows a typical AE — E scatter plot from 96 MeV neutron-induced
charged-particle production reactions in carbon and CH2 in the multitarget box,
detected at 7°. Here, AE is the sum of the detected energy losses in the two
trigger detectors (Tl and T2). The separation between protons and deuterons is
good enough to make the assignment of particle ID a straight-forward procedure.
Two-dimensional contours can be applied to the scatter plot for both particle types,
facilitating the analysis of a specific reaction.
5.2.3

Low-energy neutron rejection

In order to reject low-energy neutrons, the neutron TOF can be constructed. A TDC
registers the time difference between the MASTER signal and the cyclotron RF. The
measured TOF is thus the sum of the flight times for the neutron and the charged
particle. Since the energy of the charged particle is measured, and the particle mass
is known by selecting protons or deuterons, its flight time over the known target-todetector distance can be calculated. Subtraction of the charged-particle flight time
from the total, measured TOF then yields the neutron TOF.

18

<i
10 20

30

40 50 60 70
E (MeV), Cs

80

90

Figure 6: Two-dimensional scatter plot of the sum of the energies detected in the trigger
scintillators versus the energy in a Csl detector at 7°. The data are obtained accepting
protons from both carbon and CH2 planes in the multitarget.
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Figure 7: Proton energy versus neutron time-of-flight for (n,p) events, obtained using a
CH2 target. Neutrons corresponding to the full-energy peak appear as a vertical band to
the right.

Fig. 7 is a scatter plot of proton energy versus neutron TOF, recorded using a CH2
target. It illustrates the fact that the full energy neutron peak is accompanied by
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a low-energy tail, generating the diagonal band. By making a cut around the fullenergy events in the vertical band in the neutron TOF spectrum, the low-energy
tail can be reduced. This tail is dominated by protons from H(n,p) reactions, while
protons induced by full-energy neutrons, but having energies less than 85 MeV, come
from reactions in carbon.
5.2.4

Energy resolution

By normalizing 12 C(n,p) spectra with respect to the carbon content in CH2 and
the integrated neutron flux, carbon spectra can be subtracted from those of CH2,
giving pure np scattering spectra as illustrated in fig. 8. A TOF rejection of lowenergy neutrons has been applied. Furthermore, a gate on proton hit positions on
the Csl front area has been employed to ensure that the protons are stopped in the
E detector, i. e. particles too close to a detector edge are rejected. The hit positions
are calculated using drift chamber data.
The resolution of the np scattering peak varies due to the differences in intrinsic
resolution in the Csl detectors, but an average value of 3.7 MeV (FWHM) has
been found. Apart from the Csl detectors, the main contributions to the resolution
come from the neutron beam, the plastic scintillators and straggling in non-detector

Figure 8: Proton energy spectrum for (n,p) reactions in hydrogen, induced by 96 MeV
neutrons, in the angular range 6-7°. The spectrum has been obtained by subtracting a
12
C(n,p) spectrum from a proton spectrum coming from CH2, after normalization.
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materials. These are estimated to be 1.2, 1.7 and 0.7 MeV (FWHM), respectively;
implying an average intrinsic Csl resolution of 3.0 MeV.
A 12 C(n,p) spectrum has been obtained by gating on the carbon planes in the
multitarget box. In fig. 9, SCANDAL data are compared with data collected on the
same reaction with the LISA spectrometer [31]. For this purpose, LISA data have
been folded with a Gaussian representing the resolution in SCANDAL, and data
from the SCANDAL measurement have been normalized to the LISA cross section
scale. It is obvious that SCANDAL reproduces the data. A low energy cut has been
made at 60 MeV, as no low-energy corrections, e. g. for lost particles, are made. The
errors are statistical.

3.5

LISA (98 MeV)

0.5

SCANDAL (96 MeV)

0

EP (MeV)
Figure 9: Comparison of SCANDAL and LISA proton energy spectra, from (n,p) reactions
in carbon. LISA data have been folded with the SCANDAL resolution, while SCANDAL
data have been normalized to the cross section scale of the LISA measurement.

5.3

Neutron mode test experiment

In neutron mode, charged particles contaminating the beam are rejected by the
empty multitarget box, while charged particles produced in the scattering target
are rejected by the veto detector.
Particle identification is used to separate protons from deuterons, both originating in neutron-induced reactions in the converter. Furthermore, in order to accept
protons due to conversion via H(n,p) reactions, and reject those coming from carbon,
a maximum opening angle criterion is applied (see section 4).
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5.3.1

SCANDAL response function

Fig. 10 shows excitation energy spectra for 12 C(n,n) at 96 MeV and 9° scattering
angle. A maximum opening angle of 10° has been employed for the (n,p) conversion.
The large peak at Ex = 0 MeV is due to elastic scattering, and the excited states
at 9.6 MeV, and possibly at 4.4 MeV, are small but visible.
A response function for the SCANDAL setup has been constructed. The upper
plot of fig. 10 shows different components of this function. A Gaussian has been
fitted to the H(n,p) peak in the converter, reflecting elastic scattering from the
ground state in 12 C. Knowing the relative cross section of 12 C(n,p) reactions in the
converter with respect to that of (n,p) reactions in hydrogen, a 12 C(n,p) spectrum
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Figure 10: Excitation energy spectra for 12C(n,n) at 9°. See the text for details on the
response function and its contributions.
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has been added. Also, a low-energy neutron tail has been included by knowing the
7
Li(p,n) cross section, again with respect to that of H(n,p) in the converter.
At an excitation energy of 75 MeV, the energy of the scattered neutron is 20 MeV,
giving an energy of 0-10 MeV for the protons reaching the Csl detector. Protons
with these energies are rejected in the analysis; thus there are no events in the Ex
spectrum above 75 MeV. For Ex = 55 MeV, the resulting proton energies are high
enough for all events to be recorded. Thus, a straight line describing the cut-off at
high excitation energies has been employed between Ex = 55 and 75 MeV.
Adding the contributions from the hydrogen peak, the 12 C(n,p) and the lowenergy neutron backgrounds, as well as the cut-off at high Ex, gives the full response
function shown in the upper plot.
In the lower plot of fig. 10, Gaussians have been fitted to the excited states at
4.4 and 9.6 MeV, in addition to the ground state fit. Contributions from 12 C(n,p)
reactions in the converter and from the low-energy neutron tail, relative to these
states, have been included in the response function.
It is concluded that the full spectrum can be explained in terms of the effects
described here, and that no unexpected contributions are seen.
The energy resolution is 3.7 MeV (FWHM), as shown in section 4.
5.3.2

Detection efficiency

The detection efficiency of the SCANDAL setup consists of the probability for a
H(n,p) reaction to take place in the converter, i. e. the conversion efficiency, and the
efficiency of detecting the proton.
The probability for a conversion in hydrogen is obtained by integrating the cross
section for the H(n,p) reaction over the solid angle given by the maximum opening
angle criterion. As was mentioned in section 4, for a converter thickness of 1 cm
and a maximum opening angle of 15°, the conversion efficiency is estimated to be
5 • 10" 4 .
The detection efficiency has contributions from the efficiencies in each drift chamber plane (four per SCANDAL arm), the efficiency of selecting the correct wire when
there are double-hit events in the drift chambers, the Csl response (see below), and
reaction losses of neutrons in the target. The contributions are measured or estimated to be 0.75 (from an average of 0.93 per plane, as discussed in section 4), 0.93,
0.92, and 0.93, respectively. This makes a total proton detection efficiency of 0.60.
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5.4

Csl response measurement

There is a finite probability that a proton stopping in Csl undergoes a nuclear
reaction before coming to rest. Since the light yield is smaller for other ions than
protons, this results in loss of light, which manifests itself as a tail in the response
function.
This effect has been studied experimentally using H(n,p) data at small angles.
By applying gates on energy loss in the trigger scintillators and on incident neutron
energy (via time of flight), data sets with a limited range of proton energies incident
on the Csl detectors were denned. The response, i. e. the pulse height distribution,
for the same data in the Csl crystals display a full-energy peak and a tail.
This behaviour has been modeled by assuming that all nuclear reactions result in
total light loss. Thereby, the experimentally well-known total reaction cross section
can be used for an estimation of this effect. In general, good agreement between the
data and this simple model has been found, as can be seen in fig. 11. Hence, the
line in the figure is not a fit to the measured data.
Csl efficiency

90

30

Figure 11: The experimentally determined energy dependence of the Csl full-energy peak
efficiency. The line is due to a model based on the reaction cross section. See the text for
details.
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5.5

Normalization

Normalization of neutron-induced cross sections is a notorious problem because of
the difficulties in monitoring the absolute intensity of neutron beams. Precisions
better than 10 % have very rarely been achieved. Therefore, most data have been
measured relative to another cross section assumed to be known. Most often, the
neutron-proton scattering cross section has been used as the primary standard.
Recent experimental investigations [35, 36, 37, 38] have indicated that the np
scattering cross section above 50 MeV might have larger uncertainties than previously estimated. It seems now that the cross section can be uncertain by as much
as 10-15 % in the energy range of 100 MeV and up [45].
A recent high-precision measurement of np scattering at 96 MeV in the 74-180
degree range claims an absolute uncertainty of 1.9 % [38], but this is outside our
angular range. This is where the planned H(n,n) measurement comes in. By making
a relative measurement of the angular distribution of H(n,n) from (close to) zero
degrees and out to angles overlapping with the existing data, a normalization to the
total cross section can be made with a very small uncertainty (about 1 %) [46].
The reason for this high precision is that the total cross section has been possible
to determine with a very high precision (1 %), because knowledge of the absolute
beam intensity is not required. Instead, it can be inferred from intensity ratio
measurements in attenuation experiments. Furthermore, in the case of hydrogen,
integration of the elastic scattering cross section accounts for more than 99 % of
the total cross section, with very small corrections for capture and bremsstrahlung
processes.
For practical experimental reasons, we plan to measure this in a CH2-vs-C difference measurement. By this technique, we can normalize the C(n,n) cross section to
the H(n,n) cross section. This is very useful, because thereby we can establish the
much larger C(n,n) cross section as a secondary standard, allowing all other nuclei
to be measured relative to C(n,n).
A second normalization method will be provided by comparisons with the total
elastic cross section. This cross section has been derived from the difference of the
total cross section and the total inelastic cross section. Both these quantities have
been measured in attenuation experiments, and are therefore known to high precision, i.e. 1-2 %. (See for example ref. [47]). By covering 0-70 degrees, far more
than 99 % of the contribution to the total elastic cross section will be accounted
for, providing a second normalization technique. This method works the best with
light nuclei, and is therefore well suited for e.g. C(n,n), but is not as reliable for
208
Pb(n,n). Hence, this is another reason to establish C(n,n) as a secondary standard. A detailed account of these issues is underway [48].
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6

Experimental programme

Given the time and cost to carry out elastic scattering experiments, the main focus
must be on developing theoretical models rather than systematically measuring all
nuclei. The obvious nuclei to study are then the magic or semi-magic nuclei, i. e.
12
C, 1 6 0 ,40 Ca, 90Zr and 208 Pb. Here it is fortunate that lead and zirconium are
also important materials in future transmutation facilities, and carbon, oxygen and
calcium are all of direct medical and dosimetric relevance, so the gain is twofold.
Besides the elements above, H(n,n) will be studied for normalization purposes. Important materials for transmutation cores, like iron, chromium, bismuth, thorium
and uranium might be investigated in a second phase.
Studies of (n,xp) reactions on nuclei of interest for transmutation applications
are carried out using SCANDAL in proton mode [49]. Data on 208 Pb and56Fe have
been acquired, and experiments on 238U are planned.
A programme to study (n,xn) reactions is underway [50], i.e. neutron emission
spectra over a wide secondary energy range. For this project, a new multi-layer
converter is being developed, allowing the conversion from 12 C(n,p) to be subtracted.
The large solid angle and versatile operation of SCANDAL allows it to be used
also for other applications. Recently, parts of SCANDAL were employed as proton detector in a tagged-neutron measurement of the absolute efficiency in the 20100 MeV range of liquid neutron detectors [51]. This experiment did not only provide
an overall efficiency determination, but the spatial efficiency variation could also be
mapped, for the first time at these energies.

7

Summary and conclusions

In this paper, we have presented the new SCANDAL facility (SCAttered Nucleon
Detection AssembLy), intended for measurements of elastic neutron scattering in the
50-130 MeV range, but also useful for (n,xp) studies in the same energy range. Such
data are relevant for applications in transmutation technologies, spallation neutron
sources, fast-neutron cancer therapy, dosimetry, neutron-induced electronics failures
as well as in basic physics. The neutron production facility is also described in some
detail.
The setup consists of two identical detection systems, each having a veto scintillator for fast charged-particle rejection, a plastic scintillator neutron-to-proton
converter, two plastic scintillators for triggering and particle identification, two drift
chambers for proton tracking, and an array of Csl detectors for energy determination.
The facility subtends a very large solid angle, making experiments with reasonable count rates possible in the first place. It can be used to acquire data with
good energy and angular resolutions, very small background, and very good particle
26

identification. In addition, the timing properties allow suppression of events due
to the low-energy neutron tail. When employed for proton detection, simultaneous
studies of up to seven targets can be accomplished by means of a segmented target
device.
The performance of the facility is illustrated with data from experiments on
neutron and proton emission from carbon and CH2 targets at 96 MeV incident
neutron energy.
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