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Abstract
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A facility for studies of elastic neutron scattering in the 50–130 MeV range has been
developed. In addition to elastic neutron scattering, it has been used for (n,p) and (n,d)
reaction experiments. The performance of the device has been illustrated in measurements
of the (n,p) and (n,n) cross sections on 1H and 12C.

Elastic neutron scattering from 12C and 208Pb has been studied at 96 MeV in the
10–70 degree interval. The achieved energy resolution, 3.7 MeV, is about an order of
magnitude better than for any previous experiment above 65 MeV incident energy. The
present experiment represents the highest neutron energy where the ground state has
been resolved from the first excited state in neutron scattering. A novel method for
normalization of the absolute scale of the cross section has been used. The estimated
normalization uncertainty, 3 %, is unprecedented for a neutron-induced differential cross
section measurement on a nuclear target.

The results are compared with modern optical model predictions, based on phe-
nomenology or microscopic nuclear theory. The data on 208Pb are in general in good
agreement with the theory models.

All theory models fail to describe the 12C data in the 30–50 degree interval, where the
models predict a saddle structure not displayed by the present experimental data. Various
reasons for this discrepancy have been investigated. For the other parts of the angular
range studied, the agreement is good.

These measurements have to a large degree been motivated by needs in various appli-
cation areas, i. e., nuclear waste incineration by fast neutrons and biomedical effects caused
by neutrons. The implications of the present results on these applications are discussed.
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Chapter 1

Introduction

1.1 New nuclear applications

Nuclear waste management, treatment of certain kinds of cancer tumours and com-
puter reliability may seem to have little in common, but there are at least two
aspects that concern all these topics: large public interest, and neutron physics.
All are examples of potential large-scale applications that are either under develop-
ment or have been identified, and where fast neutrons are involved. As a result, the
interest in high-energy neutron data is rapidly growing in these scientific disciplines.

The recent development of high-intensity proton accelerators has resulted in ideas
to use subcritical reactors, fed by neutrons produced in spallation processes main-
tained by external proton beams, for transmutation of waste from nuclear power
reactors or nuclear weapons material. This has the potential to simplify the require-
ments for long-term storage of such materials.

In a nuclear reactor, fission is not the only occurring process as there are also
reactions (i. e., neutron capture) building up elements heavier than uranium. These
transuranic actinides constitute the bulk of the long-lived waste, with plutonium
being the most abundant element. A major drawback of nuclear power production
lies in the fact that the radioactive waste has to be stored safely for long time.
The main concept is to place the waste in deep geological repositories. However,
an idea aiming at facilitating the storage is being investigated. By irradiation of
actinides and long-lived fission products in spent fuel with an intense neutron flux,
transmutation into elements with shorter lifetimes could be attained [1, 2].

Besides providing a means for the reduction of nuclear waste, the same techniques
might be used to destroy nuclear weapons material, especially plutonium which is
difficult to incinerate in standard reactors. On a very long time scale, the strong
neutron sources considered here might also be used to drive reactors that can make
use of natural uranium and thorium, which are immense energy sources.

A limiting factor in the self-sustaining fission reactors of today is the neutron
economy. Fission is induced by neutrons, but neutrons are also released after fission,
which makes a chain reaction possible. Some of the released neutrons, however, are
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lost in other reactions. In addition, for a self-sustaining reactor, it is important for
safety reasons that a reasonable fraction of the neutrons are released relatively late
in time (beta-delayed neutrons), making reactivity changes sufficiently slow to be
possible to control.

These problems are making self-sustaining reactors, that can incinerate the long-
lived wastes from the reactors of today, very difficult (or even impossible) to build.
The reason is that americium and curium have essentially no beta-delayed neutrons,
and thus the safety margins are reduced. Subcritical reactors, where some neutrons
are produced externally and fed into the reactor, are not limited by these shortcom-
ings. This has made hybrid solutions, where an external neutron source is coupled
to a reactor, a field of intense research during the last few years. Furthermore, a
thermal spectrum is not optimal for incineration of americium and curium. The
fission/capture ratio is significantly larger for a fast spectrum. This suggests an
unmoderated core in general, and a lead-cooled system in particular.

Presently, there seems to be some consensus about the basic design of a possible
future device. The extra neutrons are created in spallation processes, generated by a
beam of protons (1–2 GeV, 20–100 mA) that is stopped in a heavy target material,
e. g., lead. The spallation neutron flux can be several orders of magnitude higher
than that in a conventional reactor.

After being created in the spallation target, the neutrons enter a surrounding
blanket containing long-lived transuranic elements from spent nuclear fuel. Due to
the intense neutron irradiation, these elements can be transformed into stable or
short-lived ones by fission processes. This reduces in principle the requirements on
the geological repository. In addition, the transmutation facility has a potential of
producing energy, not only for the ion accelerator, but for the electric power grid as
well.

In order to design the core and to predict its performance, simulations have to
be done. These require knowledge of the underlying fundamental nuclear reactions,
i. e., cross sections for production of neutrons and charged particles in the target,
and for reactions that are relevant for neutron transport and moderation.

The spallation neutron spectrum is different from the neutron spectrum of stan-
dard nuclear reactors, especially in the high energy region. The nuclear data libraries
developed for reactors of today cover the energy region up to about 20 MeV, but
in a transmutation facility, neutrons with energies up to 1–2 GeV will be present.
Although a large majority of the neutrons will be below 20 MeV, the relatively
small fraction at higher energies still has to be characterized. Spallation results in
neutron spectra with an intensity distribution roughly like 1/En. The small number
of neutrons at very high energies, say above 200 MeV, make data in this region not
being as important as mid-range data. Direct reaction models assuming a single
interaction also work reasonably well above 200 MeV. In the 20–200 MeV region,
on the other hand, there is very little data, and the theory is not under satisfyingly
good control. In other words, there is a significant need for neutron data in this
energy region. Existing theoretical models and computation codes, together with
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the parameters used therein, have to be reviewed thoroughly. New nuclear data
are essential in order to verify these models and parameters. The present work is
part of the EU project HINDAS (High and Intermediate energy Nuclear Data for
Accelerator-driven Systems), which has been designed to meet this demand [3].

Conventional radiation treatment of tumours, i. e., using electron beams and
bremsstrahlung photon beams, is a cornerstone in modern cancer therapy. Unfortu-
nately, not all tumours respond sufficiently to this kind of radiation. A large number
of patients might benefit from therapy with more densely ionizing radiation [4, 5].

Cancer therapy with fast neutrons can provide such radiation to a reasonable
cost. In this case, ionizing charged particles are produced by nuclear reactions in the
tissue. To fully investigate the potential of this therapy, the dose delivery has to be
known with the same precision as in conventional photon therapy. This requires de-
termination of the fundamental cross sections for conversion of neutrons into charged
particles. Another important process is elastic scattering, which through the heavy
recoils is responsible for 10–15 % of the cell damage in this cancer therapy modality.

Modern neutron therapy beams extend up to 70 MeV, while most evaluated data
bases cover the energy region up to 20 MeV, as mentioned above. This makes it
difficult to correctly estimate the dose given, and to plan and optimize the therapy.
Hence, the needs of data for cancer therapy partly coincide in energy with those for
transmutation applications.

A related topic is cosmic-ray neutrons at commercial aircraft altitudes: they in-
duce a significant radiation dose to the airplane personnel. This poses a relatively
new dosimetry problem, which is currently under intensive investigation [6]. For
both these biomedical applications, the nuclear data situation is rapidly improv-
ing [7].

During the last few years, it has become evident that electronics in airplanes
suffer effects from cosmic-ray neutrons [8, 9]. The presently most well-known effect
is that a neutron can induce a nuclear reaction in the silicon substrate of a memory
device, releasing free charge, which in turn changes one or more memory units.
Another effect that can occur is a change in the logical execution of a program.
This random re-programming is obviously not wanted. Similar effects causing both
soft- and hardware damage have recently been identified also at ground level.

Elastic neutron scattering plays a key role for the understanding of all these
phenomena. One reason is that the elastic scattering cross section is the largest of
the individual partial cross sections contributing to the total cross section. Most
important, however, is that elastic scattering allows a determination of the opti-
cal potential, which plays a decisive role in microscopic cross section calculations
involving neutrons in either the entrance or exit channel.
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1.2 Neutron data

All the applications mentioned above involve neutrons at much higher energies than
for the traditional application 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.

Monoenergetic neutron beams can be produced by electrostatic accelerators up
to about 30 MeV. As a consequence, the data situation is relatively good in the
20–30 MeV range [10]–[22]. Above 30 MeV, on the other hand, there exist very
little high-quality neutron data. Only two experiments have produced data with a
resolution adequate for resolving the ground state. Such data have been reported
from MSU at 30 and 40 MeV [23, 24], and from UC Davis at 65 MeV [25]. Recently,
experiments at 55, 65 and 75 MeV were reported, having energy resolutions in the
10–20 MeV range [26, 27].

Besides these data, the major part of neutron elastic scattering data above
30 MeV comes from the period 1950–1960. Due to difficulties at that time in ex-
tracting particle beams from cyclotrons, neutron beam production was essentially
the only method for beam experiments with external targets. These were performed
by placing a neutron production target inside a cyclotron, at a radius corresponding
to the desired charged particle energy. For neutron production, the Be(d,n) and
C(p,n) reactions were utilized. The extension of the neutron production target, and
the small radial difference between consequtive beam turns inside the cyclotron,
resulted in neutron beam energy resolutions of 15 MeV or more, corresponding to
typically 20–40 % full width at half maximum (FWHM), and energy uncertainties
of several MeV. The Fermi motion within the deuterons, when using the Be(d,n)
reaction, also contributed to the beam resolution. The poor resolution is, however,
not crucial at such small angles because elastic scattering dominates heavily, but
at larger angles such a resolution would make the data very difficult to interpret.
There are elastic neutron scattering data in the 0–30◦ range from 80 to 350 MeV
from this period [28, 29, 30, 31, 32].

An overview of the neutron elastic scattering experiments from 30 MeV and up
is given in Table 1.1, where studied nuclei, neutron energies, energy resolutions and
angular ranges are shown.

Besides elastic scattering, there are high-quality neutron total cross section data
on a series of nuclei up to about 600 MeV [33]. In addition, (n,p) data in the forward
angular range at modest excitation energies are available up to about 300 MeV for
a rather large number of nuclei [34, 35].

This scarcity of data has motivated the elastic scattering measurements presented
in this thesis. 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., 12C, 16O, 40Ca, 90Zr and 208Pb. Here it is fortunate that lead and
zirconium are also important materials in future transmutation facilities, and carbon,
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Table 1.1: Neutron elastic scattering experiments with neutron energies En ≥ 30 MeV.

Reference Target Energy Resolution Angular
(MeV) (MeV at FWHM) range (◦)

[23, 24] Ca, Si 30, 40 0.15 15–140
[26, 27] C, Si, Fe, Zr, Pb 55, 65, 75 10–20 2–57

[25] C, Si, Ca, Fe, Sn, Pb 65 2.7 6–50
[28] Al, Cu, Pb 84 30 2–25
[29] Li, Be, C, Al, 96 24 1–29

Cu, Cd, Pb, U
[30] Li, Be, C, N, O, 136 27 0–20

Al, Cu, Cd, Pb
[31] C, Al, Cu, Cd, Pb 155 60 3–30
[32] C, Al, Cu, Sn, Pb 350 15 1–20

Present exp. C, Pb 96 3.7 10–70

oxygen and calcium are all of direct medical and dosimetric relevance, so the gain is
twofold. In this thesis, first results on elastic neutron scattering from 12C and 208Pb
at 96 MeV incident neutron energy are presented. The choice of 12C for this work had
two reasons: first, it is an experimentally well-known nucleus with good separation
between the ground state and the first excited states. This facilitated the technical
development of the experimental setup, and the characterization of its response.
Second, its total elastic cross section can be used for absolute normalization. 208Pb
was chosen for obvious reasons: it is the heaviest double-magic nucleus existing, and
number one on the priority list established by the theoretical community that deals
with optical model calculations.

1.3 The present work

This thesis work is part of the experimental neutron programme at the Depart-
ment of Neutron Research at Uppsala University. In 1994, preparatory work was
undertaken to develop a facility for detection of scattered neutrons, SCANDAL—
SCAttered Nucleon Detection AssembLy—at energies relevant for the applications
described above, at the The Svedberg Laboratory (TSL) in Uppsala. Two years
later, in 1996, the first test run was performed, and in the beginning of 1998, the
setup was assembled to its present configuration. Shortly after, I joined the project.

The focus of my work, and the subject of the papers presented in this thesis, has
been to characterize the performance of SCANDAL and to develop the data analysis
framework by measuring (n,p) and (n,n) reactions on 1H and 12C. Furthermore, it
has been to carry out first measurements of elastic neutron scattering from 12C and
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208Pb at 96 MeV in the 10–70◦ interval.
This has involved many different tasks, and reflects in a good way what experi-

mental nuclear physics is about. I have mounted detector hardware and connected
electronics at the startups of the experimental campaigns, tested the setup and
tuned the electronics before data taking, and handled the data acquisition system
during experiment shifts in the counting room. The major part of the work has
been the offline analysis of data. This has meant sorting raw data, calibrating de-
tectors, defining cuts and extracting elastic scattering events from the abundance
of experimental information. As the real data taking with SCANDAL began after
I joined the project, I did the major part in interpreting the detector output, de-
veloping analysis routines, characterizing efficiencies and uncertainties, and, finally,
extracting the angular distributions for the elastic scattering cross sections.

The thesis is organized in the following way: Theoretical aspects of neutron in-
teractions, including scattering formalism and an introduction to the optical model,
are treated in chapter 2. An account of the different types of neutron beam produc-
tion and detection is given in chapter 3. The experimental arrangement at TSL, the
procedure of data reduction and the experimental results are discussed in chapter 4.
Finally, a summary and the conclusions are given in chapter 5.
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Chapter 2

Theory and phenomenology

2.1 Scattering formalism

The differential cross sections for the elastic scattering of neutrons from nuclei have
characteristics that are common to a wide mass range of target nuclei, and to neu-
tron energies spanning over several orders of magnitude. They show a general trend
of falling off with increasing neutron scattering angle, and this behaviour is mod-
ulated by an oscillating function with pronounced minima. Examples are given in
Fig. 2.1, showing elastic neutron scattering from 27Al and 208Pb for different neu-
tron energies [36]. The symbols represent experimental data and the lines are model
calculations which will be discussed later.

Figure 2.1: Elastic neutron scattering from 27Al and 208Pb. Incident neutron laboratory
energies are indicated at the respective angular distribution. The distributions at the top
represent true cross section values, while the others are divided by factors of 10, 100,
etc. [36].
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The properties of the cross sections bear strong resemblance with examples from
optics: the diffraction of light at a small slit or from an opaque disk. Diffraction is
noticeable when a wave is distorted by an object that has dimensions comparable
to the wavelength of the incoming light. This is illustrated in Fig. 2.2, where a
circular disk interacts with an incoming wave. Fig. 2.3 shows the resulting diffraction
pattern where a series of maxima and minima is formed by the varying intensity of
the light. The first minimum occurs at an angle θ ∼ λ/R from the direction of the
incident wave (λ is the wavelength and R is the disk radius), the succeeding minima
are roughly (but not exactly) equally spaced, and the maxima are of steadily and
substantially decreasing intensity. The minima have an intensity equal to zero.

Figure 2.2: Representation of scattering by a small object. Regions of high and low
intensity are indicated on the outgoing wavefronts [37].

Figure 2.3: Diffraction pattern of light scattered from a circular disk. In this example,
the diameter of the disk is approximately ten times the wavelength [37].

A nucleus is a strongly absorbing object for neutrons, and thus the analogy with
the opaque disk is reasonably valid. However, one difference can be observed imme-
diately when comparing Figs. 2.1 and 2.3: the minima of the elastic scattering cross
sections do not fall to zero. This is a direct result of the diffuseness of the nuclear
surface—nuclei do not have sharp edges. The equivalent picture from optics would
be a superposition of diffraction patterns obtained with disks of varying radii. Fur-
thermore, the nucleus is not fully opaque, but instead resembles a semi-transparent
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object scattering and absorbing light.1

There are three important features of the optical diffraction that are analogous
to the scattering of neutrons:

1. The incident wave is represented by a plane wave, while far from the object the
scattered wave fronts are spherical. The total energy content of any expanding
spherical wave front cannot vary; thus its intensity per unit area must decrease
as r−2 and thus its amplitude must decrease as r−1.

2. Along the surface of any spherical scattered wave front, the diffraction is re-
sponsible for a variation in intensity of the radiation. Therefore, the intensity
depends on the angle of observation.

3. A detector placed at any point far from the object records waves that are
superpositions of the incident and the scattered waves.

With this in mind, it will now be shown how a quantum mechanical formulation of
the scattering process leads to an expression for the elastic scattering cross section.
Let a collimated beam of neutrons travel along the positive z-direction, incident on a
target placed at the origin and described by a central potential U . The Schrödinger
equation is written

∇2Ψ +
2m

h̄2 (E − U)Ψ = 0.

A solution for the wave function Ψ should (asymptotically) include an incident plane
wave and an outgoing spherical wave. Setting the amplitude of the incoming wave
to 1, and that of the outgoing wave to f(θ), gives

Ψ = eikz + f(θ)
eikr

r
, (2.1)

where the wave number k =
√

2m(E − U)/h̄2. Since the outgoing particles are
represented by spherical waves, it is convenient to also express the incident plane
wave as a superposition of spherical waves,

eikz =
∞∑
l=0

(2l + 1)iljl(kr)Pl(cos θ),

where the spherical Bessel functions jl(kr) are solutions to the radial part of the
Schrödinger equation in a region far from the target, in which the nuclear potential
vanishes. The angular functions Pl(cos θ) are Legendre polynomials, i. e., this is a
partial wave expansion, with each partial wave corresponding to a specific angular

1The parallel between the properties of nuclear scattering and optics resulted in that the optical
model of nuclei was called the “crystal ball model” in the early years of nuclear physics. Moreover,
the absorptive properties required were recognized by referring to it as the “cloudy crystal ball
model”.
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momentum l. This is useful since it is often sufficient to consider the effect of
the nuclear potential on a rather limited number of partial waves. The number of
partial waves needed to describe the elastic scattering cross section can be estimated
by starting from the classical definition l = r × p, which in the case of 96 MeV
neutrons incident on 208Pb leads to l ≈ 20h̄, assuming a sharp edge of the nucleus.
Since the edge in reality is diffuse, and since the wave function has a tail outside the
nuclear matter distribution, approximately twice this number, i. e., around 40 partial
waves, might be needed in order to describe the angular distribution properly.

Far from the nucleus, the functions jl(kr) can be expanded to obtain the following
expression for the incoming wave,

eikz =
1

2kr

∞∑
l=0

(2l + 1)il+1{e−i(kr− lπ
2

) − ei(kr− lπ
2

)}Pl(cos θ), (2.2)

where e−i(kr− lπ
2

) represents an ingoing and ei(kr− lπ
2

) an outgoing wave.
The scattering can affect the outgoing wave by changing its amplitude. If the

amplitude is reduced by the interaction, this might suggest that there are fewer
particles coming out from the reaction than going in. However, the wave function
represents only particles having momentum h̄k, and if there is inelastic nuclear
scattering or some other nuclear reaction, the energy or even the identity of the
outgoing particle may change. Such reactions are referred to as the non-elastic
channel, in contrast to the elastic channel. One can account for the changes in the
lth outgoing partial wave by introducing a complex factor ηl in the expression above,
i. e.,

Ψ(r) =
1

2kr

∞∑
l=0

(2l + 1)il+1{e−i(kr− lπ
2

) − ηl e
i(kr− lπ

2
)}Pl(cos θ). (2.3)

This wave represents a superposition of the incident and scattered waves, Ψ =
eikz + Ψs. The scattered wave itself is obtained by subtraction of Eq. (2.2) from
Eq. (2.3), i. e.,

Ψs =
1

2kr

∞∑
l=0

(2l + 1)il+1(1 − ηl)e
i(kr− lπ

2
)Pl(cos θ)

=
eikr

r

∞∑
l=0

(
2l + 1

2k

)
i(1 − ηl)Pl(cos θ)

︸ ︷︷ ︸
f(θ)

,

where the sum is identified as the amplitude of the outgoing wave in Eq. (2.1). Its
square is the differential cross section for elastic scattering,

dσ

dΩ
= |f(θ)|2,

which is measured by the present experiment.
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The total scattering cross section is the integral of the differential cross section
over all solid angles,

σ =
∫ dσ

dΩ
dΩ.

With all possible final states of the interaction divided into an elastic scattering
channel and a non-elastic (reaction) channel, the total cross section is the sum of
the partial cross sections; σt = σs +σr. The limits on these partial cross sections can
be studied by deriving their expressions from the particle fluxes. Associated with
the wave function Ψ is the particle current density, which can be integrated to give
the scattered flux

S = −
∫ ih̄

2m
(Ψ∗

s∇Ψs − Ψs∇Ψ∗
s)r

2dΩ.

Dividing this by the incident flux, being the incident velocity v, results in the cross
section expression

σl
s = πλ2(2l + 1)|1 − ηl|2.

A similar calculation for the total flux, using Ψ instead of Ψs, reveals that there is
a net ingoing flux that does not appear in the scattered beam. This is interpreted
as particles lost due to nuclear reactions, for which the cross section

σl
r = πλ2(2l + 1)(1 − |ηl|2)

is obtained. Here it can be observed that 0 ≤ |ηl| ≤ 1, since |ηl| > 1 would make σr

negative (implying spontaneous particle creation). The maximum scattering cross
section is obtained when ηl = −1, giving

σl
s(max) = 4πλ2(2l + 1) and σl

r = 0,

while maximum for the reaction cross section is obtained when ηl = 0;

σl
r(max) = πλ2(2l + 1) and σl

s = πλ2(2l + 1) = σl
r(max).

This means that there must always be elastic scattering, and that the elastic scat-
tering cross section constitutes at least half the total cross section. This can be
explained qualitatively by wave mechanics. If there are reactions, there is a shadow
cast by the target. In order to produce this, there must be elastic scattering, which
interferes destructively with the incident plane wave from the target and beyond.

The results obtained so far can be used to study nuclear matter distributions.
By guessing a form for the nuclear potential and solving the Schrödinger equation,
predictions can be made for the cross sections. These can be compared with exper-
iment, and thus it can be estimated whether the chosen form for the potential is
reasonable.
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2.2 The phenomenological optical model

A complete description of neutron or proton scattering from nuclei would require
a complicated wave function depending on the coordinates of all nucleons in the
target nucleus. However, when dealing with elastic scattering, the picture can be
simplified. The aim is to describe the motion of the particles which do not lose energy
in the scattering process, while those that are absorbed or scattered inelastically
simply disappear from the elastic channel. Thus, the interaction potential needs to
allow particles to disappear. The resulting wave function will not give the entire
probability distribution of the particle; it will only give the probability of finding it
with the original center-of-mass energy.

A simple model used to account for elastic scattering in a general way, in the
presence of absorptive effects, is the Optical Model (OM). An analogy to optics
can be made because the situation resembles that of light incident on a somewhat
opaque, or cloudy, glass sphere. There, a complex index of refraction accounts both
for scattering (the real part) and for absorption (the imaginary part) of a wave of
light. In the OM, a nucleus is represented by a complex mean-field potential, where
the imaginary part is needed to obtain the non-elastic channel.

A distinction can be made between microscopic and phenomenological OMs.
From a microscopic point of view, the ideal way to proceed would be to compute
the interaction between the incoming particle and all possible combinations of target
nucleons, but, in practice, limited computing power makes this impossible for large
nuclei. Therefore, all microscopic models except for very light nuclei first establish
an effective nuclear potential where the nucleon degrees of freedom are no longer ex-
plicitly taken into account. Subsequently, the scattering from this effective potential
is computed.

There are many methods for determining this effective potential. One approach is
to fold the nucleon-nucleon effective interaction with the matter density distribution
to obtain the effective nuclear potential. This matter density can be determined by
many different methods, from phenomenological parametrizations to Hartree-Fock
based folding of all the involved nucleon-nucleon interactions. Another method
is to start from the properties of infinite nuclear matter, which are subsequently
modified to take the effects of the limited extension of the nucleus into account. In
the phenomenological OM, an analytical form for the potential (usually a Woods-
Saxon form) is adopted, and its depth and geometry parameters are determined
by fitting the predicted cross section to experimental data. This will be discussed
below.

As mentioned in the previous section, the scattering pattern will result from the
interference of an incoming and a scattered wave, and it will depend on quantities
such as the nuclear radius and the surface diffuseness. This means that the scattering
pattern will be mostly a size and wavelength effect, and that the differential cross
section should vary smoothly with mass and energy.

In order to find an expression for the nucleon-nucleus potential, a good starting
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point is to study the least complicated case of scattering, i. e., where a projectile
nucleon interacts with a single target nucleon through the nucleon-nucleon potential.
This potential has to reflect symmetry properties of the strong force and fulfill
certain physical invariance laws. It must, e. g., remain unchanged under rotation of
the coordinate system, time reversal, space reflection (parity), and a permutation
between the two nucleons; and it must be isospin invariant. It has been shown that,
under such fundamental conditions, the most general two-body potential can be
expressed with 12 interaction terms [38].

These insights can now be taken to nucleon-nucleus scattering, where the target
is a system of nucleons. It is reasonable to expect that the types and number of
interaction terms are roughly the same. For economic reasons, one tries to keep the
number of terms to a minimum when parametrizing the potential. There are many
different examples of OM potentials, although the large majority are fairly similar.
Below, an often followed approach is outlined, and at the end of this chapter, a
specific example is given in terms of a recent, high quality potential.

The complex mean field potential can be given the form

U(r) = V(r) + iW(r).

The potential has contributions from a central term (V ), a spin-orbit term (SO)
and a Coulomb term (C),

U(r) = −UV (r) + USO(r) + UC(r).

These components are expressed in terms of their real (V) and imaginary (W) parts.
As an example, the central term becomes

−UV (r) = −VV (r) − iWV (r),

where the components are expected to roughly follow the shape of the matter distri-
bution of the nucleus. A commonly chosen shape for the radial part is the Woods-
Saxon form factor,

f(r) = f(r, R, a) =
[
1 + exp

(
r − R

a

)]−1

,

where the geometry parameters are the radius R = r0A
1/3 (A is the atomic mass

number) and the diffuseness parameter a.
The non-elastic effects are not distributed uniformly throughout the nucleus.

This is especially noticeable at low energies: because of the Pauli exclusion principle,
the tightly bound nucleons in the nuclear interior cannot participate in absorbing
incident neutrons—only the nucleons at the surface can absorb the relatively low
energy carried by the incident neutron. Therefore, a surface-peaked term WD is
added to the central term of the optical potential,

−UV (r) = −VV (r) − iWV (r) − iWD(r),
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Figure 2.4: Examples of the Woods-Saxon form (top) and its derivative (bottom), used
to describe the radial dependence of the volume and surface terms (respectively) of the
imaginary potential [39].

and now the parts are referred to as the volume-central (V ) and the surface-central
(D) contributions. The surface-peaked, radial form of WD is established by choosing
it as proportional to df(r)/dr, which is large only near the surface, as shown in
Fig. 2.4.

The spin-orbit term USO is included in the OM because an unpolarized beam of
nucleons is generally polarized after interacting with a nucleus, and it is expressed
on a form analogous with the corresponding term for electrons in atomic physics.
Both the real and the imaginary parts are peaked near the surface, because a nucleon
moving in the interior of a nucleus does not experience a spin-orbit coupling—there
is no preferred point of reference about which the angular momentum L can be
measured.

The Coulomb term UC needs to be included in the OM only if proton scattering
is studied. Coulomb repulsion of protons creates a neutron excess in all stable nuclei
with A > 40, giving them isospin T �= 0. Incident neutrons and protons interact
differently with such nuclei. If OM potentials are established separately for neutron
and proton scattering, the parameter values coming from the fitting procedure will
be somewhat different for the two potentials. If, on the other hand, a potential
common for neutron and proton scattering is established, this isospin dependence
must be modeled explicitly by introducing a term that is proportional to t ·T , where
t and T are the isospins of the incident nucleon and the target nucleus, respectively.

Recently, new phenomenological OM potentials, separate for neutrons and pro-
tons, were published by Koning and Delaroche [36]. These are based on the largest
experimental data set used so far, and are valid for spherical and near-spherical
nuclei in the mass range 24 ≤ A ≤ 209. The incident energy range, 1 keV up to
200 MeV, is far larger than for any previous OM. The potential for neutrons has the
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form

U(r, En) = −VV (r, En) − iWV (r, En) − iWD(r, En)

+VSO(r, En)L · S + iWSO(r, En)L · S,

where the energy dependence is also indicated, in terms of the laboratory energy
En (in MeV) of the incident neutron. VV,SO and WV,D,SO are the real and imag-
inary components of volume-central (V ), surface-central (D) and spin-orbit (SO)
contributions to the potential (respectively). Coulomb and isospin terms are not
included since only neutron scattering is considered. The components are separated
into energy-dependent well depths and energy-independent radial parts;

VV (r, En) = VV (En)f(r, RV , aV ),

WV (r, En) = WV (En)f(r, RV , aV ),

WD(r, En) = −4aDWD(En)
d

dr
f(r, RD, aD),

VSO(r, En) = VSO(En)

(
h̄

mπc

)2
1

r

d

dr
f(r, RSO, aSO),

WSO(r, En) = WSO(En)

(
h̄

mπc

)2
1

r

d

dr
f(r, RSO, aSO),

where the form factors f are of Woods-Saxon shape. The square of the pion Compton
wavelength in the spin-orbit terms is a relic of the derivation of these terms from
the meson theory of nuclear forces.

The parameters of the phenomenological OM are determined by fitting the pre-
dicted cross sections to experimental data. Commonly, a distinction is made between
three types of OMs, based on the data used for the fit [36]: (i) a “best-fit” OM,
representing a potential for one nucleus and one single incident energy, (ii) a local
OM, representing a potential for one nucleus and an energy region, (iii) a global
OM, covering both a mass region and an energy region.

The best-fit potentials give the best description of measured data, but to the prize
that the obtained parameter sets are uncorrelated from energy to energy. There-
fore they are essentially useless for predicting cross sections at energies for which
no measurements exist. Also, for a best-fit approach, there is a significant risk that
some parameters display unphysical values, especially if an incomplete angular dis-
tribution is used. A global model, on the other hand, can provide a convenient
average description of the overall trend of the interaction, as a function of mass and
energy, and makes it the only reasonable option for a nucleus where there are no
measurements. However, a problem arises since the global model assumes that a
smooth A-dependence of the Woods-Saxon gives a good description of the matter
distribution in the nucleus over the whole mass range. This is not perfectly true, as
nuclei with filled shells are more tightly bound and thereby smaller than nuclei with
unfilled shells. This makes the local OM a good choice when analyzing a specific
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nucleus. In this case, parameters from a best-fit can be used as a start in the fitting
procedure, while the global OM potential can help to keep the parameters within
physically reasonable bounds.

The solid and dashed lines in Fig. 2.1 are examples of local and global OM
calculations, respectively. There is a clear difference for 27Al, where, as expected,
the local fit does a better job.
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Chapter 3

Experimental aspects of neutron
production and detection

3.1 Neutron beam production

Neutron beam facilities above 50 MeV have traditionally been of two types; white
sources and quasi-monoenergetic ones. White spallation sources have been used at,
e. g., Paul Scherrer Institute [40] and Los Alamos National Laboratory (LANL) [41],
and a new source has recently been installed at CERN [42]. At LANL, 800 MeV
protons collide with a tungsten target, producing spallation neutrons with a contin-
uous energy distribution (a white spectrum) up to the proton beam energy. Even if
data can be recorded simultaneously over a wide range of energies, and the energy-
integrated flux is significantly larger than for monoenergetic sources, there is one
obvious disadvantage in the fact that the flux per energy unit decreases like 1/En—
the flux per energy unit is much smaller, and measurements at high energies become
very time consuming. For elastic neutron scattering measurements, i. e., the scope
of this thesis, this smaller flux per energy unit is a clear disadvantage. This is illus-
trated by the fact that no data on elastic neutron scattering from white sources at
intermediate energies have been published.

Monoenergetic sources are in most cases, like the Uppsala facility, employing
the 7Li(p,n) reaction. Such installations have been operated at UC Davis [43],
TRIUMF [44], NAC [45], IUCF [46], UCL [47], TIARA [48], and RIKEN [49]. The
advantage of using a monoenergetic beam when studying reactions at a specific
energy is shown in Fig. 3.1. Here, a 12C(n,n) excitation-energy spectrum obtained
at TSL is compared with a corresponding spectrum from LANL [50]. It illustrates
the difference in time needed to obtain the same amount of data—a few hours using
a monoenergetic beam, compared to some months for a white source.

Recently, a novel technique has been developed at IUCF to produce tagged neu-
trons at a cooler ring [51, 52]. 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
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Figure 3.1: Comparison between a monoenergetic (Uppsala) and a white (LANL) neutron
source.

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 the 7Li(p,n) reaction, but with
the advantage that reasonably polarized neutrons can be obtained. The limited
energy resolution, however, prevents resolved studies of (polarized) elastic neutron
scattering from nuclei.

3.2 Neutron detection principles

When measuring neutron scattering at energies up to 20 or 30 MeV, time-of-flight
(TOF) techniques are normally used to determine the neutron energies. At 20 MeV,
the flight paths can be kept to a length of a few metres to obtain the desired energy
resolution. Thus, it is also possible to rotate the detector around the scattering
sample to measure angular distributions. This technique has been used, e. g., at
Studsvik [53], where neutrons around 20 MeV were produced by the T(d,n)4He
reaction and detected at a distance of 2.5–4 m from the scattering target. The TOF
spectrometer is illustrated in Fig. 3.2. The detectors are shielded from background
due to neutrons and γ-rays scattered in the experimental hall, and from the direct
neutron flux from the neutron production target. The system is placed on an arm
which can be rotated around the center of the scattering sample.

At higher energies, the required flight path must be increased, meaning that
rotation becomes unpractical. The solution is to use a fixed flight path for the scat-
tered neutrons and a beam swinger with which the incident beam direction can be
changed by rotating a set of magnets. An example is the Ohio system [54] illustrated
in Fig. 3.3, where two magnets deflect a beam of protons or deuterons so that it
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Figure 3.2: A layout of the Studsvik neutron TOF spectrometer, showing the scattering
geometry and the detector shielding [53].

emerges from the swinger perpendicular to the original beam direction. Neutrons
are produced in the gas target G, placed at the end of the second magnet. By ro-
tating the system, different incident neutron angles with respect to the direction of
the detected neutrons are accomplished.

At still higher neutron energies, TOF techniques become less favourable. For
instance, 20 MeV neutrons can be measured with an energy resolution of 0.5 MeV,
given a time resolution of 1 ns and a flight path of 5 m. In contrast, 100 MeV neu-
trons require a 60 m flight path for the same energy resolution. Even if a resolution
of 2 MeV is accepted, the flight path will be 15 m. In addition, a large array of
neutron detectors is needed to maintain a reasonable solid angle and count rate.

Another problem is related to the dumping of the charged particle beam. When a
100 MeV beam is stopped, a huge background of neutrons will be created. A solution
is to bend the beam between the neutron production target and the scattering
sample, and bring it far away to a well-shielded beam dump. Unfortunately, this
leads to an increase in the neutron flight distance between production and target,
resulting in reduced count rate.

A different approach, which has been used in the present work, is to increase the
distance between the neutron production target and the scatterer, thereby enabling
collimation of the neutrons into a well-defined, high-quality beam, as well as good
shielding of the charged particle beam dump. By converting the neutrons to recoil
protons in a hydrogenous converter near the scatterer (less than 1 m), a large solid
angle is obtained. The recoil protons can then be detected with a ∆E−E telescope.

A comparison of the performance of the two techniques can be provided by the
recent experiment by Baba et al. [27] at 65 MeV, which was carried out with TOF
methods, and the conversion-based experiment by Hjort et al. [25] at the same en-
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Figure 3.3: An example of a beam swinger used to detect neutron scattering at different
angles with a fixed TOF path [54].

ergy. The former had an energy resolution of 10–20 MeV, while the latter obtained
2.7 MeV. As has been discussed above, the performance of TOF techniques deteri-
orates rapidly with increasing energy. Conversion techniques do also get gradually
more difficult to use with increasing energy, but the deterioration is much slower.
Thus, above about 50 MeV, conversion techniques provide significantly better ex-
perimental conditions than TOF methods.

3.3 Normalization of neutron data

To measure a cross section, the intensity of the beam has to be known. A notorious
problem is how to determine the intensity of a neutron beam with high precision.

A charged particle interacts with the electrons of the atom. Thereby it is possible
to build systems where every particle gives a signal when passing through a detector,
and hence it is relatively simple to determine the beam intensity by just counting
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pulses. Another option is to stop particles via their energy loss—which is also an
effect of interaction with the atomic electrons—and finally measure the collected
charge.

Neutrons interact by the strong interaction only, and they are uncharged. This
means that there is no possibility to build a device which produces a signal for each
particle that passes. Detection of neutrons always has to proceed via a nuclear reac-
tion, releasing charged particles which subsequently can be detected. The problem
is that the cross sections for such reactions cannot be determined with a precision
better than 10 % (or worse) from theory only. Therefore, if a better precision is
needed, experimental methods have to be used. This brings the situation back to
square one: in experiments, knowledge of the neutron beam intensity is needed.
Thus, this means ending up in circular reasoning.

An example is given by using neutron-proton (np) scattering for neutron detec-
tion. Counting the protons emanating from a hydrogenous material is a simple task,
but knowledge of the np cross section is needed to derive the number of incoming
neutrons. Measuring that cross section, however, requires knowledge of the number
of incident neutrons.

There are a few methods to overcome this problem, but they are all associ-
ated with large experimental difficulties. The standard procedure is therefore to
determine a single cross section utilizing these methods, and subsequently using
this well-determined cross section as reference, i. e., measuring other cross sections
relative to it.

The methodologically simplest method is probably to use tagged beams. For a
few reactions, detection of the residual nucleus can be used to verify the neutron
production. An example is the D(d,n)3He reaction, which has been used at a few
MeV for cross section normalization. By detecting the kinetic energy and direction
of the residual 3He nucleus, the energy and angle of the neutron is known. In
addition, the detection of a 3He nucleus implies that there must be a neutron, i. e.,
the 3He nucleus serves as a “tag” on the neutron. With this technique, “beams” of
really low—but known—intensity can be produced. This beam can subsequently be
used for cross section measurements.

The total cross section, i. e., the probability that a neutron interacts at all with
a target nucleus, is a quantity which can be determined without knowledge of the
absolute beam intensity. This integral cross section is related to the attenuation of
a neutron beam, which means that a relative measurement of the beam intensity
before and after a target is sufficient.

In the case of hydrogen, the total cross section is completely dominated by elastic
np scattering, which accounts for more than 99 % of the total cross section. The
only other reaction channels possible are capture (np → dγ) and bremsstrahlung (np
→ npγ), which both are orders of magnitudes weaker. A relative measurement of
the full np scattering angular distribution can thereby be normalized to agree with
the total cross section, and thus an absolute 1H(n,p) cross section can be obtained.

The present work presents a novel method for cross section normalization. Not
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only the total cross section, but also the reaction cross section can be determined
in relative measurements of beam attenuation. The only important difference is the
geometry used. The total elastic cross section can then be derived as the difference
of the total and reaction cross sections. The elastic differential cross section on
almost any nucleus falls dramatically with angle. Thus, by covering a moderately
wide range at forward angles, essentially all the elastic differential cross section is
comprised. Thereby, integration of the differential cross section can be related to
the total elastic cross section.
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Chapter 4

Measurements of neutron
scattering at 96 MeV at TSL

The identification of potential large-scale applications involving fast neutrons, such
as nuclear waste management, cancer therapy and electronics effects in computers,
combined with a strong need for neutron data necessary to understand and develop
these areas of interest, as discussed in chapter 1, has motivated the neutron measure-
ments programme at the Department of Neutron Research and the The Svedberg
Laboratory (TSL) in Uppsala. The monoenergetic neutron beam at TSL, covering
the energy range 20–180 MeV, provides a unique opportunity to meet this need.
The SCANDAL setup has been developed to utilize this possibility. It can be used
for neutron detection in the 50–130 MeV energy range, where there is very little
high-quality data.

The subject of this thesis work is to characterize the performance of SCANDAL
and to develop the data analysis tools by measuring (n,p) and (n,n) reactions on 1H
and 12C. It is furthermore to carry out the first measurements ever of elastic neutron
scattering from 12C and 208Pb at 96 MeV in the 10–70◦ interval. Results with an
unprecedented energy resolution at this energy and angular interval are presented.

4.1 The TSL neutron beam facility

A detailed description of the neutron beam facility at TSL can be found in Paper I.
An overview is shown in Fig. 4.1. Protons from the cyclotron impinge on a neutron
production target from the left. Targets of 100–800 mg/cm2 thickness (2–15 mm),
enriched to 99.98 % in 7Li, are available.

After passage of the target, the proton beam is deflected by two magnets and
bent into an 8 m long tunnel, where it is focussed onto a well-shielded, water-cooled
graphite beam dump. The integrated current from this Faraday cup beam dump
is used for proton beam monitoring, which is also used as a relative monitor of the
neutron beam intensity.

The neutron beam produced in the forward direction is geometrically defined by
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Figure 4.1: Overview of the Uppsala neutron beam facility.

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 µsr. In
the present experiment, 60 µsr was used. The fourth hole has the same diameter
as the beam tube, 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 defining 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
the first collimator. The third collimator is conical in shape, with entrance and exit
diameters of 60 and 75 mm (60 µsr), respectively. It is located in a wall separating
the neutron-production area and the main experimental hall, and it also contains a
beam shutter. The diameter of the third collimator can be changed, since it consists
of cylinders with different inner diameters that are inserted successively in order to
obtain the desired conical shape.

The neutron production and collimation takes place in vacuum. The first major
installation in the experimental hall, the scattering chamber MEDLEY, is part of
the vacuum system, which is terminated by a 0.1 mm stainless-steel foil at the exit
of the chamber.

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
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Figure 4.2: 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 TOF conditions, and the dashed spectrum is obtained with
such a cut.

area allows rejection of low-energy neutrons by TOF techniques.
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) [55]. It is usually placed
directly downstream of the vacuum-termination foil of MEDLEY. The detector con-
sists of two natU targets, deposited onto both sides of a 0.1 mm thick aluminium
foil, and of two TFBCs placed close to the surfaces of the two targets. The absolute
uncertainty in the measured neutron fluence is about 20 %.

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 over these two regions.
The full-energy peak is due to excitation of the ground state and first excited state
(EX = 0.43 MeV) in 7Be, and has an energy slightly lower than the initial proton
energy (Q = −1.6 MeV). The width is primarily given by the thickness of the lithium
target. Typically, widths in the 1 MeV (FWHM) region have been used.

The intensity of the full-energy peak over the full beam area in the experimental
hall, with the 60 µsr solid angle collimator, is 5 · 104 neutrons per mm 7Li target
thickness and µA of incident proton beam.

The magnetic spectrometer LISA [56] has been used for characterization of the
high-energy part of the neutron spectrum. By measuring the (n,p) reaction yield
from CH2 and pure carbon targets, the np reaction spectrum can be constructed, see
Fig. 4.2 (solid line). Knowing the energy variation of the np scattering cross section,
the energy distribution of the incident neutrons can be derived. This technique has
shown that the energy distribution down to 40 MeV below the full-energy peak is
in good agreement with the data on the 7Li(p,n) reaction by Byrd and Sailor [57].

Low-energy neutrons can be rejected by TOF techniques, which is illustrated in
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Figure 4.3: Schematic layout of the SCANDAL setup. A typical event is indicated.

Fig. 4.2 (dotted histogram). 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 seen in
the figure.

4.2 The SCANDAL setup

A comprehensive review of the experimental setup used in this work can be found
in Paper I. The SCANDAL facility is primarily intended for studies of elastic neu-
tron scattering, i. e., (n,n) reactions. The neutron detection is accomplished via
conversion to recoil protons by np scattering from hydrogen in a plastic material.
In addition, by removing the converters, (n,p) reactions in nuclei can be studied by
direct detection of protons. This is also used for calibration of the setup.

The device is illustrated in Fig. 4.3. It consists of two identical systems, in their
standard positions placed to cover 10–50◦ and 30–70◦, respectively. 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.

In neutron detection mode, each arm consists of a 2 mm thick veto scintillator
for fast charged-particle rejection, an np 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 ∆E plastic scintillator which is also part of the trigger,
and an array of CsI detectors for energy determination. The trigger is provided by
a coincidence of the two trigger scintillators, vetoed by the front scintillator.

The converters are active plastic scintillators, which means that the proton en-
ergy loss on the way out of the scintillator can be measured and compensated for.
The maximum thickness of an active converter is set by the energy resolution of
the detector, which for a typical plastic scintillator lies in the 10–15 % range. The
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proton energy loss is about 1.0 MeV/mm for 70 MeV protons, and 0.7 MeV/mm
for 100 MeV protons. Thereby, a converter thickness of 10 mm gives up to 10 MeV
deposited energy, and the resolution contribution is about 1 MeV.

The converters contain hydrogen and carbon, which allows unambiguous mea-
surement down to 12 MeV below the incident energy. At lower energies, the 12C(n,p)
channel (Q = −12.6 MeV) can contribute in the converter, and therefore a unique
identification of np scattering is no longer possible.

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 at the other end. By placing them in alternating
directions, a 72 cm wide CsI hodoscope has been obtained. This geometric shape is
not optimal; the crystals were manufactured for another experiment and are being
reused. The shape makes the light output position-dependent, and this effect has
to be compensated for in the offline analysis.

The drift chambers serve two main purposes; they improve the angular resolution
and they define the proton recoil scattering angle. The np 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 CsI crystals, 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 12C(n,p) is −12.6 MeV. Thus, at forward angles,
energy detection alone can isolate the protons which are due to conversion in hy-
drogen. 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. 4.3), such
problems can be avoided.

Sufficient angular information is obtained by placing the drift chambers between
the converter and the CsI crystals. Hence, the conversion point is well determined.
The position resolution is 0.3 mm (FWHM) for each coordinate. The drift chambers
are described in more detail in reference [58].

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 pro-
portional counters (MWPC). 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. Two additional MWPCs, upstreams the targets, act as charged-particle
veto detectors. In (n,n) measurements, the multitarget is placed empty upstreams
the scattering target, and is used as an extremely thin charged-particle veto detector.
A more detailed description can be found in reference [56].

The total energy resolution in SCANDAL varies with the individual CsI crystals,
but is on average 3.7 MeV (FWHM) in neutron elastic scattering measurements.
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4.3 Data analysis

An overview of the analysis procedure is given in this section. For a detailed de-
scription, see Paper III.

The data were analyzed off-line on an event-by-event basis. In a first stage,
the time information from the drift chambers was converted to positions; angular
information and detector hit positions of the particle trajectories were calculated,
and the registered pulse heights (PH) in the CsI and plastic scintillator detectors
were converted to energy, using proton detection data taken at the beginning of the
experiment. During this process, each event had to pass several criteria in order to
be accepted.

The drift chamber coordinates were used to trace the protons to their conversion
points in the converter scintillators and to their hit positions on the CsI detectors.
At the same time, the elastic neutron scattering angle in the target, and the proton
recoil scattering angle (conversion angle), with respect to the direction of the neutron
hitting the converter, were calculated.

For the calibration of the CsI detectors, two calibration points per detector
were used: a pedestal channel due to events detected in other CsI crystals, and
thus associated with zero PH and energy; and an np proton peak. The deposited
energy represented by the proton peak was obtained by calculating the energy loss of
protons between the target and the CsI detector in question. A linear correspondence
between PH and energy was assumed. However, due to detector geometry and local
variations in the light output within a CsI crystal, the protons in the np peak, having
the same energy, give rise to different PH values along the vertical axis in the crystal.
This was compensated for by using the coordinate of the vertical hit position on the
detector to select the calibration PH value that correctly corresponded to the np
proton peak energy.

The plastic scintillator detectors were 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 the light from the energy deposited. Again, the energy was obtained by calcu-
lating the preceding losses. The pedestal channel gave a second calibration point
for each PM tube.

Geometry effects similar to those in the CsI detectors also appear in the plastic
scintillators. The effect is significant only in the relatively thick converter scintilla-
tors, and therefore a compensation was made when calibrating these.

The energy loss in materials where the protons are not detected, such as detector
wrapping, drift chamber foils and air, was calculated based on the energies detected
in the trigger scintillators and in the CsI detector.

The total energy of the charged particle was obtained as the sum of the detected
energy losses and the estimated energy loss in other materials. Finally, for the elastic
scattering events, the neutron energy before the conversion to a proton, and the
excitation energy, were calculated using the scattering angle, the conversion angle
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and the total energy. This gave excitation-energy spectra for 24 different angles in
the laboratory system, depending on the position of the CsI crystal in which the
proton was stopped.

In a second stage of the analysis, gates on the positions, angles and energies
that had now been associated with the accepted events were applied to extract
the contents in the ground state peaks, representing elastic scattering, from the
excitation-energy spectra. This was done for 208Pb and 12C data, as well as for
background data.

A ∆E −E technique was used to separate protons from other charged particles,
mostly deuterons, originating from the converter.

The energy determination for events where a proton passes through more than
one CsI detector is very poor, due to large straggling effects in CsI wrapping material.
Therefore, hit position gates were applied to select events were a minimum distance
to the edges assured that the protons were stopped in a single detector.

Besides hydrogen, the scintillator detectors contain carbon, and the Q-value
for 12C(n,p) is −12.6 MeV. Thus, at forward conversion angles, energy detection
alone can isolate the protons which are due to conversion in hydrogen. At about
20◦ conversion angle, however, 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 of 10◦ in the conversion, such problems were
avoided.

The data reduction had so far been done on an event-by-event basis, resulting
in excitation-energy spectra at 24 angles, in the range 10–70◦ in the laboratory
system. The spectra were of three types, depending on the scattering target: elastic
scattering from 208Pb including background, elastic scattering from 12C including
background, and pure background data.

The background histograms were subtracted from the 208Pb and 12C excitation-
energy histograms after dead time correction and normalization to the same neutron
fluence, as given by the fission detector. In parallel, variance histograms for 208Pb
and 12C were created.

The number of elastic scattering events at each angle was obtained by integrat-
ing the ground state peaks in the excitation-energy histograms in a region of ±Γ
around the peak centroid, where Γ is the full width at half maximum (FWHM).
The centroid in the ground state peak and the resolution Γ were obtained from a
gaussian fit to the peak. This gaussian was at the same time one component in a
fitting spectrum that was constructed in order to describe the entire spectrum up
to about 15 MeV above the ground state peak. A good description of this part of
the spectrum was a condition for defining the integration limits using the resolution
Γ. For the 12C histograms, this included gaussians fitted to the ground state and
to the excited states at 4.4 MeV (Jπ = 2+) and 9.6 MeV (3−), respectively, as
well as a gaussian fitted to account for the opening of the distribution of protons
from 12C(n,p) reactions in the converter, beginning approximately 10 MeV above
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the ground state peak. Examples at two different laboratory angles are given in
Fig. 4.4.

Fitting spectra for the 208Pb histograms were established in an equivalent man-
ner. In this case, the collective 3− and 2+ states at 2.6 MeV and 4.1 MeV, respec-
tively, were fitted with gaussians. A fifth gaussian was added at EX = 8.3 MeV to
account for a large number of weak states between 4.1 and 12.6 MeV. The width of
this gaussian was allowed to vary independently.

Finally, the number of measured elastic scattering events was obtained by inte-
grating the excitation-energy histogram in the interval ±Γ around the peak centroid

Figure 4.4: Examples of fitting spectra used to extract the number of elastic scattering
events from 208Pb and 12C data obtained at different laboratory angles. Upper panels:
208Pb. Gaussians fitted to the ground state and the 3− excited state at 2.6 MeV are
dashed, the gaussian fitted to the 2+ state at 4.1 MeV (having a height close to zero) is
represented by a solid line, and the gaussian at 8.3 MeV, accounting for a large number of
weaker states above 4.1 MeV, is dotted. The dash-dotted curve describes the beginning
of the distribution of protons from 12C(n,p) reactions in the converter. The sum of these
contributions form the fitting spectrum drawn as a solid line. Lower panels: 12C. Gaussians
fitted to the ground state and the 2+ excited state at 4.4 MeV are dashed while the
gaussian fitted to the 3− state at 9.6 MeV is dotted. The beginning of the 12C(n,p) proton
distribution is dash-dotted.
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and correcting the result for the small contributions from the low-lying excited states.
The variance of the number of elastic scattering events was obtained by integrat-

ing the variance histograms in the same interval as the excitation-energy histograms
and applying the same types of corrections.

The solid angle for protons detected in the CsI crystals is different from detector
to detector. At the same time, the number of protons in the converter seen by a
neutron coming from the scattering target depends on the elastic neutron scattering
angle, while the np cross section varies with conversion angle. These effects mean
that the effective solid angle for detecting protons is an individual number for each
CsI detector, constituted by all possible neutron and proton combinations allowed
by the maximum opening angle criterion and by the gate on the CsI crystal hit
position. Therefore, a computer code for calculating the effective solid angle for
proton detection in each CsI detector was developed, giving typically 2 µsr per CsI
detector.

In addition to the effective solid angle, the proton detection efficiency has contri-
butions from the efficiencies of 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, and the CsI response. The contributions are measured to be 0.75
(from an average of 0.93 per plane), 0.93, and 0.92, respectively. This makes a total
proton detection efficiency of 0.64.

Since the energy resolution is different for different CsI detectors, the low-energy
continuum originating from the 7Li(p,n) reaction will give different contributions to
the full-energy np peaks at different angles (and thus to the ground state peaks in the
excitation-energy spectra). This contribution, as a function of the peak width [59],
has been determined using experimental neutron spectra for the 7Li(p,n) reaction
measured by Byrd and Sailor [57]. Correction factors resulting from this relationship
were used when calculating the cross sections.

Angular distributions for elastic neutron scattering cross sections were extracted
for 208Pb and 12C. Thereafter, the distributions were corrected for neutron atten-
uation and multiple scattering in the target, using a Monte Carlo program [60].
Finally, the 208Pb(n,n) angular distribution was corrected for an 11 % abundance of
206Pb in the scattering target.

The absolute normalization of the data was obtained from knowledge of the
total elastic cross section (σEL), which was determined from the difference between
the total cross section (σT ) [33] and the reaction cross section (σR) [61, 62]. This
σT - σR method, which is expected to have an uncertainty of about 3 %, was used
to normalize the 12C data. The 208Pb(n,n) data were then normalized relative to
the 12C(n,n) data, knowing the relative neutron fluences, target masses, etc.

The random error in the measurement is due to counting statistics and includes
the contribution from the background subtraction. It varies significantly with the
scattering angle, due to the steepness of the cross sections.

A statistical error is added to the point-to-point uncertainty by the Monte Carlo
simulation. The total statistical errors, including both these contributions, are cal-
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culated in the program and given as output together with the corrected angular
distributions.

The fitting procedure itself produces an uncertainty in the resolution Γ. As the
resolution is used to determine the interval for integration of the elastic scattering
events, it also contributes to the point-to-point error in the angular distribution.
This effect was examined by varying the integration intervals using the uncertainty
in Γ. It was found that the errors in the cross section typically increased with up to
5 % (e. g., a 10.0 % error becoming a 10.5 % error).

The angular resolution depends on the extension of the scattering target. To
estimate this resolution, the 208Pb and 12C targets were divided into a number
of volume pixels, and the rms value of the elastic scattering angle distribution,
coming from the target pixels, of events detected in one specific converter pixel, was
calculated. This was done for all pixels in the region of interest in the converter,
giving an average value per detector in the 1.0–1.3◦ (rms) range.

When measuring a differential cross section with a pronounced angular depen-
dence, like for 208Pb(n,n), even small uncertainties in the angular information can
produce significant uncertainties in the result. The angular uncertainties in the
present experiment are dominated by the limited knowledge of the positions of the
target and the drift chambers. Both these are known to slightly better than 1 mm,
resulting in an angular uncertainty of about 1◦. This uncertainty results in an equal
shift of all 12 data points produced by the same SCANDAL arm. In addition, the
drift chambers contain many drift cells, which work as physically independent de-
tectors, each with its own TDC for time recording. Imperfect time calibration of
these TDCs can produce conversion position errors of up to about 0.5 mm, which
corresponds to about 0.5◦ shift of the presumed scattering angle. This uncertainty
is randomly distributed among the data points.

4.4 Results and discussion

The first results obtained for elastic neutron scattering from 12C and 208Pb at 96 MeV
in the 10–70◦ interval have been reported in Papers II and III. The angular distribu-
tions are shown in Figs. 4.5 and 4.6, where they are compared with phenomenological
and microscopic optical model calculations.

The angular region covered by both SCANDAL arms comprises seven pairs of
detectors at nearly the same angles. The level of agreement between the measure-
ments with the two arms was examined by calculating the reduced χ2 between the
two sets. Since the detectors in each pair were not placed exactly at the same angle,
the points were put on the same footing by subtracting an optical model prediction
of the cross section from the experimental value at the respective angle. After this,
the average difference between the two data points in the respective pair was cal-
culated to be 1.4 σ in the case of 208Pb, and 1.0 σ for 12C. The reduced χ2 when
comparing the full ensemble of data points between the two arms in the overlapping
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range was 1.3 for 208Pb and 1.6 for 12C.
The fact that the χ2 is larger than 1.0 when comparing the two arms indicates the

presence of systematic uncertainties not taken into account. One known systematic
effect is due to the angular precision. Since the cross section varies dramatically
with angle, even an angular error within the small angular uncertainty can result in
a cross section mismatch sufficiently large to cause these effects. The fact that χ2 is
not much larger than 1.0 implies that the systematic uncertainties are comparable
in magnitude with the statistical errors.

In Fig. 4.5, the data are compared with fits to the present data that use the
parametrization of the phenomenological OM potential of Koning and Delaroche [36]
(solid curves). These are of a best-fit type (see chapter 2). Comparisons are
also made with the cross sections given by the evaluated nuclear data files in the
ENDF/B-VI library, Release 6 (ENDF-6) [63] (dotted curves). The error bars on
the SCANDAL data are total statistical errors including random errors constituted
by counting statistics and the additional statistical errors added by the Monte Carlo
simulations.

When scrutinizing the 208Pb data in Fig. 4.5, it can be seen that two data
points, at 14◦ and 18◦, lie significantly above and below the fit, respectively. This is
most likely due to an imperfect correction for multiple scattering. The large size of
the target makes multiple scattering a relatively important phenomenon. Multiple
scattering tends to fill minima and reduce maxima in the angular distribution. Cor-
rections for this rely heavily on the cross section information at small angles (0–10◦),
where data are missing in the present experiment. In addition, precise data around
the first minimum and second maximum are important for a proper correction.

In the fit to all 208Pb data in Fig. 4.5, the reduced χ2 is very large, i. e., around
15. When removing the data points at 14◦ and 18◦ discussed above, the reduced
χ2 decreases to 1.5. A major uncertainty not included in these fits is the angular
precision. Due to the steepness of the 208Pb angular distribution, even a minor
angular shift corresponds to a large change in cross section. At around 10◦ scattering
angle, a shift of 0.5◦, i. e., within the angular precision, changes the cross section
by about 40 %. This makes it not very meaningful to compare χ2 of various fits
on an absolute scale. Relative comparisons can still be informative, although minor
differences should not be over-emphasized.

The fit in Fig. 4.5 to the 12C data results in a reduced χ2 of 6.8. If removing the
datum at 11◦, or shifting it by less than 1◦ towards larger angles, the χ2 per degree of
freedom reduces to about 3. It is not surprising that 12C produces better fits without
removing data points. The cross section as such is less steep and contains less
structure, and its lower absolute magnitude results in much less multiple scattering.

In Fig. 4.6, the data are compared with phenomenological and microscopic op-
tical model predictions in the left and right panels, respectively. The theoretical
curves have all been folded with the experimental angular resolution to facilitate
comparisons with data. The data of Salmon at 96 MeV [29] are also included.

Predictions by the global OM potential of Koning and Delaroche [36] are given
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Figure 4.5: Angular distributions of elastic neutron scattering from 12C (open circles)
and 208Pb (solid circles) at 96 MeV incident energy. The 12C data and calculations have
been multiplied by 0.01. The solid lines represent best-fits to the present data, using the
parametrization by Koning and Delaroche [36], while the dotted lines are cross sections
given by the evaluated nuclear data file ENDF-6 [63]. See the text for details.

by the solid curves in the left panel of Fig. 4.6. The dashed line in the left panel
of Fig. 4.6 shows the result of a scattering calculation performed in 1990 by Kozack
and Madland [65], using their global nucleon-nucleus intermediate energy Dirac
phenomenological optical potential for 208Pb [66]. The potential contains scalar and
vector terms, based upon the Walecka model [67], and includes isospin dependence
through a relativistic generalization of the Lane model [68]. The isospin dependence
was determined by simultaneous least-squares adjustment with respect to measured
proton elastic scattering and neutron total cross section observables. Symmetrized
Saxon-Wood form factors are used, and the potential contains a total of 20 param-
eters to describe nucleon scattering by 208Pb in the energy range 95–300 MeV.

An OMP calculation by Romain and Delaroche [69], based on a dispersive OMP
approach treating non-locality in a manner similar to that of Buck and Perey [70]
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Figure 4.6: Angular distributions of elastic neutron scattering from 12C (open circles) and
208Pb (solid circles) at 96 MeV incident energy. The 12C data and calculations have been
multiplied by 0.01. The data of Salmon at 96 MeV [29] are shown as squares. Left panel:
predictions of Koning and Delaroche (solid) [36], of Madland and Kozack (dashed) [65],
of Romain and Delaroche (dotted) [69], and of a modified version (dash-dotted) of the
model of Koning and Delaroche. The thick dotted horizontal lines show Wick’s limit for
the two nuclei. Right panel: predictions of Amos, Deb and Karataglidis (solid) [71], of
Bauge, Delaroche and Girod (dashed) [74], and of Crespo and Moro (dotted) [76], as well
as data on elastic proton scattering from 12C [77] (dash-dotted). See the text for details.

for energy dependencies, is presented as the dotted line in the left panel of Fig. 4.6.
Amos, Deb and Karataglidis have developed a microscopic (g-folding) prescrip-

tion for the optical potentials [71, 72], where a complete (0 + 2)h̄ω model of the
structure of 12C, and a Skyrme-Hartree-Fock model for 208Pb, have been used in the
foldings. The predictions, presented as the solid line in the right panel of Fig. 4.6,
were obtained employing the effective (medium modified) NN interaction based
upon the Bonn-B interaction [73].

Bauge, Delaroche and Girod have developed a Lane-consistent, semi-microscopic
OMP [74], which is built by folding radial matter densities from a Hartree-Fock-

35



Bogoliubov calculation (using the Gogny D1S effective interaction) with an OMP
in nuclear matter that is based on an extension of that of Jeukenne, Lejeune and
Mahaux (JLM) [75]. The result is presented as the dashed line in the right panel
of Fig. 4.6. This extended OMP features strong renormalizations of its isovector
components, and has recently been tested extensively against (p,p) and (n,n) data,
as well as (p,n) IAS data [74].

Finally, Crespo and Moro have made a prediction, shown as the dotted line in
the right panel of Fig. 4.6, where the elastic observable was generated by a multiple
scattering expansion of the optical potential in terms of the free NN transition ampli-
tude, calculated in the single scattering, ’tρ’, approximation [76]. In the description
of the target nucleus, there is no distinction between protons and neutrons. For 12C,
the matter density distribution is deduced directly from the harmonic-oscillator shell
model, with b = 1.55 fm. In the case of 208Pb, a two-parameter fermi matter density
distribution with half-density radius c = 6.624 fm and diffuseness a = 0.549 fm has
been used.

When comparing these predictions with data, a few striking features are evident.
All models are in reasonably good agreement with the 208Pb data. It should be
pointed out that none of the predictions in Fig. 4.6 contain parameters adjusted
to the present experiment. In fact, they were all made before data were available.
The level of agreement between models and data for 208Pb have been inspected
by computing the χ2. For this excercise, only the uncertainties due to counting
statistics have been used.

A normalization error can produce a major χ2 contribution. Therefore, it was
tested to re-normalize all theories to produce a minimum χ2. The absolute χ2 values
were significantly reduced for all models by this procedure. In addition, the two
data points at 14 and 18◦ were removed from this comparison, since there are good
reasons to believe that they are imperfectly corrected for multiple scattering (as has
been discussed above), and will therefore produce artificially large χ2 contributions.
The result of this test is that the ENDF-6 and Romain et al. predictions require
very little re-normalization, below 5 %, while Madland et al. and Crespo et al. need
about 30 % renormalization. For the other models, the optimum renormalization is
around 10 %. The resulting χ2 values are 2.0 for the Amos et al. model and around
10 for the others.

Without renormalization, the values are dramatically larger, to the extent that
the absolute numbers are meaningless, but relative comparisons might still be of
some value. The models by Amos et al. and Romain et al. have the lowest χ2,
with the Bauge et al. and Koning et al. models, as well as the ENDF-6 prediction,
in a second group. It should be pointed out, however, that the results are not
dramatically different for the various models. That the Amos et al. and Romain et
al. models are in best agreement is not surprising, because they are single-nucleus
models, while models with a larger range of validity give a less perfect description for
a particular nucleus. The Madland et al. model was determined by simultaneously
fitting a large proton data set and a small neutron data set (mostly total cross
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sections). For such a procedure, the agreement is surprisingly good. A general
observation is also that all models are 0–30 % below the data. No model exceeds
the measured angular distribution.

All models, as well as the ENDF-6 prediction shown in Fig. 4.5, fail to describe
the 12C data in the 30–50◦ range. The models and the evaluation predict a saddle
structure, which is not evident from the data. The reason for this mismatch might
be that there are target correlations other than the Pauli principle, or other nuclear
structure effects, that are not included in the theoretical models. Also, if the 12C
nucleus matter distribution has a more diffuse edge than anticipated, the predicted
structure could be washed out. In addition to the mismatch between 30◦ and 50◦,
the ENDF-6 prediction shows a maximum at even larger angles that is not supported
by the data. It can be noted that proton scattering data on 12C at 95 MeV [77],
which should agree with our data if isospin were a good symmetry, are closer to
our data than the predictions of any model. The disagreement between models and
12C data should not be overemphasized though. Models which presume mean-field
properties of nuclei to be dominant can have problems describing 12C data, because
surface effects are very important in 12C.

The models above are all valid for spherical nuclei. It is known, however, that
12C to a significant degree displays properties of a three-alpha cluster. Coexistence
of such a structure with a spherical shape might result in a matter distribution with
a more diffuse edge than anticipated by the spherical models, and thus the predicted
structure could be washed out.

A toy model was developed to investigate this hypothesis. The increased effective
radius of the 12C ground state due to three-alpha cluster effects has been studied
theoretically for proton elastic scattering, however at higher energies [78]. The global
model of Koning and Delaroche was modified, using the parameters of Ref. [78], to
calculate the elastic neutron scattering cross section. As can be seen in the left
panel of Fig. 4.6 (dash-dotted curve), this modification moves the prediction closer
to the data in the 30–50◦ range, but at the expense that the description gets worse
at small angles.

A basic feature of the optical model is that it establishes a lower limit on the
differential elastic scattering cross section at 0◦ if the total cross section is known,

dσ(0◦)
dΩ

≥
(

σT

4πλ

)2

,

often referred to as Wick’s limit [79, 80]. For most neutron scattering experiments
below 30 MeV, it has been found that the zero-degree cross section is very close to
the limit [10, 81]. This observation has lead to the suggestion that in the absence of
a good experimental normalization, Wick’s limit could be treated as an equality for
normalization of elastic scattering data [82]. However, there is no a priori reason why
the cross section cannot exceed the limit significantly. An interesting observation in
the present experiment is that the 208Pb data are in good agreement with Wick’s
limit, while the 12C 0◦ cross section lies about 70 % above the limit. This could not
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be due to normalization problems only, because the 208Pb data are measured relative
to the 12C data. Thus, if lowering the 12C cross section to be close to Wick’s limit,
the 208Pb data would fall below the limit, which is strictly forbidden. A similar
behaviour has actually been observed in neutron elastic scattering at 65 MeV [25],
where the C data overshoot Wick’s limit by about 30 %, whilst the data on Si, Ca,
Sn, and Pb agree with the limit. A follow-up experiment on the 12C cross section
at 0◦ is under analysis [64].

One of the applications benefitting from the 12C(n,n) measurement presented
here is fast-neutron cancer therapy. In radiation treatment with fast neutrons, the
energy is transfered from the neutron to tissue in two stages. In the first stage,
the neutron interacts with a nucleus, which can result in a wide range of secondary
charged particles, or in a heavy recoil of the target nucleus due to elastic neutron
scattering. The second stage involves the transfer of energy from the secondary
charged particles, or from the recoiling nucleus, to the tissue through excitation
and ionization. The quantity kerma—kinetic energy released in matter—is used
to describe the interaction in the first stage. It corresponds to the kinetic energy
released by the primary neutrons per unit mass in the form of secondary particles
or recoiling nuclei. Furthermore, the kerma coefficient is the kerma per unit neutron
fluence.

Partial neutron kerma coefficients, i. e., the kerma for production of a specific
charged particle per unit neutron fluence, or for the recoil of the nucleus in case
of elastic scattering, can be obtained directly from the measured microscopic cross
sections. The elastic recoil kerma coefficient is defined by

kEL = N
∫

E
dσ

dΩ
(θ) 2π sin θdθ, (4.1)

where N is the number of target nuclei per mass unit, E is the energy of the
recoiling 12C nucleus, and 2π sin θdθ is the solid angle element corresponding to
the scattering angle θ. This gives an experimental elastic recoil kerma coefficient
of kEL = 0.126 ± 0.009 fGy·m2 for 12C at 96 MeV, where the uncertainty has
contributions from counting statistics and from the absolute normalization of the
cross section. The elastic scattering cross section values were taken from a Legendre
polynomial fit to our data, covering the full angular range (0–180◦). It should be
pointed out that 90 % of the contributions to the elastic recoil kerma coefficient
comes from the angular range 10–70◦, i. e., the range covered by SCANDAL.

Our value can be compared with the evaluated elastic recoil kerma coefficient
0.132 fGy·m2 given in reference [83]. This reference gives evaluated cross section data
in the ENDF-6 format for neutrons from 20 to 150 MeV, generated with nuclear
model calculations and with measurements up to 70 MeV used as benchmarks; and
kerma coefficients that were derived from these cross sections. The LANL GNASH
model code [84] was used for this purpose, along with the optical model codes
ECIS [85] and SCAT [86]. The estimated uncertainty in the calculations for carbon
at 100 MeV is approximately 10 %.
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The elastic recoil kerma coefficient has also been calculated from the cross section
prediction by the global OMP of Koning and Delaroche, by the microscopic calcula-
tions of Amos, Deb and Karataglidis, and by Crespo and Moro; using Eq. (4.1). The
values were lower than the ones above; 0.097 fGy·m2, 0.107 fGy·m2 and 0.115 fGy·m2,
respectively. This can be understood from the fact that the predicted cross sections
have a saddle structure between 30◦ and 50◦ (see above), while the measured cross
section is larger in this region. The evaluated kEL value (0.132 fGy·m2) is closest to
our mesurement, but this agreement is accidental, since the saddle structure in the
evaluated cross section is compensated for by the maximum at angles larger than
50◦.
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Chapter 5

Summary, conclusions and outlook

First results on elastic neutron scattering from 12C and 208Pb at 96 MeV incident
neutron energy have been presented, and compared with theory predictions. This
experiment represents the highest neutron energy where the ground state has been
resolved from the first excited state in neutron scattering, and the measured cross
sections span more than four orders of magnitude.

The overall agreement for 208Pb with predictions from theoretical models, both
phenomenological and microscopic, is good. In particular, the agreement in abso-
lute cross section scale is impressive. It can therefore be concluded that the theories
describing this spherical, double-magic nucleus are under reasonable control. For
12C, on the other hand, significant differences have been demonstrated between pre-
dictions and experiment. Possible explanations might be that 12C exhibits surface
effects and deformations coming from a three-alpha cluster structure. Another ef-
fect, such as a more diffuse edge than anticipated, may also play a role. These
contributions have not been taken into account in the model calculations presented
here, and therefore it is not surprising that the description of the 12C data is poor in
the 30–50◦ range. This defectiveness is also found in the evaluated (ENDF-6) cross
section, which might call for a re-evaluation in the future.

A new determination of the medically important elastic recoil kerma coeffient
has been presented for 12C at 96 MeV. The present value and the evaluation [83]
are in good agreement, but this has been found to be accidental. The evaluated
elastic cross section deviates significantly from the experimental data, but in such
a way that the deviations compensate each other. This gives further support for a
renewed evaluation.

The absolute normalization of the angular distribution for 12C was obtained
from knowing the total elastic cross section (σEL), which was determined from the
difference between the total cross section (σT ) and the reaction cross section (σR).
After that, the 208Pb(n,n) data were normalized relative to the 12C(n,n) data. To
my knowledge, this method has never been used before to normalize elastic neutron
scattering cross sections. The estimated uncertainty, 3 %, is comparable with what
can be achieved with other methods for absolute normalization of neutron-induced
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cross sections, i. e., tagging or combination of total and elastic np scattering. It can,
however, only be used for a few nuclei because reaction cross sections are known
only for a few nuclei and energies.

Before long, a second, independent, normalization of the angular distributions for
208Pb(n,n) and 12C(n,n) will be performed, based on relative measurements versus
the np scattering cross section. A recent high-precision measurement of np scattering
at 96 MeV in the 74–180◦ range claims an absolute uncertainty of 1.9 % [87], but
this is mostly outside our angular range. However, in addition to this, 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 has been done with SCANDAL,
and is under analysis [64]. Thereby, a full angular distribution is available, and thus
a normalization to the total cross section, having a very small uncertainty (about
1 %), can be made. The angle-integrated elastic scattering cross section accounts
for more than 99 % of the total cross section, with very small corrections for capture
and bremsstrahlung processes.

The H(n,n) cross section was measured in a CH2-vs.-C difference measurement.
This allows us to normalize the C(n,n) cross section to the H(n,n) primary standard
cross section, and thus the C(n,n) cross section can be established as a secondary
standard, allowing all other nuclei to be measured relative to C(n,n). This will also
allow a stringent test of the σT - σR normalization method used in the present work.

The 16O(n,n), 56Fe(n,n) and 89Y(n,n) cross sections have also been measured
with SCANDAL, and data are under analysis [88, 89, 90]. These nuclei were cho-
sen, together with 208Pb, in order to study the behaviour of elastic scattering in a
more general way, i. e., for magic or double-magic nuclei over a broad mass range.
The measurements at 96 MeV provide important input to the development of the
optical model, not the least because of the lack of elastic neutron scattering data
above 20 MeV. A possible development would be to go further up in energy [36].
The maximum energy that can be delivered by the neutron beam facility at the
The Svedberg Laboratory (TSL) in Uppsala is 180 MeV, and the performance of
SCANDAL indicates that it would be feasible to detect elastic neutron scattering
at this energy, assuming that some changes are made in the detector hardware.

At 180 MeV, the neutron detection efficiency of SCANDAL will be 40 % of that
at 96 MeV, mainly depending on a smaller useful np conversion angular range, a
smaller np cross section and a reduced efficiency in the CsI detectors. At the same
time, the cyclotron at TSL is operated in a mode that reduces the neutron intensity
with a factor 5. However, the neutron beam facility is presently undergoing a major
upgrade, which will result in a proton beam intensity twice as high as today, and a
reduced, shortest distance (from 8 to 3 m) between the neutron production target
and the experimental facilities. Thereby the solid angle for neutrons will increase
with up to a factor 7; for SCANDAL it will be approximately four times larger.
Altogether, the SCANDAL count rate at 180 MeV—after the upgrade—will be
approximately half the rate of today at 96 MeV.

It is estimated that the results presented here are close to optimal, given the
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technical boundary conditions of the SCANDAL setup and the TSL neutron beam
facility. Thereby, significant improvements of these results by making new mea-
surements with SCANDAL cannot be foreseen. The cross section uncertainties are
mainly statistical, hence, reduced uncertainties would require more data, at the cost
of beamtime. The amount of time required also makes it unrealistic to measure at
larger scattering angles. Improved energy resolution would require new E detectors,
optimized for this purpose, but is not very interesting for scattering from the ground
state of closed-shell nuclei. A relatively small effort, however, would be to move a
SCANDAL arm downstream and thereby reduce the smallest scattering angle from
10◦ to 3◦. One experimental campaign could be dedicated to such a small-angle
measurement, covering several target nuclei.

For further development of optical models for transmutation applications, it is
clear that data on elastic scattering at 180 MeV is more important than getting
data on more nuclei at 96 MeV, although the latter is certainly useful.
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and to Susanne Söderberg, who keeps the practical matters at INF going in a much
appreciated way.

As indicated at the start, experiments of the kind presented here relies on many
different contributions, not the least on a nice neutron beam, on a working detector
readout system, and on people taking the midnight shifts. Therefore I want to
acknowledge the work of Per-Ulf Renberg, Anatoly Kolozhvari, Alexander Prokofiev
and Olle Jonsson at TSL. I also want to mention Ib Koersner and Teresa Kupsc for
keeping the operating systems running at the lab.

During my years at INF there have been innumerable interesting and joyful dis-

43



cussions during coffee breaks and on other occasions, in a good atmosphere provided
by the colleagues and fellow Ph.D. students (present and previous) at our depart-
ment, and by representatives from the neighbouring department, ISV. Sometimes
these conversations have continued over something better than coffee, after working
hours—once even in the archipelago of Åland. So, thank you, Anders, Ane, An-
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Brockstedt, P. Ekström, M. Österlund, F.P. Brady, Z. Szeflinski, Nucl. Instr.
Meth. A292, 121 (1990).

[57] R.C. Byrd and W.C. Sailor, Nucl. Instr. Meth. A264, 494 (1989).
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