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1 Introduction

"Here we go go go with total dedication"
Stakka Bo

This thesis deals with experimental and theoretical studies of reaction cross
sections for protons and 3He in the energy range 50-200 MeV. The work has
been performed within the Sigma-R collaboration, with participating groups
from the universities of Redlands, Stellenbosch and Uppsala. The experi-
mental part has been conducted at the The Svedberg Laboratory in Uppsala,
Sweden, and at the iThemba Laboratory for Accelerator-Based Sciences in
Faure, South Africa.

The optical model has been very successful in reproducing angular dis-
tributions obtained in measurements of elastic scattering. However, the fact
that different optical potentials may predict angular distributions equally well,
though with different reaction cross sections, σR, reveals the need for directly
measured reaction cross sections.

Experimental efforts in the past have mainly focused on measuring angular
distributions for as many targets and energies as possible, while very few mea-
surements of the complementary reaction cross section have been performed.
The measurement is in principle simple but has in practice proved to be very
difficult to perform. This is illustrated by the fact that the relatively limited
amount of experimental data displays some serious inconsistencies.

The reaction cross section gives the probability that a particle will undergo
a nonelastic process when passing through a nuclear medium. Therefore re-
action cross section data are of importance, not only from a theoretical point
of view, but also for applications in such diverse fields as medicine, biology,
astrophysics and accelerator-driven transmutation of nuclear waste.

The reaction cross section can be determined in the analysis of elastic scat-
tering through optical model calculations. Over the years there has also been a
number of phenomenological parametrizations of reaction cross sections sug-
gested. Most parametrizations depend on the number of projectile and target
nucleons. In this thesis a phenomenological parametrization of reaction cross
sections for protons and light ions is presented, which is instead based on the
matter distributions of the projectile and target. These investigations were mo-
tivated by the fact that measured reaction cross sections for 3He were almost
the same as for 4He at the same energy per nucleon.

The thesis is organized in the following way: Chapter 2 gives a summary
of a number of applications where nuclear data, including reaction cross sec-
tions, are needed. Chapter 3 contains the physics background and reasons for
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interest in reaction cross sections from a theoretical point of view. In chap-
ter 4 the transmission method for measurements of reaction cross sections is
described, followed by a description of the Sigma-R experiment and the data
analysis. The experimental results, and their impact on theory and applica-
tions are discussed in chapter 5. Thereafter follows a chapter dealing with the
phenomenological parametrization of reaction cross sections. Chapter 7 gives
a summary of the papers, followed by conclusions and an outlook. Finally a
summary in Swedish is given.

2



2 The need of nuclear data for applications

"Med plutonium tvingar vi dansken på knä!"
Överläkare Stig Helmer - "Riket"

Besides the theoretical interest there is a growing need of nuclear data for
various applications in the intermediate energy range, i.e., 20-200 MeV.

Protons have been used for treatment of cancer and other medical condi-
tions for more than 50 years, with pioneering work in Berkeley [1] and Upp-
sala [2]. The treatment utilizes the effect of the Bragg peak, where the main
part of the delivered dose is distributed in a well defined and relatively small
region. Although the proton energy is deposited mainly through electromag-
netic interactions with atomic electrons, large improvements of the therapeutic
methods may be achieved with better information about the nuclear reactions
that also occur in the human body during treatment, primarily with C, O and
Ca.

In recent years dedicated facilities have begun clinical cancer treatments us-
ing 12C beams, that give a higher Relative Biologic Effectiveness (RBE) than
protons [3]. Other treatment particles that are used or have been proposed for
medical treatment include deuterons, α-particles, oxygen and argon. As for
proton therapy, a better fundamental understanding of the nuclear interactions
initiated by the particles will improve the treatment.

The use of radioactive isotopes for medical diagnosis and treatment is a
growing industry, where a variety of isotopes spread over the periodic table
are utilized [4, 5]. While many of the isotopes are produced in nuclear re-
actors through neutron capture and fission, others are preferably produced
with accelerated proton beams in the intermediate energy range, or with novel
techniques where an intense neutron source is created with a proton beam
interacting with light or heavy targets [6, 7].

The interaction of high energy cosmic radiation with biological matter is
of concern, not only for astronauts but also for passengers in commercial air-
planes. The projectile-target combinations of interest are similar to those for
medical therapy, as well as the natural elements of air (N, O, Ar) and potential
shielding materials in manned spacecrafts (H, C, Al). A recent article in Na-
ture [8] describes investigations of the type of particles that cause astronauts
to see light flashes when the particles interact with the human eye.

Digital electronic devices may suffer random re-programming or perma-
nent damage, so-called Single Event Effects (SEE) and Single Event Upsets
(SEU), when a single ionizing particle from cosmic radiation (mainly pro-
tons) deposits free charge within the device. This effect is relatively small at
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sea level due to the natural shielding from the atmosphere, but the problem
increases with altitude and is therefore of concern for airplane and satellite
electronics [9]. Furthermore the problem will most likely increase at sea level
as electronic components become smaller, and thus more sensitive to ioniz-
ing particles. An obvious target for study is 28Si, but other nuclides used in
electronic components or surrounding material are also of interest.

Nuclear data are of importance for the interpretation of astronomical obser-
vations. Nuclear reactions are the dominating processes in energy production
and element synthesis in various astrophysical environments, for instance in
star formation [10]. While most of these reactions occur at energies below
a few MeV, some reactions can only be studied with accelerated beams of
higher energies, and cosmic radiation with energies up to (and beyond!) hun-
dreds of GeV coming from unknown sources are involved in the SEE and SEU
described above. Nuclear data are of interest both for stable and radioactive
beam isotopes and for a large variety of targets.

Several projects involving large scale accelerator driven systems (ADS) are
under development for subcritical nuclear energy extraction [11] as well as
for the reduction of long-lived radioactive waste through nuclear transmuta-
tion [12]. The basic idea for such systems is to use high-intensity proton
accelerators for the production of an intense neutron flux through spallation
processes. The neutrons, with energies from the thermal region up to 1 GeV,
will then drive the subcritical nuclear reactor. While these projects obviously
require large amounts of nuclear data for intermediate energy neutrons, the
accelerator driven neutron source also requires better information of proton
induced reactions for the neutron production target (Pb, Bi, W), as well as for
surrounding structural materials (Al, Fe, Ni, Zr).

For several of the applications mentioned above advanced computer based
simulation tools are used for the prediction of various properties. The tools
may predict individual nuclear interactions as well as giving predictions on
a macroscopic scale. Accurate theoretical models, or tabulated values from
evaluated nuclear data files, that have been developed from measured nuclear
data in combination with calculations, are crucial for the reliability of such
tools. Quality checks on the simulation tools are continuosly performed, either
through individual efforts as part of the development work by the code devel-
opers [13], or through international code intercomparison benchmarks [14].

The various applications described in this chapter reveal an extensive need
of nuclear data for a vast number of nuclei, reaction types, and over a large en-
ergy range. The OECD Nuclear Energy Agency (NEA) has issued a report on
an evaluation of intermediate energy data [15]. In the report it was recognized
that if all measurements that are of importance for the various applications
would be performed, it would keep the existing experimental facilities busy
for about a millennium. Therefore a High-Priority Nuclear Data Request List
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(HPRL) was established with some fundamental types of reactions for a few
representative target nuclei. One of the motivations for the inclusion of proton
reaction cross sections was the following:

"If elastic and total (reaction) cross-sections for both neutrons and protons (to
construct a 0-200 MeV optical model) as well as a complete set of (p,xn),
(p,xp), (n,xn) and (n,xp) cross-sections are available, code developers can nar-
row down the uncertainties in their calculations, which has an immediate, pos-
itive impact on predictions of cross sections for other nuclides where no exper-
imental data exist."

The proton reaction cross section is required for 8 out of the 10 selected nuclei
in the HPRL, and for some of the nuclei it is the only missing data for proton
induced reactions.
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3 Theory

"That was Dr. Schroedinger. Kitty didn’t make it..."
Six Feet Under, episode 27

3.1 Elastic scattering and the reaction cross section
The atomic nucleus consists of protons and neutrons, and has complicated
static and dynamic properties. Extensive experimental and theoretical efforts
over the past century have explained many of the nuclear properties, but in
spite of these efforts there are still many unresolved problems that motivate
further studies. A common method for gaining information about the nuclear
properties is to perform scattering experiments in which different observables
of the scattered particles and target nuclei are measured.

When a beam of particles is incident on a thin target the following may
happen to each particle:
• The particle is unaffected by the target nuclei and continues straight for-

ward. This is the case for the vast majority of the incoming particles since
the nucleus only fills a minor part of the atomic volume.

• The particle is elastically scattered by the target nuclei and continues in a
different direction, with both the projectile and the target nuclei remaining
in the ground state.

• The particle undergoes some kind of nuclear reaction with a target nucleus,
leading to a removal of the incident particle from the beam of unaffected
particles.

This is illustrated in the left-hand part of Fig. 3.1 where an incident particle
beam, with intensity I0, impinges on a target with thickness x. The number
of unaffected particles, Iu, is shown after the target. The number of scattered
particles at a given scattering angle, θ , can be measured with a detector that
subtends the solid angle dΩ.

The right-hand part of Fig. 3.1 shows typical energy spectra at different an-
gles for light ions, such as protons or α-particles, scattered by heavy nuclei.
At small angles elastic scattering dominates the energy spectra, followed by
well defined peaks from direct reactions. Above about 15 MeV excitation en-
ergy starts a structureless distribution of higher excited states in the continuum
down to the evaporation region. At larger scattering angles the intensity of the
elastic scattering and low lying states decreases drastically. The low energy
evaporation component from compound nucleus reactions is almost isotropic.

As an example of elastic scattering Fig. 3.2 shows angular distributions
for 3He-particles scattered by 12C at different energies. The large differential
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Figure 3.1: Left: Schematic diagram for the scattering of particles incident on a tar-
get with thickness x. Particles that are unaffected by the target, Iu, continue straight
forward. Elastically and inelastically scattered particles, and other reaction products,
can be measured at different angles θ with a detector that subtends the solid angle dΩ.
Right: Typical energy spectra at different scattering angles θ for light ions scattered
by heavy nuclei.

cross sections at small angles are due to the infinite range of the Coulomb
potential. At larger angles diffractive patterns are observed, and the differen-
tial cross sections decrease exponentially. The diffractive patterns are more
pronounced at higher energies and for heavier targets, and are also more pro-
nounced for strongly absorbed particles.

The reaction cross section, σR, is the sum of all non-elastic cross sec-
tions, and thus gives the probability that a non-elastic reaction will occur in a
projectile-target interaction. It can be determined from the expression

Iu + Iel = I0 e−nxσR , (3.1)

where I0 is the number of incident particles, Iu the number of unaffected par-
ticles, Iel the number of elastically scattered particles, and nx is the number of
target nuclei per unit area. For thin targets, for which nxσR � 1, Eq. 3.1 can
be expanded and written

σR =
1
nx

I0 − Iu − Iel

I0
, (3.2)

where the difference I0 − Iu − Iel is the number of non-elastic interactions that
occur. Thus the reaction cross section for a target with known thickness x can
be determined experimentally by measuring the quantities I0 and Iu + Iel . Due
to the infinite range of the Coulomb potential the distinction between elas-
tically scattered particles and unaffected particles is not clear in the forward
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Figure 3.2: Examples of elastic scattering angular distributions in the scattering of
3He by 12C at different energies. The dots are experimental data [16, 17, 18, 19]
and the lines are predictions from the global optical potential derived in Paper I. The
angular distributions are scaled by a factor 0.01 with respect to each other.

direction. The main difficulty in reaction cross section measurements is to
eliminate false reaction events from true reaction events due to beam related
background effects. One important condition for this kind of measurement
is that the elastic scattering decreases exponentially with increasing angle, as
shown in Fig. 3.2. Therefore can all particles scattered outside of a sufficiently
large angle be considered as reaction events, or an appropriate correction can
be determined and applied to the data.

3.2 The optical model
There are many theoretical models that describe different properties of atomic
nuclei. One model may be successful in explaining certain aspects of nu-
clei while other properties are better explained by other models. The opti-
cal model has proved to be a very useful tool for describing nucleon-nucleus
and nucleus-nucleus elastic scattering at low and intermediate energies (0-
1000 MeV). In this section some of the theoretical considerations associated
with the optical model will be described.
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In the optical model the projectile-target interaction, which is a complicated
many-body problem, is represented by a complex potential. The real part
represents the average potential energy inside the nucleus with respect to the
projectile, and the imaginary part accounts for the loss of particles from the
elastic channel. To some extent the real part also affects the loss of particles
from the elastic channel, but only if there is an imaginary potential present.

Angular distributions of elastic scattering are often analyzed with phenomen-
ological optical potentials. A common method for the analysis is to specify
the potential as an analytical function with a number of adjustable parame-
ters. The angular distributions and the reaction cross section can be calculated
from the scattering phase shifts that are obtained by solving the Schrödinger
equation containing the optical potential.

For a given projectile-target system at a given energy the non-relativistic
time-independent Schrödinger equation is[

− h̄2

2µ
∇2 +U(r)

]
Ψ(r̄) = EΨ(r̄) , (3.3)

where µ = mP mT /(mP + mT ) is the reduced mass with mP and mT being the
masses of the projectile and target, respectively. U(r) is the optical potential
and E is the center of mass energy.

The three-dimensional wave function Ψ(r̄) can be reduced to a number of
radial wave functions, y j

�(r). For a given orbital angular momentum � and total
angular momentum j, the radial Schrödinger equation is

d2y j
�(r)

dr2 +
[

k2 − 2µ
h̄2 U j

� (r)− �(�+1)
r2

]
y j
�(r) = 0 , (3.4)

where the non-relativistic wave number k is related to the kinetic energy through
the relation

k2 =
2µE

h̄2 . (3.5)

Effects due to relativistic kinematics can be taken into account by instead
calculating the wave number from the relativistic momentum in the center of
mass system, i.e.,

k2
rel =

m2
T Tlab(Tlab +2mP)

(mP +mT )2 +2mT Tlab
, (3.6)

where Tlab is the kinetic energy in the lab system, and by multiplying the
strength of the optical potential with a relativistic enhancement factor, γrel .
There are different conventions for defining γrel . In Paper I the following form
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was used,

γrel =
krel

µv
, (3.7)

where v is the projectile velocity in the lab system. In an alternative conven-
tion, which for example is used in the code ECIS [20] that has been used in
Paper III, the reduced mass is replaced with the reduced energy.

The scattering phase shifts, δ j
� , are determined by solving the radial Schrödinger

equation numerically for each partial wave y j
�(r) out to a radius where the po-

tential is negligible, with the condition on the asymptotic solution

y j
�(r) −→r→∞

1
2

{
F�(r)+ iG�(r)+S j

� [F�(r)− iG�(r)]
}

, (3.8)

where F�(r) and G�(r) are the regular and non-regular Coulomb wave func-
tions. The s-matrix elements S j

� are related to the phase shifts through

S j
� = e2iδ j

� . (3.9)

In the elastic scattering of spin 1
2 projectiles the angular distribution for the

differential cross section can be determined from the relation

dσ(θ)
dΩ

=
|A(θ)|2 + |B(θ)|2

k2 , (3.10)

and the polarization from the relation

P(θ) =
2 Im (AB∗)

|A(θ)|2 + |B(θ)|2 , (3.11)

where

A(θ) = k fc(θ)+
1
2 ∑

�

[
(�+1)(1−S�+1/2

� )+ �(1−S�−1/2
� )

]
e2iω�P0

� (cosθ)

B(θ) =
1
2i ∑�

(S�+1/2
� −S�−1/2

� )e2iω�P1
� (cosθ) . (3.12)

P�(cosθ) are Legendre polynomials, and the Coulomb scattering amplitude
fc(θ) is given by

fc(θ) =
iη

2k sin2 θ
2

exp

(
−iη ln(sin2 θ

2
)
)

, (3.13)

with

η =
µZPZT e2

h̄2k
,
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where ZP and ZT are the charges of the projectile and target, respectively.
The relative Coulomb phase shifts ω� are given by ω� = σ� −σ0, where the
Coulomb phase shifts σ� are given from the recursion relation

σ� = σ�−1 + arctan
η
�

. (3.14)

The reaction cross section is obtained from the relation

σR =
π
k2 ∑

�

[
(�+1)

(
1−

∣∣∣S�+1/2
�

∣∣∣2
)

+ �

(
1−

∣∣∣S�−1/2
�

∣∣∣2
)]

. (3.15)

This relation shows that the reaction cross section depends only on the imag-
inary part of the phase shifts and is insensitive to the real parts.

3.2.1 The optical potential
For a given incoming charged spin 1

2 projectile and target nucleus at a given
energy, a spherically symmetric optical potential can be written as

U j
� (r) = VC(r)−V fV (r)− iW fW (r)− iWDgD(r)

+ [Vso + iWso]
(

h̄
mπc

)2 1
r

d fso(r)
dr

�̄ · σ̄ , (3.16)

where VC is the Coulomb potential, which is often calculated for a uniformly
charged sphere. V and W are the real and imaginary central potentials with
form factors fi(r). The form factors are often assumed to have a Woods-Saxon
shape, i.e.,

fi(r) =
1

1+ e
r−Ri

ai

, (3.17)

where ai are the diffuseness parameters and Ri = r0 A1/3 is the half density
radius, with reduced radius r0 and atomic mass A. Other shapes are used
as well, and the imaginary part usually has a different radial parameter than
the real part. At lower energies the imaginary part often has a second term
WD gD(r), where the form factor

gD(r) = 4ai
d fW (r)

dr
(3.18)

gives a surface peaked shape.
The spin-orbit potential is necessary in order to explain certain properties,

such as asymmetry and polarization, for particles with non-zero spin. �̄ is
the angular momentum and σ̄ is the Pauli spin matrix. The term �̄ · σ̄ acts
as a scaling factor for each partial wave and the spin-orbit potential play a
significant role for large �-values. The squared term within brackets is the
pion Compton wavelength, which is used by convention.
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For protons at intermediate energies spin-orbit potentials have been shown
to be very important for an accurate description of the angular distributions,
and without them the differential cross sections are underestimated by orders
of magnitude [21]. In other cases they are of less importance. For instance it
was not considered necessary to include spin dependent terms in the optical
potentials used for 3He in Paper I although 3He certainly has non-zero spin.

An optical potential may be a so-called best-fit potential obtained for a
given projectile-target combination at a particular energy. The potential pre-
dicts the angular distributions for elastic scattering as well as the reaction cross
section. It has been found that optical best-fit potentials for a projectile-target
combination at adjacent energies may differ substantially in the parameters.
Thus best-fit potentials are not suitable for interpolation in order to obtain
optical potentials at energies where no data exist.

By simultaneously analyzing several data sets it is possible to derive poten-
tials that are global in energy. With such potentials, whose parameters vary
smoothly with energy, it is possible to predict the angular distributions for
the elastic scattering, and also determine to what extent non-elastic reactions
occur at any energy within the defined range. In a similar way it is possible
to derive potentials that are global with respect to target mass number, A. In
Paper I potentials that are global in energy have been derived; an example
is given for 3He on 12C in Fig. 3.2, and in Paper III the experimental results
are compared with potentials that are global in both energy and mass. For
global potentials it is important to note that they give good (or reasonable)
predictability for interpolations within the defined energy/mass range, while
extrapolations outside of the defined range may fail severely.

3.2.2 Optical model ambiguities

A well known problem with the optical model is that different optical poten-
tials can reproduce a set of angular distribution data equally well [21]. Some
of these ambiguities can be resolved by making measurements with better ac-
curacy and at larger angles. An illustrative example of the importance of large
angle scattering is the discovery of rainbow scattering in the elastic scattering
of α-particles [22]. But it should be noted that a given optical potential pre-
dicts a unique reaction cross section, and therefore measured reaction cross
sections might be of great value in order to resolve any ambiguities.

3.2.3 Further investigations of the reaction cross section

The partial wave calculation determines the reaction cross section and the
contribution from each partial wave through Eq. 3.15. Complementary infor-
mation of the contributions to the reaction cross sections can be derived from
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Figure 3.3: Left and middle: Values of |Ψ+(r,θ)|2 for the elastic scattering of
132 MeV 3He by 12C in the scattering plane. The left part shows the results from
calculations without the real and imaginary potentials, respectively. The middle part
shows the result with the full potential. Right: The angular distribution of the elastic
scattering with the full potential (solid line), without real potential (dashed line) and
without imaginary potential (dotted line). The dots are experimental data [18].

the relation

σR =
2π
h̄ν

∫ ∫
W (r)

∣∣Ψ+(r,θ)
∣∣2

r2sinθdrdθ , (3.19)

where W (r) is the imaginary potential and Ψ+(r,θ) is the full solution of the
Schrödinger equation. It contains both the incident and the scattered wave and
is obtained from the radial wave functions y� through

Ψ+(r,θ) =
1
kr ∑

�

i�eiδ�(2�+1)y�(r)P0
� (cosθ). (3.20)

This approach is used in Paper I, and some aspects of the study will be dis-
cussed here.

Fig. 3.3 shows some effects on the modulus squared of the wave function
and the angular distribution for the elastic scattering of 132 MeV 3He from 12C
when different parts of the optical potential are omitted. The upper left figure
shows the effect on the wave function without the real potential. Omitting the
real part results in typical diffractive scattering and a shadow region behind
the target. The diffractive scattering effects are clearly seen in the right-hand
part of Fig. 3.3 where the angular distributions for the elastic scattering are
shown. When the imaginary part is omitted (lower left) the result is a strong
focusing effect in the back of the nucleus. The angular distribution display
an increase of the differential cross section by orders of magnitude for large
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Figure 3.4: Values of W(r)|Ψ+(r,θ)|2 in the elastic scattering of 132 MeV 3He from
12C for the full potential (left) and without the real potential (right). The lower part
shows the corresponding contour plots.

angles. The full potential (middle) gives the combined effect of the diffractive
properties from the imaginary potential and the focusing effect from the real
potential. The ridge in the back of the nucleus indicates an increased flux
of elastically scattered particles in the shadow region. Further investigations
show that the ridge varies in shape and in intensity for different energies.

The product of the imaginary potential and the modulus squared of the wave
function, W (r)|Ψ+(r,θ)|2, gives the loss of flux of particles from the elastic
channel, i.e., the non-elastic interactions, at the position (r,θ), and can there-
fore be used to determine where in the nucleus the non-elastic interactions
take place. This is illustrated in Fig. 3.4, where the right-hand part shows that
the imaginary potential causes a loss of flux from the elastic channel mainly
in the surface region of the nucleus. When the real potential is added (left) the
focusing effect causes an increase of the loss of flux due to the fact that the
focused particles are absorbed in the interior of the nucleus. The added loss
of flux increases the reaction cross section by about 8% at this energy. Studies
at different energies reveal that about 50% of the energy dependent variation
in the reaction cross section is due to reactions that occur in the back of the
nucleus.

3.2.4 Optical model predictions of interest
In Paper III the measured reaction cross sections for protons are compared
with some recent phenomenological and microscopic optical model calcula-
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tions. The three calculations were chosen because they have their origin from
very different procedures and because they have been very successful for a
wide range of energies and targets. In this section the calculations will be
briefly described.

Cooper et al. have derived global phenomenological potentials based on
the relativistic Dirac formalism [23]. The potentials were derived from elastic
scattering angular distributions for protons over the energy range 20-1040 MeV,
with focus on ten different spin zero targets from 12C to 208Pb. The potentials
are available both in the Dirac formalism and in a form that can be used in
programs based on the non-relativistic Schrödinger equation. Various poten-
tials are given that are global in energy and some also in atomic mass, A. The
potentials have good interpolation properties and reproduce excellently the
angular distributions for many targets.

Koning and Delaroche [24] have derived global phenomenological poten-
tials for protons and neutrons in the energy range 1 keV-200 MeV for nuclei
in the mass range 24 ≤ A ≤ 209. Practically all available data from measure-
ments of elastic scattering and reaction cross sections have been used for the
parametrizations. The potentials were derived in a very pragmatic approach,
with the purpose of being useful for applications. The derived potentials work
very well for most nuclei.

Amos et al. have calculated angular distributions for elastic scattering with
microscopic potentials [25]. The potentials were obtained by folding an effec-
tive nucleon-nucleon interaction with matter density distributions from struc-
ture models of the target. As expected these calculations do not reproduce
the angular distributions as accurately as those with phenomenological poten-
tials, but for the energy dependence of the reaction cross section the quality is
similar.
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4 The Sigma-R experiment

"Pedanterie, wird ja nur von unsauberen Geistern als
des Genies unwürdig bezeichnet, wir wissen ja"

Heinrich Böll - "Doktor Murkes gesammeltes Schweigen"

Since the 1950’s measurements of reaction cross sections have been performed
in a number of different approaches. As mentioned in the previous chapter the
main difficulty with reaction cross section measurements, regardless of ap-
proach, is to distinguish real reaction events from false reaction events, which
are primarily due to beam-related background effects. The difficulty in these
measurements is reflected by the fact that there exist relatively few measure-
ments, and also that some of the existing data display serious inconsistencies.
In this chapter the principles behind the most widely used method, the trans-
mission method, will be described. A historical review of different methods
for measuring reaction cross sections is given in a recent thesis [26]. After
the discussion about the transmission method a description of our Sigma-R
experimental apparatus will be given, followed by a section about the data
analysis.

4.1 Historical background
The Sigma-R experimental apparatus was originally designed in the early
1970’s by R. F. Carlson at Redlands University, CA., USA [27]. It has been
used for a large number of measurements of proton reaction cross sections in
the energy range 20-50 MeV; see the compilation by Carlson [28] and refer-
ences therein.

In 1992 the experiment was moved to the The Svedberg Laboratory (TSL)
in Uppsala with the intention of measuring reaction cross sections for light
ions in the energy range 20-50 MeV/nucleon. The assumption was that the
same experimental technique could be used as had been used for protons.
It turned out, however, that the measured values for α-particles were much
lower than what was expected from optical model calculations [29]. Various
theoretical studies were attempted in order to explain the discrepancies [29,
30].

When a subsequent measurement of deuterons was to be performed, it was
expected that the breakup of the loosely bound deuteron would give rise to
an increased flux of non-elastic particles in the forward direction. Therefore
precautions were taken in order to account for this by slightly modifying the
experimental method and apparatus. After the measurement it was realized
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that the forward flux of non-elastic particles was significantly larger than ex-
pected [31], and that the original experimental method used for protons had to
be modified for multi-particle ions as projectiles. A further modification of the
experimental method was introduced, and new measurements of α-particles
with the modified apparatus gave agreement between the experimental results
and the theoretical predictions [32]. Thereafter measurements were performed
for 65 MeV protons [33] and for 3He-particles [Paper I].

Paper II gives a detailed description of the resulting experimental setup as it
was developed during those measurements in Uppsala, and information about
these developments are also given in a recent thesis [26].

My participation in the project started at the time of the last experimental
run at TSL in 2000, when reaction cross sections for 3He-particles [Paper I]
were measured. After those measurements the experimental apparatus was
once again modified for the higher energy measurements of 80-180 MeV pro-
tons in a new collaboration with groups from Stellenbosch University and
iThemba1 Laboratory for Accelerator-Based Sciences (iThemba LABS) in
South Africa. The apparatus was then moved to iThemba LABS and the first
test runs started in June 2002. Section 4.3 describes the experimental appa-
ratus as it was designed and used there. The experimental technique is the
same as the one developed in Uppsala, see Paper II, so the description will
focus on those aspects of the method and apparatus that were modified. The
measurement that was performed at TSL with 65 MeV protons [33] was at the
high energy limit for protons of what the apparatus could handle, so most of
the changes were of a geometrical nature in order to accommodate the higher
proton energies.

4.2 The transmission method
In the transmission method the reaction cross section can be determined ex-
perimentally from the relation

σR =
1
nx

Ir

I0
, (4.1)

where Ir is the number of reaction events, determined from Ir = I0 − Iu − Iel ,
according to Eq. 3.2.

The basic idea of the transmission method is to count all particles incident
on a thin target, I0, as well as all unaffected and elastically scattered particles
in the forward direction, Iu + Iel . Fig. 4.1 shows a schematic overview of the
Sigma-R experimental apparatus, which is based on the transmission method.
A typical experimental arrangement consists of three main parts:

1iThemba means hope (for the future) in the isiXhosa and isiZulu languages
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• Beam-defining collimators that ensures that the incident beam is properly
directed on the center of the target and is geometrically well defined.

• A passing detector telescope (detectors 1-4), designed to identify incident
particles and to discard unwanted particles.

• The target assembly, where some kind of detector behind the target can
distinguish reaction products from unaffected and elastically scattered par-
ticles, for instance by an energy measurement of the ejectiles (detector 6).

Due to the exponential decrease of the elastic scattering differential cross sec-
tion with increasing angle it is only necessary to measure the ejectiles from
the target up to a selected scattering angle. Elastically scattered particles out-
side of the selected opening angle will be counted by the logic circuitry as
reaction events, but with a proper choice of opening angle the correction can
be reduced to a few percent, and the correction can be calculated (see sec-
tion 4.4.2).

By performing a series of target-in and target-out measurements the contri-
butions from beam-related background effects can be eliminated.

Incident beam

Passing

detector 1

Passing

detector 2

Annular

detector 3

Collimators

Annular

detector 4

Detector 5

Target

Energy

detector 6

 

 

Figure 4.1: Schematic overview of the Sigma-R apparatus with beam-defining colli-
mators, the passing detector telescope (detectors 1-4) for the identification of properly
directed particles, and the target assembly with detectors 5 and 6 for the identification
of non-reaction events.

The identification of non-reaction particles can be made with a total absorp-
tion (energy) detector. The main problem with such a detector is that it cannot
distinguish between reactions that have occurred in the target and reactions
occurring in the detector itself. The target thickness is considerably smaller
than the thickness of the energy detector. Therefore most of the particles de-
tected with an energy below the elastic peak are those that have undergone
reactions in the detector itself. Thus the number of reactions due to the target
can only be obtained by subtracting two large and nearly equal numbers of
non-elastic events from the target-in and target-out measurements. This re-
quires considerable beam time in order to obtain statistically accurate values,
and is further complicated by the fact that the measurement is very sensitive
to variations in beam-related background effects.

In the 1960’s an important method improvement was introduced, based
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on the observation that most of the non-reaction particles, 98% or more, are
concentrated in a narrow forward cone, while the reaction products and non-
elastic particles are more or less isotropically distributed. A forward cone of
about 10◦ angle subtends less than 1% of the total solid angle. If the distri-
bution of reaction products is fairly isotropic, the number of reaction products
entering the forward cone will be rather small. Thus the 1960’s improvement
was to exclude the particles that enter the narrow forward cone from the anal-
ysis, and the reaction cross section was determined from the measurements
outside of the excluded cone. If the missing reaction events due to the ex-
cluded forward cone are corrected for by an extrapolation to the full solid
angle, it should have a small effect on the measured reaction cross section.
The exclusion of the forward cone significantly improves the statistical accu-
racy because the number of false reaction events is significantly reduced to
the extent that the target-out events now comprised only a small fraction of
the target-in events. Also, the difference between the target-in and target-out
measurements is mainly due to true reaction events.

The narrow forward cone behind the target is defined by a small transmis-
sion detector (detector 5 in Fig. 4.1) which is centered with respect to the
beam and placed immediately in front of the energy detector 6. This detector
produces a veto pulse in the electronics if hit by any particle. The rejection of
particles in the forward cone works well under the assumption that the reaction
products, with the exception of low lying states, are isotropically distributed.
But the method is not applicable if the reaction products are strongly forward
peaked so that more than 2-3% of them are inside the forward cone. This was
found to be the case for the measurements of light composite particles at TSL
and led to further development of the method.

The first modification to the above scheme of a single detector for detec-
tor 5 was in the Uppsala measurement of reaction cross sections for deuterons,
which was performed with three different sizes of the forward cone defined
by a modified detector 5 [31]. From this measurement it became evident that
there was a considerable flux of reaction products in the forward direction
and that this flux increased with increasing energy. The difference in reaction
cross sections measured with the different excluded forward cones was signif-
icant and was not consistent with the assumption of an isotropic distribution
of the reaction products.

Subsequently the detector 5 used in the deuteron experiment was replaced
with an array of three overlapping veto detectors covering five different solid
angles, as shown in Fig. 4.2. Through this arrangement five forward cones
are defined, making it possible to simultaneously measure the reaction cross
section outside of each excluded forward cone (partial reaction cross sections),
covering five different solid angles between 99.0% and 99.8% of the total solid
angle. With this arrangement the measured partial reaction cross sections were
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Figure 4.2: Schematic overview of the transmission detector array of circular and ring
shaped scintillators. Directly behind the scintillators is a CsI energy detector that fully
absorbs protons up to 200 MeV. The angle defining collimator defines the maximum
acceptance angle into the energy detector. Geometrical details are given in Table 4.2

used with an extrapolation to obtain the reaction cross section for the full solid
angle. This arrangement has been used for the 3He measurements [Paper I],
a second set of α-particle measurements [32], and the proton measurements
performed at TSL [33] and iThemba LABS [Paper III].

4.3 Technical details of the experiment at iThemba LABS
This section gives a technical description of the Sigma-R apparatus as it has
been used for the proton measurements at iThemba LABS. The experimental
technique is the same as the one developed in Uppsala, and Paper II can be
consulted for a comparison.

4.3.1 Particle beams

The measurements were performed with proton beams from the Separated
Sector Cyclotron (SSC) at iThemba LABS. The extracted beams had a mo-
mentum resolution ∆p/p of 0.5%, corresponding to an energy resolution of
about 0.8 MeV (FWHM) at 80 MeV and 1.8 MeV at 180 MeV.

Due to slow data taking rate it was necessary to reduce the beam intensity
to the order of 103 protons/sec in the experiment. This was accomplished
by reducing the intensity in the ion source combined with several attenuating
meshes and collimators along the beam line. The two beam-defining collima-
tors before the apparatus (Fig. 4.1) are of stopping length, have 1 mm diameter
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holes and are 3.5 m apart. This arrangement results in a very well defined ge-
ometry of the incident beam.

The apparatus was carefully aligned before each run. However, due to ef-
fects of the differential vacuum pressure, parts of the apparatus shifted slightly
during pump-down. In order to optimize the transmission through the passing
detector telescope the alignment of the back-end of the apparatus could be ad-
justed horizontally and vertically by 0.01 degrees. These small changes could
in certain cases improve the transmission from less than 10% to better than
90%.

In order to further improve transmission through the apparatus and to min-
imize slit scattering from collimators, two sets of steering magnets were used
for the runs at TSL. The magnets were used in a coupled mode, enabling par-
allel displacement of the beam without changing the beam direction, or vice
versa. At iThemba LABS there was a similar set of steering magnets, but they
were not strong enough in relation to the higher proton energies in order to be
used efficiently.

4.3.2 Identification of particles
Incident beam particles were individually identified in the passing detector
telescope by signals from the two thin passing detectors, detectors 1 and 2,
in Fig. 4.1. They consisted of 0.10 mm thick plastic scintillators. Immedi-
ately after passing detector 2 there were two active collimators, the annular
detectors 3 and 4. They were made of 1.1 mm thick plastic scintillator discs
with 2-4 mm diameter holes in the center. Particles that had been scattered
in the collimators or passing detectors, were vetoed from analysis unless they
passed through the holes. The scintillators were connected to photomultipliers
(Hamamatsu R329-02); see Paper II for details on how they were mounted.

Only particles giving realistic pulse heights in detectors 1 and 2 were used
as triggers. This meant that 20-35% of the data were discarded from the anal-
ysis. Together with the veto from annular detectors 3 and 4 the total rejection
of data was 45-60%.

4.3.3 Targets
The targets were composed of thin circular foils, approximately 1.2 cm in di-
ameter, which is substantially larger than the size of the beam. For the runs
at iThemba LABS the targets had areal densities of the order of 100 mg/cm2,
resulting in energy losses of about 0.5 MeV and straggling effects of 0.3 MeV
(FWHM) or less over the energy range 80-180 MeV. The upper part of Ta-
ble 4.1 shows the specifications for the targets. Thickness uncertainty and
thickness non-uniformity were determined by the target manufacturers and
are given as a percentage value of the areal density ρx.
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Table 4.1: Information on the targets used for the measurements at iThemba LABS.
The lower part of the table gives examples of calculated energy loss and range strag-
gling in the targets at two different proton energies.

12C 40Ca 90Zr 208Pb

ρx [mg/cm2] 78.9 138.1 77.5 125.4

∆ρx [%] 1 2 2 4

A 12.000 39.963 90.0 207.977

Z 6 20 40 82

Ep [MeV] ∆E σrel ∆E σrel ∆E σrel ∆E σrel

81 0.603 0.193 0.926 0.299 0.415 0.142 0.520 0.191

180 0.342 0.203 0.531 0.317 0.240 0.149 0.307 0.201

The lower part of Table 4.1 gives examples of the calculated energy loss, ∆E,
and straggling effects, σrel for some of the targets at two proton energies. The
energy losses has been calculated with semi-empirical algorithms [34, 35] and
the straggling effects from the Gaussian approximation as given by Leo [36],

σ2
rel = 4πNAr2

e(mec2)2 Z
A

ρx
1− 1

2 β 2

1−β 2 (4.2)

where NA is the Avogadro number, re and me the classical electron radius and
mass, respectively, and ρx, Z, A are the areal density, atomic number and
atomic weight of the target, respectively. β = v

c is the particle velocity relative
to the velocity of light. The energy spread increases with increasing energy
while the energy loss decreases with increasing energy, but as seen from the
table it does not seriously affect the energy resolution in the energy detector.

The targets were mounted in a wheel accommodating up to 14 targets and
one empty position for target-out measurements. A stepping motor, remotely
operated from the control room, turns the wheel to the desired position. A
digital shaft encoder enabled positioning of the targets with an accuracy of
about 0.2 mm.

4.3.4 Angle defining collimator
After the target there was a brass collimator that defined the maximum accep-
tance angle into the energy detector. The angle was optimized with respect
to the CsI geometry (see section 4.3.6 and Fig. 4.2) and with respect to the
amount of elastic scattering that would occur outside the acceptance angle.
Calculations were made with ECIS [20], using the global potentials by Cooper
et al. [23]. The intention was that the contribution from the elastic scattering
correction to the statistical error should never exceed 0.5% of the measured
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Table 4.2: Effective forward cones, Ω j , and angular regions in detector 6, defined by
logical combinations of the three detectors 5I, 5II and 5III shown in Fig. 4.2. θmax

gives the maximum scattering angle for each region, r the maximum radius of the
detector and d the distance to the target. The solid angles dΩ are given for each
forward cone and angular region, respectively. The solid angles outside of the forward
cones are also given in percent of the total solid angle. The lower part of the table
shows the acceptance angles of the angle defining collimator, and the resulting solid
angles for Region 5. The last column shows for which energies the collimators were
used.

Solid angle Logical θmax r d dΩ Analyzed

combination (mm) (mm) (msr) region (%)

Ω1 5I5II 5.00 4.71 53.85 23.9 99.81

Ω2 5I 6.85 6.29 52.35 44.9 99.64

Ω3 (5I+5II)5III 8.31 8.08 55.35 65.9 99.48

Ω4 (5I+5II) 9.54 9.05 53.85 86.9 99.31

Ω5 (5I+5II+5III) 11.54 11.30 55.35 126.9 98.99

Region 0 5I5II 5.00 4.71 53.85 23.9

Region 1 5I5II 6.85 6.29 52.35 21.0

Region 2 5I5II5III 8.31 8.08 55.35 21.0

Region 3 5I5II5III 9.54 9.05 53.85 21.0

Region 4 5I5II5III 11.54 11.30 55.35 40.0

Region 5 5I5II5III 20.0 21.84 60.00 251.1 140-180 MeV

Region 5 5I5II5III 24.0 26.71 60.00 415.3 100-120 MeV

Region 5 5I5II5III 28.0 31.90 60.00 607.6 80 MeV

reaction cross sections over the energy range 80-200 MeV. The selected colli-
mator angles for each proton energy are given in the lower part of Table 4.2.
The collimator was thick enough to fully stop 200 MeV protons.

4.3.5 Detector 5

The array of plastic scintillators that comprised detector 5 was rebuilt for the
proton measurements. The solid angles for each forward cone were chosen to
be about the same as for the runs at TSL, but due to the larger distance between
the target and detector 5 (because of the thicker angle defining collimator) the
actual sizes increased. The first scintillator (5I) was circular with a diameter of
12.58 mm. The second (5II) and third (5III) scintillators were ring shaped with
inner and outer diameters of 9.42-18.10 mm and 16.16-22.60 mm, respectively.
A schematic drawing of the scintillator array is shown in Fig. 4.2. Each scin-
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Figure 4.3: The left-hand figure shows the scintillator array of detector 5 mounted on
the angle defining collimator. The third, ring shaped, plastic scintillator, embedded in
a plexi-glass light guide, is clearly seen. In the right-hand figure the light guides are
wrapped in aluminized mylar foils in order to minimize cross-talk due to light leakage
between the different detectors.

tillator was embedded in a plexi-glass light guide that was connected to two
photomultipliers (Hamamatsu R329-02), one on each side of the apparatus.

The overlap between the scintillators defined five different forward angular
regions, and made it possible to simultaneously measure the partial reaction
cross sections for five different effective sizes of detector 5 (denoted Ω j in
Table 4.2). From the partial reaction cross sections an extrapolation to the full
solid angle could be made. Table 4.2 gives the dimensions of the resulting
forward cones and regions that are created by the scintillators in the array.

Fig. 4.3 shows photographs of the scintillator array, mounted on the angle
defining collimator, as seen with and without aluminized mylar foil wrapping.
The assembly was closed by mounting the CsI scintillator directly behind the
scintillator array.

4.3.6 Energy detector 6
Behind detector 5 was the energy analyzing detector. It consisted of a 115 mm
long cylindrical CsI(Na) crystal of 115 mm diameter, mounted in a metal and
plastic holder. A lucite light guide connected it to a 5" photomultiplier (Hama-
matsu R1250).

Various detector materials and geometries were considered in order to find
a solution that would fit the geometrical constraints and accommodate full ab-
sorption of protons up to 200 MeV. Calculations were performed with semi-
empirical algorithms [34, 35] and Monte Carlo calculations with SRIM [37].
The results from both methods gave similar results. It should be noted that
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Figure 4.4: Geometry for the CsI detector with different acceptance angles. The
curved lines shows the range of the maximum energy intended for each angle. The
dotted line shows that with an acceptance angle of 16◦ the scintillator can be used for
protons up to 200 MeV.

both calculations are based on the same initial algorithms by J. F. Ziegler, but
the two different approaches gave confidence in the results. Fig. 4.4 shows the
geometry of the CsI crystal with the different acceptance angles as seen from
the target. The curved lines show the range for the maximum energy at each
acceptance angle. As seen in Fig. 4.4 the CsI crystal fully absorbs all protons
up to 180 MeV, and further measurements to 200 MeV would be possible if a
16◦ collimator is used.

The energy resolution was 1.5-3 MeV (FWHM) for the proton measure-
ments at 80-180 MeV.

4.3.7 Electronics and data acquisition system

The detector signals were processed by Ortec 113 preamplifiers in the exper-
imental area and then sent to the data room. Detector signals from the plastic
scintillators were amplified in a CAEN N568 B 16 channel spectroscopy am-
plifier. The output signals were split into a fast signal that was used in standard
NIM electronics for triggering and pile-up rejection circuits, while the slower
signals were sent to Silena 4418/v ADCs in a CAMAC system. The much
slower signal from the CsI was amplified in an Ortec 572 amplifier and then
sent to the ADC.

Due to the long recovery time of the light pulse produced by CsI it was
necessary to exclude events in which two consecutive particles from different
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beam micropulses go through the passing detector telescope before the CsI
detector amplifier system had recovered. Signals were sent from the passing
detectors to an EG&G GP100 Pile-up gate that would indicate if 2 pulses were
detected within 15 µs of each other. A similar system was used for the CsI
detector, where the Ortec 572 amplifier had a built in pile-up rejector that in-
dicated if the pulse shape was disturbed by a subsequent pulse. Furthermore,
a Time-to-Amplitude-Converter (TAC) started on the coincidence signal from
the passing detectors and stopped on the signal from the pile-up gate, giving
information on the time structure of the beam, and enabled further pile-up ve-
toing. All information about pile-up was registered event by event in a pattern
register, and the piled-up events could be discarded in the offline analysis.

The signals were recorded event by event on a VAX-based XSYS/IUCF
data-acquisition system [38]. Data were read out through a CAMAC-branch
driver module that transfers buffers of event data to the acquisition workstation
for online monitoring [39]. In parallel buffers of event data were recorded on
DLT tapes for later use in the analysis.

Optimum beam intensity was 1500-2000 protons per second, resulting in a
system dead time of 20-30%.

4.3.8 Data taking

During the runs at TSL the measured targets were run in sequence for 20-
30 minutes per target, intersecting with target-out runs after 6 or 7 targets. The
cycle was repeated as long as there was beam time available.

At iThemba LABS the slower data taking rate limited the number of targets
that could be measured, and four targets were given priority over the others.
Data taking runs were usually 1-2 hours long, followed by 30-45 minutes of
target-out measurements. Due to unstable beam conditions it was necessary to
monitor the variations in the background. Therefore our procedure was to do
more target-out runs than otherwise would have been necessary.

4.4 Analysis
In this section the analysis of the data on reaction cross sections for protons
will be discussed. First the method for extracting the reaction cross section is
described, followed by two sections dealing with details about the corrections.

4.4.1 Method

The recorded data were sorted using an analysis program written in Fortran 90.
The analysis program used a similar algorithm as the one used for the analysis
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of the data taken at TSL, and differed mainly in the way data were to be read
from tape due to the different data acquisition systems.

In the analysis a trigger event was defined from the double coincidence-anti
coincidence requirement on the signals from detectors 1-4 in the passing de-
tector telescope, i.e., I0 = 12(3+4). Another constraint was that the registered
pile-up events were rejected. Thus a trigger event, I0, was defined as a beam
particle that was correctly directed onto the target and was neither preceded
nor followed by another beam particle within 15 µs. From the trigger events
a non-attenuation event was defined from the number of unaffected and elasti-
cally scattered particles that had deposited energy in the energy detector within
the discriminator levels of the elastic peak, i.e., I = Iu + Iel . The number of un-
corrected reaction events were defined from the difference between the number
of triggers and the number of non-attenuation events, i.e., Ir−raw = I0 − I, with
statistical uncertainty ∆Ir−raw =

√
I0 − I.

Due to limited detector efficiency some of the non-attenuated particles under-
went reactions within the energy detector and were incorrectly counted as reac-
tion events. From the detector efficiency η the number of false reaction events
can be determined,

Ir− f alse =
I
η
− I ,

and thus the corrected number of reaction events, and the corresponding sta-
tistical uncertainty are given by

Ir = Ir−raw − Ir− f alse = (I0 − I)−
(

I
η
− I

)
(4.3)

∆Ir =
√

∆I2
r−raw +∆I2

r− f alse =

√
(I0 − I)+

(
I
η
− I

)
. (4.4)

The analysis program produced I0 and I for a given set of discriminator lev-
els for each forward region 1-5, defined according to the logical combinations
of the three scintillators in detector 5 (see Table 4.2), and the corresponding i0
and i from target-out measurements. Fig. 4.5 shows typical energy spectra for
target-in and target-out measurements in each forward region. The measured
background is usually low in all regions except for Region 1. Elastic events
can be distinguished fairly easily from the reaction events in each region. The
energy resolution is not as good in Region 5 as in the other regions due to the
fact that it covers a larger angular region, resulting in a larger variation in recoil
and energy loss.

The detection efficiency was determined from Region 0 (see section 4.4.2
for details), and the number of reaction events in each region was determined
according to Eq. 4.3. Then the first partial reaction cross section was deter-
mined from the number of particles that had given a trigger but no signal from
detectors 5 and 6. This partial reaction cross section thus gave the number
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Figure 4.5: Typical energy spectra for Regions 1-5 obtained for 80 MeV protons with
the target 208Pb (left) and without target (right).

of reactions that had occurred when all events producing one particle within
the acceptance angle were excluded from analysis, i.e., it gave the number of
reaction events outside of the acceptance angle, and is here denoted Ir(Ω6).

Starting with the outermost region defined by detector 5, the partial reaction
cross section for each excluded forward cone, Ω j, was determined by adding
the reaction events for the next region to the number of reaction events outside
of the previously excluded forward cone, i.e.,

Ir(Ω j) = Ir(Region j)+ Ir(Ω j+1) . (4.5)

The errors were added quadratically, and thus the difference in errors between
two partial reaction cross sections is related to the contribution from the num-
ber of reaction events in the region that defines the difference between the two
solid angles.

The partial reaction cross section was obtained for five solid angles, each ex-
cluding a forward cone Ω j, where j is 1-5. The same procedure was performed
for the target-out measurements, but the errors were handled somewhat differ-
ent (see section 4.4.2).
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Figure 4.6: Partial reaction cross sections obtained for 140 MeV protons on 40Ca with
different solid angles of the excluded forward cone. The line shows the best fit used for
the extrapolation to the full solid angle, assuming a linear dependence on the excluded
solid angle. The open circle shows the extrapolated reaction cross section for the full
solid angle.

The partial reaction cross section for each excluded forward cone Ω j was
then given by

σR j(Ω j) =
1
nx

[
Ir(Ω j)

I0
− ir(Ω j)

i0

]
−∆σel , (4.6)

where ir(Ω j) are the false reaction events from target-out measurements, and
∆σel was the correction for elastically scattered events outside of the accep-
tance angle. The conversion factor from number of counts to mb is given by
the factor

nx =
ρx ·NA

A
, (4.7)

where ρx is the target areal density, as given in Table 4.1, NA is the Avogadro
number, and A is the target mass number.

The final result for the reaction cross section was obtained through extrap-
olation of the partial reaction cross sections to the full solid angle. For the
measurements of 3He in Paper I second order polynomials were used. For pro-
tons, however, the partial reaction cross sections did not indicate any deviation
from a linear dependence. Therefore straight lines were used in the fitting pro-
cedure. Fig. 4.6 shows an example for 140 MeV protons on 40Ca. The errors
of the extrapolated values were obtained by the method of least squares.
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4.4.2 Corrections
Various corrections were performed. In this section the ordinary corrections,
that had been anticipated because of the characteristics of our chosen exper-
imental method, will be discussed, while in section 4.4.3 various corrections
due to unforeseen problems will be discussed. It should be noted that many of
the corrections were reduced due to the background subtraction made possible
by the target-out measurements.

Elastic scattering
Elastically scattered particles emerging at angles greater than the maximum
opening angle of the angle defining collimator were not registered in the CsI.
These non-reaction events were falsely counted as reaction events since there
was no signal in detector 6. This was corrected for by subtracting the elastic
differential cross sections, integrated between the maximum opening angle of
the collimator and 180◦, i.e.,

∆σel =
∫ 180◦

θ

dσ
dΩ

dΩ , (4.8)

from the experimentally measured reaction cross section. The elastic scattering
outside of the maximum opening angle was calculated with ECIS [20] from
the global potentials by Cooper et al. [23]. The corrections varied for each
target and proton energy, and were on average 3.7% of the measured reaction
cross sections at 80 MeV and 1.0% at 180 MeV. The correction itself had an
estimated uncertainty of 10%.

Finite size of targets and beam
The energy for the correction for elastically scattered particles was taken as the
energy of the incident particle halfway through the target. The particle energy
changed by about 0.5 MeV as it traversed the target, the exact value depending
on the individual target thickness and the incident particle energy. The reaction
cross sections vary very slowly with energy, and due to the small energy loss
no correction due to finite target thickness was considered necessary.

The elastic scattering correction is valid under the assumption that the par-
ticle beam has an infinitesimal cross sectional area, with all particles passing
through the center of the target. The finite size of the particle beam may cause
the need for a correction when particles passing through the target off center
are scattered elastically at angles greater than those determined for detectors
5 and 6 and still enter those detectors. But particles may also be scattered at
smaller angles than calculated and miss detectors 5 and 6. An accurate de-
termination of this correction is rather complicated. Fortunately the annular
detectors allow a maximum beam size on target of 1.8 mm radius, and the
beam-defining collimators ensures that the un-scattered beam radius is less
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than 0.6 mm. This means that the uncertainty in the scattering angle is about
±0.5◦ with respect to the defined regions in detector 5, causing negligible cor-
rections to the elastic scattering correction due to beam geometry.

Limited detection efficiency in the energy detector

Due to the use of thin targets most of the incident particles were unaffected by
the target and entered the energy detector. The energy detector was very thick
in comparison with the target, and therefore most of the particles detected with
an energy below the elastic peak were those that had undergone reactions in the
detector itself. This was corrected for by determining the detection efficiency
in the CsI. For each run the detection efficiency, η , was determined from the
energy spectra in Region 0 by taking the ratio of all events in the elastic peak
and the total number of events, i.e.,

η =
I(Region 0)
I0(Region 0)

, (4.9)

under the assumption that all beam particles had full energy when entering the
energy detector.

Figure 4.7 shows the determined CsI efficiency compared with calculated
values based on reaction cross section measurements by Measday and Richard-
Serre [40]. To a first approximation there is good agreement between the
measured and calculated values. The variations of the measured efficiency,
between individual runs and when comparing runs with and without target,
were usually less than 0.1%. However, the measured CsI efficiency is in fact
a measurement of the detection efficiency of the entire detection assembly af-
ter target and includes the efficiency of the plastic scintillators in detector 5 as
well. Thus one would expect the measured values to be somewhat lower than
the calculated ones (which are valid for the CsI only). However, the measured
efficiencies were found to be 0.2-0.5% higher than the theoretical ones. In an-
other calculation of the CsI efficiency at lower energies, also based on reaction
cross section measurements, by Sourkes et al. [41], a slightly higher detection
efficiency had also been noted.

The sensitivity on the determination of the CsI efficiency was investigated
by varying the lower limit of the elastic peak in Region 0. If the limit was
decreased 1 MeV, which was a rather large change, the effect was an increase
of the CsI efficiency by about 0.2%. An increase of the lower limit by 1 MeV
decreased the CsI efficiency with about 0.5%. In both cases the effect on the
final result was less than 0.5%. Therefore the discrepancies from the published
detection efficiencies [40] were considered to be of no importance for the mea-
surements. Associated with this was an uncertainty given by Eq. 4.4.
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Figure 4.7: The observed CsI detection efficiency (solid circles) compared with cal-
culated values from Measday and Richard-Serre [40] and Sourkes et al. [41] (dashed
line). The error bars on the measured values are smaller than the symbols.

Limited detection efficiency in the passing detectors

The measurement of reaction cross sections was performed under the assump-
tion that every single incident particle could be identified in the passing detec-
tors, and the energy loss due to Coulomb interaction ensured a nearly 100%
detection efficiency. However, the passing detectors that gave an event trig-
ger were about 0.1 mm thick, and the scintillators in the detector 5 array were
0.5 mm thick, which raised questions regarding the efficiency of those de-
tectors. Tests were performed in the analysis for detector 5, indicating a de-
tection efficiency of 99.98% or better at all energies, making corrections for
efficiency negligible. The corresponding detector efficiency in the passing de-
tectors would be lower, though it should be well above 99.9%. The effect of
not detecting a particle in the passing detectors was that there would be no
event trigger, and thus the particle would not be included in the measurement.
There was still a risk that undetected particles would enter the energy detector
close in time to detected particles, and thus disturb the energy discrimination
in detector 6 without being vetoed by the pile-up rejection electronics. Such
effects could be minimized by setting an upper discriminator level above the
elastic peak in the energy spectra. This remaining effect on the final result was
estimated to be negligible.

Error handling for target-out measurements

For the target-out measurements the errors for each individual run was derived
in the same way as for the runs with target, but the errors from the combination
of several runs were handled in a different way.
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In the ideal case with perfectly stable beam conditions the background ef-
fects can be accurately determined by making one single target-out measure-
ment and subtracting the background from the target-in measurements. The
error contribution from the correction is then determined by the statistics of
the background measurement.

In reality the particle beam from a cyclotron in a low-intensity experiment
may be far from stable in some cases, and hence the variations in background
effects may be substantial. Therefore the target-in measurements were inter-
sected with target-out measurements at regular intervals in order to monitor the
variations. For very unstable beam conditions it would be beneficial to deter-
mine the background on an event by event basis in parallel with the target-in
measurements, but this is not possible. Instead the relative amount of time
spent on target-out measurements could be increased, and this was deemed
necessary for the runs at iThemba LABS. The variations were found to be
outside of statistical error and therefore the errors for the target-out measure-
ments were adjusted in order to include these variations, i.e., the errors were
increased so that two thirds of all the results from the target-out measurements
were included by the error bars. The adjustments resulted in an increase of the
uncertainties in the final result by 20-70%.

4.4.3 Special corrections

Reaction cross section measurements are very sensitive to unstable beam con-
ditions, and the proton measurements suffered from several disturbances dur-
ing data taking. Some of the disturbances could be explained and corrected for
while others were more difficult to handle. The common denominator for the
corrections discussed in this section is that they mainly affect the selection of
trigger events, I0.

Due to the slow data taking rate a beam intensity of 1000-2000 protons per
second was necessary. It was very difficult to keep a stable beam intensity
at such a low count rate, and drastic variations in the beam intensity were
observed.

At some runs a cyclic disturbance occurred every 30 or 60 seconds, causing
sudden variations in the beam intensity for a couple of seconds. The effect has
not been fully understood, but some kind of electronic disturbance on steer-
ing magnets along the beam line seems to have drastically affected the beam
intensity and/or the CsI gain for a few seconds during each cycle.

Disturbances on CsI

Most of the disturbances affected the CsI energy detector, making the discrim-
ination between elastic and reaction events more difficult. In Fig. 4.8 the lower
left plot shows the beam intensity for a data taking run at 140 MeV as function

34



Figure 4.8: Lower left: The recorded beam intensity as function of time, where the
lower line is the apparent beam intensity as recorded in the ADC and the upper line
is the actual beam intensity as recorded by the scaler. Periodic variations in intensity
are seen. Upper left: The CsI gain on an event by event basis as function of time. A
clear correlation to the beam intensity (lower left) is seen. Upper right: The resulting
energy spectra for the entire run. Middle left: The renormalized CsI gain. Middle
right: The resulting energy spectra after renormalization.

of time. The upper line shows the actual beam intensity, as recorded by the
scalers, and the lower line shows the observed beam intensity, as recorded by
the ADCs. The discrepancy between the two lines is due to the system dead
time. A periodic disturbance with 30 s frequency that gives sharp intensity
peaks is clearly seen in the figure.

The upper left plot shows the CsI pulse height on an event by event basis, the
broad band corresponding to the position of the elastic peak while single dots
at lower channels correspond to reaction events. As seen there is a clear corre-
lation between the beam intensity in the lower left plot and the CsI gain, and
the variations in the beam intensity causes a widening of the elastic peak. At
some runs other variations of the CsI gain, uncorrelated to the beam intensity,
were observed. The resulting energy spectra is seen in the upper right-hand
plot. For a run like this one can choose to accept the run and set all limits as
accurately as possible, knowing that there will be a mismatch of elastic and
non-elastic events, or one can choose to reject the entire run, which means a
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loss of data. It should be noted that most of the mis-matched events end up
in Region 0, which is not analyzed, and that the effect is much smaller for the
outer regions due to the lower number of events. But due to the variations in
the disturbance it may have drastic effects on the analysis, and the mismatch
of events in Region 0 affects the determination of the CsI efficiency, whose
correction at these energies starts to become significant.

The problem was reduced by studying the relation between the energy of
the elastic peak and the beam intensity. In the data acquisition system the
scaler records the number of events in each detector every second and thus the
variations in beam intensity could be studied on a second by second basis. It
was found that at each energy a linear relation could be determined, i.e.,

ECsI = k · Iscaler +m , (4.10)

where ECsI is the energy of the elastic peak in the CsI spectra, i.e., the CsI
gain, Iscaler the recorded beam intensity, and k and m are constants. When this
relation had been established the beam intensity was recorded for each run.
Thereafter the analysis program was restarted and the CsI pulse heights were
renormalized based on the recorded beam intensity. In the middle of Fig. 4.8
the left plot shows the renormalized CsI events, and to the right the resulting
energy spectra is shown. As seen all disturbances do not follow the linear rela-
tion, and these events had to be discarded by setting gates for certain portions
of time. For instance, in the run shown in Fig. 4.8 it was necessary to reject all
the events recorded in the time portion 700-750 s. Further improvements could
be made by vetoing events if the recorded count rate exceeded 3000 counts per
second, or if sudden intensity changes exceeded 30%.

These corrections significantly improves the energy resolution and thus the
accuracy for setting the limits of the elastic peak.

It is interesting to note that the CsI gain increased with increasing beam
intensity. The likely reason for this is that the CsI signal was taken from the 5th
dynode (of a total of 14 dynodes) in the photomultiplier (Hamamatsu R1250).
If the signal had been taken from the anode the situation would have been the
opposite.

Pile-up
For the runs at 80-120 MeV an electric ground loop caused a disturbance on
the CsI signal, resulting in drastic variations in the recorded pile-up veto. This
gave varying ratios between the number of elastic and non-elastic events in the
energy spectra, resulting in different CsI efficiencies and drastic variations of
the final results. The problem was reduced in the analysis by disabling the CsI
pile-up veto, i.e., accepting all registered pile-up events as good events. The
effect of disabling the veto is difficult to estimate, but usually meant that about
50% of all pile-up events were accepted in the analysis. The other pile-up veto
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from passing detectors 1 and 2 was still active, but the different settings on the
two pile-up vetoes, even with normal conditions, meant that all pile-up events
registered in the CsI veto was not always registered in the passing detector
veto, and vice versa.

Cross-talk
In the analysis it was discovered that the energy spectra from the annular veto
detectors had intense noise peaks near the discriminator threshold, and that
these noise peaks contained about 75% of all events. When the noise was in-
cluded in the analysis, under the assumption that it was due to the low discrim-
inator threshold, the only expected effect was an improved statistical accuracy.
It turned out, however, that the inclusion of the noise caused a systematic de-
crease of the reaction cross section. This effect was observed for all targets and
at all proton energies. An extensive investigation revealed that the reason was
cross-talk in a flat cable connecting the amplifier with the ADCs. In the flat
cable the channels from the annular detectors were next to the channels from
the first scintillator in detector 5 (through which about 99% of all particles
pass). Reaction events tend to give larger signals than non-reaction events and
thus larger probability for cross-talk to the neighboring channels. Rejection of
the noise due to cross-talk would then lead to a relative bias of the number of
detected reaction events and thus give a systematic change of the results.

The flat cable also caused cross-talk between the different scintillators in the
detector 5 array. It resulted in a difficulty in setting the discriminator levels for
each region. By looking at the spectra in several steps, with different gating on
the other scintillators, the situation was improved.
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5 Experimental results

"No comments, but don’t quote me on that!"
Dan Quale

5.1 Measurements with 3He-particles at TSL
These measurements were performed in 2000 at the The Svedberg Laboratory
in Uppsala. Actually it was the second attempt with 3He within the Sigma-R
collaboration. The results from the previous attempt had been withdrawn from
publication when it became evident that there was an intense forward flux of
non-elastic particles that seriously affected the results with the old experimen-
tal method. Before this measurement the only published data from directly
measured reaction cross sections for 3He had been performed at 29 MeV on
Mg, Al, Fe, Ni, Cu and Ag [42], and at 95 MeV on 54,58Fe, 58,64Ni, 208Pb and
209Bi [43].

The measurement and the results are described in Paper I, and details about
the experimental apparatus are given in Paper II. Results are presented for 13
target isotopes at the energies 96, 138 and 167 MeV. The results are given in
tabulated form in Paper I, with statistical uncertainties of 3-9%. Fig. 5.1 shows
the results as solid triangles, together with data from earlier measurements
of 3He (open triangles), α-particles (squares) [32], deuterons (stars) [31] and
protons (circles) [28, 33]. The results for 118Sn are not shown in the figure.

As had been observed in the preceding experiment for α-particles [32] there
was a huge flux of non-elastic particles in the forward direction. This will be
further discussed in section 5.3.

The measured reaction cross sections for 3He were unexpectedly found to
be almost the same as for α-particles at the same energy per nucleon, and for
the heavy target nuclei they are also similar to the results for deuterons. This
initiated a search for a parametrization of reaction cross sections not based
on the number of nucleons in the projectile and target. Results from those
investigations are given in Papers IV and V, and will be further discussed in
chapter 6.

Global optical potentials were derived from experimental angular distribu-
tions of elastic scattering from 12C, 40Ca, 58Ni and 208Pb, and were used to
correct the raw data for the elastic scattering outside of detector 6. An exam-
ple of the predictions from the global potentials was shown in Fig. 3.2. The
global potentials predict the differential cross sections quite well and give fair
agreement with the reaction cross sections.

The effects of the real and imaginary potentials on the elastic scattering and
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Figure 5.1: Experimental reaction cross sections of 96-167 MeV 3He from Paper I
on various targets are shown as solid triangles. Other measurements are shown for
3He (open triangles), α-particles (open squares) [32] and deuterons (stars) [31]. The
measured reaction cross sections for 80-180 MeV protons (solid circles) are shown
for some targets, together with earlier measurements (open circles) [28, 33].

the reaction cross section were investigated. Some of these investigations are
discussed in Section 3.2.3.

5.2 Measurements with protons at iThemba LABS
These measurements were performed during 2002-2004 at iThemba LABS in
South Africa for 12C, 40Ca, 90Zr and 208Pb at six proton energies between 80
and 180 MeV, and for 58Ni at 81 MeV. The experiment is described in Paper III,
and the modifications of the experimental technique are given in chapter 4,
though it is in principle the same method as described in Paper II. Tabulated
results are given in Paper III. The statistical uncertainties were 1.4-7.6% and
include all the corrections given in sections 4.4.2 and 4.4.3. The systematic
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errors due to uncertainties in the thickness and the uniformity of the targets
were 1-4%.

In Figs. 5.2 and 5.3 (see the following pages) the results are shown as solid
circles, and so are the results from the measurements at TSL with 65 MeV
protons. Earlier measurements with protons [28] are shown as open circles.

The results significantly extend the database for 40Ca and 90Zr, and for 12C
and 208Pb they give important information on the energy dependence of reac-
tion cross sections in a region where earlier measurements displayed an incon-
sistent behaviour.

The experimental results have been compared with the theoretical predic-
tions described in section 3.2.4. The general trend is that the different predic-
tions differ in the slope of the energy dependence. None of the predictions
agree with the results for all the targets, but over all they give good predictions
of the reaction cross sections.

The results given by the potentials used in the calculations vary with energy.
The dash-dotted curves in Figs. 5.2 and 5.3, however, are calculated by using
the global potentials by Cooper et al. [23] at 65 MeV. As seen these calcula-
tions with the same potential at all energies reproduce the energy dependence
rather well, including the decrease at low energies due to the Coulomb poten-
tial. The only deviating case is for 208Pb, but even there the gross features
of the energy dependence are reproduced. Although a potential that is fixed
in energy seems to reproduce the reaction cross sections rather well it should
be noted that it totally fails to reproduce the angular distributions of elastic
scattering.

The reaction cross section is only sensitive to the imaginary part of the phase
shifts, as mentioned in section 3.2. Therefore it is important to judge the qual-
ity of optical model calculations by comparing both the reaction cross sections
as well as the angular distributions of elastic scattering. This was done in
Paper III, where the theoretical calculations also were compared with angu-
lar distributions of elastic scattering at 65 and 200 MeV. Those energies were
selected because of the availability of high quality data, not only for the differ-
ential cross section and the asymmetry, but also for the spin-rotation.

Various aspects of the different calculations were compared, including the
components of the optical potentials and the importance of the spin depen-
dence. Over all the global potentials by Cooper et al. appear to give the best
reproduction of the angular distributions, while the global potentials by Kon-
ing and Delaroche appear to give the best predictions of the reaction cross
sections. From an applications point of view all three calculations were found
to give satisfactory predictions of both the angular distributions and the reac-
tion cross sections. The fact that none of them gave a perfect reproduction of
all variables, as our data shows, should hopefully inspire the search for even
more reliable potentials.
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Figure 5.2: Results of the measured proton reaction cross sections (closed circles) for
12C and 40Ca compared with earlier measurements (open circles) [28] and from the
measurement at 65 MeV (closed circles) [33]. Theoretical predictions from global
potential EDAD 3 by Cooper et al. (solid curves) [23], the global potential by Koning
and Delaroche (dashed curves) [24] and the microscopic calculations by Amos et al.
(dotted curves) [25]. The dash-dotted curves are described in the text.
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Figure 5.3: Results of the measured proton reaction cross sections (closed circles) for
90Zr and 208Pb compared with earlier measurements and theoretical predictions. See
the text and caption of Fig. 5.2 for details.
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Figure 5.4: The left-hand picture shows the ratios of partial reaction cross sections
for 12C outside the forward cone Ω j and the partial reaction cross section outside the
scintillator array for 3He [Paper I] and 4He [32]. The right-hand picture shows the
same ratios for 65-180 MeV protons [33], [Paper III].

5.3 The forward peaking of reaction products
Fig. 5.4 shows the partial reaction cross sections divided by the partial reaction
cross section outside of the detector 5 scintillator array for 3He and 4He on 12C
(left) and for protons on 12C (right). The intense forward peaking that was
observed for 3He and α-particles [32] results in a non-linear dependence on
the partial reaction cross sections, and the extrapolations to the full solid angle
were performed with second order polynomials. The magnitude of the forward
flux is about the same for 3He and α-particles at the same energy per nucleon
in the projectile.

In earlier measurements for deuterons [31] a forward peaking was also ob-
served, and in the extrapolation from 8.9◦, which corresponds to 99.4% of the
solid angle, the partial reaction cross sections increased by 2.0%, 4.9% and
12.4% at 37.9, 65.5 and 97.4 MeV, respectively.

For protons the situation is different. In an earlier measurement with 65 MeV
protons [33] the extrapolation resulted in an increase of the reaction cross sec-
tions of 1-2%, when extrapolating from 8.9◦. In the measurements for 80-
180 MeV protons it was found that this correction first slightly increased to
3-4% and then was almost constant as the projectile energy was increased. At
no energy did the partial reaction cross sections indicate a deviation from a
linear dependence on the excluded solid angle, and therefore the extrapolation
was performed with a linear fit. As seen in Fig. 5.4 the difference in ratios
between the helium ions and protons is quite large.

At much higher proton energies than in the present studies, a non-linear
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dependence seems to appear also for protons. Renberg et al. [44] also used a
second order polynomial in their measurement of reaction cross sections for
protons in the energy region 220-570 MeV. Figs. 6 and 7 in that report show
that the partial reaction cross sections for protons vary almost linearly with
the excluded solid angle at 234 MeV, while the results at 554 MeV are very
similar to those observed for 3He and 4He. A non-linear dependence has also
been observed by Anderson et al. [45] with 700 MeV protons, and by Dietrich
et al. [46] with 1380 MeV protons. Renberg et al. [44] also performed the
extrapolation assuming that the differential cross section for the total inelastic
scattering was given by an exponential function. This method gave almost
exactly the same result as the second order polynomial. It should be noted
that in the measurements by Renberg et al. and by Anderson et al. the smallest
excluded forward cone is of about the same size as our largest forward cone.
The measurements by Dietrich et al., however, clearly indicate a non-linear
relation also in the smaller angular region.

The intensive flux of reaction products in the forward direction is remark-
able, and had not been observed before the modification of the Sigma-R exper-
imental method and apparatus. It seems to be an effect that is important mainly
for 3He and α-particles, and to some extent for deuterons, in the energy range
20-50 MeV/nucleon. In an experiment with α-particles at 376 and 692 MeV
by DeVries et al. [47] no indications of similar effects were reported.

One possible reaction mechanism that may explain the forward flux is deep
inelastic scattering, where 3He and α-particles are backscattered from individ-
ual nucleons in the target. In the backscattering of 3He and α-particles from a
nucleon both the projectile and the nucleon are scattered at very small angles
in the lab system. Furthermore, the momentum transfer is very large which
makes it plausible that the projectile interacts with one single nucleon in the
target. The relatively large probability for backscattering when protons are
scattered on 3He [48] and α-particles [49] supports this idea.

There are several possible experiments that could be performed in order
to study the cause of the the forward peaking. Such experiments, however,
are very difficult due to the fact that measurements of reaction products in
coincidence at very small scattering angles must be made and suffer from a
large background due to elastic scattering.

Whatever the cause of the forward flux it is clearly seen that the extrapola-
tion procedure with different sizes of the excluded forward cone significantly
improves the reliability of the measurement of reaction cross sections for light
ions at intermediate energies. The effect for protons is smaller, though still
important, and seems to increase with energy.
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5.4 Impact of results on theory and applications
The High Priority Request List [15], as it existed when the current project of
measuring reaction cross sections at iThemba LABS started, shows that we
have more or less covered the requested proton reaction cross sections mea-
surements for 208Pb. The other targets that we have measured were not in-
cluded in the HPRL, but our measurements have resolved the inconsistencies
in earlier data for 208Pb as well as for 12C, and have significantly extended the
data base for 40Ca and 90Zr.

With the exception of the work by R. F. Carlson and co-workers in the mea-
surements of reaction cross sections for 20-50 MeV protons there are few mea-
surements below 200 MeV that have been performed systematically at more
than one or a few incident energies. Our new data have been measured at six
energies and span over a relatively large energy range. Furthermore the data
have been measured with the same apparatus and the same targets at all ener-
gies and seem to be internally consistent.

From a theoretical point of view our results show that none of the phe-
nomenological and microscopic optical potentials with which we have com-
pared our data gives satisfactory agreement for all our targets. Our results will
hopefully inspire new efforts in finding even better global potentials. From an
applications point of view the potentials are working quite well, although there
remains room for improvements.

For 3He our measured reaction cross sections extend the very limited data-
base with 39 new data points and show the energy dependence at three en-
ergies for each target. The intense forward flux of reaction particles for 3He
and α-particles [32] has not been observed in any other measurement of these
particles. Possible reasons for this have been attempted, and may motivate fur-
ther studies of the phenomenon. Furthermore it emphasizes the value of the
modified experimental method, where the reaction cross section is obtained
from the extrapolation from several simultaneously measured partial reaction
cross sections. The observation that the reaction cross sections for 3He and
α-particles are almost the same at the same energy per nucleon was not ex-
pected, and has inspired further studies. As a result a new approach for the
parametrization of reaction cross sections has been suggested [Papers IV, V],
and will be presented in the following chapter.
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6 Phenomenological parametrizations of
reaction cross sections

"Seek, and ye shall find"
Matthew 7:7

6.1 Introduction
As discussed in section 3.2.2 the reaction cross section may be of importance
for resolving ambiguities in phenomenological optical potentials. Furthermore
the reaction cross section sets an upper limit to the cross sections for individual
reactions, and determines the mean free path for a particle passing through
matter. Therefore it is a valuable observable for a number of applications, as
discussed earlier in chapter 2. Reaction cross sections can also be used as
an additional constraint for accurate determination of nuclear matter radii and
are essential for gaining information on the differences between proton and
neutron distributions in nuclei. For instance proton reaction cross sections at
700 MeV were used by Ernst in the determination of the difference in matter
radii for various 40Ca isotopes [50]. Similar studies have recently become
popular for extremely neutron rich nuclei, where radioactive beams are used.
Fukuda et al. [51] have measured reaction cross sections for 11Be on 12C and
27Al in order to determine the neutron halo distribution. It is anticipated that
such studies will determine if these kinds of nuclei are either very deformed or
actually have a halo structure.

Besides experimental studies there have been many attempts to determine a
general phenomenological parametrization of the reaction cross section. The
parametrizations vary in complexity. The simplest assumption can be made in
terms of a so-called black disc model, where it is assumed that the reaction
cross section is proportional to the projected area of the target nucleus and
the projectile, i.e., σR ∝ πR2, where R is the effective interaction radius of the
projectile-target system.

For composite projectiles one possible parametrization is

σR = πr2
0(A

1/3
P +A1/3

T )2 , (6.1)

where AP and AT are the projectile and target mass numbers, respectively. In
the left-hand part of Fig. 6.1 the reaction cross sections for 138 MeV 3He-
particles scattered by different nuclei [Paper I] are shown as function of(

A1/3
P +A1/3

T

)2
. The reduced radius, r0, can thus be determined from measured

reaction cross sections and can be used for the prediction of reaction cross
sections over the entire mass range.
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Figure 6.1: The left-hand part shows the measured reaction cross sections for
138 MeV 3He [Paper I] with different nuclei as a function of the size of the collid-
ing projectile and target nuclei. The dashed line gives the mean value r0 from Eq. 6.1.
In the right-hand part the energy dependence of the nucleon-nucleon total cross sec-
tion (solid line) is compared with the reaction cross sections for protons scattered by
12C (solid circles) and 40Ca (triangles).

However, this kind of parametrization is only valid at the energy where it
was derived, because, as seen in the right-hand part of Fig 6.1, the reaction
cross section is energy dependent and the energy dependence is not the same
for different nuclei. The figure shows the energy dependence of proton reaction
cross sections on 12C and 40Ca. The solid line shows the nucleon-nucleon total
cross section, σ tot

NN , taken as the average of the n− p and p− p total cross
sections, as given in [52]. Apparently there are qualitative similarities in the
energy dependence of the reaction cross sections and σ tot

NN above 20 MeV. One
characteristic feature is the monotonous decrease from about 20 MeV to a
minimum at 200-300 MeV. At higher energies there is a slight increase of the
cross sections due to the onset of pion production.

Thus it is reasonable to assume that the reaction cross section is related to the
nucleon-nucleon total cross section, and many authors have used this argument
together with geometrical reasoning in order to define parametrizations that are
dependent on the number of nucleons in the projectile and target. For instance
it was showed by Kox et al. [53] that the reaction cross sections increases with
the number of nucleons in the projectile, for a given target at the same energy
per nucleon.

In the work by DeVries and Peng the decrease of the reaction cross sec-
tion with energy to the minimum at 200-300 MeV/nucleon has been explained
both theoretically [52] and experimentally [47] in terms of a dependence on the
individual nucleon-nucleon interactions. Their conclusion was that the reac-
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Figure 6.2: Matter densities used for 3He (dashed line) and α-particles (solid line)

tion cross section was dominated by the influence of the nucleon-nucleon total
cross sections, σ tot

NN , and thus that the reaction cross section depends directly
on the number of nucleons in the projectile and target.

Therefore it was surprising that the reaction cross sections for 3He [Paper I]
and 4He [32] were almost identical at the same energy per nucleon. This im-
plies that an increase of the number of nucleons in the projectile not necessarily
increases the reaction cross section.

6.2 Parametrization for helium ions and carbon
The basic idea was to find a relation between the energy variations of the re-
action cross sections and of the nucleon-nucleon total cross section. Therefore
the matter distributions were plotted with their centers of mass separated by
a distance R1, which was determined from measured reaction cross sections
according to the relation

σR = π R2
1

(
1− Z ze2

R0 E

)
, (6.2)

where the second term within brackets is the Coulomb correction. Z and z are
the number of protons in the projectile and target, respectively, e the electric
charge unit and E is the kinetic energy in the lab system. R0 is the Coulomb
radius determined from σR = πR2

0. In Fig. 6.2 the point matter distributions for
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Figure 6.3: Matter densities for 3He and the targets 12C, 16O, 40Ca, 58,60Ni and 208Pb,
drawn with their centers om mass separated by R1 obtained from Eq. 6.2 with reaction
cross sections at 167 MeV from Paper I.

3He and α-particles are shown. As seen 3He has a slightlyt larger matter den-
sity than α-particles at radii larger than 2.2 fm due to its lower binding energy.
The matter distributions for the six target nuclei 12C, 16O, 40Ca, 58,60Ni and
208Pb were provided by Fayans and had been calculated in a density functional
approach with the same parameter sets for all nuclei [54].

The matter densities for 3He and the six targets at 167 MeV are shown in
Fig. 6.3. The crossing density ρx, defined as the density at the point where
the matter distributions of the projectile and target cross each other, was deter-
mined from the plots. As seen the crossing densities all occur quite far outside
of the half-density radius of the targets, especially for the heavier nuclei.

Next the crossing densities were plotted as functions of energy. In Fig. 6.4
the upper part shows the crossing densities for 3He, α-particles and 12C for
energies up to 1 GeV per nucleon in the scattering by 12C.

After various attempts it was found that the matter density to the power of
3/2, multiplied with the nucleon-nucleon total cross section was constant with
energy, i.e.,

ρx(E)3/2σ tot
NN(E) = C1 . (6.3)

This is shown in the lower part of Fig. 6.4 where there is clearly no systematic
variation with energy. The solid lines show the average values for the three
projectiles.
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Figure 6.4: The upper part shows the crossing densities, ρx, obtained for 3He (stars),
4He (solid circles) and 12C (open circles) for the scattering by 12C. The lower part

shows the product of the crossing density ρ3/2
x and the nucleon-nucleon total cross

section σ tot
NN for the three projectiles. The solid lines are the average values for each

projectile.

By determining C1 for each projectile-target combination the energy depen-
dence of the crossing densities could be determined. From the crossing density
the distance R1 between the projectile and target was determined and then the
reaction cross section could be determined at each energy from Eq. 6.2.

In Fig. 6.5 the energy dependence of the parametrized reaction cross sections
are shown for 3He, α-particles and 12C, scattered by 12C. As can be seen the
prediction reproduces the energy dependence very well for all three projectiles.
The curves for 3He and α-particles cross each other at about 30 MeV/nucleon.
This corresponds to the crossing densities of the two projectiles at the radius
2.2 fm, where they are the same, see Fig. 6.2.
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Figure 6.5: The solid curves show from bottom the energy dependence of the nucleon-
nucleon total cross section and the predicted energy dependence of the reaction cross
section for 4He and 12C. The dashed curve shows the predicted energy dependence for
3He. The experimental results are from Paper I for 3He, Refs. [32, 55, 56] for 4He and
Refs. [53, 56, 57] for 12C

It should be noted that in this parametrization the crossing density to the
power 3/2 has been introduced. We have no justification for why the product
ρ3/2

x (E)σ tot
NN(E) is of importance.

The mass dependence of ρ3/2
x σ tot

NN was also investigated for 3He and α-
particles, and it was found that the crossing density decreased with increasing
mass of the target.

In Fig. 6.6 the predicted phenomenological reaction cross sections from Pa-
per IV for 3He (dashed lines) and α-particles (solid lines) are shown in com-
parison with experimental data. The solid circles are for 3He and the open
circles are for α-particles. The gross features of the energy dependence are
well described.
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Figure 6.6: The reaction cross sections calculated from parametrized curves for α-
particles (solid curves) and 3He (dashed lines) compared with experimental data where
open circles are α-particles [32] and solid circles are 3He [Paper].

6.3 Parametrization for protons
When the experimental reaction cross sections in Paper III had been analyzed
the same approach was attempted for protons. The only difference was that
the Coulomb radius was assumed to be 1.3A1/3 fm. All available experimental
data [28, 32], including the new data, were used in the parametrization for the
same nuclei as before. For the proton matter density an exponential form was
used [58].

The large amount of proton reaction cross section data made it possible to
make a more detailed study of the relations. The exponent in Eq. 6.3 was found
to decrease for the heavier targets. A good reproduction of the experimental
data could be obtained from the relation

ρx(A,E)α σ tot
NN(E) = Cα

1 , (6.4)

or
ρx(A,E)σ tot

NN(E)1/α = C1 , (6.5)
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where the exponent α was found to have a target dependence according to

α = −0.225A1/3
T +1.93 . (6.6)

The decreasing value of the exponent can be justified with the reasoning that
the sensitivity to the surface of the nucleus decreases with increasing radius
for the nucleus.

For each value of α a best-fit value could be obtained for the energy indepen-
dent constant C1. Furthermore, the values for C1 could also be parametrized,
and fairly good results are obtained from the relation

C1 = exp(0.014AT −0.314) . (6.7)

In Fig. 6.7 the mass-dependent parametrization for protons according to
Eqs. 6.4- 6.7 is shown (dash-dotted lines) for 12C, 40Ca and 12Pb in the com-
parison with experimental data. As seen the parametrization is not perfect but
follows quite well the energy dependence of the reaction cross sections over
the entire mass range. The solid lines are from the parametrization of Kox et
al. [53]. Their parametrization has a Coulomb correction term similar to ours,
and has the defined interaction radius split into a mass dependent volume term
and a mass- and energy dependent surface term. The parametrization has good
reproduction of proton reaction cross sections at both light and heavy targets,
but does not reproduce the minimum at 200-300 MeV for heavy targets. The
dashed lines are predictions with a phenomenological parametrization by Tri-
pathi et al. [59]. This parametrization is very sophisticated and has many terms
that correct for various physical effects such as Coulomb repulsion, Fermi mo-
tion, Pauli blocking and mass asymmetry. The parametrization has a claimed
validity for many different projectiles, but as seen it is not as good for protons
as our parametrization except for 12C.

The parametrization in Paper V should also be valid for predicting reaction
cross sections for neutrons, under the assumption that the only difference be-
tween protons and neutrons is the Coulomb interaction.

In summary our phenomenological parametrizations for protons and light
ions on six different targets are quite successful. Their simplicity and new ap-
proach should make it attractive for further studies of the reaction cross section.
The parametrizations show that the reaction cross sections are very sensitive to
matter distributions at very large radii of both the projectile and the target.
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Figure 6.7: Comparison of the phenomenological parametrization for protons on 12C,
40Ca and 12Pb. The dash-dotted lines are the general parametrization from Eqs. 6.4-
6.7. Solid lines are from the Kox parametrization [53]. Dashed lines are from the
Tripathi parametrization [59].
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7 Summary of Papers

Paper I

Reaction cross sections of intermediate energy 3He-particles
on targets from 9Be to 208Pb

Reaction cross sections were measured for 3He on 9Be, 12C, 16O, 28Si, 40Ca,
58,60Ni, 112,116,118,120,124Sn and 208Pb at 96, 138 and 167 MeV. The results are
compared with predictions from optical model calculations using phenomeno-
logical global optical potentials. The behaviour of the wave-functions and of
the contributions to the reaction cross sections from different regions within the
nuclei are investigated. Comparisons are also made with results for α-particles
in the same energy region. In both measurements a surprisingly intense for-
ward flux of reaction particles was observed. Another interesting observation
is that the reaction cross sections for 3He and α-particles tend to be the same
at the same energy per nucleon.

Paper II
A method for measuring light ion reaction cross sections

The apparatus and the experimental method developed and used for the mea-
surements of reaction cross sections of light ions in the energy range 20-
50 MeV/nucleon, using a modified attenuation technique, is described. The
detection method incorporates a forward detector that simultaneously mea-
sures the reaction cross sections for five different sizes of the solid angles in
steps from 99.1 to 99.8% of the total solid angle. The final reaction cross
section values are obtained by extrapolation to the full solid angle.
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Paper III

Reaction cross sections for protons on 12C, 40Ca, 90Zr and
208Pb at energies between 80 and 180 MeV

Reaction cross sections were measured for protons on 12C, 40Ca, 90Zr and
208Pb at six energies in the energy range 80-180 MeV, and on 58Ni at 81 MeV.
The experimental procedure is described and the results are compared with
earlier measurements and with predictions from phenomenological global po-
tentials and microscopic calculations. The data for 12C and 208Pb resolve some
inconsistencies from earlier measurements, and the data for 40Ca and 90Zr ex-
tend the database significantly for these targets.

The quality of the optical model calculations are also investigated by com-
paring their predictions of angular distributions from elastic scattering with
published data at 65 and 200 MeV. Effects of the spin dependence on the phe-
nomenological potentials are investigated. It is found that all optical model
calculations predict the reaction cross sections and angular distributions for all
the targets well enough to be suitable from an applications point of view.

Paper IV

Geometrical aspects of reaction cross sections for 3He, 4He
and 12C projectiles

A phenomenological parametrization of reaction cross sections for scattering
of projectiles on targets is presented. Matter densities for the projectiles 3He,
α-particles and 12C-particles have been plotted together with matter densities
for six different target nuclei, 12C, 16O, 40Ca, 58,60Ni and 208Pb, with their
centers of mass separated by a distance calculated from experimental reaction
cross sections. The density at the position where the matter densities cross
shows a strong dependence on energy and on the atomic number. The energy
dependence of this density is found to be inversely proportional to the strength
of the nucleon-nucleon interaction and similar for 3He and 4He particles for
each target. The parametrization reproduces well the energy dependence of
the reaction cross sections for the three projectiles on all the targets.

58



Paper V
Nucleon-nucleon scattering and the energy dependence of
proton-nucleus reaction cross sections

Reaction cross section data for proton-nucleus scattering up to 1 GeV have
been analyzed in a black-disc model. Simple phenomenological relations are
derived, which make it possible to predict the energy and mass dependence of
proton-nucleus reaction cross sections. The relations only require knowledge
of the total cross sections in nucleon-nucleon scattering and the matter den-
sities of the proton and the target nucleus. The relations make it possible to
predict the reaction cross sections on targets for which no experimental data
exist.
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8 Conclusions and outlook

"Det var mig en baddare att vara
ovetenskaplig och mänsklig!"

Olof Möller - "Kvinnoplaneten Q"

The reaction cross section is an important fundamental quantity in the scat-
tering of nuclear particles on atomic nuclei. It gives the mean free path for a
particle passing through matter, and it is an important constraint in the analy-
sis of angular distributions in the elastic scattering of particles by nuclei. The
reaction cross section can also be used in investigations of the nuclear mat-
ter distribution, and has recently become popular for the study of particles in
radioactive beams.

Besides an obvious theoretical importance for the improvement of global
optical potentials, it has also become increasingly important for a number of
applications and phenomena in daily life.

Reaction cross sections have been measured for 80-180 MeV protons on
four targets. These data give information about the energy dependence over a
relatively large energy range, and resolve earlier inconsistencies in measured
data for 12C and 208Pb. Comparisons with some recent optical model calcula-
tions show that their predictions of the reaction cross sections are quite good
from an applications point of view, but that there are room for improvements.
The new data may help in deriving even better global optical potentials.

Reaction cross sections have been measured for 96-167 MeV 3He on 13 tar-
gets at three energies. Besides the valuable information of the energy depen-
dence for these reaction cross sections, two important observations were made.
The first one is that, as also observed in an earlier measurement for α-particles,
there is an intense flux of reaction particles at small scattering angles. Possible
reasons for it have been discussed, and it appears to be a unique phenomenon
for 3He and α-particles in the energy range 20-50 MeV/nucleon. The other
observation was that the reaction cross sections for 3He and α-particles were
almost the same at the same energy per nucleon. This contradicts earlier as-
sumptions that the number of nucleons in the projectile increases the reaction
cross section.

The observation of the similar reaction cross section for 3He and α-particles
inspired a search for a phenomenological parametrization that was not depen-
dent on the number of nucleon in projectile and target. Such a relation has
been found, and it shows that the matter densities of the projectile and target
at very large radii are of importance. Furthermore, a similar parametrization
was attempted on the available data for protons, and a relation was found that
makes it possible to predict the proton reaction cross section at any energy in
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the range 0-1000 MeV, and for targets where no experimental data exists. The
parametrization for protons may also be valid for neutrons, if the correction for
the Coulomb interaction is the only difference between protons and neutrons.

The experimental apparatus used for the measurements uses a modification
of the transmission method and has great potential for high-quality measure-
ments. It sets tight constraints on the incident beam in order to reduce the beam
related background effects. The scintillator array behind target enables simul-
taneous measurements of five different solid angles, and the reaction cross
section is obtained by extrapolation to the full solid angle. This increases the
accuracy of the measurement, compared with the earlier method, and with-
out its development the intense forward flux of reaction particles for light ions
would not have been discovered.

At present the Sigma-R experimental apparatus is dismantled, awaiting new
tasks. New experimental data are always useful, both for theory and for ap-
plications, and considering the good performance of the apparatus it would be
nice to utilize its capabilities in future projects. A few examples of measure-
ments that would be of interest are:
• Protons on various isotopes according to the HPRL. The Sigma-R project

has completed the requirements for 208Pb, but proton reaction cross sections
in the energy range 50-200 MeV are requested for 7 more isotopes on the
list.

• Protons on 14N and 16O in the energy range 50-200 MeV. A better under-
standing of the reaction mechanisms from cosmic radiation are of impor-
tance for dosimetry and the effects on electronics, as well as for a better
theoretical understanding of the astronomical phenomena that causes the
radiation.

• Protons on 237Np or other actinides in the energy range 50-200 MeV. This
would give valuable information for reaction models in view of transmuta-
tion applications.

• Protons on various Sn isotopes. High quality reaction cross section data
on targets that only differ in the number of neutrons are of value for the
determination of the isovector potential.

• Polarized deuterons. The cigar-shape of the deuteron can be used to gain
new knowledge by performing the measurements with different alignment
of the deuterons.

• Radioactive beams. Reaction cross sections for 6He and 8He would be of
great interest for comparisons with those obtained for 3He and α-particles.
The apparent success of our simple parametrization for protons and light

ions should be further investigated and eventually it will make further mea-
surements obsolete. However, progress through experimental and theoretical
efforts tend to walk side by side, so the last chapter of the Sigma-R saga may
not have been written yet.
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9 Summary in Swedish - Alla talar svenska
"Varför?" Tänkte han först.

"Vadan?" Tänkte han sedan.
"Varthän?" Liksom avslutningstänkte han.

Martin Hedén - "Gump"

Undersökningar av reaktionstvärsnitt för protoner och 3He är titeln på
denna avhandling, som behandlar experimentella och fenomenologiska studier
av reaktionstvärsnitt för lätta joner, främst 3He-partiklar och protoner i energi-
området 50-200 MeV.

9.1 Varför?
Fundamental kunskap om materians innersta...

En vanlig metod för att få bättre kunskap om atomkärnan är att utföra sprid-
ningsexperiment där partiklar från en accelerator skjuts mot ett strålmål. När
en stråle med kärnpartiklar, exempelvis protoner eller alfa-partiklar, träffar ett
tunt strålmål med atomkärnor kan något av följande inträffa för varje enskild
partikel:
• Partikeln passerar opåverkad rakt genom strålmålet. Detta är fallet för fler-

talet partiklar, beroende på att atomkärnan endast upptar en ytterst liten del
av atomens volym innanför elektronskalen.

• Partikeln sprids elastiskt mot atomkärnan och fortsätter opåverkad med
samma hastighet i någon annan riktning.

• Partikeln genomgår en icke-elastisk reaktion med atomkärnan.
Sannolikheten för att en partikel skall genomgå någon slags icke-elastisk reak-
tion kallas för reaktionstvärsnitt och betecknas med symbolen σR. Reaktions-
tvärsnittet är summan av sannolikheterna för alla enskilda reaktionstyper som
äger rum.

Den optiska modellen har visat sig vara väldigt framgångsrik när det gäller
att reproducera uppmätta vinkelfördelningar från elastisk spridning. I mod-
ellen representeras växelverkan mellan projektil och strålmål av en komplex
potential. Med denna potential kan man beräkna den elastiska spridningen
av partiklar samt förlusten av partiklar från den elastiska kanalen, dvs antalet
icke-elastiska reaktioner som bestäms i form av ett reaktionstvärsnitt. Olika
optiska potentialer kan ge likvärdiga förutsägelser av vinkelfördelningarna,
men olika reaktionstvärsnitt. Därför kan direkt mätta reaktionstvärsnitt spela
en avgörande roll i valet mellan i övrigt likvärdiga optiska potentialer.

Med hjälp av tillförlitliga experimentdata vid olika energier och för olika
atomkärnor kan man skapa så kallade globala potentialer med förmåga att
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förutsäga elastisk spridning och reaktionstvärsnitt i områden där mätdata sak-
nas.

Trots en relativt enkel mätprincip så har mätningar av reaktionstvärsnitt
visat sig vara mycket svåra att genomföra i praktiken. Detta återspeglas i det
faktum att det finns gott om experimentella data för elastisk spridning, men
förhållandevis få för reaktionstvärsnitt.

...med nytta för samhället

Information om reaktionstvärsnitt är av vikt också inom praktiska tillämp-
ningar där kärnpartiklar med höga hastigheter förekommer.

Inom medicinen behandlas vissa typer av tumörer med protoner som brom-
sas in och avger sin energi till tumören, främst genom växelverkan med elek-
troner i atomskalen. Bättre kännedom om de kärnreaktioner som också kan
ske bidrar till att förbättra behandlingen. Radioaktiva preparat för olika slags
medicinsk behandling och diagnos tillverkas i stor skala, ofta genom neutron-
infångning i speciella kärnreaktorer. Vissa radioaktiva preparat kan emellertid
bara skapas genom bestrålning med accelererade protoner.

Jorden bombarderas av ett intensivt flöde av kosmisk strålning. Denna strål-
ning består främst av protoner med mycket höga hastigheter som kan växel-
verka med materia i atmosfären. Detta är viktigt att beakta både för astronauter
och för passagerare på vanliga trafikflygplan, eftersom det ökar den personliga
stråldosen. Det har dessutom visat sig att kosmisk strålning kan påverka digi-
tal elektronik i satelliter och flygplan genom att frigöra elektrisk laddning som
kan orsaka slumpvis omprogrammering eller förstörelse av elektroniken. Jor-
dens atmosfär dämpar strålningen avsevärt, men man har noterat effekter på
avancerade datorer vid jordytan, och problemet väntas öka i omfattning när de
elektroniska komponenterna minskar i storlek.

Inom astronomin kan man få bättre förståelse av hur stjärnor bildas om kärn-
data finns tillgängliga.

Kärnkraftverk producerar radioaktiva restprodukter med lång halveringstid
som måste omhändertas. I Sverige och andra länder planeras anläggningar för
långtidsförvaring djupt under markytan. Ett alternativ som föreslagits är att
reducera mängden radioaktivt avfall genom att bestråla det i en underkritisk
kärnreaktor som drivs med en intensiv extern neutronkälla. Genom transmu-
tation omvandlas det långlivade radioaktiva avfallet till stabila ämnen, eller
radioaktiva ämnen med kortare halveringstid. Neutronkällan skapas genom
att man bestrålar ett tungt ämne, exempelvis bly, med en protonstråle från en
kraftfull accelerator. Det finns också förslag på att utnyttja den här typen av
anläggningar för att få ut mer energi ur det använda kärnbränslet, som inte
lämpar sig för traditionella kärnreaktorer. För att designa en sådan anläggning
behövs god kännedom om olika reaktionsförlopp, inte bara för de neutroner
som driver reaktorn utan också för de protoner som skapar neutronflödet.

64



Vad bör mätas?

Det samlade behovet av kärnfysikaliska mätningar är mycket stort och skulle
hålla de få tillgängliga accceleratorlaboratorierna upptagna under en mycket
lång tid, och det är inte troligt att man kommer få möjlighet att utföra alla mät-
ningar som skulle behövas. Det internationella kärnenergiorganet OECD/NEA
har därför utgivit en rapport som sammanfattar behovet av kärndata med ton-
vikt på tillämpningar. Rapporten innehåller en högprioritetslista med rekom-
menderade reaktionsmätningar för protoner och neutroner i energiområdet 0-
200 MeV. Förhoppningen är att de samlade ansträngningarna skall få genom-
slagskraft i utvecklingen av nya reaktionsmodeller och dämed också på tillämp-
ningar. För åtta av de tio grundämnena på högprioritetslistan finns reaktions-
tvärsnitt för protoner med som önskad mätparameter.

9.2 Vadan?

Avhandlingen beskriver mätningar av reaktionstvärsnitt för 3He-partiklar och
protoner. Mätningarna har genomförts inom ramen för Sigma-R projektet,
som är ett samarbete mellan forskningsgrupper vid Redlands universitet (Kali-
fornien, USA), Stellenbosch universitet (Sydafrika), iThembalaboratoriet för
acceleratorbaserad forskning (Sydafrika) och Uppsala universitet. Projektet
har delfinansierats av SIDA/NRF och forskarskolan AIM.

Experimentell metod (Artikel II)

Mätningarna har utförts med en experimentell apparatur som tidigare använts
för mätningar av reaktionstvärsnitt av protoner i energiområdet 20-50 MeV.
Utrustningen kom till Uppsala 1992 för att användas vid mätingar av reaktions-
tvärsnitt för lätta joner i energiområdet 20-50 MeV per nukleon. Mätprincipen
bygger på den så kallade transmissionsmetoden där man räknar varje enskild
partikel som träffar strålmålet, samt räknar alla opåverkade och elastiskt spridda
partiklar bakom strålmålet. reaktionstvärsnittet fås genom att uppmäta skill-
naden mellan dessa kvantiteter.

Antagandet att utrustningen kunde användas på samma sätt som för de tidi-
gare protonmätningarna visade sig vara felaktigt eftersom ett intensivt flöde av
framåtriktade reaktionsprodukter visade sig uppstå. Experimentmetoden byg-
ger på att man inte behöver utföra mätningen vid mycket små spridningsvink-
lar, under förutsättning att flödet av reaktionsprodukter är någolunda isotropt
fördelat. Efter upptäckten av det intensiva flödet genomgick apparaturen en
modifiering som innebär att man kan mäta effekten av flödet i framåtriktningen
genom att utföra samtidiga mätningar för flera vinkelområden och därefter ex-
trapolera till det område som inte mäts.
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Mätningarna är mycket känsliga för variationer i partikelstrålen. Därför vid-
tas flera åtgärder vid varje mätning för att minimera de bakgrundseffekter som
kan störa mätningen. Som ett resultat ger apparaturen mätdata av mycket hög
kvalitet jämfört med andra mätmetoder.

Resultat för 3He-partiklar (Artikel I)

Vid The Svedberglaboratoriet i Uppsala har reaktionstvärsnitt uppmätts för
3He-partiklar vid energierna 96, 138 och 167 MeV mot 9Be, 12C, 16O, 28Si,
40Ca, 58,60Ni, 112,116,118,120,124Sn och 208Pb, med en statistisk noggrannhet av
3-9%.

Liksom vid en tidigare mätning för alfa-partiklar observerades ett intensivt
flöde av icke-elastiska partiklar i framåtriktningen. Djup inelastisk spridning
är en trolig orsak till det intensiva flödet, vilket innebär att 3He- och alfa-
partiklarna växelverkar med enskilda nukleoner i atomkärnan. Detta antagande
är mycket svårt att verifiera experimentellt, men är den främsta kandidaten till
fenomenet eftersom ingen annan känd reaktionsmekanism kan ge ett så starkt
flöde i framåtriktningen.

Ett annat oväntat resultat av mätningen var att reaktionstvärsnitten för 3He-
partiklar var lika stora som för alfa-partiklar, jämförda vid samma energi per
nukleon i projektilen.

Resultat för protoner (Artikel III)

Vid iThembalaboratoriet i Sydafrika har reaktionstvärsnitt uppmätts för 12C,
40Ca, 90Zr och 208Pb vid sex olika protonenergier mellan 80 och 180 MeV,
samt för 58Ni vid 81 MeV, med en statistisk noggrannhet av 1.5-8%.

Mätningarna ger vädefull information om energiberoendet för reaktions-
tvärsnitt och löser tidigare oklarheter för 12C och 208Pb. De fåtaliga tidigare
mätningarna för 40Ca och 90Zr har berikats med våra nya data.

Mätresultaten har jämförts med teoretiska beräkningar där globala fenomeno-
logiska optiska potentialer och mikroskopiskt härledda potentialer har använts.
Ingen av potentialerna visade sig kunna återge reaktionstvärsnitten perfekt för
alla kärnorna, men variationerna är inom 5% vilket är mycket bra med tanke på
tillämpningar, men ur teoretisk synvinkel hoppas vi att mätresultaten kommer
bidra till framtagande av bättre globala optiska potentialer.

Fenomenologiska undersökningar (Artikel IV och V)

Resultatet att reaktionstvärsnitten för 3He-partiklar var nästan identiska med de
tidigare resultaten för alfa-partiklar var överaskande eftersom det allmänt an-
tagits att reaktionstvärsnittet främst beror på antalet nukleoner i projektil och
atomkärna. Detta ledde till vidare undersökningar där vi sökte en parametri-
sering som inte beror på antalet nukleoner. Vi valde istället att basera beräkning-
arna på täthetsfördelningarna hos projektil och atomkärna.
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En atomkärna har en diffus yta. Materiefördelningarna ritades upp på ett
avstånd mellan projektil och atomkärna som ges av de uppmätta reaktions-
tvärsnitten. Materietätheten avlästes i den punkt där fördelningarna korsar
varandra. Detta gav ett fenomenologiskt samband som visade sig ha god för-
måga att återge energiberoendet av reaktionstvärsnittet för lätta joner mot olika
atomkärnor.

Samma utgångspunkt användes sedan för att finna en parametrisering för
protoner. Det visade sig att vi kunde finna ett samband som förutsäger såväl
reaktionstvärsnittets energiberoende som dess massberoende. Sambandet tycks
fungera mycket väl för atomkärnor över hela periodiska systemet, och är jäm-
förbart med mer komplicerade beräkningar. Dessutom kan parametriseringen
också användas för neutroner om man korrigerar för protonens laddning.

9.3 Varthän?
Projektet att mäta reaktionstvärsnitt för protoner har avslutats och experiment-
apparaturen ligger för närvarande i malpåse i väntan på nya uppgifter. Nya data
är alltid av värde, både för teori och tillämpningar, och med hänsyn till att pre-
standan hos denna utrustning är mycket god så vore flera mätningar önskvärda.
Några intressanta reaktionstvärsnitt som föreslagits ges här i punktform.
• Protoner mot olika grundämnen enligt OECD/NEAs högprioritetslista. Vi

har endast uppfyllt målet för ett av grundämnena på listan.
• Protoner mot syre och kväve i energiområdet 50-200 MeV. För att bättre

förstå effekterna av kosmisk strålning på människor och elektronik behöver
man kännedom om hur protonerna från yttre rymden påverkas av luften.

• Protoner mot 237Np eller andra transuraner. Detta skulle ge värdefull infor-
mation för modellering av transmutationsanläggningar.

• Polariserade deutroner mot någon lämplig kärna. Deutronen är cigarrfor-
mad. Med polariserade strålar kan man få ny kunskap genom att jämföra
mätningar där deutronerna har olika upplinjering.

• Radioaktiva strålar mot någon lämplig kärna. Mätningar av reaktionstvärsnitt
för t.ex. 6He och 8He med samma utrustning skulle vara av största intresse.

Framgången med vår allmänna parametrisering av reaktionstvärsnitt bör
verifieras, men kan möjligtvis göra ytterligare mätningar för protoner över-
flödiga. Parametriseringen ger en förändrad syn på hur reaktionstvärsnitt re-
lateras till den fundamentala växelverkan vid kollisioner mellan nukleoner,
eftersom den visar att materiefördelningen är viktigare än antalet nukleoner
i projektilen och strålmålet.
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