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1. Introduction 

This work is devoted to reaction cross section measurements for protons, 
deuterons and He isotopes at intermediate energies. The very first 
experiment in nuclear physics that lead to the discovery that atoms have a 
compact nucleus [Ru11], was a scattering experiment with low energy alpha 
particles. In this very first experiment the goal was to measure the matter 
distribution in atoms. In the measurements presented here the energies of the 
bombarding particles are much higher and the experiment measures the 
details of the matter distribution in the nucleus. 

Since the early 1950’s particle scattering has been one of the standard 
methods to probe the structure of the target nucleus. In the scattering 
process, after an interaction with the target, both the projectile and the target 
might have their internal energies unchanged. This is called elastic 
scattering. Elastic scattering data can be reproduced with the help of an 
optical model, where by analogy with a complex refractive index in optics, a 
complex nuclear potential - the optical potential - is used to describe a 
complex many-body problem in terms of a one-body potential. Nuclei are 
described by a real nuclear potential while a complex potential is used to 
accommodate the removal of particles from the elastic channel in the 
scattering process. Historically the concept of the optical model dates back 
to the 1930’s when Bethe introduced it.  

Elastic scattering is far from being the only possible final state of the 
target-projectile system.  The target as well as the projectile, or both of them, 
can be left in an excited state. The projectile might be absorbed and different 
particles might be emitted; there may occur a particle transfer between the 
target and the projectile, and the target and/or the projectile might break up. 
Each of these is called an nonelastic interaction with the target. The 
probability that the projectile will undergo an nonelastic interaction with the 
target is expressed as the reaction cross section. Reaction cross section 
measurements provide complementary information on nuclear structure, and 
the reaction cross section data are useful for different theoretical and 
practical purposes. 

There have been rather extensive reaction cross section studies at energies 
up to 10 MeV per nucleon and for protons up to 50 MeV [Ca96], while data 
at higher energies are scarce, particularly for complex projectiles. This may 
be explained by growing experimental problems at higher energies, 
especially with projectiles more complex than protons.  
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From the point of view of applications nuclear data at intermediate 
energies are steadily becoming of greater interest to such fields as medicine, 
astrophysics, fusion and accelerator driven systems for transmutation of 
nuclear waste and energy conversion. Experimental data are also needed to 
refine theoretical models by comparing theoretical predictions with new data 
in extended areas. Reaction cross sections at intermediate energies present an 
example of the data necessary for such purposes. 

This thesis is devoted to reaction cross section measurements at 
intermediate energies. Chapter 2 gives an introduction to the optical model 
in connection with the reaction cross section. The methods and history of the 
reaction cross section measurements as well as the existing reaction cross 
section data are discussed in chapter 3. The actual reaction cross section 
measurements and different corrections applied to the raw data are described 
in chapter 4 with the results being presented in chapter 5. Chapter 6 gives an 
outline of the papers while chapter 7 contains the conclusions. 
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2. The optical model 

The nucleus is a complex object. Even assuming that the forces between its 
constituents involve only two-body interactions, it is not easy to specify the 
Hamiltonian of the Schrödinger equation, which describes the system. By 
using different approximations to the Hamiltonian of the nuclear system one 
can obtain different models to describe different nuclear phenomena. One of 
the approximations most commonly used in nuclear physics is the optical 
model. 

The optical model is based on the assumption that the constituents of the 
nucleus are non-interacting quantum particles - protons and neutrons moving 
in a common nuclear potential - the optical potential [Wo90]. The use of the 
optical model makes it possible to describe the nucleus itself as well as the 
scattering of particles by the nucleus.  

While nuclei themselves are described by a real potential the interaction 
between the projectile and the target in the scattering process is represented 
by a complex potential. The real part of the optical potential represents the 
average potential energy inside the nucleus experienced by an elastically 
scattered projectile. The imaginary part of the optical potential is responsible 
for the absorption of the projectile, i.e., the removal of the projectile from the 
elastic channel due to different nonelastic reactions. The real potential also 
influences absorption, but there is no absorption without the imaginary part 
of the optical potential. Optical model calculations have become a standard 
approach in the analysis of elastic scattering, and there are numerous studies 
devoted to the variations of different parameters of the optical potential as a 
function of target nucleus, projectile type and energy [Ga86]. 

In the optical model approach the system consisting of an incoming 
spinless particle and a spherically symmetrical target potential is described 
by the Schrödinger equation 

,
2

2
2

rErrU (2.1)

where µ=mp mt /(mp+mt) is the reduced mass, E  is the energy in the center of 
mass system, U(r)  is  the optical potential and mp and mt are the masses of 
the projectile and the target, respectively. 
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For a central scattering potential the angular momentum is a constant of 
the motion. Then for a particular angular momentum  the Schrödinger 
equation can be separated into radial and angular parts with the radial 
equation in the following form: 
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where )(rwl is the radial wave function. 
The phase shifts can be determined by matching the solution of eq. 2.2 

outside the range of the potential   to  the asymptotic solution. In calculations 
the equation is solved numerically up to some radius where the potential 
becomes negligible, and then the solution is matched to the solution for the 
outgoing wave. The solution outside the potential is of the form 
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where Sl is the scattering matrix element for the lth partial wave, Fl and Gl are 
the regular and non-regular Coulomb wave functions. The scattering matrix 
element Sl is defined as: 
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where l is the complex nuclear phase shift. The angular distribution d /d
can be calculated from the phase shifts, 
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where fc is the Coulomb amplitude, )(cos0
lP  is the Legendre polynomial 

and l is the Coulomb phase shift for the partial wave l.
The reaction cross section is determined by the phase shifts, using the 

following relation, 

2
2 112 lR Sl
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 . (2.6)
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Thus the reaction cross section is determined by the imaginary part of the 
phase shifts and is independent of the real parts. It should be noted that the 
imaginary phase shifts are quite sensitive to the real potential for composite 
projectiles and therefore reaction cross section data test the real as well as 
the imaginary parts of the potential. 

The optical potential for spinless projectiles can be divided into three 
different terms: 

riWrVrVrU coul  , (2.7)

where Vcoul(r) is the Coulomb potential, V(r) is the real and W(r) the 
imaginary part of the central potential. 

Numerical methods are used to find a solution to eq. 2.2 with different 
potentials. The task of a standard optical model analysis of the elastic 
scattering is to find an optical potential that gives a satisfactory fit to the 
measured angular distribution. The usual way is to start with some initial 
parameterization of the optical potential, the most common being the 
Woods-Saxon one, 

)/)exp((1
)( 0

aRr
V

rV  , (2.8) 

where V0 is the depth of the potential, a its diffuseness and R is the radius, 
related to the reduced radius r0 by R=r0 A1/3. Some or all of the parameters 
are varied until the best fit to the measured angular distribution, usually 
consisting of some ten to one hundred data points, is obtained.  

The optical potentials, which describe the overall features of nucleon-
nucleus and nucleus-nucleus scattering, are energy dependent and non-local. 
When a non-local potential is replaced by an equivalent local potential, as in 
eq. 2.2, the latter shows an energy dependence, which is due in part to the 
energy dependence of the non-local potential and in part to the non-locality. 
Therefore there are different sets of best fit parameters for different 
projectile energies. i.e., different optical potentials are required to describe 
the same system at different projectile energies. 

Rather early in the development of the optical model approach it was 
found that there existed optical potential ambiguities. Different potentials 
reproduced the elastic scattering data with similar accuracy, but they gave 
different predictions outside the range of data and also for the reaction cross 
sections. For alpha-particles it was found that an extension of the angular 
range to include the nuclear rainbow region eliminated some of the discrete 
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ambiguities in earlier calculations [Go74]. Nuclear rainbow region starts at 
large angles where the elastic cross section begins to fall exponentially 
compared to Rutherford cross section In order to get a more complete 
knowledge of the optical potentials the experimental efforts have been 
extended to cover wider and wider angular regions and to explore new 
energies and targets [Ga86]. For some reason much less efforts have been 
made to measure reaction cross sections. 

As was shown earlier the reaction cross section can be calculated from the 
scattering matrix. Alternatively the reaction cross section can also be 
calculated from the imaginary part W of the optical potential and the relation 

R =
v
2

h
W   , (2.9)

where v is the velocity of the projectile relative to the target and + is the 
full solution of the Schrödinger equation that contains both the incident and 
the scattered waves, 

cos121
ll

il Prwlei
kr

l   . (2.10) 

Here k is the wave number,  is the angle in a spherical coordinate system, l
is the Coulomb phase shift for the l-th partial wave, Pl is the Legendre 
polynomial of order l and wl(r) is the radial wave function obtained from eq. 
2.2.

In integral form one obtains 

drdrrrWR sin),()(
v

2 22
 . (2.11)

Since the potential inside the nucleus is non-local, the solutions in the 
interior region are not completely reliable. We believe, however, that the 
gross features of the results are of a general nature. The product of the 
imaginary potential and the wave function 

2
),()( rrW  gives the loss 

of flux of particles from the elastic channel. The real part of the potential 
V(r) affects the loss of flux through its effect on the wave function .

This approach has for example been discussed by Brau et al. [Br98]. It 
has also been used for analyzing 3He and 4He reaction cross section data 
from the Uppsala experiment [VII]. In the case of the partial wave approach 
the asymptotic phase shifts are used to calculate the reaction cross section. 
When integrating the product of the modulus square of the wave function 
with the imaginary potential it is the wave function inside the imaginary 
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potential that determines the reaction cross section. This provides an 
interesting probe for testing the interior of the nucleus. 

Although the reaction cross section measurement results in just one data 
point, while the elastic angular distribution can contain large number of data  
data points, the number of data points being limited by the angular resolution 
of the experimental equipment, there is an increasing theoretical interest in 
reaction cross section data.  As mentioned above the optical potentials may 
have an ambiguity in the sense that different families of optical potentials 
can reproduce the elastic scattering data with a similar accuracy, while their 
predictions for the reaction cross section are different. Therefore it is 
interesting to compare the predictions of different optical potentials that have 
been obtained from the fit to the elastic scattering data with the 
experimentally measured reaction cross sections, or to include the reaction 
cross section in the data that are fitted by the optical potentials.  

There exist a large amount of best fit potentials at specific energies 
obtained in analyses of elastic scattering data for nucleons and other 
projectiles. Due to the optical model ambiguities the parameters of the 
potentials can vary drastically also at adjacent energies, and it is therefore 
impossible to obtain a realistic potential at an energy where no data exist by 
interpolation of the parameters. For this reason it is important to derive 
potentials which are global in projectile energy. Such potentials have been 
derived and were used in the analysis of the reaction cross sections for 3He
and 4He. There are ambiguities also in global potentials in spite of the fact 
that they have been derived from extremely accurate data at several energies. 
It is also possible to derive optical potentials, which are global in atomic 
number. Such potentials are required for nuclei for which there are no elastic 
scattering data. 

In [NE96] it was reported that the global optical model predictions are not 
yet satisfactory and that improving the parameterization in the model should 
increase their accuracy. Reaction cross section data can provide an important 
constraint for the global optical model calculations, since they can be 
included into the fitting procedure.  
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3. Scattering and reaction cross section 
measurements

3.1 Reaction cross section and scattering 

The scattering of projectiles by a target nucleus is a standard experimental 
method in nuclear physics. The schematic picture of a projectile interaction 
with the target is shown in fig. 3.1. The projectiles which hit the target come 
from an accelerator and are possibly manipulated to obtain and select the 
necessary type and energy of the projectile. The projectiles incident on the 
target can either pass through the target without any interactions or be 
scattered elastically or nonelastically. In a scattering experiment the 
probability of the projectile being scattered with a certain energy by a certain 
angle relative to the incident beam is measured. 

Figure 3.1 Setup of a typical scattering experiment. The intensity of the incoming 
beam and the unaffected beam are denoted by I0 and Iu, respectively. The target is 
characterized by the number of atoms per square centimeter, usually denoted as nx. 
The detector is placed at angle  and covers a solid angle of d .
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The reaction cross section is defined as the probability that a projectile will 
undergo any nonelastic interaction with the target. If I0 denotes the number 
of the projectiles incident on the target, Iu the number of particles that have 
passed the target without an interaction and Iel denotes the number of 
elastically scattered particles, the reaction cross section is determined by 

nxIIII eluR 00 /   , (3.1) 

where nx is the number of target nuclei per unit area of the target, usually 
measured in cm-2. Thus the reaction cross section is proportional to the 
number of particles that have undergone a reaction in the target. The 
projectile can be removed from the elastic scattering channel through 
different processes and the reaction cross section is a sum over all types of 
nonelastic cross sections, including those of breakup, pickup and other 
nuclear reactions. Usually Iu + Iel is denoted by I. The distinction between 
the residual beam and elastically scattered particles is made for practical 
purposes because in the experimental set-up the residual beam is handled 
differently than for the particles that have been scattered by a measurable 
angle.

Typical energy spectra for alpha particle inelastic scattering at a number 
of scattering angles are shown in fig. 3.2 [from Sa90, Ch71]. The elastic 
peak is well pronounced at all scattering angles up to 75o in this plot and the 
elastic differential cross section decreases very fast with increasing 
scattering angle. The elastic peak is followed by a number of peaks from 
direct excitations of the target. At an energy loss of over 10-20 MeV the 
spectra change into a continuum.  It can be observed that the elastic peak and 
the ejectiles with a low energy loss - the reaction products of direct reactions 
- have lower cross sections at larger angles, while the ejectiles with larger 
energy loss, i.e., the scattering into the continuum, are almost isotropically 
distributed. As the reaction cross section is an integral over d /d  sin ,
where d /d  is the differential cross section of all inelastic scattering,  the 
dominant contribution to the reaction cross section comes from the large 
angles, i.e., from the scattering into the continuum. The scattering into the 
continuum becomes more important at higher energies like the ones at which 
the Uppsala experiment was performed because higher energies increase the 
range of the continuum. 
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Figure 3.2 Energy spectra of 42 MeV alpha particles elastically and inelastically 
scattered from Sn nuclei at various angles. Alpha particles with small energy losses 
(large E ) show forward-peaked distributions characteristic of direct reactions. The 
alpha particles with higher energy losses are almost isotropic. The first peak at 42 
MeV comes from elastic scattering. From [Sa90, Ch71]. 

Typical angular distributions for elastically scattered alpha particles at 
intermediate energies are shown in fig. 3.3 from [VI] where the experimental 
data together with calculations from a Woods-Saxon type of global optical 
potential are presented. Elastic scattering starts with Coulomb scattering 
with a large cross section at small angles. The Coulomb region is followed 
by a diffractive region, which falls exponentially with increasing scattering 
angle. The data plotted as a function of the momentum transfer exhibit a 
shift in the diffractive pattern towards smaller scattering angles in the 
laboratory system at higher energies. The higher the energy of the alpha 
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particle the steeper is the exponential fall at larger angles. (Note that the 
horizontal scale in fig. 3.3 is momentum transfer, not the scattering angle.) 

Figure 3.3 Angular distributions for elastically scattered alpha particles from 58Ni
compared with calculations using a global potential. The data are plotted as a 
function of momentum transfer. From [VI]. 
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3.2 Principle of measurement 

As discussed in the previous chapter the reaction cross section is related to 
the probability of the removal of particles from the elastic scattering channel. 
Consequently an experimental determination of the reaction cross section 
requires a measurement of three quantities - the number of incident particles, 
the number of particles in the residual beam that passes the target without 
interaction and the number of elastically scattered particles. Due to the 
infinite range of the Coulomb potential there is no clean boundary between 
particles unaffected by the target and those elastically scattered in the 
forward direction.

In practice this measurement is difficult and this experimental difficulty is 
an important reason why there are relatively few reaction cross section 
measurements. There are several methods of measuring the reaction cross 
section. The most popular one is a so-called attenuation or transmission 
method where the number of particles before and after the target are 
compared. Different experimental arrangements vary in the way the particles 
are counted and in the way the elastically scattered particles are separated 
from those non-elastically scattered. Another method is to deduce reaction 
cross sections from a series of measurements of stopping reaction 
probabilities in detector media. 

In the transmission or attenuation experiments the main experimental 
problem is to count all incident particles prior to the target and to count all 
non-interacting particles and the elastically scattered projectiles, while the 
nonelastically scattered particles must be identified as such and rejected. 
That is why the apparatus for the reaction cross section measurement usually 
consists of three main parts: the particle identification before the target, the 
target system itself and the particle identification after the target including 
the energy measurement of ejectiles. The target needs to be sufficiently thin 
so that the energy specification of the projectile is not significantly 
compromised by projectile energy loss in the target. The identification of the 
incoming projectile is done by a transmission telescope that consists of a 
number of very thin transmission scintillators. Series of target-in and target-
out measurements are used to measure the decrease in the number of non-
reaction particles due to the presence of the target.  

The stopping reaction probability technique is a non-typical but 
nevertheless very interesting method of measuring the reaction cross section. 
Its essence is a calculation of the reaction cross section from the stopping 
reaction probabilities in the detector material in the energy determining 
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detectors. A principal scheme of this technique for the reaction cross section 
measurement is shown in fig. 3.4. 

Figure 3.4 Principal scheme of the stopping reaction probability technique for 
reaction cross section measurements. 

If the full energy of a particle is deposited in the detector material, the 
detector produces a pulse from which the energy of the particle can be 
determined. If a particle undergoes a reaction in the detector then the output 
pulse from the detector is changed. In most of the cases nuclear reactions 
consume part of the projectile’s kinetic energy. The reaction products might 
escape from the detector without depositing their full energy in the detector 
or they might have a different response in the detector media compared to 
the original particle. From the detector pulse it can be determined whether 
the particle has undergone a reaction in the detector. By comparing the 
number of incident particles with the number of particles that have 
undergone reactions in the detector one can determine the stopping reaction 
probability. By comparing the measured stopping reaction probabilities at 
projectile energies that differ only by a couple of MeV and with the help of 
energy - range tables one can calculate the reaction cross section at this 
energy. A drawback of this method is that it can only be used for reaction 
cross section measurements for a very limited number of targets like Si, CsI 
and Ge that can be used as detector media. The experimental technique used 
for this method is described in [Wa90, Wa91]. 

The rest of the experimental designs, i.e., the majority of all experiments, 
are based on counting individual particles before and after the target. The use 
of a series of target-in and target-out measurements to isolate the effects due 
to the target characterizes these experiments.  
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3.3 Review of reaction cross section measurements 

The first reaction cross section measurements were made by Millburn et al. 
[Mi54] for 200 MeV protons. A simple attenuation technique was used. The 
schematic diagram of their experimental arrangement is shown in fig. 3.5. 
The incoming beam was measured by an electrometer. The event was 
defined as nonelastic if the range of the particle after the target was 
shortened by a measurable amount (4% for this experimental setup). The
reaction cross section was calculated from the attenuation of the beam with 
different thicknesses of the attenuator, namely the target and uranium. The 
attenuation was measured by the charge collection method. The precision of 
the measurements was 5-15% 

Figure 3.5 Scematic diagram of the reaction cross section apparatus by Millburn et 
al. published in 1954 [Mi54]. 

This first experiment was followed by the one by de Carvalho [Ca54] for 
134 MeV protons, Chen et al. [Ch55] for 169-1500 MeV protons and, for 
lower energies, by Gooding [Go59] for 34 MeV protons. A schematic 
picture of the apparatus used by Gooding is shown in fig. 3.6. The left part 
of the figure shows how the projectiles that enter the apparatus are selected 
and collimated. In the lower right part the apparatus itself is shown. The 
incoming beam was defined by a dE/dx telescope consisting of thin plastic 
scintillators. Reaction particles were identified by pulse height analysis in 
the plastic stopping scintillator. The energy loss in the target was 5 MeV and 
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the energy of the incoming beam was correspondingly decreased by an 
absorber in front of the dE/dx telescope for the target - out measurements.  

Figure 3.6 A schematic picture of the first reaction cross section apparatus used for 
cross section measurements at lower energies, around 30 MeV/nucleon, published 
by Gooding et al. in 1959 [Go59]. 

The results of the first measurements were used to test optical model 
predictions for the reaction cross sections. Since then a number of different 
methods for the reaction cross section measurements have been developed. 
Most of the data were collected for 10-50 MeV protons with some 
measurements for other projectiles and for higher energies. The early 
methods required a considerable amount of accelerator time in order to 
reduce the experimental errors. A typical accuracy of the measurement was 
5-10% depending on the target mass number. With the advancement of the 
reaction cross section measurement technique for 10-50 MeV protons 
[Mc74] it became possible to collect the necessary statistics with 
considerably less beam time and, subsequently, the precision of the 
measurements improved to around and below the 3% level, where the 
statistical error started to be comparable with the errors from other sources. 

The frequency of publications on results of the proton reaction cross 
section and proton total cross section measurements for the years 1953-1996 
is shown in fig. 3.7. The data here are taken from the compilation made by 
Carlson [Ca96] where all proton cross sections measured up to 1996 are 
presented. There are many reaction cross section data for  protons below 50 
MeV. However, there are clear gaps in the data above this energy where only 
few targets have been explored in the energy range 50-200 MeV.  
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Most of the reaction cross section results, particularly for protons were 
produced during the 1960’s and 1970’s when the possibility of making 
measurements for 10-50 MeV protons was being explored. Much fewer data  
are available for complex projectiles. 

Figure 3.7 The number of publications on proton reaction cross section and proton 
total cross section measurements over 5 year periods. The data are from the 
compilation by Carlson [Ca96].  

Occasionally there were reports of other experiments that covered higher 
energies or projectiles other than protons. Later, light and heavy ion beams 
became available at higher energies. This gave way to new sets of reaction 
cross section measurements for a number of light ions at energies below 1 
GeV/nucleon. Exotic nuclei were explored by measuring the reaction cross 
section or other similar quantities (like the interaction cross section, defined 
as a cross section for the process where at least one nucleon is removed from 
the projectile) after beams of unstable particles became available. A review 
of the measurements and results for unstable projectiles was recently 
published [Oz01]. 

The most complete and systematic data have been collected by Kox et al. 
[Ko87, Ko 84]. They have measured the reaction cross sections for 12C at six 
different energies from 112 MeV to 3600 MeV and for a number of targets 
ranging from 12C to Ag. With the help of the same technique two 
measurements for 16O at 480 MeV were also performed. Reaction cross 
sections for 20Ne were measured for three targets at four energies from 600 
to 6000 MeV. 
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Jaros et al. [Ja78] have measured the proton, deuteron, alpha particle and 
12C reaction cross sections on four light targets. The targets were the same as 
the projectiles and the measurement was done at the two energies of 1.55 
and 2.89 GeV/c nucleon. For the higher energies Jafar and Dutton [Ja67, 
Du65] reported 650 MeV deuteron data for five targets from 12C to 208Pb. De 
Vries and Peng [De82] have measured the alpha particle cross section on 12C
at 376 and 692 MeV.  

In the Soviet Union a number of reaction cross section measurements 
were carried out using a charge integration method. In [Bi82] reaction cross 
sections were reported for 13.6 MeV deuterons and 27.2 MeV alpha particles 
on six targets at mass numbers around 50. Experiments performed in Kiev 
produced a number of publications with data on a number of targets explored 
with 100 MeV alpha particles [Do88, Go88, Ba87, Ba87-2, Bu86]. 

Earlier measurements had reported some data for lower energies and 
lighter projectiles. In [Ba68] the reaction cross section was measured for 3He 
at 29 MeV for six different targets from Mg to Ag. Deuteron data at 26.5 
MeV were reported for 18 targets in [Ma65] and 22.4 MeV deuteron reaction 
cross sections for 19 targets were reported by Wilkins and Igo [Wi62], while 
Igo and Wilkins [Ig63] reported 40 MeV alpha particle data for the same 19 
targets. Alpha particle data for 24.7 MeV and 6 targets are reported in 
[Bu68]. 

An interesting set of measurements was reported by Warner et al. [Wa89, 
Wa91]. They measured the stopping reaction probabilities of a number of 
projectiles in energy determining CsI and Si detectors. From the stopping 
reaction probabilities at the neighbouring projectile energies an average 
reaction cross section over the energy difference were calculated. All alpha 
particle cross sections in the energy range 40-112 MeV, except for the Kiev 
experiment at 100 MeV, as well as 14N reaction cross section data at 265 to 
390 MeV, have been obtained in this way. Measurements with unstable 
beams of light ions using this method have also been reported for 8B [Wa95], 
12N and 17Ne [Wa98]. 

In a series of experiments with secondary beams, the interaction cross 
section was reported for such projectiles as 3,4,6,8He and Li isotopes, by 
Tanihata and others [Ta85, Ta85-1]. Later the interaction cross section for 
other light unstable nuclei was reported by [Bl91, Fu99, Fa00] and for 6He in 
Si detector media by [Ku02]. It should be noted that these are not reaction 
cross section measurements although the technique used is somewhat 
similar.  

Reaction cross section measurements are difficult to perform, and because 
of that a number of experimental attempts might have been abandoned 
without yielding published data as, for example, in the case of the Osaka 
proton experiment from the years 1986-7 [Iw87, Iw88]. The inconsistency of 
the data from different experiments is another indication of the experimental 
difficulties posed by the reaction cross section measurements. This 
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inconsistency is well illustrated by the results for the reaction cross sections 
in proton scattering from 208Pb in fig. 5 in [V]. 

As seen from this account of existing experimental reaction cross section 
data, the Uppsala experiment, which started in 1992, has helped to close the 
gap in the energy range 50-200 MeV for projectiles ranging from protons to 
alpha particles, covering targets from 9Be to 208Pb.  
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3.4 The transmission method of reaction cross section 
measurements

As has been already discussed in chapter 3.3 various experimental setups 
differ in how the particles are identified prior to the target and how the 
elastically scattered and non-interacting particles are identified after the 
target. Usually individual particles are counted but there have been several 
experiments in which a charge integration method was used. The last 
experiment based on this method was the Kiev experiment series [Do88, 
Go88, Ba87, Ba87-2], and it is one of the few experiments where the 
reaction cross section for alpha particles was measured. The experimental 
technique developed for the Kiev experiment is best described in [Bu86]. All 
other recent experimental approaches to measuring the reaction cross section 
are based on counting individual particles. 

The source of high energy projectiles is an accelerator. Usually some 
adjustments are made to the beam before it enters the reaction cross section 
apparatus. A desired projectile energy and a very low intensity of the beam - 
of the order of 10000 s-1 - are needed.  The reduced intensity can be achieved 
in a number of ways - either by scattering the original beam or by passing it 
through a series of collimators. The energy of the projectiles can be varied in 
the accelerator or by scattering a fixed energy beam and varying the 
projectile energy by selecting the scattering angle that corresponds to the 
desired energy. 

Usually reaction products are distinguished from non-reacting particles by 
an energy measurement of the ejectiles. The ejectiles can, for example, be 
energy analyzed by a total absorbtion detector. One of the standard 
alternatives is CsI which provides a very good energy resolution but is rather 
slow, and therefore these experiments must have low count rates. One 
problem with an experimental setup relying on a stopping energy detector 
for the identification of the reaction and non-reaction particles is that the 
energy analyzing detector cannot distinguish between reactions having 
occurred in the target and reactions in the detector itself. This fact makes the 
experiment very difficult. The thickness of the target is usually small 
compared with the stopping range of the projectiles. Most of the particles 
counted with an energy below the elastic peak are those having undergone 
reactions in the detector. Therefore, the number of reaction events can only 
be obtained by subtracting two large and nearly equal numbers of non-elastic 
events in the target-in and target-out measurements, which necessitates 
considerable beam time to get sufficient statistics.  
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As an illustration we can look at the parameters of the system using a CsI 
scintillator as the energy analyzing detector. The CsI detector has a count 
rate limitation of approximately 10000 counts per second, the limitation 
being related to the time lenghth of the tail of the pulse. At the incoming 
proton energy of 30 MeV, approximately 1% of the particles initiate 
reactions in the CsI energy detector and the range in the detector is 1.8 
g/cm2. With increasing proton energy both the range of the proton and the 
reaction probability in the detector medium increase rapidly. At 50 MeV the 
range is 4.4 g/cm2 and approximately 3% of the protons initiate reactions in 
the detector. Assuming a beam energy of 50 MeV and a 40Ca-target, which 
gives an energy loss of 1 MeV, the number of reactions will increase from 
3.0% without target to 3.12% with target. The separation of the unaffected 
and the elastically scattered particles (97.00% and 96.88%) from the 
particles which have undergone reactions (3.00% and 3.12%) results in 
uncertainties not only due to the statistical error obtained from the number of 
reactions but also due to the limited energy resolution. Instabilities in the 
beam can also contribute to the error in the measurement. A measurement 
with this method requires approximately 20 hours to give a statistical 
accuracy of 7-8% in the reaction cross section.  

Increase in the thickness of the target can give better statistics; in the 
same time it also increases the uncertainty of the energy at which the 
reaction cross section is measured, due to the energy loss in the target. This 
loss also must be kept low because with this technique the beam energy in 
the target-out measurements must be lowered to result in the same particle 
energy at the entrance of the energy detector.  

The basic method for the identification of reaction particles was improved 
in the 1960’s. A principal improvement was a new design for the rejection of 
(or identification of) non-reaction particles. The improvement was based on 
an observation that due to the nature of the Coulomb scattering most of the 
non-reaction particles are focused in a narrow forward cone while the 
reaction products and the nonelastically scattered particles are more or less 
isotropically distributed in all directions. At lower energies and for higher Z 
targets more elastic particles are scattered outside the forward cone.  

As this assumption is very important for the Uppsala experiment, it is 
discussed in more detail here. An 8.9  forward cone covers only 0.6% of the 
total solid angle. If the distribution of the reaction products is reasonably 
isotropic, the number of reaction products entering the forward cone is also 
small – of the order of 1% or less. If all particles entering the narrow forward 
cone are considered as beam particles and excluded from the energy 
analysis, this will have a small effect on the reaction cross section result. As 
to the effect of the rejected reaction particles it can mostly be corrected for. 
If 1% of the reaction products are scattered into the forward cone, 
extrapolation of the reaction cross section from 99.4% to full solid angle 
should not introduce more than a 1% error in the measurement. 
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The exclusion of the forward cone greatly improves the statistics of the 
measurement, because now a considerable part of the ejectiles that are 
energy analyzed by CsI (or some other energy detector) are true reaction 
events. As far as the reaction events are concerned, they are not any more 
calculated as a small difference between the big numbers of the target-in and 
target-out non-elastic events in the energy analyzing detector. This 
improvement has considerably decreased the time needed for one 
measurement, making it possible to reach an accuracy of the order of 3% 
within a few hours. This experimental technique is best described in [Ca75]. 
A schematic diagram of the experimental apparatus is shown in fig. 3.8. 

Figure 3.8 Schematic view of the reaction cross section apparatus as it was used by 
Carlson et al. in their proton reaction cross section measurements and in our early 
measurements. 

The rejection of particles in the narrow forward cone behind the target is 
made by a small plastic scintillator, producing a veto pulse in the electronics 
and signaling that the event belongs to the excluded forward cone. This 
small detector is placed between the target and the energy analyzing 
detector. A correct alignment of the whole apparatus with respect to the 
beam is very important as the beam particles must be centered on the small 
veto detector and this alignment is often difficult to achieve. 

An interesting attempt to measure reaction cross sections using a 
completely different method of identifying reaction events was reported by 
W. Mittig and others [Mi87] for the secondary beams of neutron-rich nuclei. 
They adapted an existing gamma ray detector system that consisted of CsI 
detectors surrounding the target. This system was designed to detect all 
gamma rays that emerge from the target area. The forward ejectiles after the 
target were counted as non- reaction particles if they did not produce pulses 
in the surrounding CsI detector system. It is hard to judge the quality of their 
data as only parameterizations of the reaction cross sections were published. 

The essential feature of all the designs characterized by the rejection of 
the particles in the forward cone is the assumption that the reaction products 
with exception of low lying states are isotropically distributed, as it was in 
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the case of protons below 50 MeV. The method is not applicable if the 
reaction products are strongly forward peaked and more than 2-3% of the 
flux of the reaction products are inside the forward cone. With the method of 
rejecting particles in the forward cone a number of proton cross section 
measurements were performed, but no intermediate energy alpha particle or 
lighter complex projectile reaction cross section measurements were made 
before the Uppsala experiment. 
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4. The experiment 

4.1 The Uppsala measurement. 

The basic technique for the experiment was initially based on that used for 
proton reaction cross section experiments in the 1970’s [Ca75]. However, 
during the Uppsala experiment it was found that this method needed 
modifications to be applicable for intermediate energy light particles other 
than protons. 

Prior to the beginning of our experiment, almost all of the reaction cross 
section measurements were performed by excluding the forward cone, i.e., 
with the assumption that the reaction products, after corrections for low 
lying states lying within the resolution of the energy detector are more or 
less isotropically distributed. Therefore, the forward cone where the residual 
non-interacting beam was located could be excluded from the data collection 
and analysis. Later effects arising from that exclusion could be corrected by 
assuming that the missed reaction cross section was proportional to the solid 
angle in the forward direction excluded from the analysis. 

The apparatus used in our measurements was originally designed by R. F. 
Carlson at University of Redlands and it had been used for measurements of 
reaction cross sections for protons at energies up to 50 MeV at laboratories 
in the USA and Canada. It was transferred to Uppsala in 1992, and since our 
intention was to measure reaction cross sections for composite particles in 
the same energy region of energy per nucleon, it was assumed that we could 
use the same approach as earlier used in the proton measurements [Ca75]. A 
schematic view of the apparatus was shown in the previous chapter in fig. 
3.8. However, after a serious disagreement between the measured reaction 
cross sections and optical model predictions, this assumption was questioned 
[II, III]. The disagreement between the measured reaction cross sections and 
the predictions from the optical model calculations with different optical 
potentials, ranging from simple Woods-Saxon type potentials to double 
folding potentials, made us suspect that there was a serious systematic error 
in our earlier measurements. After a measurement, performed for deuterons 
with different sizes of the forward cone, the experiment was redesigned to 
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measure the effect on the results of the solid angle excluded from the 
analysis.  

Figure 4.1 The angular distributions of alpha particles scattered elastically and 
inelastically from the lowest excited states of 58Ni from [Re72]. The solid lines are 
anharmonic vibrational model predictions. 
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As was mentioned in section 3.1 (see fig. 3.2) direct reactions do not have 
isotropic distributions. As an example fig. 4.1 shows the angular 
distributions of the lowest excited states of 58Ni [Re72]. It should also be 
noticed, however, that existing data give no indications of a forward peaking 
below 5o.

At the energies used in our experiment the contribution of these direct 
reactions to the reaction cross section is small. The scattering into the 
continuum was expected to be distributed isotropically. Due to the very 
small solid angle covered by the forward cone and the assumption that direct 
reactions comprise a relatively small part of all reactions, it was further 
assumed that the non-isotropy would not seriously affect the results. It was 
generally thought that the effect in any case would be less than 1% of the 
measured reaction cross sections.  

One contribution in the forward direction is the breakup reaction that is 
also forward peaked. This however does not mean that most of the breakup 
cross section is concentrated in a narrow forward cone. The forward cone at 
small forward angles covers only a very small fraction of the total solid 
angle. Consequently, the integrated breakup cross section in this narrow 
forward cone is also small. This is illustrated in fig. 4.2. In the upper two 
plots the angular distributions for the breakup products are shown for 58Ni
bombarded by 80 and 160 MeV alpha particles. The angular distribution data 
are extracted from published data [Wu79]. Unfortunately, because of the 
experimental difficulties the breakup cross sections have not been measured 
for angles below 6o, i.e., inside the forward cone. The lower two plots in fig. 
4.2 shows the contribution to the total breakup cross section, i.e.,  
d /d  sin d  at each scattering angle. The figure does not include any errors 
and illustrates only qualitatively the contribution to the breakup cross section 
at different scattering angles. It can be seen from the figure that most of the 
breakup cross section is concentrated outside the forward cone and therefore 
the breakup products in the forward cone were not expected to be a serious 
problem. In [Wu79] the total breakup cross section was estimated to be 
around 10% of the reaction cross section for 80 MeV alpha particles and 
increased to around 20% of the reaction cross section at 160 MeV. Analysis 
of the contributions from different scattering angles of the breakup products 
to the total breakup cross section gives an estimate that less than 10% of the 
total breakup cross section is inside the 6o forward cone. These 10% of the 
breakup cross section correspond to 1-2% of the reaction cross section at the 
alpha particle energies used in our measurement. Thus breakup only 
contributes with a minor part to the total forward peaking. 
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Figure 4.2 Angular distributions for the breakup in the scattering of alpha particles 
from 58Ni at 80 and 160 MeV extracted from published spectra [Wu79]. Filled and 
empty circles show (alpha,p) and (alpha,3He), respectively, while filled and empty 
squares show (alpha, d) and (alpha, t),  respectively. The upper two figures show the 
distribution of the ejectiles while the lower two figures show the contribution to the 
total breakup cross section from different angles of the scattering of breakup 
products 

In fact, most of all reaction cross section measurements and all proton and 
alpha particle cross section measurements at lower energies were made with 
the assumption of an isotropic distribution. The only other existing alpha 
particle measurement with the transmission technique, the Kiev experiment 
at 100 MeV, is based on the same assumption. 

As we started to question the assumption of the isotropy of the reaction 
product distribution the experimental setup was redesigned to measure the 
effect of different sizes of a veto forward detector on the measured reaction 
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cross section. An array of veto detectors covering different angles was 
designed and used instead of a single forward cone veto detector. This 
forward array of veto detectors for the deuteron reaction cross section 
measurements consisted of three overlapping thin circular plastic 
scintillators, defining five different cones with maximum laboratory angles 
between 5.6oand 11o, respectively. A schematic picture of the forward veto 
detector array is shown in fig. 4.3. Using this array and logically combining 
the signals from the individual veto detectors it was possible to exclude 5 
different forward cone sizes from the analysis. For each size of the forward 
cone we can measure the reaction cross section outside the cone. In further 
discussions we call these reaction cross sections measured and calculated at 
a particular angular size of the excluded forward cone partial reaction cross 
sections.

Figure 4.3 The array of forward cone veto detectors. The detectors are circular with 
the detectors 2 and 3 having holes in their centers. It is possible to veto five different 
forward cones by various combinations of the logical signals from the three 
detectors. 

To our surprise it was discovered that the effect of the size of the vetoed 
forward cone is quite significant and definitely cannot be neglected, as the 
difference in the reaction cross sections measured with the different 
excluded forward cones is quite substantial and not compatible with an 
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isotropic distribution of reaction products. The forward peaking is further 
discussed in chapter 5.1. 

In the breakup of the projectile it might happen that all fragments of the 
projectile enter the energy detector. The energy detector used in the 
experiment cannot clearly distinguish these events from the elastic scattering 
due to the fact that the light output differs for different particles. Therefore 
CsI energy detectors with different thicknesses were used for different 
projectile energies. The thickness of the energy detector was chosen such 
that all elastic ejectiles could be stopped while most of the breakup ejectiles 
that have larger ranges in the detector media could pass through the energy 
detector, thus reducing the light output for the breakup products and 
enabling the distinction between the breakup products and the elastically 
scattered particles. 

The final design of the apparatus for the reaction cross section 
measurements is described in detail in articles [VI, VII]. The alignment of 
the incident beam was achieved with the help of a pair of steering magnets 
(not seen in the picture) prior to the apparatus. The steering magnets allowed 
to change independently the position and direction of the beam at the first 
collimator. A photo in fig. 4.4 shows the apparatus. The beam comes in from 
the right. The first set of photomultiplier tubes is attached to the beam 
defining telescope and behind them the target box can be seen. The 
photomultiplier tubes behind the target box are attached to the forward veto 
detectors and to the energy detector.  
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Figure 4.4 Photograph of the reaction cross section apparatus in the Uppsala 
experiment. The apparatus was located in the Blue hall of the The Svedberg 
Laboratory. 
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4.2 Raw data and corrections 

In addition to the procedure with different forward rejection detectors a 
number of other corrections had to be applied to the raw data before the final 
reaction cross section values were obtained. 

The partial reaction cross sections for each size of the forward cone 
correspond only to particles scattered outside the forward cone, and the 
number of these particles was obtained from the difference between the 
number of incident particles and those detected inside the forward cone. This 
number must be corrected for the number of elastically scattered particles 
inside and outside the energy detector. 

The number of elastically scattered particles inside the E-detector, which 
was estimated from the recorded energy spectra, must be corrected for the 
limited detection efficiency in the E-detector. This correction was estimated 
for each run from the detection efficiency in the smallest forward cone. No 
correction was applied for the effect of the target since it turned out that no 
difference in the detection efficiencies could be observed in the runs with 
and without target. After having performed this procedure for all runs with 
and without target the contribution to the partial reaction cross sections from 
the region inside the E-detector was obtained from the difference between 
the average values obtained for each target and the value obtained without 
target.

The reaction events observed in the runs without target have a number of 
causes. At small scattering angles slit scattering inside the collimators and 
imperfect alignment of the collimators and the apparatus give the dominant 
contribution.  At larger scattering angles it seems reasonable to assume that 
reactions in the detectors and their limited efficiency give the main 
contribution.  

The correction to the partial reaction cross sections due to elastic 
scattering in the region outside the E-detector was calculated either from 
experimentally measured angular distributions or from the angular 
distributions obtained from optical model calculations.  

A number of other corrections such as reaction products that reach the 
energy detector with an energy above the elastic threshold in the energy 
detector, effects of the finite beam size and the finite thickness of the target 
were evaluated and found to be negligible. The effect on the results of 
multiple scattering was also estimated to be negligible. 
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5. The results 

5.1 Forward peaking

From the experimental setup five different partial reaction cross sections 
were determined for each measurement as was explained in chapter 4.1. 
These correspond to different angular sizes of the forward cone excluded 
from the analysis. The angular sizes of the five different forward cones are 
given in table 5.1. 

Table 5.1 Solid angle outside the excluded forward cone. 

The combination 
of the detectors 
from figure 4.4 

Forward angle 
( ) covered by 
the detectors 

% of the total solid angle ( )
covered by the detectors 

1 and (not2) 5.62 99.76 
1 7.18 99.61 

1 or 2 not 3 8.45 99.46 
1 or 2 9.55 99.31 

1 or 2 or 3 11.09 99.07 

If the reaction products are distributed isotropically the partial reaction cross 
section plotted against the solid angle of the excluded forward cone should 
lie on a straight line proportional to -1 that can be easily extrapolated to a 
zero size forward cone. With this assumption the effect of the excluded 
forward cone would amount to only a few permille. In fact, the measured 
partial reaction cross sections deviated very seriously from what could be 
expected from an isotropic distribution of the reaction products. An example 
of this deviation for 12C is shown in fig. 4 in [VII].  
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The extrapolation of the partial reaction cross sections to a zero size 
forward cone was made with the assumption of a 2nd order dependence on 
the solid angle of the excluded forward cone. The extrapolation itself is a 
source of additional uncertainty which is included in the final uncertainty of 
the reaction cross section, and which is larger than the uncertainties of each 
of the partial reaction cross sections. 

A very significant effect of the size of the excluded forward cone is an 
indication of an intense flux of the reaction products in the forward direction. 
The observed forward peaking is strong - 10 to 20% of the reaction cross 
section appears in the forward cone. Thus the observed forward peaking 
implies that the cross section of the forward flux of the reaction products is 
of the order of b/sr. It is important to note that no other experiment has 
reported a similar forward peaking of the reaction products. The peaking was 
not observed even for 376 MeV and 692 MeV alpha particle measurements 
[Vr82]. The phenomenon of forward peaking is present only for intermediate 
energy alpha particles, 3He and, to a lesser extent, for the deuterons. In a 
reaction cross section measurement for 220-570 MeV protons reported by 
P.U. Renberg et al. [Re72-2] that was performed by an extrapolation of the 
partial reaction cross sections to a 0o forward angle, no considerable forward 
peaking was observed. It should be noted however, that their measurement 
was without a vetoed forward cone and that the smallest forward angle was 
12o.

For this reason it is interesting to look at the possible explanations of the 
strong forward peaking. These include breakup of the projectile, deep 
inelastic scattering into the continuum (or pre-equilibrium excitation), 
scattering from target nucleons and collective excitations such as giant 
resonances. The very high intensity of the flux in the forward direction 
should be taken into account when looking for possible mechanisms of the 
forward peaking. 

Breakup of the projectile is obviously forward peaked. In [Wu79] breakup 
probabilities of deuterons were reported to be similar to those of the much 
more strongly bound alpha particles. In fig. 4 in [VI] angular distributions 
for different breakup channels extracted from this source are shown. As was 
already discussed in chapter 4.1 we expect that breakup will give a minor 
contribution to the flux of the reaction products in the forward direction. 
Breakup cross sections reported in [Wu79] are of the order of tens of mb/sr, 
falling significantly short of what is required to explain the observed forward 
peaking. Unfortunately there are no data available on breakup probabilities 
for the innermost region of the excluded forward cone. 

Collective excitations such as the giant resonances also contribute to the 
flux of reaction products in the forward direction. Especially the giant 
monopole resonance has a forward peaked angular distribution, very similar 
to what we observe for the reaction products. The fluxes of the giant 
resonances are, however, one order of magnitude weaker than the flux we 
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observe. The small peaks in fig. 5.1 are giant resonances while the 
dominating part of the reaction cross section is scattering into the continuum.  
Thus the observed intensity of the forward peaking requires that the 
continuum is also forward peaked to some extent. 

Scattering into the continuum in the forward direction has been studied in 
detail as a background effect in giant resonance experiments. As can be seen 
in fig. 5.1 the scattering into the continuum of alpha particles by Sm isotopes 
is forward peaked at small angles, with the cross section at 0o almost twice 
that at 6o. In the energy range 20-50 MeV/nucleon the scattering into the 
continuum becomes increasingly important when moving from protons to 
heavier projectiles. For protons at an energy of 50 MeV the continuum only 
covers around 20 MeV while for 200 MeV alpha particles the scattering into 
the continuum covers 170 MeV.  

A mechanism that can possibly produce an intense flux of particles in the 
forward direction is deep inelastic scattering where the projectile is scattered 
by an individual nucleon in the target. Deep inelastic scattering can only 
occur for large momentum transfers and thus only when the projectile is 
backscattered from a nucleon. The kinematics of projectile-nucleon 
scattering is such that both the target nucleon and the projectile are scattered 
in the forward direction in the laboratory system with a maximum possible 
scattering angle of 15o for alpha particles and 20o for 3He. Therefore we 
expect that the ejectiles are forward peaked with a maximum possible 
scattering angle of 15o for alpha particles and 20o for 3He. Experimentally, 
large back scattering for protons scattered from 3He [Mu84] and 4He [Ho78] 
was observed in elastic scattering measurements.  

Confirmation of the assumption of a deep inelastic scattering contribution 
to the quasielastic region, i.e., the scattering ( , p), would require 
experimentally accurate coincidence measurements of alpha particles and 
protons at very small forward angles. Such experiments are very difficult to 
perform due to the background produced by elastic scattering. 

Although all of the previously mentioned processes can contribute to the 
forward peaking it seems likely that the main contribution comes from deep 
inelastic scattering. 
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Figure 5.1 Inelastic scattering spectra of 129 MeV alpha particles from Sm-isotopes 
at forward angles. [Yo79] 
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5.2 Reaction cross section results 

The reaction cross section has been experimentally measured for a number 
of targets from 9Be to 208Pb for all stable light projectiles - p, d, 3He, 4He in 
the energy range 60-200 MeV. Most of the targets were taken over from the 
Carlson experiments on the proton reaction cross section while 40Ca and 
208Pb were manufactured at the The Svedberg Laboratory, Uppsala. 

All reaction cross sections measured in the Uppsala experiment are 
compiled in table 5.2. The experimental uncertainties are smaller for the 
proton measurements where they are of the same size as in the earlier data at 
the lower energies. In general, the experimental uncertainties tend to 
increase with increasing target mass number. The errors for the 3He and 
alpha particle experiments are considerably larger than those for the proton 
and deuteron measurements and vary from 5 to 10%. This can be explained 
by the additional source of experimental uncertainties that arises from the 
extrapolation of the different forward veto cone measurements to a zero size 
forward cone. For the protons, as well as for the deuterons, although to a 
lesser degree, this extrapolation is more precise since the concentration of 
the reaction products in the forward cone is much smaller than for the 3He 
and alpha particles. Because of the very significant concentration of the 
reaction products in the forward cone for alpha particles and for 3He, the 
extrapolation procedure contributes significantly to the experimental 
uncertainties.

The optical model calculations of the reaction cross sections gave good 
agreement with the measured values. 
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Table 5.2 Measured reaction cross sections in the Uppsala experiment 

65.5 MeV protons (Ref. V) 

Target R (mb) 
9Be 290.9± 6.9 
12C 295.5± 7.7 
16O 365.0± 15.0 
28Si 554.7± 15.2 
40Ca 687.5± 16.7 
58Ni 904.9± 23.5 
60Ni 926.3± 24.9 

112Sn 1411.4± 43.1
116Sn 1502.6± 44.1
118Sn 1535.6± 47.3
120Sn 1513.2± 44.5
124Sn 1623.3± 55.0
208Pb 2018.9± 54.5

Deuterons (Ref. IV) 

R (mb)  
Target    

 37.9 MeV 65.5 MeV 97.4 MeV 
9Be 811± 35 633± 23 536± 26 
12C 836± 24 678± 15 600± 17 
16O 962± 27 811± 19 726± 21 
28Si 1199± 35 1083± 21 1023± 25 
40Ca 1439± 43 1338± 28 1260± 30 
48Ca 1653± 75 1564± 71 1424± 47 
58Ni 1625± 51 1571± 33 1524± 45 
60Ni 1698± 49 1619± 34 1588± 40 

112Sn 2130± 76 2156± 47 2212± 59 
116Sn 2174± 69 2257± 49 2254± 53 
120Sn 2240± 69 2346± 51 2351± 55 
124Sn 2282± 90 2332± 57 2343± 59 
208Pb 2844± 142 3049± 71 3250± 82 
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3He (Ref. VII) 

R (mb)  
Target    

 96.4 MeV 137.8 MeV 167.3 MeV
9Be 805± 30 670± 30 625.0± 30 
12C 810± 40 710± 30 645± 35 
16O 975± 35 850± 50 800± 25 
28Si 1250± 65 1150± 70 1065± 40 
40Ca 1360± 90 1280± 85 1225± 75 
58Ni 1690± 100 1570± 80 1470± 75 
60Ni 1685± 95 1610± 110 1510± 80 

112Sn 2125± 160 2080± 150 2080± 100
116Sn 2245± 160 2150± 150 2150± 120
118Sn 2320± 170 2260± 100 2180± 100
120Sn 2285± 165 2230± 100 2180± 100
124Sn 2335± 170 2220± 100 2160± 140
208Pb 2765± 250 2850± 250 2820± 180

4He (Ref. VI) 

R (mb)  
Target

 69. 6 MeV 117.2 MeV 163.9 MeV 192.4 MeV
9Be 972± 26 812± 21 716± 38 648± 18 
12C 961± 39 804± 31 741± 58 698± 28 
16O 1052± 80 973± 62 895± 100 850± 58 
28Si 1400± 70 1270± 60 1190± 100 1110± 60 
40Ca 1610± 120 1470± 60 1410± 120 1370± 70 
58Ni  1640± 80 1670± 150 1550± 90 
60Ni  1670± 85 1700± 160 1610± 90 

112Sn  2140± 160 2190± 240 2020± 160
116Sn  2340± 150 2175± 240 2150± 160
120Sn  2360± 150 2380± 250 2300± 170
124Sn  2340± 160 2310± 240 2200± 160
208Pb  2990± 180 2720± 250 2900± 190
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The only other 4He reaction cross section data from transmission 
experiments in this energy range are from the Kiev group. Those data were 
in fair agreement with our earlier measurements that did not take into 
account the forward peaking of the reaction products. We suspect that the 
Kiev experiment might have faced the same problems as we did in our 
earlier measurements. (The Kiev group is presently working on a 
modification of their apparatus [Om02]) Reaction cross section data 
measured by stopping reaction probabilities in the energy region 27-224.4 
MeV for 4He in 28Si that were reported by Warner and others are 
systematically somewhat lower than our reaction cross sections for 28Si at 
the same energies.  

The dependence of the measured reaction cross sections on the mass 
number of the target can be geometrically parameterized in the following 
way.  

R =  r0
2(AT

1/3 +Ap
1/3)2 , (5.1)

where parameter r0 is the reduced radius, AT the target mass number and Ap
the mass number of the projectile. For 4He even this simple parameterization 
gave a reasonably good fit to the measured reaction cross sections. In fig. 5.2 
the 4He reaction cross sections at four different energies are plotted as a 
function of  (AT

1/3 +Ap
1/3)2 . The reaction cross sections exhibit a linear 

dependence in this plot. 
A more detailed study of the dependence of the reaction cross section on 

target mass number shows that the reaction cross section divided by  
(AT

1/3 +Ap
1/3)2 decreases with increasing atomic number of the target at low 

energies and increases with atomic number at high energies. This trend was 
observed for  d, 3He and alpha particles.  

A better fit was achieved by adding one more parameter in the 
parameterization  

R =  (rTAT
1/3 + rpAp

1/3)2 , (5.2)

where parameters rT and rp are the reduced radii of the target nucleon and 
projectile nucleon, respectively. This parameterization describes the mass 
dependence surprisingly well even taking into account that it has one more 
free parameter. It should  be noted that a simple geometrical meaning of the 
parameters as representing the reaction radius of the nucleons cannot be 
assigned to this parameterization. In [Ca96] it was shown that in the case of 
protons one of the parameters is negative at energies above 60 MeV. 
Different parameterizations have been studied by [Ko87]. 
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Figure 5.2  4He reaction cross section at 4 different energies from 69.6 MeV to 192.4 
MeV plotted as a function of (AT

1/3 +Ap
1/3)2.

There are close similarities between 3He and 4He reaction cross sections both 
in the magnitude and as a function of projectile energy per nucleon. The 
similarities in the magnitude of the reaction cross section do not correspond 
to the idea of a simple geometrical parameterization of the reaction cross 
section in terms of the number of nucleons in the projectile and target. 
Furthermore, the fact that one neutron can be added to 3He without any 
change of the reaction cross section does not support  the conclusion from 
[Vr82] that the alpha + 12C reaction cross section is dominated by nucleon-
nucleon collisions. The similarity in the reaction cross sections for the two 
He isotopes indicates a sensitivity to the shapes of the projectiles. It should 
be noted that the matter distribution for 3He is larger than the one for 4He at 
radii larger than 2 fm, an effect of the difference in binding energies. This 
feature was recently discussed in [In03] 

The energy dependence of the reaction cross section changes significantly 
with the target mass number. For light targets the reaction cross section 
decreases with increasing energy while for medium and heavy targets the 
reaction cross section is more or less constant, with the exception of high Z 
targets where Coulomb repulsion suppresses the reaction cross section at 
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lower energies. For heavier targets the 3He and 4He results are also similar to 
those for the deuterons, while for the lighter targets the reaction cross 
sections for helium isotopes are higher. As expected the reaction cross 
sections for protons are systematically lower. 
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6. Outline of the papers. 

Paper I 

OPTICAL MODEL CALCULATIONS FOR THE ELASTIC 
SCATTERING OF INTERMEDIATE ENERGY ALPHA 
PARTICLES 

Optical model calculations were performed for intermediate energy alpha 
particles with single folded potentials, using a Woods-Saxon 
parameterization for the matter density and Gaussians for the effective 
alpha-nucleon interaction. The calculations were made using the code ECIS 
to investigate the energy dependence of the effective alpha-nucleon 
interaction. Five target nuclei ranging from 12C to 208Pb were selected. The 
goal of the calculations was to prepare for the analysis of the reaction cross 
section data that were due to be measured in the Uppsala experiment. A 
nearside and farside decomposition of the angular distributions was 
performed. A strong interference between refractive and absorptive effects 
was observed. It was demonstrated that refraction determines the gross 
features of the angular distribution. 

Paper II 

REACTION CROSS SECTIONS FOR 75-190 MEV ALPHA 
PARTICLES ON TARGETS FROM 12C TO 208Pb 

Reaction cross sections were measured for 12C, 16O, 28Si, 40,48Ca, 58,60Ni,
124Sn, and 208Pb at 74.5, 103.2, 129.3, 159.7 and 192.7 MeV. The 
experimental technique was the same as in earlier proton reaction cross 
section measurements by R. F. Carlson at proton energies 20-50 MeV. It was 
observed that the measured values seriously differed from the optical model 
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predictions. The measured values were in fair agreement with the results of a 
Kiev measurement at 100 MeV. Later we discovered that the measured 
values had large systematical errors due to a very strong forward peaking of 
the reaction products. The experimental method had to be improved because 
of the erroneous assumption of an isotropic distribution of the reaction 
products.

Paper III 

REACTION CROSS SECTIONS FOR INTERMEDIATE 
ENERGY ALPHA PARTICLES FROM OPTICAL FOLDING-
MODEL CALCULATIONS 

Reaction cross sections were calculated for 16O, 40Ca, and 208Pb using optical 
potentials in the folding-model approach. The goal of the calculations was to 
test whether a more sophisticated optical model would reproduce the 
experimental values measured in the Uppsala experiment and reported in 
paper II. There was no improvement in the fit to the experimental data as 
compared to the optical potentials used in paper II. The disagreement with 
the experimental data led us to question the experimental data. 

Paper IV 

REACTION CROSS SECTIONS FOR 38, 65, and 97 MEV 
DEUTERONS ON TARGETS FROM 9Be TO 208Pb 

Reaction cross sections were measured for 9Be, 12C, 16O, 28Si, 40,48Ca, 58,60Ni,
112,116,120,124Sn, and 208Pb. The experimental method was modified by using 
three different sizes of forward veto detectors to take into account the strong 
flux of reaction products in the forward direction. The measured values were 
reasonably well reproduced by optical model calculations. A 
parameterization of the experimental results with respect to the atomic 
number, A, was derived at each energy.  
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Paper V 

REACTION CROSS SECTIONS FOR 65 MEV PROTONS ON 
TARGETS FROM 9Be TO 208Pb

Reaction cross sections were measured for 9Be, 12C, 16O, 28Si, 40Ca, 58,60Ni,
112,116,118,120,124Sn, and 208Pb. An improved experimental setup with a unit 
consisting of three forward veto detectors was used. The improvements 
increased the precision and reduced the data taking time compared with the 
set-up used in the paper IV. It was observed that the reaction products were 
not as much forward peaked for protons as they were in the case of 
deuterons at similar energies per nucleon. The results were compared with 
optical model calculations using relativistic global potentials. 

Paper VI 

NEW RESULTS FOR REACTION CROSS SECTIONS OF 
INTERMEDIATE ENERGY ALPHA PARTICLES ON 
TARGETS FROM 9Be TO 208Pb

Reaction cross sections were measured for 9Be, 12C, 16O, 28Si, 40Ca, 58,60Ni,
112,116,120,124Sn, and 208Pb at 117.2, 163.9, and 192.4 MeV and for lighter 
nuclei also at 69.6 MeV. The experimental technique that took into account 
the forward peaking of the reaction products was used. The measurements 
showed a strong forward peaking of the reaction products. Possible reasons 
of the forward peaking were discussed. The experimental results were 
compared with optical model calculations using phenomenological, global 
and double-folded optical potentials. Comparisons were also made with 
predictions using Glauber model approach. The experimental data showed 
good agreement with the theoretical predictions. 
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Paper VII 

REACTION CROSS SECTIONS OF INTERMEDIATE 
ENERGY 3He-PARTICLES ON TARGETS FROM 9Be TO 
208Pb 

Reaction cross sections were measured for the same targets as in the 
previous papers at 96, 138, and 167 MeV. The measured cross sections were 
very similar in magnitude and energy dependence to those of -particles. 
The flux of the reaction products in the forward direction was very high and 
similar to that of -particles reported in paper VI. The results were in good 
agreement with predictions from optical model calculations using 
phenomenological and global optical potentials. The behaviour of the wave 
functions and the localization of the loss of flux of projectiles were 
investigated.
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7. Conclusions 

Irradiation with different projectiles from accelerators is becoming 
increasingly common. Different applications require more precise data and 
models in order to calculate the effects of the irradiation with intermediate 
energy particles. This experiment has covered the energy gap in the 
experimental reaction cross section data for light, intermediate-energy 
particles. Reaction cross sections have been measured for a number of 
targets for 65 MeV protons and 20-50 MeV/nucleon for deuterons, 3He and 
4He. In the regions where uncertain or conflicting data existed the new 
results have improved the quality of the data. The result for p on 208Pb is of 
special interest since these data are important for several applications, and 
earlier data were inconsistent and deviated also from predictions from 
optical model calculations based on elastic scattering angular distributions. 

A strong forward peaking of reaction products was observed for intermediate 
energy 3He and alpha particles as well as for deuterons. Forward peaking, 
although to a much smaller extent, was observed for 65 MeV protons. This 
strong forward peaking has not been reported from other measurements with 
deuterons, 3He and 4He at lower or higher energies. 

Measured reaction cross sections have been found to be consistent with 
optical model predictions. 

The measured reaction cross sections for 3He and 4He were unexpectedly 
found to be almost the same at the same laboratory energy per projectile 
nucleon. This result brings into question the assumption that the reaction 
cross section can be considered as a sum of nucleon-nucleon collisions. It 
also questions the conventional parameterizations in terms of the number of 
nucleons in the projectile and target, respectively. The results indicate that 
reaction cross section data cannot be reproduced in the absence of 
microscopic calculations that take into account the shapes of the matter 
distributions of the projectile and target. 
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Summary in Swedish 

Mätningar av reaktionstvärsnitt för p, d, 3He och 4He 
vid intermediära energier 

Inledning
Avhandlingen behandlar mätningar av reaktionstvärsnitt for lätta partiklar 

upp till 4He. Reaktionstvärsnittet anger  sannolikheten för att en partikel ska 
orsaka en kärnreaktion, undantaget elastisk spridning, vid kollisionen med en 
atomkärna. Information om reaktionstvärsnittet  är väsentlig för förståelsen 
av växelverkan mellan kärnpartiklar och atomkärnor, liksom också för 
många tillämpningar, där man bestrålar olika material med sådana partiklar. 
I medicinska tillämpningar kan bestrålningen gälla tumörer, t.ex.  med 
protonstråle eller strålar av lätta joner. Andra tillämpningar kan innebära 
bestrålning som syftar till  transmutation av utbränt kärnbränsle, eller studier 
inom astrofysik. 

Omfattning 
I de experiment som redovisas i avhandlingen har reaktionstvärsnitt 

uppmätts för följande partikelslag, energier och targetkärnor:  
65.5 MeV protoner mot 9Be, 12C, 16O, 28Si, 40Ca, 58,60Ni, 112,116,118,120,124Sn,
208Pb;   
37.8, 65.5 och 97.4 MeV deuteroner mot 9Be, 12C, 16O, 28Si, 40,48Ca, 58,60Ni,
112,116,120,124Sn, 208Pb;  
96.4, 137.8, 167.3 MeV 3He partiklar mot 9Be, 12C, 16O, 28Si, 40Ca, 58,60Ni,
112,116,118,120,124Sn, 208Pb;
69.6 MeV alfa-partiklar mot 9Be, 12C, 16O, 28Si, 40Ca, och  
117.2, 163.9,192.4 MeV alfa-partiklar mot 9Be, 12C, 16O, 28Si, 40Ca, 58,60Ni,
112,116,120,124Sn, 208Pb.  

Mätningarna har utförts vid The Svedberg-laboratoriet i Uppsala med hjälp 
av strålar från Gustaf Werner- cyklotronen. Mätresultaten har en 
experimentell noggrannhet av 2-3% för protoner, 3% för deuteroner och 3-
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10% för 3He och alfa- partiklar. I avhandlingens sammanfattning presenteras 
kortfattat olika metoder för reaktionstvärsnittsmätningar liksom också en 
redogörelse för hittills gjorda mätningar för lätta joner i energiområdet upp 
till några hundra MeV/nukleon. 

Tidigare data 
Det finns en stor mängd data för protoner vid lägre energier upp till 50 

MeV. Resultat i energiområdet 50 – 150 MeV är däremot sällsynta. 
Dessutom är dessa resultat ofta inkonsistenta och många författare har 
påpekat behovet av ytterligare mätningar i detta energiområde.  En översikt 
visar också att det saknas experimentella data i energiområdet 20-50 
MeV/nukleon för alla lätta projektiler. 

Experimentell metod 
De i avhandlingens olika rapporter beskrivna experimenten utfördes med 

hjälp av en modifierad s.k. transmissionsmetod. Denna utvecklades av en av 
gruppens medlemmar, nämligen R. F. Carlson. Den mäter 
reaktionstvärsnittet i en rymdvinkel som utesluter ett mycket litet område i 
strålens framåtriktning. Vid lägre energier har det varit möjligt för oss att 
extrapolera till hela rymdvinkeln från mätningar som täcker mer än 99% av 
den totala rymdvinkeln. Våra mätningar visade att antalet reaktionshändelser 
ökade kraftigt i framåtriktningen vid högre energier. Pa grund av detta 
konstruerade vi ett system där vi kunde mäta reaktionstvärsnittet för flera 
storlekar av den uteslutna framåtkonen, upp till 99,8% av den totala 
rymdvinkeln. Systemet med flera uteslutna framåtkoner gjorde det möjligt 
att extrapolera till hela rymdvinkeln med mycket stor noggrannhet. 

Reaktionsmekanismer beträffande framåtriktningen 
I avhandlingen diskuteras vilka mekanismer som skulle kunna ge upphov 

till ett starkt flöde av reaktionsprodukter i framåtriktningen i energiområdet 
20 – 50 MeV/nukleon. Detta flöde är så starkt att vi kan dra slutsatser om 
spridningen till kontinuet, nämligen att även denna typ av spridning måste 
vara kraftigt framåtriktad. De mekanismer som bidrar till det framåtriktade 
flödet av reaktionsprodukter är  

1) sönderdelning av sammansatta projektiler,
2) den djupt inelastiska spridningen till kontinuet,  
3) excitationer av strålmålet i direkta reaktioner, 
4) kollektiva excitationer som till exempel jätteresonanser.  

Den troligen dominerande rollen spelas av den djupt inelastiska spridningen 
till kontinuet, men det krävs tekniskt mycket komplicerade 
koincidensmätningar vid ytterst små vinklar i framåtriktingen för att bevisa 
detta antagande. 
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Teoretiska beräkningar 
I avhandlingens sammanfattning redogörs för den teoretiska modell, 

nämligen optiska modellen, som använts vid beräkningar av 
reaktionstvärsnitt. Där betonas också betydelsen av experimentella data för 
denna kvantitet. Resultaten av optiska modellberäkningar jämförs oftast med 
experimentella bestämningar av tvärsnitten för elastisk spridning, där i vissa 
fall mycket stora datamängder kan finnas tillgängliga.  

Emellertid uppvisar de optiska parametrar som blir resultatet av 
anpassningar till experimentella data för elastisk spridning ibland stora 
osäkerheter. Dessa kan ofta avlägsnas med ytterligare en enda experimentellt 
bestämd parameter, nämligen reaktionstvärsnittet.  

God överensstämmelse har i denna avhandling iakttagits mellan 
experimentella data och resultaten av teoretiska beräkningar. 

Slutsatser
För fyra olika lätta partiklar har reaktionstvärsnitten uppmätts för ett stort 

antal atomkärnor, av vilka vissa har stor betydelse vid olika tillämpningar 
inom andra områden. 

De i avhandlingen presenterade resultaten fyller en tidigare existerande lucka 
när det gäller mätningar vid olika partikelenergier.  

Ett starkt flöde av partiklar i framåtriktningen har för första gången 
observerats för de tre tyngre partiklar som studerats, och effekten av detta 
flöde har tekniskt behandlats på ett nytt sätt.  

En jämförelse mellan uppmätta tvärsnitt för de två heliumisotoperna 3He och 
4He har resulterat i en förändrad syn på hur reaktionstvärsnittet relateras till 
summan av effekterna av enskilda kollisioner mellan nukleoner. Det har 
visat sig att materiefördelningen både i projektil och i strålmål måste beaktas 
för  bestämningar av reaktionstvärsnitt i teoretiska beräkningar. 
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