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ABSTRACT

The differential proton elastic scattering cross section
of 323 was measured at four angles simultaneously in the
proton energy range Ep = 2.8 to 5.5 MeV, The measurements
werevcarried out using semiconductor detectors which were
placed at 89°, 123°, 139° and 165° with respect to the incident
beam direction.

Forty resonances,of which 28 have previously been
reported,were observed in the cross section data and these
were analysed by means of a phase shift method in order to
extract level parameters for the corresponding compound nucleus
levels.

In addition the differential cross section for protons
inelastically scatteréd to the lst excited state of 32?5, was
measured at 165°.  Angular distributions were measurea at most
of the resonance energies and these were analysed_inrorder to
suppiément the assignments made in the elastic séaftefing
studies. |

| Spins and parities were assigned for 21 of the levels
obserVed, and parities and tentative spins were assigned for
a further 16. Partial widths for elastic and inelastic scatter-
ing were derived and reduced widths were calculated.

The level structure of 33C1 is discussed and a comparison
made with neighbouring isobaric nuclei. An attempt is also
made to interpret the energy levels of 33Cl in terms of the

Nilsson model.
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CHAPTER 1

INTRODUCTION

1.1 Historical Background

Charged particle scattering has long been known to provide
a useful and relatively simple means of obtaining spectroscopic
information about-the level structure of light nuclei.

The elastic scattering of a-particles dates back to the
classical work of Rutherford (Ru 06, Ru 11) and Geiger and
Marsden (Ge 13). These early studies led directly to the
hypbthesis of g nuclear atom. Departure from the Rutherford
scattering cross sections was first observed by Bieler (Bi 2u)
in a-scattering experiments on Aluminium and Magnesium. This
anomalous behaviour suggested the use of scattering to obtain
information about the structure of nuclei.

With the advent of electrostatic éccelerators in the
early 1930's, experiments using protons became possible.
Suggestions were made that protons could be.used in the study
of nuclear structure (Ha 38). Early experiments in which
resonance scattering of protons was studied were thdse of
Bender et al. (Be 48) and Fowler et al. (Fo 49). Since then
a large number of experiments of this kind have been undertaken.

The type of spectroscopic data which may be obtained from
these studies are level parameters such as spins J, parities w,

level energies E, and partial and total widths. These para-



meters are of considerable interest since a detailed know-
ledge of the level structure of nuclei provides a basis for
formulating nuclear models or testing the assumptions of

existing models.

1.2 Nuclear Models

In recent yeafs nuclear models have developed along
two lines. These are the independent particle type of
model and collective models respectively.

The independent particle models havé as their starting
point the extreme single particle shell model (Ma 49,Ha 49).
The basic assumption of‘this model is that each nucleon
within a nucleus moves independéntly under the influence of
;n average potential produced by the field of the other
nucleons. The most prominent feature of this average
potential is the occurrence.of a strong spin orbit coupling
term. In its simplest form this model has had success in
predicting "magic numbeﬁ"feffects, as well as many other
nucl 2ar properties, notably, in describing the ground state
configurations of odd A nuclei. However, itlcannot success-
fully pre@ict the properties of excited states of nucléi, nor
" does it pfedict values of magnetic and quadrupole moments which
are consistent with experimental values.

An extension to this model is the independent particle



model in which residual interactions between nucleons in
unfilled shells are considered. In this model central force
terms which favour L-S type coupling are considered in
addition to the j-j coupling,resulting in an intermediate
coupling scheme. As a result of this the wave function of
a given nuclear state may have componentsof various configura-
tions. With a knowledge of this configurétion mixing, it is
possible to improve single particle shell model predictions.
If the mixing of configurations were taken to its
extreme, the motions of all the particles in the nucleus would
have to be taken into account. This forms the basis of the
second type of model mentioned above, namely the collective model.
The development of the collective model is attributed to
Rainwater (Ra 50) and Bohr and Mottelson (Bo 53). The model
assumes separation of the individual motion of nucleons outside
the core and motion of the .core itself. The shape of the
core is assumed to be deformed. This leads to modes of
excitation which are classified as vibrational and rotational.
The unified model of Nilsson (Ni 55) embodies aspects of
both the shell model and the collective model.. The nuclear
wave functions are constructed by filling the lowest available
state in a self consistent deformed potential. The Single
particle wave functionsv(Nilsson Orbitals) are obtained by
solving the Schrddinger equation with an axially symmetric

oscillator potential with.spin-orbit coupling. This model



has had considerable success in predicting energy levels,
magnetic and dipole moments and transition probabilities in
many nuclei. (See for example Li 58 and Bh 62)

The levels amenable to interpretation in terms of these
nuclear models are those at low excitation energies in the
nucleus. In a reaction such as elastic proton scattering,
the levels excited are often at high enérgies and are thus
not usually directly amenable to interpretation. However
the determination of spectroscopic properties of low lying
states such as energies; spins, parities and branching ratios
often proceed via levels at higher excitation energies. An
example is the determination of spins and parities of low lying
levels by means of (p,yy) angular correlation measurements.

A knowledge of the properties of levels at relatively high
excitation energies may thus serve as an intermediate step in
obtaining information regarding low lying states which are often

of more interest in model applications.

‘1.3 Analogue states

Recently much attention has been focussed on proton
elastic scattering since it provides the kind of information
of interest in analogue state studies. Analogue states are
assigned an isospin quantum number T. The isospin formalism

" can be used to express the fact that several nuclear isobars



can have similar states belonging to an isospin multiplet;
the number of isobaric nuclei in which the level of given T
occurs being equal to 2T + 1. These states are of great
interest for a number of reasons. (See'for example review
articles by Morrison (Mo 67), Endt (En 67) and Temmer (Te 67)).
Coulomb energy differences arising from the interchanging of
protons and neutrons, may be calculated by accurately measuring
the excitation energies of analogue states. The coulomb
energy differences in turn can give information about the
charge distribution and charge radius of nuclei (Ja 66) and
may also be of interest in theories relating to charge
dependence of nuclear forces (He 66).

A further important interest in analogue states is in
their value as a spectroscopic*tool. In general they are
high energy states which have structures very similar to those
of low lying states in the isobaric nucleus. Their structures
or configuratiomns, in other words, are generally simpler than
thoée of neighbouring states at the same high excitation.
The existence of such simple states at high excitation energies

is useful in the study of lower lying states to which they

decays B +

In the case of a proton which is ascribed an isospin

T %, being scattered from a nucleus with ground state spin

T

o, the excitation anddecay of an analogue state with

isospin T = 3/2 is forbidden by isospin selection rules.



This is shown schematically in fig. 1.1. These states, if
observed, are intrinsically extremely sharp since their
particle widths arise solely from isospin mixing. Observa-
tion of such states may therefore be useful in extracting

information regarding the nature of this mixing.

1.4 Choice of Nucleus

The nﬁcleus 325 was chosen as a target in this project
for a number of reasons, From the point of view of obtaining
detailed spectroscopic information this nucleus,which in the
ground state constitutes a 281/2 subshell,has the advanfage
of having a relatively low proton binding energy (Eb = 2.29
MeV). This low binding energy results in relatively low
énergies of states excited in the 33C1 compound nucleus,
which in turn allows spectroscopic information to be extracted
in a relatively simple way. - In most other light nuclei; the
proton binding energies are'considerably higher (v~ 7 MeV);
levels excited in the compound nuclei are thus at high
exciﬁation energies and therefore relatively closely spaced.
This often precludes simple anaiysis, such as a single level
phase shift analysis which is applied in the present case.
The fact that 32?S is an even-even (zero ground state spin)

nucleus is a furtherp advantage since this simplifies the
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extraction of level parameters.

The 33C1l compound nucleus is of interest since it lies
in a region in which there is a distinct lack of spectroscopic
infarmation. The level structure of 33Cl has recently been
reviewed by Endt and van der Leun (En 67(a)).Fig. 1.2 shows
the energy level diagram adapted from this review.

Two bound states have been reported; the level at
0.806 MeV with spin-parity 1/2° and the level at 1.97 MeV.

(Va 58, Su 59, Va 59).

The low lying virtual states between 2.5 and 4.8 MeV
have been investigated by means of 32S(p y)33c1 éngular
distribution and polarlsatlon measurements and by 32s5(d,n)33c1
stripping reactions. Twelve levels have been reported in this
fegionwsf excitation., Spiné-and parities have Béeﬁ ;ssigned
to four of these: 5/2+, 3/27, 3/27 and 1/2” to the levels at
2.85, 2.86, 4,13 and 4.53 MeV respectively.

Levels in the 4.13 to 5.89 MeV region have been studied
by means 6f proton scattering by Olness et al. (0l 58)0‘
These authors report 14 levels to which they have assigned
spins (12),parities (all) and partial widths.

Recently two levels have been reported (Ha 65, Ha 66)
at 5.55 and 7.75 MeV. These levels were excited by the beta
decay of the isobar 33A. The level at 5.55 has been identified
as the isobaric analogue of the ground state of 33A and is thus

the lowest T = 3/2 state in 33C1.
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It is thus seen that there is virtually no information
about the structure of the 33Cl nucleus above 5.9 MeV. There
is also a lack of information about the structure in the
intermediate 2 to 4 MeV region.

There has been recent interest (We 68, Ta 66) in the
application of the unified model in predicting level properties
in nuclei with N (number of neutrons) or Z (number of protons)
equal to 17. It would be useful to have a more complete
knowledge of 33C1 (N = 16, Z = 17) in order to further test
these predictions.

A further motivation for the choice of nucleus was the
interest in the T = 3/2analogués of low lying states of 33A
and 33p. The analogue of the groﬁnd state of these nuclides
is expected to be at an excitation energy of 5.55MeV in 33c1.
However besides the direct interest in this state it is still
important to have a detailed knowledge of the background T =
1/2 states.

Finally, the choice of nucleus was influenced by the
available facilities at the Southern Universities Nuclear
Institute. Protons up to 5.5 MeV were available thus setting
an upper limit to the region of excitation which could be
studied. The spread in the beam energy of about 1 keV
limited the resolution with which the experiment could be

performed.



- 11 -

1.5 Proton elastic scattering

In order to study the energy levels of the nucleus 33Cl
by means of a proton scattering reaction, it is necessary in
the first instance to measure the differential cross section
for elastic scattering of protons from 32S as a function of
energy. The differential cross section in general has the
following components:

1) A slowly varying component due to Rutherford scattering
which is a result of the charge carried by the proton and
nucleus;

2)  a slowly varying component due to "hard sphefe" or
potential scattering;and

3). a resonance component which is due to protons that enter
the nucleus and excite it to a compound state. This state in
turn decays by emitting a proton, leaving the nucleus in its
initial state. Thus structure observed in the cross section
data may be related to excited levels in the compound nucleus.

The analysis of these resonances is facilitated by the
presence of interference between the Rutherford and resonance
éombonents of the scattering cross section. This interference
results in distinctive shapes of the resonancesobserved at
various laboratory angles for .-various spins and parities of
the corresponding compound nucleus levels. An example of
this is shown in fig. 1.3, where it is seen that a spin-parity

3/2% results in a dip at 89° and a peak at 165° while a spin
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parity 3/2° results in a peak at both 89° and 165°. The
relative peak cross sections at 165° also vary for different
spins. It is thus often possible to determine the value
of thé orbital angular mohentum £ and in some cases the
spin, merely by inspection of the resonance shapes at a
number of angles. In the present experiment measurements
werglcarried‘Out at the four angles 89°, 123°, 139° and
165°,

" In order to derive épihs énd parities more'figbrously
and also to extract values of the energies and partial
widthé of the levels a phase-shift analysis wascarried out.
This method is well known (01 58, La 51, Bl 52) and in
practice it amounts to generating a cross section versus
energy curve using parameters obtained by inspection of the
data, and then varying these parameters until the best fit
of the curve to the data is obtained.

- In the present case, decisions as to the quality of
the fits were made by visual inspection since computer
facilities available were not adequate to carry out a least
squares fitting. ‘

The total width I of“the level is a sum of partial
widths r_ 3 where Ta/r is"theée probability of the level
decaying via the channel designated by a. This decay
probability is a function of effects which are external to
the nucleus such as the Coulomb barrier and also effects

which are related to the actual nuclear configuration. The
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partial width is thus written as a product of a penetrabili-
ty factor, P, which relates to the external effects,and the
reduced widths,i.e.

2

at 1.1

Tag = 2P

The penetrability factors are calculated at the inter-
action radius of the nucleus involved and they are functions
of the regular and irregular solutions of the Schrodinger
equation for the interaction of a proton with a nuclear plus a
Coulomb potential. They are.sensitive functions of energy
and of orbital angular momentum £.

The reduced widths are usually given units of the

. . . 2
Wigner single particle limit (Te 52) y_

8 = _IE_ 1.2
p 2 ,

These quantities corresﬁond to the spectroscopic
factors determined in stripping reactions. Since they are
related to the nuclear configuration, they are often of
importance in .testing the pre&iétions of nuclear models.

To conclude therefore, the work to be described in the.
remainder of this thesis may be summarised as follows: The
sections which follow immedia%ely deal with the experimental
measurements of the differential cross sections for proton

elastic scattering from 325 in the energy range 2.8 to 5.5 MeV.
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The results are then analysed so as to extract information
about the excited states of the compound nucleus 33Cl1,
Special attention is given to obtaih parameters such as
level energies, reduced widﬁ?s, spins and parities which
are‘of interest to nuclear ﬁodel theories. Ah_éttempt

is also made to interpret the level structurevof 33C1 in
terﬁs of the unified model of Nilsson (Ni 55). Finally
an investigation of the level structure of neighbouring
isobaric nuclei is undertaken with a view to idenfifying

analogue states.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1 AEEaratus

2.1.1 Accelerator

The protons for this experiment were supplied by the
5.5 MeV van de Graaff accelerator ' at the Southern Universities
Nuclear Institute. The proton beam on emerging from the
electrostatic accelerator is deflected through 90° by a
vertical plane analysing magnet. (see fig. 2.1(a)) The
field of this magnet is set.so as to allow particles of the
chosen energy to pass through the slits B. This magnetic
field in turn is monitored by a nuclear magnetic resonance
(N.M.R.) device. The current falling on the two plates of
the exit slits of the magnet feeds a correction signal to
the corona discharge device in the terminal of the accelerator.
A finite energy spread is introduced due to the width of the
entrance and exit slits of the analysing magnet and‘fluctua-
tions in the magnetic field. . This energy spread was ~ lbkeV
for 4 MeV protons.

On emerging from the analysing magnet the beam enters

a switching magnet where it is deflected into the required

¥ Type CN supplied by HVEC Burlington,Massachusetts, U.S.A.
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Figure 2.1 (a) The beam collimation and deflection system

of the S.U.N.I. Van de Graaff accelerator
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positions of 4 detectors and target

assembly
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flight tube where it is again collimated before entering

the scattering chamber.

2.1.2 Scattering Chamber

The scattering chamber is shown diagramatically in
fig. 2.1(b). The first collimator C; defines a parallel
beam and the second collimator C, of aperture larger than
C,, intercepts protons which may have straggled from the
beam. In this way it was hoped to eliminate protons
~striking the target holder.assemblj;;w;

The four detectors were.mounted in stainless steel
holdééé‘ﬁhich were in tufﬁ.moUnted in aluminium supporfse
Coliimatérs of diameter 3 mm. were placed 4 to 6 cm in front
of the detectors.

Protons passing through the target were collected in a
Faraday cup assembly after traversing a further one meter of
flight tube. This extra length of flight tube was introduced
to reduce the probability of backscattered protons frém reach-
ing the detectors. The Faraday cup was insulated_from the
rest of the scattering chamber by means of a 1 cm perspex

spacer.
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2.1.3 Detectors

Partially depleted surface barrigf detectors were used
to detect the sc&ttered protons., Most of the runs were
carried out using detectors which were constructed at the
Southern Universities Nuclear Institute. In later runs Ortec
detectors (type SBDJ025-300) were introduced,

The locally constructed detectors were made using a
technique communicated by Dearnaley (De 63) and others. The
procedure was briefly as follows:

A silicon slice (supplied by Wacker-Chemie, Germany)
was cleaned in concentrated HNOj. It was then etched in a
solution made up of 1 part HCl, 3 parts HNO3 and 1 part HF.
The etching p}ocess resulted in one side of the s}igg,being
very smooth whilst the reverse side remained relatiVély rough.
After etching the slice was washed repeatedly in delonised
water. This was continued until water in which the slice
had béén swirled was found to have a resistivityt; lgiﬁncma
The.siiéevwasthen allowedwto dry in a normal atméégﬂéfé for
24 hours.

Gold and aluminium electrodes were then vacuum
evaporated onto the smooth and reverse sides of the silicon
slice respectively. A thin gold foil contact was glued to
the gold electrode using a p-type epoxy pastej} the other end

of this contact was attached to a feedthrough connector in the

detector holder. The aluminium electrode was attached to the
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base of the detector holder by means of an n-type epoxy
paste. After drying in a 60°C oven for 1-2 hours, the
detectors were ready for use.

These detectors had an active area of 28 mm? and
depletion depth of about 300 microns. The resolution for

2 MeV protons was 25 to 35 keV.

2.1.4 Electronics

Avblock diagram of the electronics is shown in figure
2.2. The detectors were connected to charge sensitive
preamplifiers and the outputs from these amplifiers were fed
to biased amplifiers which were set to give output pulses in
the range 0 to 8 volts. Often the pulses were amplified
considerably and a back bias was applied to improve the
dispersion of the peaks in the pulse height spectrum. The
outputs from the four biased amplifiers were analysed

simultaneously using a 400 channel analyser.

2.2 Data Collection

Typical pulse height spectra recorded at 165° and 89°
for proton energies Ep = 3,095 and 3.099 MeV are shown in
fig. 2.3. The four major peaks are attributed to protons

scattered from carbon, oxygen, sulphur and antimony
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Pulse height spectra recorded for protons
scattered from an Sb,Sj; %arget on carbon
backing. Spectra were measured at 6= 89°
and 165° for protons of incident energy

3.095 and 3.099_MeV
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respectively. The small peak on the left of the sulphur
peak is due to silicon contamination of the target. This
will be discussed in section 2.3.3.

The proton beam energy was varied in steps of 0.3 to
2,5 keV. At each energy pulse height spectra were recorded
for a fixed integrated proton flux for each of the four
detectors.

The time taken to record each set of spectra in the
multichannel analyser was usually about 1 to 2 minutes. The
method of recording the complete spectra had the advantage that
background levels could be reliably estimated from the
counting rate between elastic scattering peaks. This was
particularly important at 89° and to a lesser extent at 123°
where the background was higherland the'sulphur peak was not
separated from the silicon contaminant peak. An alternative
procedure to recording the full pulse height spectrUm Qould
be to set a single channel analyser "gate" on the sulphur
peak and count the pulses selected by this gate by means of a
scaler. Although less time consuming this method would not
be amenéble to such a convenient means of backgrouhd;subtract-
ion. |

By suitable arrangement of electronics andrpulSé height
amplification it proved possible to record the spécfravfrom
the four detectors simultaneously over a total of 200 channels

thus reducing the time to read out a set of spectra from the
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analyser to 40 seconds.

Before and after a series of runs over each energy
region a short run was carried out over the resonance at
Ep = 3.099 MeV. This was to serve aslan energy calibration
point. (see section 3.2). During each series of runs a
run was carried out in the énergy region of 4.4 MeV. These

runs were used as an efficiency monitor (see section 3.3),

2.3 Targets

The targets used in this work consisted of vacuum
evaporated antimony sulphide (Sb,S3) on  thin carbon backings.,
Cadmuim sulphide was also considered as a target material but
it was found that the preparation of targets was easier with
Sb,S3.  Experiments éhowéd_that the two compounds were
. equally suitable as 32g targets. Gas targets such as HjS
were also considered but were not actively pursued in view of

the beam energy spread that would be introduced.

2.3.1 Preparation

Carbon backings were prepared in the following way:
GBlass microscope slides 2.5 ecm x 10 cm x 2 mm were thoroughly
cleaned. A thin layer of Teepol (soap solution) was spread

evenly over the surface and allowed to dry. The surface was
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then wiped with a soft dry cloth until it appeared to be
clean, This allowed a thin even layer of Teepol to remain

on the slide. A number of slides prepared in this way were
then placed facing carbon rods in a vacuum evaporator. The
carbon arc was struck in shoft.bursts of about 3 to 5 second
duration. About 20 seconds was allowed between bursts to
allow the vacuum to restore and to prevent overheating. This
was continued until a thin, light brown film of carbon was
deposited on the glass slides.

The carbon film was removed by floating it off in warm
water, in sections of about 2.5 cm square. The sections were
then lifted out on aluminium holders with a 1 cm diameter hole.

An alternative method was also used in the preliminary
experiments. In this method BaCl instead of Teepol was
first evaporated onto the slides. The use of BaCl, which is
very soluble in water makes the floating off procedure much
easier. This method was later rejected however due to the
possibility of Cl contamination.

A carbon backing, after being allowed to dry for at
least 3 hours, was placed'in the vacuum evaporator facing a
tungsten boat containing about. 100 mg, of natural Sb;S3. The
Sb,S3 was then evaporated onto the backings by heating the
boat electrically under vacuum. The thickness of the Sb;S;
layer could not be controlled.in a quantitative way and an

approximate method of controlling the evaporation was thus
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used. This consisted of observing the light transmission
through a thin mica film placed alongside the target in the

vacuum chamber.,

2.3.2 Thickness Measurements

It was necessary to know the thickness of a number of
the targets used in the experiment since this was required in
the analysis of narrow levels (see section 4,3.2). An
attempt was made to measure the target thickness by weighing
but this proved unsatisfactory due to the small weight involved
(v 50 ug). The following method was therefore devised for
measuring the thickness with reasonable accuracy.

It was assumed that the observed width (full width at
half maximum) of a narrow (< 1 keV), symmetfical resonance

in the proton scattering excitation curve is approximated by

W = VT2 + T¢ + (AE)* . 2.1

true full width at half maximum (FWHM) of the

where T
resonance in the excitation function.
T = spread (FWHM) introduced by finite target thickness.
AE = spread (FWHM) in incident beam energy. -
The .excitation function was measured in the region of a
narrow resonance using two targets of different thickness.

In addition the yield was determined in an "of f-resonance"”
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region for each target.

From eq. 2.1 it

follows that for the measurement on the

resonance
, | .
Wi = 12+ T2 + (AE)? 2.2
We = 12 + T2 + (AE)? 2.3

For the measurements in the off-resonance region we may

assume that the scattering yield Y is proportional to the

target thickness T so

.

that

T)
Ty

where the subscripts 1 and 2 refer to targets 1 and 2

respectively.

The target thickness T; and T, may thus be obtained by

solving the equations
quantities T;, T, and

2
T, = {(W

—

and Ty {(Wg

2.2, 2,3 and 2.4 for the three unknown

(r?2 +(aE)?., Their solution gives
Woy/[ 1 - (Y,/v,)2] 11/2

- 2 [ = 2771 1 g

- W/ 1 - (¥1/Y,)2] 31/2

/

Furthermore if the resonance width is known, .the beam energy

spread may be determined -from:

AE = [W% -

'The error in the

Tf -T2 ] 1/2

target thickness 6T, resulting from a



§T,
(%)

Figure 2.4,

Relative error §8T; in target thickness T; as
o function of T,. The solid curves were
calculated for a second target thickness

T, = 1 keV, and the error in the yield

measurement AY = 5%. The dashed curve is

calculated for T, = U keV
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measurement such as this is shown as a function of target
thickness T; in fig. 2.4, The solid curve has been calculated
assuming that target?2has a thickness T, = 1 keV, that the
uncertainty in measurement of W is 0.2 keV and that the
relétive_ﬁncertainty in Y_ié 5% The dashed curve is
calcuiaéed assuming that T, =_4 keV, the.uncertaintiesbin the
other quantities remaining the same. Thus it is'seen.ﬁhat
by éuifable choice of tabgets the thickness of any target may
be meééuréd'with tolerablekaccuracys

" The following is anfexample of such a target'thiékness
measﬁrémept: The resonance numbered 5 in fig. 3021(E§ = 33099
Mer was observed to have a width 2.28 and 1.06 keV and the
offmreéonance yield was 2980 and 699 counts for the two
targeté'reSPectively° Thé.target thicknesses in this case

were 2.08 * 0.39 keV and 0.49 * 0.12 keV respectively.

2:.3.3 Si contamination

A peak on the low energy side of the sulphur was often
observed in the pulse height spectra. A typical example of
this is shown in figo 2.5, Kinematic considerations showed
that this peak was due to Mg, Al, Si or P, The peak was
found to increase in intensity during long runs and sihge it
was known that silicon oil was used in the diffusion pump

attached to the beam tube as well as in the pump attached to
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Figure 2.5. Pulse height spectrum for protons scattered
from a target which contains silicon

contamination
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.the evaporating.chamber used for target preparation,it
appeared that this contamination was in fact due to Si.
This was confirmed by measuring an excitation function in
the 4.6 to 4.9 MeV region where a narrow resonance appears,
previously observed by Belote et al. (Be 61).

The silicon-based oil in the two diffusion pumps
mentioned was replaced by Apiezon (grade B). high vacuum‘oil
which has a carbon base. This reduced the build-up of
silicon on targets during long runs but did not entirely
eliminate it.

For the detector at 165° the Si peak was completely
separated in the energy region studied. ‘Tﬁe peaks were
also resolved at 139° for proton energies greater than |
~ u’MeV. In the case of the other two detectors thls‘was
not‘possiblea An estlmate was made of the counts in the.
sulphur peak due to silicon and this was subtracted with
the general background. ThlS procedure probably led to an
error in the relatlve cross sectlons at 90° and 123° of%about:

1500.
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CHAPTER 3

REDUCTION OF CROSS SECTION DATA

In this section the procedure followed in reducing
the raw data to cross sections is described. The yield
of protons scattered from sulphur into the detectors at the
four angles is obtained at each energy. These data are
then reduced to a relative cross section scale. Finally
the relative scale is normalised,in the region of pure
Rutherferd scattering,to the calculated Rutherford cross

sections,

3.1  Background subtraction

In the pulse height spectra recorded it was found that

the backgrounds observed in the region of the sulphur peak

% for spectra record-

varied from a negligible {1
ed at 165° using suitable targets, to approximately 10% for
some spectra at 89°, The spectra were also complicated by
the silicon contamination peaks which were not resolved at
89° and 123%°. (see section 2.3.3). The assumption wés made
that the background varied uniformly over the region of the
sulphur peak. A straight line was drawn through the wings

of the peak and the counts above this were summed. It is

estimated that the probable error introduced in this way was
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about 3 to 8% for 89°, 123° and 139° yieldsbut negligible,

relative to the statistical error of counting,at 165°.

3.2 Calibration of proton energy scale

The energy of thes proton beam is selected by means of
an analysing magnet as described in section 2.1. The field
of the magnet is monitored by means of a nuclear magnetic
fesonance devicey, and the resonance frequency v is related

to the proton energy by

where K is a proportionality constant.

Since K varied by about 0.2% from one series of rum to
the next it was necessary to calibrate the energy fdr each
series of runs. For this purpose a calibration point of
known energy was needed. The calibration energy decided on
for this work was the well known “Li(p,n)’Be threshold.

A thin Li target waé prepared and placed at the end
of the faraday cup assembiy (figo 2.1(a)). The neutron
threshold was measured in terms of the frequency v and since
the threshold energy is known to be 1.8806 MeV (Ma 63) the
constant K was determined. The Sb,S3 target was now replaced
and the excitation function over a narrow (<l keV) resonance

in 323(p,p)32S was measured. Using the constant K just
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determined, the energy of this resonance was found to be
3.099 ¢ 0.0005 MeV. This energy was then used as a second-
ary standard for theexperiment. Each series of runs was
preceded or followed by an excitation function measurement
over the resonance and the frequency v on resonance was then

used to determine the value of K for that series of runs.

3.3 Relative cross sections

The proton elastic scattering data were collected over
several series of runs carried out at different times using
different targets and detector systems. Naturally the yield
measured at a particular energy varied from one series of runs
to another owing to variations in target thickness and detector
geometry. To obtain a relative cross section curve over the
entire energy range a reliable quantitative method of combining
runs was required.

The method used was as follows: In each series of runs
yield measurements were carried out in the 4.4 MeV region.

This region is lacking in structure and is thus independent
of resolution, The data obtained at the other energies were
thus expressed relative to the yield in the 4.4 MeV region.
This was done separately and independently for the data ét
each angle.

In the early stages of the experiment, i:.e. in the
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energy region 2.8 to 3.4 MeV, measurements were not carried
out in the 4.4 MeV region. In these cases the procedure
followed was to simply overlap the various runs in regions
where there was no structure in the yield curve, This was
agaihﬁdone independently at the four angles. vA separate
measurement was later made of the yield at 3 MeV relafive to
that at.uou MeV thus relating the yield data . in the 2.8 to
3.4 MeV region to the relative cross section scale at 4.4
MeV.

The data were thus reduced to four sets of relative
cross section data, one set at each angle. To reduce these
data to a common cross section scale one detector»was used
to measure the yield at each of the angles in turn. The
proton energy for this measurement was 4.4 MeV. The yields
were corrected in the usual way for background and a centre
of mass solid angle correction was included. . As a check on
possible geometric errors in the measurements, the angular
distribution of 1 MeV a-particles elastically scattered
from gold was measured. This was found to obey the Rutherford
scattering angular distribution expected,thus confirming the
absence of any systematic geometric errors in the relative

yield measurement at the four angles:.
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3.4 Calibration of the cross section scale

The relative .cross section scale in terms of
which all the data were now expressed, was calibrated as
follows:

The yield of scattered protons at 165° was measured
using identical target and detector geometry in the proton
energy region 0.9 to 1.4 MeV and then in the 4.4 MeV region.
The yields in the Rutherford region (0.9 to 1.4 MeV) were
thus expressed on the same relative cross section scale as
the rest of the data. This relative cross section scale
was then normalised to the Rutherford cross sectioné calculated
in the 0.9 to 1.4 MeV region. . . It would have been interesting
to normalise each set of data at the other angles in the same
way. However this was not possible since in the Rutherford
region the detector resolution. was not sufficient to separate
the peaks attributed to pfotons scattered from S and Sb, in
the pulse height spectrum.

Corrections had to be applied to the yield measured in
the 1 MéV region due to the fact that the protons scattered
from the Si contaminant in the target could not be separated
from those scattered from sulphur. The correction was deter-
mined in the following way: (The regions of Rutherford
scattering and Ep = 4.4 MeV will be referred to as the ER and
the Ey regions respectively in this discussion). In the Ey

region the S and Si peaks were .completely resolved and the
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yield of protons scattered from Si in this region could thus

be obtained. The differential cross section of 28Si

(Natural isotopic abundance. 92.3%) at this energy and angle,
dosi(EN,e) was measured by Belote, Kashy and Risser. (Be 61).
From this value and the calculated silicon Rutherford cross
sections, dog.(E;,08), we determine the yield of silicon

scattered protons in the Ep region (Ysi(ER,e) from;

u_}Ysi(ER,e) = YSi(EN!e)d°si(ER’°)/d°Si(EN?°) : 3.2

..The error in the absolute value of dosi(EN,e) is
estimated by Belote et al. to be t10%. The error in
Ysi(EN,e) is estimated to be not more than 15%. The érror in
YSi(ER,e) is thus ~18%, | |

The yi®eld of protons scattered from sulphur at Ep could
now be determined by subtracting the contribution from Si and
the backgroundo In the targets chosen for these measurements
the Si contribution was found to be about 10% of the total
yield in the sulphur peak. The error in the sulphur yield
due to the error in Si contribution was thus only about ~2%.

Another correction that had to be considered was due to
the fact fhat‘the targets.used consisted of natural Sb,Sj.
Theznéfural isotopic abundance of 325 is 95.0%. The
contributions in the E; region due to 335 and 3%S were sub-
tracted from the suplhur yield. The contribution from these

isotopes in the EN region was assumed to be due to Rutherford
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scattering only. The yield relative to the 328 yield was
thus negligible(X 1%), In fact this assumption is probably
not valid owing to structure in 3%s anda 3¥'s yields and is

likely to lead to errors in the off-resonance cross sections of

o

<
n 5%,

To check the validity of the assumption that in the
ch‘to_luu MeV region we héve pure Rutherford séattering,
thé:édrfected yield of protons- scattered from 3%S was plotted
against 1/E2. This plot is shown in figure 3.1. For
pure Rutherford scattering one expects the points to be on
a straight line through the origin. This is seen to be the

cases The standard deviation from the straight line is { 2%.

3.5 The cross section data

The differeﬁfial proton elastic scattering cross section
data are shown as a function of energy in fig. 3.2.
Open and solid circles are used to represent different series
of runs. Most energy regions weré covered at least twice.
The solid curves show theoretical fits to the data. These will
be discussed in chapter 6. = The lower set of data are due to
. inelastically scattered protons and these will be discuésed in
section 5.1.

The various sources of error introduced in arriving at

the cross sections shown in the figures have already been
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Figure 3.1. Relative cross section in the 0.9 to 1.2
MeV region plotted as a function of 1/E2.
Straight line indicates Rutherford

scattering
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discussed in the previous sections. It remains to estimate
the error in the final results:

Relative cross sections of adjoining data are believed
to be in error by not more than 5% to 10%. Together with
the uncertainty of normalisation this results in an uncertain-
ty in the absolute cross section values of not more than 7% at
165°, 10% at 139°, 15% at 123° and 20% at 89°.. The larger
error in the latter case is due to the larger background and

uncertainty in the silicon contribution to the yield.
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Figure 3.2 (a) Differential proton elastic scattering
cross sections in the energy range
Ep = 2.80 to 3.26 MeV. '
Open and solid circles represent data
obtained in different series of runs.
Solid curves are theoretical fits to the
data (see sections 4.3 and 6.1) calculated

using the parameters in table 6.1.

Note: The data shown in this figure are collected together
with the data of figs. 3.2.(b) to 3.2.(f) in a
foldout on inside of back cover.
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Figure 3.2 (b) Differential proton elastic scattering cross
sections in the energy range EP = 3,25 to
3°7O MeVo

For details see caption to fig. 3.2 (a)
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Figure 3.2 (c)

Differential proton elastic scattering

cross sections in the energy range
Ep = 3.69 to 4.15 MeV

For details see caption to fig. 3.2(a)
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Figure 3.2 (d4)
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Differential proton elastic scattering
cross sections in the energy range
Ep = 4.14 to 4.60 MeV

For details see caption to fig. 3.2(a)
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Figure 3.2 (e)  Differential proton elastic scattering
cross sections in the energy range
E, = 4.59 to 5.05 MeV

For details see caption to fig. 3.2(a)
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Figure 3.2 (f) Differential proton elastic scattering
cross sections in the energy range
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For details see caption to fig. 3.2(a)
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CHAPTER U4

ANALYSIS OF THE ELASTIC SCATTERING DATA

The measured cross section data shows a considerable
amount of resonance structure. In the compound nucleus
theory these resonances are associated with energy levels
of the compound nucleus. An-analysis of the data is under-
taken in order to extract spectroscopic information from the
observed resonances regarding the energy levels of the 33Cl1
nucleus. The analysis is carried out by calculating the
differential proton elastic scattering cross section as a
function of energy using various parameters such as energies,
spins, parities and widths. The calculated cross sections
are compared with the observed data and the parameters are
adjusted in order to obtain a good visual fit of the calculated
cross section to the data. N

The theory of elastic scattering,leading to a cross
section equation,is presented in the next section. The
calculation of this cross section and the method of analysis

~are then discussed.

4,1 Theory of elastic scattering

‘The differential cross section for a particle scattered

by a central potential is given by (Ro 67, Bl 52, Me 61).
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da(e) = |£f(8)]|2de 4,1

where f(8) is the scattering amplitude. If the reaction
cross section is negligible then f(6) can be expressed as

follows:

2162

£(0) = x ] (22 + 1) e sin §, P (cos 6) 4,2
L

where % is the particle wavelength, §, is the phase shift for

L
the partial wave representing particles of orbital angular
moméntum % and Pp(cos 6) is the Legendre polynomial. In
the casé of scattering of a zero-spin charged particle
incident on a zero-spin nucleus, the Coulomb as well as the

nuclear potential must be taken into account. The scattering

amplitude thus becomes: (Bl 56)

f(e) = £.(0) + D) 4.3
where
':ifc(e) = -n/Z(X)‘J csc? (8/2) exp [inlnlsc¥8/2))] 4.4
and
£y00) = XJQZO (20 +°1) sin &, exp [i(§ +a,)] P, (cose)
B.5
—_ zz'e? , '
where N;= === , 2ze and 2'e are the charges of target
hv

nucleus and protons respectively and v is theirrelative velocity.

a, is the Coulomb phase shift:
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In the present experiment protons (spin-}) are scattered

from a zero-spin nucleus. The modifications to eq. 4.3
required for spin=} particles have been derived by
Critchfield and Dodder (Cr 49) and are given in convenient
form by Laubenstein and Laubenstein (La 51). The partial
wave which represents particles with orbital angular

momentum £ is separated into two components corresponding

to the two possible orientations of spin with respect to
orbital angulaf momentum. The phase shift for the component
of the &th partial wave with channel spin j = g+3 is denoted

by & » and the phase shift of the component which forms the

L
compound state with j = ¢-3 is given by 6; -  Equations

4.1, 4.3, 4.4 and 4.5 thus reduce to (La 51):

de(e) = x2 [ |A+B|2 + |c|2] aa. 4,6
whefé
A = fc(e) ) (‘eqe .ueq’)
v . R v . -
B'=12§l+l) exp [i(a +6, )] sin &, P (cos o) +2212 exp[ila +6)]

x sin 62 Pl(cos 8) 4.7
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+ i&

and € = ein Glglexp [1 ap(sin & el% _ gin §, e " )
: XP;M?EOS 8) 4.8
where P; (cos ) = 4P, (cos 9) .
| | : d(cos @)

In eq;_g.s, A represents the Coulomb (Rutherford) scattering
amﬁiitude and B and C represent the coherent and incoherent
nuclear scattering amplitudes respectively.. The fingoherent
term?, C, is introduced in order to account for.thé reQersal of
the‘ihtfihsic spin along the Z-axis due to the fact that the
beam is dnpolarized.

»'Thé phase shifts szand Gzlmay each be written as the

sum of two components:

g = By * oy
where ¢ the slowly varying off-resonant contribution is
usuaily taken to be that for a.charged hard sphere.

i.e. ¢ = =-arctan (FL/GQ)
_ r=a

where Ez and Gz are the regular and irregular solutions of
the Schrédinger equation for the interaction of a proton with
a nuéleaf plus Coulomb potential. |

All the nuclear information is contained in the resonant
phase shift B:o The R-matrix theory of Wigner and Eisenbud

(Wi 47) leads to the followihg expression for B;:
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tang, = __Tp S 4,10
1/R; -s, |

where the quantities P, and Sl may be expressed in terms of

Fl and G The boundary conditions of Wigner and Eisenbud

2.
(Wi 47) give the penetrability,

k 2 : 2 | 2
P, = s Wwhere A, = F_ + G
2 A2 (ka) v ok
‘ 1 ]
and s = K(EgFp +6,6p) _ 1 ka (,2y 4,11
L L
a2y, . 4. 2
where (A)) '[Ag Ger) ] r=a

27T 4 (ke)

The nuclear information is now contained in the R-functions, .

s _ .
- Y
R, = ¥ AL - W12
A Exz- E
where“EAz,is related to the energy of the resonance X.and

Yiz , the reduced widths of the levels A, are energy independent
quantities which are related to the observed resonance width

r, through the following relation:

r
AL 2 .

If we now substitute the expressions for P, and S, (eq. 4.11)

in 4.10 we get
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with - Rl = 2 A/z/(E}‘ - E)
. A _

For a single isolated resonance this expression reduces to

the single level dispersion relation

- E
B, =/ arctan A — - (_&) 4.15
Fx/2 2
T
= arctan A/2
By - E by,
: A%, ! r}‘
where 4, = - |— ~= is the level shift parameter.
' 2 2

In the above discussion it was assumed that the only
channel available for the decay of a given compound nucleus
level waé that corresponding to protén elastic s¢atf¢fing,
However, this assumption was not valid in the preéent studies
since inelastic scattering was also possible. To take
accduht,of the availibility of other open channeis eq,ﬂgos.
is modified by reducing the resonant part of the elastic

Tpa

scattering amplitude by a factor B2 3y Where rP; and
. : Y .
r, are the elastic scattering width and total width of a given

level . The éxpressions for B and C(éqse 4.7 and uc@ thus
become (01 58): |
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-] . . r .
B= ] (1#1)P (cos 8)e™®(sin ¢, e*?2 + B2 gin ¢ L1y + 2040,
£=0 T
A
a0 R . . F . . -
+ ) L Pl(cos 6)e'®? {sin ¢4 elbs 4+ _BX 5ip B;.el(Bz + 2¢2)}
2=1 v
A
4.16
- -] ‘ . F _ . _
and C = sin ¢ PL (cos 6)el®t { -BX sin 8, - SL(BT + 2¢9)
' =0 ' : r .
' A
© . T . +
- Z P' (cos e)elal {_LA sin B‘;" . el(Bl + 2¢2)}
=1 FA
4,17

In addition the expression for I‘A(eq° 4.13)

modified as follows:

2 P
L Py
2
- z (é&
s \ 2

2
Yas

y

and AA must be

4.18

Tis
2

4.19

where the subscipts Ag denote the different channels available

for the decay of the compound

level ).

The expression for A

A

used in the present case is that given by Sachs (Sa 53):

‘(T
AX = 2 _{-&Sﬂél
Cotog)

s

FAS
2
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The coefficient of T s in this expression is simply the

A
tangent of the potential scattering phase shift for channel
Sy ¢ - According to Olness et al. (0l 58) the difference
in &, calculated from these two expreésions is negligible.

The equations used in the calculation of the differential
elastic scattering cross section for purposes of this analysis
were eqs. 4.6, 4.4, 4,16 and 4.17. When the quantity
|A + B| is squared, three terms result. The first term
A corresponds to Rutherford scattering and the second term
B to specifically nuclear scattering. The third term is
given by twice the real part of A and B (2ReAB) and therefore
depends on the relative phase between A and B, This term
represents interference between the two amplitudés and it
often dominates in determining the shape of the cross section
as a function of energy. Since B is a sum over various spin
states the nuclear cross section consists of components due to
vabioué levels and interference terms between these componenfsc
However the phase shift g for distant levels will be close to
either o or n so that the components of the cross section are
usually small for these levels.

In using the expression for B, in eq. 4.15 the»aésumption
is made that the levels are isolated. Also in this éipression
‘This

no account is taken of the energy dependence of T,

simplification could lead to errors for very broad levels
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where the penetrability Pl'changes significantly within one

resonance width.

4.2 Calculation of cross sections

A computer programme (see appendix A) was written in
Manchester Autocode to compute do from the epxressions given
above. (Egqs. 4.6, 4.4, 4.16 and 4.17). In order to
facilitate programming these-.expressions were written as
follows: |

2 { b y _ 4 oy
M’:x{nz+zz[uu VoV, 4] S
1 K

(U Uy 0¥V V., ,)]
aa 450 K= ke"k'e ke k'8

=0

tot v
,:O[Ukzukvz- * szvk-z']}

4.20
where Dz. = n2/u cosec" (06/5)
Up = Re(A) = - n/3 cosec? (8/3) cos [nen cosec? (8/)]
Ve = Im(A) = - n/y cosec? (8/3) sin [ nun cosec? (8/2Y]
Ug = X ©08 ¥y,
Vie ® Xy Sin vy
ULz = Yy, cos wﬁz
Vig = Yy, sin *Lz
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and X12 = (2+1)P2(cos ) sin o wlg =6, * a,
r
= + 1 + . AP :+
X22 (g l)Pz(cos 8) sin By " Yy Bg ta, * 24,
A
X32 = lPl(cos 8) sin ¢, wan = wlz
I
= in BT R = -
iy P (cos 8) sin B X L a t 2¢, * B2
Thap -
- el AD . - /L g
Y12 sin o - P2 (cos 8) sin 87 wlz By + 209 * ay
Aop :
- _ ai A ' . + /- ot
ng = sin o -;QB'% (cos 8)sin B2 wzz = BQ + 209 * ay
N ,
. A few approximations were made in the programme.
Provision was made for a maximum of twenty levels with
orbital angular momentum in the range 2 = 0 to 4.  For levels

of the same spin and parity it was assumed that the total
resonance phase shift, was the sum of the tangents of the

individual resonance phase shifts, i.e.:

= : +
tan B2 tan 621 tan Blz

According to Olness et al. this procedure is satisfactory
as long as the resonances are not within a few widthé of each
other. However if E%l X 1, then the equations are such
that all levels of the same spin and parity are reduced.by the
same factor. This limitation is again less important if these
levels are far apart. |

The values of the potential scattering phase'shift, ¢,
were taken from the tableS’Qf'Block et al. (Bl 51). The

1/3

interaction radius was assumed to be r = 1.4 (A + 1) fm.
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The actual values of ¢ used are plotted in figure 4.1,

Other numerical values used in the calculations were

x2 - 0.2075 x2 in barns
E E in keV
and .
1
n = 2.5656 E”?

The level shift barameter was included for eléstic
scattering but neglected for the inelastic channel. This
might lead to errors in the determination of E, »T, and
.FPA 'in energy regions where the inelastic cross section is
large.

Accurate assignments in cases where levels of the same
spin and parity are close to each other are not possiblé but
the results may still be approximately true.

An additional subroutine was added to the programme to
facilitate the fitting.of the calculated éross section to
the experimental data. The function of this subroutine was
to convolute the calculated. cross section with an energy
spread cofresponding to that introduced by the experiment.
The shape of the energy resolution function was assumed to be
GausSianhand its width S was determined by the target thickness
T, and beam energy spread AE;

i.e. S = VT2 ¥ pEZ ,
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4.3 Method of Analysis

4.3.1 General Procedure

The following methbd was used in extracting level
parameters J, n, E, I and Tp/r from the data:

A set of hypothefical resonances was calculated for
the proton energy 4 MeV. at the four angles used in the
experiment. The cross sections were calculated for all
values of orbital angular momentum i, up to ¢ = 4 and,
within each t-value, for all allowed values of total.
angulér momentum of the compound nucleus levels, The
resonances were assumed to be isolated, ¢ was assumed zero
and Arp/r equal to unity.  The results of this calculation
are shown in fig, 4.2..

In the first stage of the analysis each resonance
observed in the data was compared with the reference set.
From this comparison it was usually possible to assign the
orbital angular moméntum and in some cases, the sPin_to the
level in question. Initial values of the resonance
energies EA and total widths r, were estimated by inspection
of the elastic and inelastic cross section data. This was
done for a number of levels in a given energy region. These
‘parameters were then inserted in eq. 4.20 and a cross section

curve was generated over this energy region. The parameters
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were then adjusted to give the best visual fit to the data

at 165° and at the same time to give a qualitative fit to

the data at the other angles. The fitting was carried out

at 165° since the resonance structure is more clearly defined
at this angle and also since the uncertainty in the measured
cross'séction is less at this angle. (see section 3.§).
Although most of the resonances were analysad by the method
outlined above, there were a number of resonances for which
this method proved to be unsuitable. These resonances,
numbered 3, 4, 5, 6, 8, 11 and 12 in fig. 3.2, are very

narfow (5 1 keV); their observed widths beigg largely due

to the energy spread in the beam and target thickneséo The
analysis of these resonances can be carried out by considering
the area under the resonances in the elastic as well as-
inelastic data. However since the inelastic scattering
cross sections are relatively low, the statistical esrors

were found to be relatively large in the present work and thus
assignments of widths by this method have large uncertainties.
An alternative method of analysis involving only the more
accurately measured elastic scattering data was therefore

used to analyse the narrow resonances observed in this work.
An area analysis on a few of the resonances was, however,
carried out as a check on the method and will be discussed in

some detail later.
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4,3.2 Analysis of Narrow resonances

4.3.2(a) Method A

In this method of analysis the aim is to determine a
unique éet of parameters (J", T and I'p/I.) for each resonance
analysed, in terms of which the cross sections observed at the
resonanqe energy at all four angles can be described. The
experimentally observed‘crosé section data are affected by the
finite thickness of the target and by fluctuations in the
incident beam energy. The calculated cross sections afe
therefore broadened or convoluted with a Gaussian resolution
function before a comparison is made with the experimental
daté. The full width at half maximum of the resolution

function,S is assumed to be given by:

s = YGE? + T2 | 4.2l
where AE is the spread in beam energy and T is the target
thickness.

For the purpose of the analysis we ignore the slowly
varying "background" component of the cross section (contributed
by distant levels, Rutherford scattering and hard sPhere‘scatter-
ing) and focus our attention on the component cohtributed by
the resonance under consideration.

For convenience we now introduce three parameters,

Opys OR, 9 IR which are defined so that after subtracflon

of the "background" cross section:
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1) op, represents the unbroadened cross section at the
resonance energy E ,, assuming To/p =14
2) OR) represents the unbroadened cross section at EA’

allowing for I'p/r < 1
3) ogy, represents the broadened.cross section at E, » i.ce.

. the value of o,, after convolution with the resolution

RAX
function (of F.W.H.M., S).

From eqs. 4.6, 4.16 and 4,17 it is seen that for a
single isolated level the expressions for the unbroadened

cross section oRAhas the form:

, .
GR}\ = (rp/r) £, + ('“I;B') fo + £4 S y.22

.wnere f1, f2 and f3 are all functions of Jﬂ, EA and 6.

-It is noted that o is dependent on I only through

R
the ratio Tp/; . The reason for this is as follows: The

dependence of the differential cross section on I' is introduced
through the resonance phase shift 8 which is given in eq. 4.15

as:
I'/2

- +
EA E AX

B = arctan

If the level shift parameter ), is assumed to be zero,

A

which appears to be a valid assumption for narrow levels

(01 58), then by definition of og, and op,

B = T/,
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, are dependent on T only via I'p/r
o n

We may thus define a factor R; = R 4hich is dependent
0T

only on Ip/T and 8 for a given E, and Jr.

Thus Ip s and O

We now introduce a second rétio R, defined by Rp =
cRi/cRA . For given values of S and f it 1is clear that R»
will be independent of Opy Thus for a fixed value of S ,
R depends only on T,

We may thus write

o— T R1:R2 4.23

where R; and R are independent parameters which depend on
(rp/r 40) and T respectively.
The analysis is now carfied out as follows:
(a) Assuming J', 6p, (0) is calculated (eq. 4.20)
(b) From experimental data o is obtained. o and op,

(o) oA
are eguatedj;hence R(8)= R;.Ryp is obtained.

A

(c) From eq. 4.20 R; is calculated as a function of Tp/,
for the different angles 6.

(d) Using the convolution subroutine,R; is calculated as
a function of r.

(e) For each value of 6 a plot is now constructed of I‘p/P
Qersus I as follows:

For a given Iy Ry 1is obtained from (d) and from

the value of R(8) (b), R; ‘is calculated. The value of
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T'p/r corresponding to this value of R} is then found

from (c);

Thus in general four curves are obtained correspond-
ing to the four angles 8. If the choice of J" is
correct then the curves are concurrent at a point
(r, Tp/r) thus compléting_the solution.

The method may be illustrated with reference to

the analysis of resonance number 12 (see fig. 3.2(b) and
fig. 4.3) at 4.002 MeV.

From the shape of the resonance at the four angles it
is clear that the orbital angular momentum of the protons
involvéd is 2= 2. The initial inSpéction does not favour
either one or the other of the two pbssible spin valuéf, We
assume that J' = 3/2%, The resonance energy is found to be
4.0020 * 0.0005 MeV.

Usiﬁg these parameters Rz was calculated for a series of
values of IT'S 1 keV, The results are shown in fig., 4.4(a)d.
Similarly R; wascalculated (c) at each angle for various
values of Ip/r. These are plotted in fig. u4.u(b). In this
particular example the curves corresponding to 6 = 165°, 139°
and 1230 happen to coincide.

| The values of cox/ofx obtained from the data of fig.
4.3 are given in table 4.1l. The errors include an uncertainty
in the resonance energy. The plots of Tp/r versus I (e) are

given in fig. 4.u4(c). The shaded areas correspond to errors
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cross sections calculated using the parameters

determined from analysis by method A



Figure u.4

05
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Narrow resonance analysis by method A applied
to resonance 12, A and B in 4.4(b) and (c)
are based on measurements at 8 = 89° and

o = 1235 139° and 165° (coinciding)

respectively
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TABLE 4,1

A/OTA observed for resonance 12 (Method A)

89

123

139

165°

Q:
O
> .

O.44:0,06 0,320,044 0,27¢0.03 0.32%¢0.07

TABLE 4,2

Widths for narrow resonancé 12 (Method B)

J" 0 r I'p/p
keV
3/2 165°% { 0.34:0,2 0.65:0,25
123° | 0.29%0,2 0.60:0.18
5/2 165° | 0.32:0.2 0.46%0,21
123° | 0.40¢0.25 | 0.76%0,32
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in Ior The value of Fp/r and T at the point of intersection

of the curves are:

-3
(1]

O.4 * 0.15 keV

0.75%* 0.1lu.

i)
~

o
i

Figure 4.4(d) shows a corresponding plot if J" is
assumed to be 5/2% . .Clearly there are no values of FP
and Tp/; which would satisfy the conditions of a unique set
of parameters at all four angles.

-The parameters determined in the above manﬁer were

used to calculate the solid curves in fig. 4.3 The curves

are seen to agree reasonably well with the data.

4.3.2(b) Method B (Area analysis).

As a check on the validity of the assignments arrived
at by the above method, an area analysis was carried out.
The method used has been outlined by Olness et al. (01 58).
Two independent expressions are derived which contain T and
Tp/p explicitly. For a resonance with a symmetric shape,

these expressions are:

Ap(e) = »nx2 [ab + b2 Tp/)Tp/ ] .r 4o 2L



- 70 -

and

' |
Ap = (I + 1/2)umx21 - Tp/OTp/ 4,25

where Ap(e) is the area under the elastic scattering

resonance:

Ap(e) = [ {o(E,0) - oyp(0)) dp —_— 4,26

o(E,8) is the observed elastic cross section
and oNR(e) is the nonresonance cross section (background)
x2a2 is the differential cross section off resonance
at angle 9.
x2(a? + b2) is the true (unbroadened) peak differential
cross section for Tp/; = 1 at angle e{
A; is.the area under the total inelastic cross section
| resonance.

Solving eqs. 4.24 and 4.25 we get:

I‘p/ r = .L.L,Ini_:m-?.;.g .27
b2 + u4H
A | .
where H = (J + 1/2)mmB£2L 4.28

AT
AL

For the resonance discussed above (res. 12) the area
Aé was obtained frdm the differential inelastic cross
section and the angular distribution of the inelastically
scattered protons taken on resonance.

From the equations above values are obtained for T

and Tp/p . These are given in table u.2. From the table
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it is seen that the results for J",=v3/2+ are in reasonable
agreement with those found by method A. The results for
a s/2" assignment indicate a large difference in the values
for different angles and tﬁus that this assignment is
inconsistent with the data. These. results thus'coﬁfirm
the assignments made by method A.

| 1TheAresonance assignments for all the observed
resonances using the methods discussed in this chapter are
discussed in chapter 6. Chapter 5 deals with inelastic
scattering studies which were carried out to supplement the

elastic scattering assignments.
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CHAPTER 5

INELASTIC SCATTERING

Parameters of compound nucleus levels could often be
assigned with confidence from the elastic scattering studies.
However there were cases where assignments were not possible
or ambiguities exist. It was~tﬁeréfore considered worthwhile
to undertake some alternative studies of the compound nucleus
levels by observing proton inelastic scattering,

Inelastic scattering studies are characterised by a
number of useful features. The energy profiles of
resonances in the differential inelastic scattering cross
section for example are often symmetric since, unlike the
elastic scattering case, there:is. no interference of the
resonance and Rutherford term in the scattering amplitude
(eq. 4.6). This simplifies the determination of resonance
energies and widths. Angular distributions of inelastically
scattered protons can be analysed to obtainiinformation about
the angular momenta and parities J" of compound nucleus states.
Although such an analysis seldom leadsdirectly to unique
assignments the results obtained may often be usefully
combined‘with results obtained from the elastic measﬁrefnents°
In this way it may sometimes be possible to confirm,or to
remove ambiguities fromy,assignments based on the elastic

data. Information regarding the orbital angular momentum ¢',
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and the channel spin s't of the inelastic protons may also

be derived from the angular diétribution data.

Inelastic scattering studies may be useful in locating
analogue states. For example if the target nucleus has a
T = o ground state and protons are inelastically scattered
toaT = 1 excited state,'thenvelaétic scattering from a
T = 3/2 analogue state is doubly forbidden by isospin
selection rules (see fig. 1.1) whilst the inelastic scatter-
ing is only forbidden in the entrance channel. The analogue
state ébould thus be easiépnté observe in the inelastic.
scaiténing reaction, However: in the present case this does
not»apply since the ground state as well as the low lying
excited states have T = o.  The inelastic scattering work
was'ﬁndéftaken:solely to éﬁpplement,the elastic écattering

analysis.

5.1 - Measurement of inelastic cross sections

The first two excited states of 32§ are at 2.237 and

3.78 MeV. In the present work only protons inelastically

scattered'to the 2.237 MeV-state were considered. In the
t Channel spin s' refers to Blatt and Biedenharn notation:
s' = I ¢+ i where I is the ground state spin of the

targeét nucleus and i the spin of the bombarding particle.
This should not be confused with the notation used in

chapter 4.
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energy region studied, i.e. up to 5.5 MeV, inelastic scatter-
ing to the second level will be restricted due to the high
penetrabilities and they were thus not considered. This may
lead to errors in the inelastic proton partial widths but
the elastic scattering partial width will not be affected.

The yield of inelastically scattered protons was
measured simultaneously with the elastic scattering yield at
165° in the energy range Ep = 4,0 to 5.5 MeV, In the energy
region Ep z 2,8 to 4.0 MeV the yield of inelastically scattere
protons was measured only in the région of resongnces.already
deférmined by the elastié‘scattering exPerimento' |

' The reason for this Qaébthat in this region the cross

section for inelastic scatterlng is very low relative to that
of elastlc scatterlng and 1t was thus time- consumlng to\carry
out s;multaneous measurementso

Thé'inelastic data wéfe fecorded,'as in the Qaée'df the
elastic data, in a multiqhannel analyser, In early runs
pulseéwin.the inelastic ﬁeak were selected by a ;iﬁglé“
channel analyser and scaled; Later however, as in the:
elastic measurements, recéfding a complete pulse height
speétrum over the region of the inelastic peak was preferred
since it provided'a means of background subtraction. A pulse
height spectrum showing the peak due to inelastiéallyv
scatfered protons is shown.in figure 5.1, |

‘The yield data were reduced to relative cross sections
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in the same way as described for the elastic scattering

data. The intensity of the peak in the pulse height spectrum
due to protons inelastically scattered from 32S was typically
an order of magnitude lower than that of the elastic peak.
Statistical accuracy was consequeﬁ%1§fmuch poorer, typically
10 to 20% compared with 0.5 to 5% for the elastic scattering
data.,

The cross section stale was calibrated using the absolute
efficiency of the detector as determined by the normalization
of the elastic scattering data. The inelastic scattering
differential cross section data at 165° are shown together
with the elastic scatterihé“fesults in figure 3.2.

ek e

5.2  Angular distributions

502.1 Experimental Procedure

Tﬁé angular distributions of inelastically écattered
proiéﬁskﬁere measured at iﬁcidént proton energieé'Cdrfé5ponding
to the resonance maxima in the inelastic cross section data.
For this purpose a modified scattering chamber was used. Two
detectors were attached to a disc which could be rotated (from
outside‘thé chamber) about an axis perpendicular to the beam
direction. The centre of the target holder was aligned with
the axis and the detectors were placed at an angle of 30°
relative to one another with respect to the axis. The second

detector was used to check that the angular distribution was
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not dependent on some geometrical systematic error which
might have arisen due to inaccurate alignment of the
detector collimators.

The data were collected in steps of 15° from 60° to
165°. It was not possible to measure the yield at angles
less than 60° since the background due to the elasticg}}y
scafFéred protons (particularly from the carbon baéking)l
becaﬁevé#cessive at forward angleslif; |

Targets used for these measurements wére n 3-5 keV
thick. These thicker targets were used in ordefifé;iééreaée

®
[EEE]

the yield and to obtain better counting statistics.

 5.2.2 Data Reduction

The data reduction was carried out in the same way-as
for the elastic scattering data. The background correction
was determined by interpolating the background on either side
of the peak through the region of the peak and subtracting.
The deadéfime corrections in these measurements were signifi-
cant (~ 2 to 10%) owing to the high count rates of the elastic
protons at angles forward of 90° to the beam direcfion°

The angular distributions were converted to the centre-~
of-mass system by applying a solid angle intensity correction

(Ma 60)
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3 2‘
alo) = E&E,_i cos(o =y) 5.1
aofy? " sin? ¢

where ¢ and 6 refer~to“angles in the laboratory
and centre-of-mass systems respectively.
The centre-of-mass angle, 6, was calculated from

_ [Ea/(El + Q) 2} .
sin 6 = sin ¢ — 5.2
5 |

where E3 is the energy of the outgoing proton.
E; is the incoming particle and

Q 4 the energy liberated in the reaction.

D = MMy R W
M; + My)(M3 + M) Mo (E1 + Q)

and-M,, My, M3 and M, 'refer to the masses o%-ineident
particle, target nucleus, scattered particle and final

nucleus respectively.

5e2°3 Results

The results of the 1ne1astlc scattering angular
d1str1butlon measurements are shown in figure 5.2, The
error bars quoted for the data were determined by the
statistical counting errors and the uncertainties introduced
by the background subtraction. The results were:piotted on

a relative scale chosen so that the coefficient of the zero

P S
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order Legendre polynomial was ~l. In order to obtain cross
section data, the relative cross section data at 165° should
be compared with the peak cross sections of the corresponding
inelastic resonances in fig. 3.2.

In order to describe the angular distribution as a sum
of Legendre polynomials a least squares fit to the data was

carried out using the expression
R

' -
op(e) z E A P, (cos @) 5.3

where PL(cos 8) is the ordinary Legendre Polynomial and.
Ap are coefficients.
‘The maximum value of'L was limited to Lmax = 6.  These

fits-are shown as solid curves in figure 5.2,

5.2.4  Analysis |

Analysis of the data was undertaken in order to deter-
mine possible spins and parities of the levels. To achieve
this it is necessary to obtain a theoretical expression for
the angular distributions in terms of Legendre polynomials.
The coefficients may then be éompared with the eXﬁerimental

values.
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