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CHAPTER 1 
Introduction

The studies described in this thesis have been
concerned with experimental and theoretical aspects of
elastic and inelastic scattering of alpha particles from 
2 0Ne. The description of elastic and inelastic alpha 
scattering at energies somewhat in excess of those available 
from electrostatic accelerators ($28 MeV) has received 
considerable experimental and theoretical attention and is 
well described in terms of direct scattering models such as 
the optical model and diffraction model. An interpretation 
of alpha scattering at lower energies of <20 MeV, particularly 
on light nuclei, is rather more complicated by the influence 
of resonance effects. The prime interest of the present 
studies has been to consider the extent to which direct 
scattering contributes to the observed scattering at these 
lower energies.

At bombarding energies of <20 MeV elastic alpha
12. 16

scattering on a number of light nuclei such as C, 0,
24 26 32Mg, Mg and S has been measured in detail. The present
measurements have been directed towards measuring both
elastic and inelastic scattering in an attempt to define more
clearly the role of direct scattering. The present target 

20nucleus Ne is particularly amenable to a consideration of 
inelastic scattering as a direct process since the ground 
state is strongly deformed and rotational excitations can be
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strongly coupled to the elastic scattering via simple and 
direct collective excitation.

An energy level diagram displaying the low lying
2 0levels of Ne is shown in figure 1.1. In the present studies 

the cross sections for elastic scattering and scattering corr­
esponding to excitation of the target nucleus to its first 
five excited states have been measured for bombarding alpha 
energies from «12 to 15 MeV. Throughout the thesis specific­
ation of scattering either elastic or that involving excitation 
is often referred to simply as the 0 , 2 , 4 , 2 or (3 ,1 ) 
scattering; the 5*65 and 5*80 MeV states were unresolved 
in these measurements. Excitation of the 2 unnatural parity 
state is of particular interest for reaction mechanism studies 
and, although not theoretically interpreted here, it was the 
subject of some experimental effort as there are virtually no 
measurements of such unnatural parity excitation at the present 
energies as far as is known to the author. The experimental 
facilities and techniques, the data reduction and obtained 
measurements are considered in chapters two, three and four.

The scattering of alpha particles such as in the 
present studies gives rise to excitations in the compound 
system at which the average level width <r> is much greater 
than the average level spacing <D>. The appropriateness of 
this description of the level density at *20 MeV excitation in
24 Mg, as presently attained, is indicated by Vogt et al; a 
calculation considering only even spin states yielded
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<r>/<D> > 17 (Vo 6 4 ) .

I t  c o u ld  be e x p e c t e d  a t  e n e r g i e s  y i e l d i n g  e x c i t a t i o n s  

in  t h e  compound sys tem  f o r  which <r> >> <D> t h a t  r e l a t i v e l y  

e n e r g y - i n d e p e n d e n t  s c a t t e r i n g  as p r e d i c t e d  by th e  one body 

o p t i c a l  p o t e n t i a l  would become e v i d e n t .  However random c o r ­

r e l a t i o n s  be tween o v e r l a p p i n g  r e s o n a n c e s  may g iv e ,  as i s  w id e ly  

c o n s i d e r e d ,  s t a t i s t i c a l  f l u c t u a t i o n s  and p ronounced  e n e rg y  

dependence  o f  c r o s s  s e c t i o n  (Er 6 6 ) .  Indeed  th e  most obv io u s  

f e a t u r e  o f  e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  o f  a lp h a  p a r t i c l e s  

from l i g h t  n u c l e i  a t  t h e  e n e r g i e s  o f  th e  p r e s e n t  m easurem ents  

i s  t h e  marked c r o s s  s e c t i o n  e n e rg y  d e p en d e n ce .  Davis (Da 66) 

and S ingh  e t  a l  (S i  66) b o th  s u g g e s t  t h e  f o r m a t io n  o f  i n t e r ­

m e d ia te  s t a t e s  as a p o s s i b l e  e x p l a n a t i o n  o f  th e  b r o a d e r  

s t r u c t u r e  accompanying t h e  f i n e r  s t r u c t u r e  a p p a r e n t  in  t h e  

e l a s t i c  s c a t t e r i n g  e x c i t a t i o n  f u n c t i o n s .  Moldauer  (Mo167) has 

s u g g e s t e d  t h a t  t h e  s t r u c t u r e  d e s i g n a t e d  as i n t e r m e d i a t e  in  t h e  

e l a s t i c  s c a t t e r i n g  o f  a lp h a  p a r t i c l e s  can a r i s e  from t h e  more 

c o n v e n t i o n a l  s t a t i s t i c a l  t h e o r i e s .

One method o f  t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  such  

e n e r g y  d e p en d en t  s c a t t e r i n g  i s  a f f o r d e d  by e n e rg y  a v e r a g i n g  

e i t h e r  a r i t h m e t i c a l l y  o r  e x p e r i m e n t a l l y  over  r e s o n a n c e  e f f e c t s  

t h u s  e n a b l i n g  a s i m p l e r  s t u d y  o f  d i r e c t  and r e s o n a n t  a m p l i t u d e s  

which can th e n  be c o n s i d e r e d  as i n c o h e r e n t .  An a l t e r n a t i v e  

p r o c e d u r e  which i s  c o n s i s t e n t  w i t h  a model p ro p o se d  by Robson, 

as  i s  d i s c u s s e d  by Davis  (Da 6 6 ) ,  i s  t o  c o n s i d e r  th e  e n e rg y  

dependence  o f  c r o s s  s e c t i o n  in  te rm s  o f  v a r i a t i o n s  in  t h e
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strength of the optical potential. This procedure permits 
the definition of an average optical potential such as would 
describe scattering unperturbed by resonance effects. This 
latter procedure has been considered in the analysis of the 
elastic scattering as is discussed in chapter five.

The theoretical analysis has been extended to 
consider the inelastic scattering as a means of defining the 
influence of direct scattering more precisely. This procedure 
is discussed in chapter six in terms of the extended optical 
model and resultant coupled channels formalism. Some detail 
of the formalism is discussed as it is considered to be the 
most rigorous approach presently adopted.

A procedure commonly employed in analyzing energy 
dependent data in which a direct scattering contribution is 
considered significant is to modify the direct scattering 
amplitude via a resonance term. As rather prominant resonance 
structure in the elastic scattering was apparent at =12*3 
MeV bombarding energies of the present measurements some 
analysis was performed in which a Breit-Wigner Tesonant amp­
litude was added to an optical model scattering amplitude.
This analysis is discussed in chapter seven. A procedure 
recently employed by Singh et al (Si 66) provides a particularly 
impressive account of resonance effects by phase shift 
fitting of the elastic scattering. Limited attempts to apply 
this type of analysis were made but in view of the complexity 
of fitting approximately 33 data points with up to 20 freely
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varying parameters the procedure was abandoned in favour of
the above mentioned Breit-Wigner approach which was rather
more constrained and consistent with the present attempts
to consider a direct scattering contribution. A procedure
of modifying a direct scattering amplitude via a resonance
form was also considered by Carter et al (Ca 64) as a means
of describing the elastic scattering of alpha particles on 
12C at energies of <20 MeV; the method required the addition 
of a resonance phase to diffraction model phases.

The final discussion in chapter eight presents a 
summary of the present studies.
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CHAPTER 2
Experimental Facilities and Techniques

The scattering measurements to be described have
4 + +  4 -employed the He beam obtained by He injection into the

tandem van de Graaff accelerator. Solid state surface
barrier detectors were used to observe the alpha particles 

20scattered from Nc gas contained in a thin windowed gas 
cell. The detector signals were fed via preamplifiers and 
amplifiers to multichannel analyzers and the accumulated 
spectra were recorded in printed and punched format.

2.1 Helium Beam
Until recently, acceptable beam currents of 

helium ions from tandem accelerators were most readily 
obtained by injection of neutral helium. A fraction of 
positive helium ions injected from a single-ended 500 kv 
van de Graaff accelerator through a gas exchange canal is 
neutralized and drifts to the high voltage terminal of the 
tandem where the ions are stripped of electrons and acceler­
ated away from the terminal. Beam currents obtained in this
way at the A.N.U. laboratory are typically 0*1 to 0*5 x 10 

15 + +amps of He in the energy range 2 to 12 MeV.

Negative helium ion injection can be achieved by 
using the duoplasmatron ion source in which *50 kv charge

4 4. 4exchange of He ions yields =100 kev He ions. The
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advantage of using negative injection is that the energy 
obtainable is proportional to 3 x terminal volts since the 
ions are accelerated towards the terminal as well as away 
from it. The disadvantage has been that the yield of the 
negative ion employing the normal duoplasmatron ion source 
with hydrogen exchange gas is small.

Carter (Ca 62) described detailed studies of 
negative helium injection into a tandem accelerator. Using
hydrogen exchange gas, which was found more satisfactory

-9than either helium or air, beams from 4 to 13 x 10 amps
4 + +of He were obtained. More recently Holbrow et al

3 + +  - 9(Ho 66) have obtained an analyzed He beam of 400 x 10 
amps. This improvement was primarily achieved by the 
addition of a plasma expansion cone at the exit of the ext­
raction aperture of the source and by increasing the length

3 +  4. 9 4of the exchange canal. He and He beam intensities 
were found to be comparable although the latter was less 
(Mi 67).

More significant improvements have been made 
recently using as exchange metallic vapour instead of
hydrogen. Aldridge et al (Al 67), using potassium vapour

- 9exchange, obtained analyzed beams of 300 to 800 x 10 
4 + +amps of He . Rose et al (Ro 67) achieved similar per­

formance using a radio-frequency ion source with cesium 
vapour exchange. Middleton, with either potassium or
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3 ^ 4»lithium vapour exchange, obtained analyzed beams of He 

4 4» +and He of several microamps.

The alpha beam employed in the measurements to be 
described was improved during the course of the experiment 
as a result of implementing some of the modifications 
described above. Initial measurements were carried out with 
beam intensities of 10 to 15 x 10~ amps of He’ .

With the modified icn source, in which a plasma 
expansion cone was added and the length of the hydrogen gas

4 ++exchange canal was increased, analyzed beams of He of 
intensity 50 to 100 x 10 amps were available as a matter 
of course, the best performance being a beam of =̂ 150 x 10 
amps. These beams were obtained by injection of from 150

.9  4to 300 x 10 amps of He . As commonly found, higher 
exchange voltage increased the yield and operation for the 
present measurements typically employed the available max­
imum of 50 kv. Middleton pointed out that independent 
power supplies for the extractor and exchange electrodes 
permit improved performance. Using hydrogen exchange gas 
he cited optimum performance with exchange voltages of 
60 to 70 kv and extractor voltages of 48 to 50 kv.

Due to increased loading with helium source gases, 
a molybdenum tip was attached to the front of the extractor 
electrode as suggested by Middleton. An earlier modific­
ation suggested by High Voltage Corporation (HV 65) was
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a l s o  imp lemen ted ;  t h e  mi ld  s t e e l  e n d - p l a t e  c o n f i n i n g  t h e  

magnet  c o i l  s u r r o u n d i n g  t he  s o u r c e  f i l a m e n t  was r e p l a c e d  

w i t h  one of  n o n - n a g n e t i c  s t e e l  (HV 6 5 ) .  The improvement  in 

beam i n t e n s i t y  h e r e  was s l i g h t .  The c u r r e n t  r e q u i r e d  i n  

t h i s  magnet  f o r  optimum beam c o n d i t i o n s  depended on t h e  

d i a m e t e r  o f  t h e  e x t r a c t i o n  a p e r t u r e .  The b e s t  pe r fo rmance  

of  150 x 10 amps o f  He on t a r g e t  was o b t a i n e d  w i t h  low 

magnet  c u r r e n t  which  was i n d i c a t i v e  o f  an e n l a r g e d  a p e r t u r e .

2 .2  Beam T r a n s p o r t

In t h e  p r e s e n t  e x p e r i m e n t a l  s t u d i e s  t h e  two t a r g e t  

rooms a v a i l a b l e  i n  t h e  l a b o r a t o r y  were u se d .  Beam t r a n s p o r t  

from t h e  a c c e l e r a t o r  t o  e i t h e r  room i s  a c h i e v e d  by +90c ( -90° )  

d e f l e c t i o n  v i a  an a n a l y z i n g  magnet  w i t h  su b s eq u e n t  20° ( ze ro )  

d e f l e c t i o n  t h r o u g h  a s w i t c h i n g  magnet  t o  t h e  s c a t t e r i n g  

chamber  o f  s t a t i o n  one ( s t a t i o n  two) ;  t he  s c a t t e r i n g  chambers  

o f  t h e  two t a r g e t  s t a t i o n s  a r e  e s s e n t i a l l y  i d e n t i c a l .  The 

t y p i c a l  beam e n e r gy  r e s o l u t i o n  o f  e l e c t r o s t a t i c  a c c e l e r a t o r s  

was o b t a i n a b l e  and a t  e n e r g i e s  i n  t h e  r ange  12 t o  15 HeV was 

c o n s i d e r e d  t o  be w i t h i n  ±5 kev .  The beam en e rg y  was d e t e r m i n e d  

by o b s e r v i n g  t h e  f r e q u e n c y  c o r r e s p o n d i n g  t o  p r o t o n  n u c l e a r  

m ag ne t i c  r e s o n a n c e  in  t he  f i e l d  o f  t he  90° magnet .  Feedback of  

t h e  d i f f e r e n c e  s i g n a l  o f  t h e  beam c u r r e n t  on t h e  two image 

s l i t s  t o  t h e  co ron a  s t a b i l i z e r  p r o v i d e d  ene rgy  s t a b i l i t y .

For  most  o f  t h e  p r e s e n t  measurements  t h e  o b j e c t  

and image s l i t  gaps  o f  t h e  90° a n a l y z i n g  magnet  were s e t  a t  

2*5 and 2*0 mm r e s p e c t i v e l y .  Some i n i t i a l  measurements  

u s i n g  s l i t  s e t t i n g s  o f  7*5 and 2*5 mm ( see  s e c t i o n  4 . 1 )
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Optical alignment of the chamber ensured precise 
correspondence of the beam axis and the axis of rotation of 
the detector assemblies together with accurate location of 
the zero of the angle scale of the chamber. Subsequent 
checks by several groups in the laboratory indicated that 
this alignment located the "zero" of the chamber to within 
±0*1° and that the absolute angles were correct to within 
±0*1° . These checks were made by measuring Rutherford 
scattering angular distributions on either side of zero 
(Mo 67).

2.4 Gas Target
The cross-sectional views of the gas cell are 

included in figures 2.1 and 2.2. A detailed description of 
the cell design was given by Ohlsen and Young (Oh 64, Yo 65). 
Some of the features of the cell are summarized below.

The cell has an inside diameter of 7*5 cm and an 
inside height of 2*5 cm. The frame of the cell together with 
the top and bottom plates were constructed from stainless 
steel. The bottom plate is attached on a brass support which 
in turn can be mounted on the bottom lid of the scattering 
chamber with an o-ring vacuum seal on the inside of the 
chamber. Gas filling leads of 0*15 cm internal diameter pass 
through the bottom plate and brass support and couple the 
cell to the external gas handling system.

The supporting pillars of the gas cell frame, at 
the entrance and exit apertures, define the range of angles
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of observation through the 1*25 cm window to be 12°<e<168°j 
0 is the laboratory angle setting of a detector with respect 
to the incident beam direction. The entrance and exit 
apertures are 0*8 and 1*12 cm in diameter respectively.

Mylar foil aluminized on one side, of thickness
.30*38 x 10 cm, was employed for the windows on both sides 

of the cell. The mylar was glued to the inner walls of the 
cell with an expoxy resin. Nickel foils of nominal thickness

-  30*064 x 10 cm were similarly attached to frames which 
were coupled to the exit and entrance apertures via o-ring 
seals. Both top and bottom plates made o-ring seals with 
the cell frame.

The experimental measurements were carried out
2 0with a Ne gas pressure of 70 mm of Hg or less. A new gas 

cell could contain pressures in excess of 200 mm but the 
maximum allowable pressure decreased with use. The mylar 
foils were observed to become brittle in the regions of the 
exit and entrance apertures and x-̂ ith continued use of the 
cell finally ruptured in these regions. This deterioration 
is attributed to radiation damage and decomposition of the 
foil under the higher intensity radiation at these angles. 
Build up of carbon and oxygen indicated both in spectra and 
by the increasing gas pressure confirmed that the mylar 
(CioH0Oi*)n was decomposing.

2.5 Gas Handling System
A floxv diagram of the gas handling system used at
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Station 2 is shown in figure 2.3. A similar system, used 
by Ohlsen and Young (Oh 64, Yo 65), was located at station 1.

Roth systems employed V.Tallace-Tiernan aneroid 
manometers, model FA-145, which were calibrated against the 
liquid manometer described by Young. The 300 cm columns 
of the manometer contained dibutyl phthalate which has a 
low vapour pressure and a density of 1.0465 gm/ml at 20°C.
The calibration curve for the two gauges is shown in figure 
2.4. The scale of the manometers could be read to an 
accuracy of ±0*1 mm which together with the absolute cali­
bration yielded an uncertainty in the pressure reading, in 
the range 20 to 70 mm, of ±0 «35 mm.

In the absence of heating along the beam path, the 
gauge pressure will give the gas cell pressure accurately. 
Young (Yo 65) considered the effect of beam heating both 
experimentally and theoretically and showed that an error 
in the calculated yield proportional to the beam current 
could be introduced. Bray (Br 66) applied these considcr-

9 3 + +
ations to 200 x 10 amps of 10 MeV He through an ident-

22
ical gas cell containing Ne at 70 mm and estimated a 
possible error in yield calculations of -1*5^. In the
present experiment the bean was never in excess of 150 x 10~

_ 9
amps and generally was less than 100 x 10 amps. Thus the 
possible error in yield measurements arising from beam 
heating effects is estimated to be less than -l9«.
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During the course of the measurements, the gas 
cell and gauge were coupled to permit regular monitoring of 
the gas cell pressure. An initial pressure typically of 
70 run could after 72 hours of bombardment increase by as 
much as 2 to 3 mm. As mentioned in section 2.4, this effect 
was almost certainly due to release of carbon and oxygen 
associated with the mylar decomposition. Spectra recorded 
during the course of such a 72 hour series of measurements 
showed a corresponding increase in the yield of groups 
scattered from oxygen and carbon. Groups scattered from 
nitrogen would have resulted from a leaking system; such 
groups could not be identified.

The temperature of the gas cell environment was 
monitored with a mercury thermometer. This thermometer was 
placed in contact with the bottom stainless steel plate of 
the gas cell. These temperature readings were considered 
to indicate the gas temperature to within ±3°C. The error 
in the calculated yield introduced by such inaccuracy is 
less than 1%. For the yield calculations, the initial 
temperature and pressure were used to determine the target 
density.

The 20Ne gas as supplied by Monsanto Research
Corporation was of high isotopic and elemental purity

20C^99•8% Ne).

The gas cell, scattering chamber and gas handling
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equipment were coupled into the high vacuum system for 24 
hours prior to the commencement of a run on the accelerator. 
This seemed an appropriate precaution in view of the small 
bore high impedance tubing of the gas handling equipment.

2.6 Charge Collection
The Faraday cup immediately behind the scattering 

chamber employed both magnetic and electrostatic suppression. 
A calculation of the maximum divergence of the beam as 
defined by the collimating apertures and multiple scattering 
on traversing the cell indicated that the acceptance angle 
of the Faraday cup was more than adequate to collect the 
total incident charge.

The multiple scattering of the beam traversing the 
gas cell was estimated according to the formulation of 
Williams (Wi 39) which assumes the angular distribution of 
multiply scattered beam will be gaussian. More recent 
theories and experimental measurements indicate the inad­
equacy of this description particularly in the tail of the 
distribution (Ma 67). For the purposes of the present 
calculation, it seemed sufficient to use the simpler theory 
and consider the most extreme trajectory through the cell.
The root mean square angle of multiple scattering for 

14 + +12 MeV lie in each nickel foil was calculated to be
2 o*0»009 radians while that in the Ne (at 70 mm) to be 

=0»00B radians. Such distributions of the beam would not 
cause significant loss of charge. The current integrator



16
used was an Elcor model A309A. With calibration against a 
constant current source, the specifications cite an inte­
gration accuracy of better than 1*. Routine calibrations 
and checks during the measurements and by other workers in 
the laboratory indicated that the stability and accuracy of 
integration can be regarded as within 1%.

2.7 Detector Assembly
An array of four silicon surface barrier semi­

conductor diodes detected the scattered particles. The 
active volume of the gas target viewed by each detector was 
defined by a pair of rectangular collimating slits.

The counters, which were supplied by Ortec, were„ 2of 200 mm surface area; the maximum depletion depth was 
100 microns for three of them and 310 microns for the fourth 
which was used for forward angle measurements.

The triple counter array mounted on the rotatable 
top lid is illustrated in figure 2.1. The angular location 
of the three collimating systems defined three angles of 
observation of 0 and e±20° to within ±0*07°. The array 
could be located 2-2485 ± 0-0005 inches from the axis of 
rotation using dowel pins after initial positioning on a 
jig-borer. The fourth detector was located on the fixed 
bottom lid using a similarly positioned single block. A 
single counter assembly is illustrated in vertical cross- 
section in figure 2.1 The quadrature sum of :
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(i.) the uncertainty of ±0*1° in the 

alignment of the scattering 

chamber (section 2.3); and 

(ii) the uncertainty in angular

location of the counter blocks 

of ±0.07°

defined an uncertainty of ±0*12° in the angle of observation.

The collimating slits were constructed from four 

pieces of 1/16 inch precision flat steel screwed onto a 

frame of the same material. The rectangular aperture of each 

slit thus defined was inspected and measured under a micro­

scope. The imperfections seen in these apertures were too 

slight to be of significance. The apertures were located in 

the counter blocks by precision cut slots and the accuracy 

of location of the apertures, and their dimensions, are 

considered in terms of the G factor in section 3.4.

2.8 Electronics

A block diagram of one of the several configur­

ations of electronics employed is shown in figure 2.5. The 

preamplifiers and amplifiers were provided by Ortec. The 

model 103/203 valve series were used for the first half of 

the measurements and the modular transistorized 109/410 

series for the later measurements. In both cases double 

delay line clipping of the pulses from each detector was 

usual.
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Two 400 channel RIDL and two 512 channel RCL 

multichannel analyzers were available for use in the lab­
oratory. Occasional unavailability of all these 
simultaneously necessitated the routing of the RIDL 
analyzers. In this way two 200 channel spectra were 
accumulated in each of the RIDLs. The procedure was quite 
satisfactory for the count rates observed; reflections 
between spectra were identified for some forward angle 
measurements of elastic scattering but they were too small 
to affect the accuracy of the measurements.

Various forms of this routing system were used 
for approximately 75% of the measurements; the block 
diagram 2.5 shows a typical mode of operation. The four 
routing signals were derived from COSMIC single channel 
discriminators and mixing of each pair of spectra was 
achieved via a simple diode circuit. The outputs of each 
discriminator were scaled to provide a check of the system.

Dead time corrections were recorded with each 
spectra. Scalers counting 100 counts/sec pulse trains 
gated by the analyzer 'busy* outputs provided this 
information.

2.9 Gas Target Thickness
The active volume of the gas target varies as a

function of the angle of observation. The target thickness, 
as defined by the slit geometry common to all detectors and
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illustrated in figure 3.3, is given in kev in table 2.1 as 
a function of angle and gas cell pressure for an incident
4 ++He beam of 12*0 MeV. These values were obtained from a 
computer code incorporating the expressions for Zj and z2 
of figure 3.3 with the energy loss subroutine described in 
appendix 1.

Table 2.1

Gas Target Pressure Target Thickness in kev at Angle
20° 30° 50° 70° 90°

20 mm 13*2 9-0 5 • 8 4*8 4-5
40 mm 26* 4 17-9 11*7 9*5 8 • 9
70 mm 46*4 31-5 20-5 16 • 7 15-7

2.10 Energy Definition and Detection Resolution
4 + +The incident He beam on passing through the 

nickel entrance window and target gas is degraded in energy 
and has its beam energy profile broadened.

Calculations of the mean energy at the centre of 
the gas cell were incorporated in the kinematics code con­
sidered in section 3.1 and the uncertainties arising in the 
calculations are typified in table 2.2. These values apply

4 +4.to an incident beam of 12*0 MeV He and a gas cell 
pressure of 70 mm.
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Table 2.2

Uncertainty

Mean Incident Energy 12-0 MeV ±0-006 MeV (a)
Mean Energy Loss in Nickel 0-150 ±0-030 (b)
Me an Energy Loss in Neon 0-137 ±0-007 (c)

Mean Energy at Centre of Gas Cell 11-713 ±0-032 MeV

(a) See section 2.2.
(b) and (c) arise from thickness uncertainties

and the stated accuracy of the energy 
loss tables (Wi 66). The nickel foil 
specifications quote a manufacturing 
tolerance of ±20£ in thickness.

The beam energy profile broadening was considered 

in terms of the Vavilov distribution as discussed by Seltzer 

et al (Se 64). The incident beam energy profile was con­

sidered gaussian and interpolation from the tables of Seltzer 

et al yielded Vavilov distributions which indicated that the 

gaussian profile was retained at the centre of the gas cell 

although broadened and with a small tail on the low energy 

side.

The broadening of the incident beam energy profile, 

associated with the energy loss discussed above, for the 

case of the 12 MeV He incident beam and a gas pressure of 

70 mm is listed in table 2.3.
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Table 2.3

Beam Half-width at Half-intensity 
of Gaussian Profile

Incident
Through Nickel Foil
Through Nickel and Neon 

to gas cell centre

5 kev 
16 kev
22 kev

In view of the small area of the beam spot and 
the manufacturing porosity specifications for the grade of 
nickel foil used, the thickness of foil has been assumed 
constant over the beam spot area and contributions to beam 
energy broadening from non-uniformity of the foil have been 
regarded as negligible.

The energy resolution of the measurements, i.e. 
the finite range of energies contributing to a particular 
scattering measurement, is estimated by compounding both the 
broadening and the target thickness discussed in section 2.9, 
The algebraic sum of the target thickness for an observ­
ation angle of 30° (or 150°) and the above-estimated beam 
energy profile width are listed in table 2.4 for three gas 
cell pressures appropriate to measurements at 12 MeV.

Table 2.4
Gas Cell Pressure Energy Resolution of Measurement

20 mm ±19 kev
40 mm ±26 kev
70 mm ±38 kev
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The energy resolution of detection was further 

determined by :

(i) finite range of detection angle - 

see figure 3.3;

(ii) straggling in energy of the scattered 

particles in passing through the neon 

and mylar; and

(iii) electronic resolution.

Table 2.5 exemplifies the contributions to the

energy definition of groups observed in a typical 30° spectra 

such as recorded for a 12 MeV incident beam and 70 mm gas

cell pressure.

Table 2.5

Energy Resolution of Measurement ± 38 kev 
Finite Range of Angle of Detection ± 80 kev 
Straggling in Neon and Mylar ± 30 kev 
Electronic Resolution ± 50 kev

R.M.S. Detection Resolution ±110 kev

The spectra shown in figure 3.1 are compatible 

with this evaluation of the resolution; the two groups 

corresponding to the excitation of the fourth and fifth 

excited states, kinematically separated by =70 kev, are 

unresolved.

From the discussion hitherto the following summary

can be drawn :
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(a) The absolute., scale of energies at 
the centre of the gas cell was con­
sidered accurate to within ±30 kev.

(b) The only significant uncertainty in 
the relative scale of energies at 
the centre of the gas cell for 
measurements over a limited energy 
range of =1 MeV using the same nickel 
entrance foil was considered due to 
the uncertainty of ±6 kev in the 
incident beam energy definition.

(c) The energy resolution of measurement 
was considered to be of the order of 
±35 kev at 70 mm gas pressure and 
±25 kev at 40 mm gas pressure.

(d) The overall detection resolution was 
of the order of ±110 kev,

2.11 Data Accumulation
With the exception of the most forward angle

measurements, it was usual to take spectra at each angle
corresponding to an incident charge of from 30 to 100 x 10
coulombs. This was found to yield adequate statistics
although the low yield of the groups corresponding to the 

202 state of Ne occasionally necessitated extended 
counting.
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Reduction in beam intensity to several milli- 
microamps during the most forward angle measurements 
ensured counting losses in the multichannel analyzers of 
*3$. Counting losses for the majority of the measured 
spectra were typically sll with the full beam intensity.

The depletion depths of the counters were varied 
to be comparable with the range of the most energetic 
alpha group being detected but bias voltages were sufficient 
to preserve linearity of the spectra and to ensure against 
line shape distortion. It was important in using the 
nominal 310 micron counter at backward angles to reduce the 
depletion depth in order to avoid a background continuum, 
attributed to partially stopped protons from the
20 23 20 22Ne (a,p) Na reaction or deutrons from the Ne (a,d) Na 
reaction.

The accumulated spectra were recorded on printed 
tape as well as on punched cards or punched paper tape.



25

CHAPTER 5 
Data Analysis

Subsequent to identification of the particle 
groups in the recorded spectra the counts in the peaks of 
interest were summed and the yields converted to absolute 
cross sections, the accuracy of which was considered in 
terms of relative and absolute errors.

3.1 Scattering Kinematics
A table of Q values of competing reactions for

20alpha particles incident on Ne as well as on the major
16 12gas contaminants 0 and C is shown in table 3.1.

Table 3.1
Target
20 Ne

1 60

Reaction Products
2 3Na + p22 Na + d2 iNa + t2 1 3Ne + He
19 F
1 8F1 7F1 70
1 5N + p14N + d 1 3N + t1 3 3C + He

+ P
+ d
+ t3+ He

Q Value (MeV)*

-2*38
-12-57
-17-36
-13-82

-  8-11 
-16-33 
-19-21 
-16-44

- 4-96 
-13-57 
-17-87 
-15-63

Taken from Nuclear Data Tables of 
Everling et al (Ev 61)
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The (a,He), (a,t) and (a,d) reactions all have 

relatively high negative Q values and the possible particle 
groups from these reactions are confined to the low energy 
region of the spectra. Similarly, protons from the (a,p) 
reactions are restricted to the same region of the spectra 
since only a small fraction of their energy is deposited 
in the thin depletion detectors.

Characteristic of the recorded spectra are those 
shown in figure 3.1 where the elastic scattering and in­
elastic scattering from the first five excited states of 
20 Ne are seen. A study of groups in the lower portion of

20the spectra corresponding to excitation of Ne in excess
of 6 MeV was not possible with the energy resolution of
the detection system used. The presence of groups elast-

16 12ically scattered from 0 and C is evident in the spec­
trum at 85°. Rigorous identification of all alpha groups 
was based on kinematic calculations of position in the 
spectra as a function of angle. In view of the energy loss 
of the alpha particles, both incident and scattered, on 
passing through the windows and gas, a relativistic 
kinematics code (Ha 66) was modified to include evaluation 
of the losses (see appendix 1). Such kinematic calculations 
were particularly desirable in identifying and locating 
the contaminant groups precisely. Assumption of linearity 
of the spectra was compatible with the consistency of

3
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calibration obtained between all alpha groups.

3.2 Data Reduction
The summation of counts in spectral peaks of 

interest was performed on a desk calculator. Background, 
if significant, was evaluated together with an estimate of 
the possible error in the evaluation. The groups corres­
ponding to the (3~,l”) doublet were not resolved and thus 
composite yields were extracted.

The major task in obtaining the yields was in 
16 12correcting for the 0 and C contaminants. An illustration

of the characteristic energy variation of observed groups
as a function of laboratory angle is shown in figure 3.2;

*♦ ++.this kinematic plot corresponds to an incident He energy 
of 14*50 MeV, an energy for which contaminant corrections, 
as indicated in table 3.2, were made.

Table 3.2
20 Ne Group Angles of Correction 

for Carbon Contaminant
Angles of Correction 
for Oxygen Contaminant

0+ 0 s 25° e i 35°
2* S5°S e s 6S° 0 4 1X0°
4* 0 i 135°
2~ 25°j e f 35°C3*,n 4S°f 0 f 65°

The corrections were typically $S% of the yield, although 
the corrections for the 2" yields were as much as 201.



FIGURE 3.2 Energy variation of observed groups 
as a function of scattering angle 
at an incident energy of 14*50 MeV.
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The

i 6 16
0 (a Iao) 0 measurements of Mehta et al

(Me 67) and the 1 2C(a ,a0) 1 2C and 12C(a>a1)12C measurements 

of Mitchell et al (Mi 64) were used to establish the con­

taminant corrections. These data were available in 

graphical form only and as a result the uncertainties in 

some corrections were large. Other inaccuracies in these 

corrections arose because of the extrapolations between

energies and angles necessary to obtain a reasonable estimate
1 6 12

of the cross-section. The amount of 0 and C in the gas 

cell at any time was estimated by considering spectra, 

usually from the monitor, in regions where the available 

cross sections were considered reliable.

3.3 Absolute Cross Sections

The yields were converted to absolute cross

sections according to the relation for gas targets of 

Silverstein (Si 59).

(3-1)

where c(e) is the differential cross section at
laboratory angle 9 ,

e is the laboratory angle of detection 
defined by the central axis of the 
detection collimating system,

n is the total number of incident particles,
N is the number of target nuclei per unit 

volume,
Y is the yield of scattered particles at 

angle e, and
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G is the factor describing target 
thickness, angle of acceptance of 
detection system and finite geometry 
effects (see section 3.4),

For doubly charged ions incident on a monatomic 
gas at pressure p and temperature T, this expression can be 
re-written in the form :

o (o) = y — 0 x x 3.320 x 10"5 (3-2)

where 0 (0) is given in mb/sr,
p is given in mm of Hg,
T is given in degrees centigrade,
X is the incident charge in microcoulombs, and 
G has the dimensions of cm.

Computer codes were developed to evaluate 
expression (3-2) for the angular distribution data and the 
excitation function data. Incorporated in the codes were 
kinematic (Ha 66) and energy loss subroutines to enable 
conversion to cross section in the centre of mass co­
ordinate system. Repeated data points were averaged and 
errors as discussed in section 3.5 were evaluated. All data 
were corrected for dead time losses in the multichannel 
analyzers. The resultant cross sections were available together 
with error estimates in numerical, punched and graphical format.

The monitor counter yields taken during the 
angular distribution measurements and corresponding to 
excitation of the ground and first two excited states were
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obtained in the course of this data reduction. Where 
statistics were adequate, long term stability of within 3$ 
was obtained for these yields. In view of the reproduc­
ibility of the angular distribution data and the stability 
of the monitor yields, no attempt was made to normalize to 
these monitor yields.

For the angular distribution data, an option of 
finite geometry corrections was available (see section 3.4).

3.4 G Factor
Figure 3.3 shows in detail the geometry of the 

detection systems used for all four counters. An inset 
tabulates the angular resolution and active gas length as 
a function of o for such a geometry. The quantity G of 
equation (3-1) is given by Silverstein as

1 + A 0 ♦ A A2 A 3 —  +3 a (3-3)

where G00 Ä 4 b* b2 i 
Rq h

and where blf b2, £, R0 and h are as in figure 3.3,
o is the differential cross section at 0, 
cn is the n**1 derivative of the differential 

cross section with respect to 0 at angle e, 
An are terms indicating the "poorness" (Si 59) 

or finite nature of the geometry and are 
given explicitly up to n ** 4,

Aq, A] and A3 are functions of the angle of
observation and the dimensions and location 
of the collimating apertures, and



INCIDENT BEAM

Rectangular collimating apertures of half 
width bj and height

2 Rectangular collimating aperture of half
width b2.

3 Surface barrier detector.
Mylar window.

b i ~ 0*05 cm; bo = 0• 1 cm; sl - 1*2 cm;
R o = 10*3 cm; h = 4*13 cm

G Zj (cm) Z2(cm) A0
10° 1*30 1*97 2*07
30° 0*51 0*58 2*07
90° 0*27 0*27 2*07

FIGURE 3.3 Detection Geometry defined by 
collimating apertures
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A2 and are functions only of the aperture 

dimensions and their separation.

Rq and h , obtained from precision jig-borer 

measurements, and hi, b2 and i obtained from microscope 

measurements on a calibrated stage, determined the value of 

Goo t0 an accuracy of ±1-1%,

A subroutine was incorporated in the data red­

uction code to evaluate finite geometry corrections up to 

second order for the angular distribution data. These 

corrections were applied to the cross sections expressed in

the laboratory system of co-ordinates.
1 2

To obtain the quantity a (0) and a (0) of 

equation (3-3), a quadratic was fitted through successive 

groups of three data points. The first and second deriv­

atives of the mid-data point of the three vrere thus estimated. 

An estimate of the higher order derivatives was made by 

application of this quadratic fitting to the first deriv­

atives and then successive application to the subsequently 

derived derivatives. The estimates of the third and fourth 

order terms indicated that these higher order corrections 

were insignificant. The most significant corrections were 

of second order occurring at minima in the angular distri­

butions; as the corrections described above are necessarily 

derived from uncorrected data the procedure outlined was 

repeated to obtain convergence. One iteration gave con­

vergence to<<l$ on the majority of corrections although
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convergence for large corrections required several iterations. 
Four iterations were thus applied as a standard procedure.
The 13*92 MeV elastic scattering angular distribution in 
the laboratory system of co-ordinates and the ratio 
(G - Goo)/G for this data are illustrated in figure 3.4.
The correction at the 45° minimum is the largest to any of 
the data points measured. Typically this ratio was <0*1 
for most minima of the angular distributions.

The largest corrections were due to the finite 
definition of geometry provided by the dimensions and 
separation of the collimating apertures. This is in con­
trast to corrections which in addition depend on the aperture 
locations relative to the target. In retrospect it is con­
sidered that an equivalent geometry less subject to corrections 
would require smaller apertures similarly separated but 
closer to the gas cell.

3.S Error Analysis
The accuracy of cross section evaluation according 

to equation (3-2) is subject to uncertainties in Y t G, X, 
pf T and o.

The uncertainty in Y is taken to be the quad­
rature sum of :

(i) the standard deviation of total 
counts in the summed peak 
(assuming Poisson statistics); and
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FIGURE 3.4 Finite geometry corrections to 
13*92 MeV elastic scattering
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(ii) the estimated uncertainty in the 
background subtraction.

In considering repeat measurements a weighted mean 
of the data points was obtained. The weight assigned to 
each datum point was equal to the square of the inverse of 
the uncertainty in Y. A weighted mean error was also obtained. 
The actual quantities averaged were cross sections.

In a few cases, the weighted mean deviation of the 
averaged data points from the mean was greater than the 
weighted mean error. This was interpreted as a systematic 
error as could arise between two different accelerator runs 
and the error assigned in these cases was the quadrature sum 
of the mean deviation and mean error. The two sets of 
measurements of the 14*30 MeV angular distributions showed 
such non-statistical deviations; this was attributed to a 
slight energy discrepancy between the runs (see section 4.2).

The accuracy of the finite geometry corrections 
is difficult to establish. However, confidence is placed in 
the evaluation as convergence of almost all corrections to 
within 1% of their value was obtained with one iteration 
(see section 3.4). A nominal error of ±501, in the mag­
nitude of the corrections, introduced an error in cross 
section of for most data points. The largest un­
certainty of the finite geometry corrections was associated 
with the 45° data point of figure 3.4 where the 50°»
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correction uncertainty lead to an uncertainty in the 
absolute cross section of ±201,

The finite dimensions of the incident beam path 
and the possible divergence of the beam (section 2.2) 
contribute to the finite geometry effects. More general 
expressions for the coefficients of equation (3-3) include 
dependence on the finite diameter of the beam path.
Inclusion of a beam path diameter of 0-15 cm produces a 
variation of $0*1! in the cross section calculations. These
generalized expressions for the coefficients assume that

*

the active volume of gas is a cylinder parallel to the 
central beam axis. With this assumption, the divergence of 
the beam can be considered as effectively contributing to 
the angular resolution of detection. The most extreme 
trajectories of ±0»25° divergence from the central axis 
would correspond to increasing the angular resolution of 
detection by *101. In view of the ±501 error assigned to 
the finite geometry corrections it is considered this 
additional angle averaging effect would not contribute 
significantly to the accuracy of already assigned corrections 
or to their associated errors.

The relative uncertainties in the angular dis­
tribution cross section data have been obtained from the 
quadrature sum of :

(1) the uncertainty arising from the 
nominal ±501 error assigned to



the finite geometry correction; and 
(ii) the statistical and averaging errors.

The limits of accuracy in determining the absolute 
cross section are, in addition, fixed by uncertainties in 
the quantities G00 (equation (3-3)), X, p, T and G 
(equation (3-2)). From the discussion of these quantities 
in sections 3.4, 2.6, 2.5 and 2.7, the summary in table 3.3 
of contributions to absolute cross section uncertainties 
can be drawn.
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Table 3.3

Source of Uncertainty Contribution to Absolute 
Cross Section Uncertainty

Goo ± i-n
X ± i %

p ± 0 • 5 *
T ± 1 %

0 2 % (a)
R.M.S. 2 - S %

(a) The contribution of the ±0*12° 
uncertainty in e is significant 
for measurements dominated by 
Rutherford scattering and for 
measurements such as the 40° 
data point of figure 3.4,

An estimate of the overall accuracy of the absolute 
cross section data of the angular distributions is obtain­
able then from the quadrature sum of :
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(i) the relative uncertainties; and
(ii) an absolute error of the order of 

±3%.

As it was not possible to correct the excitation 
function data for finite geometry effects and as the absolute 
cross sections were not of importance for analysis, the 
errors considered for this data indicate the relative 
accuracy of one point to the next. In regions where finite 
geometry corrections could be expected to be small the 
absolute magnitude determinations are considered to be of 
the same accuracy as the angular distribution data.

The measured cross sections for the angular dis­
tributions are tabulated in appendix IV together with the 
associated relative errors. The relative errors are 
included since they were used in the theoretical analysis.
The requirement of balanced weighting of the data points 
(discussed in section S.3 in terms of the optical model 
fitting procedures) was satisfied by assigning a 4*0 error 
to those relative errors less than 41, while retaining 
those in excess of 4$; it is these modified errors which 
are tabulated.

The excitation function data are tabulated in

appendices II and III together with associated statistical 
and averaging errors.
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CHAPTER 4

Experimental Results

In this chapter the present measurements of
excitation functions and angular distributions of elastic

2 0and inelastic alpha scattering from Ne are presented 
together with a qualitative discussion of the results.

4.1 Excitation Functions
The initial measurements were taken to establish 

the energy dependence of the cross sections for both 
elastic and inelastic scattering. The pronounced energy 
dependence for incident energies of <20 MeV characterizing 
alpha scattering (Ca 64 and So 66) on light mass nuclei 
motivated the excitation function measurements.

Excitation curves were measured in =100 kev steps 
in the bombarding energy range of 11*71 to 14*93 MeV at 
laboratory angles of 40% 80c and 150°. Remeasurements at 
the angles of 40° and 80° with additional measurements at 
60° were made in the energy range 13*23 to 15*23 MeV, also 
in =100 kev steps. The remeasured data were in good agree­
ment with the original measurements but were not used to 
obtain an average measurement as there were small systematic 
energy differences apparent in the two energy scales. The 
most significant effect was seen at 14*5 MeV in the 80° 
excitation curve of elastic scattering where an 8$ variation 
in cross section measurement occurred. As all the above
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measurements were recorded using object and image slit gaps 

of 7-5 and 2*5 mm respectively (see section 2.2), it was 

considered that the optimization of beam during the course 

of the measurements produced variations in trajectory through 

the 90° analyzing magnet and gave rise to energy shifts of 

within 15 to 20 kev about the nominal beam energy. The data 

presented for 40° and 30° comprise the initial measurements 

plus three higher energy data points from the second set of 

measurements. Table 4.1 summarizes the excitation functions 

measured in -100 kev steps. The measurements were taken with 

the gas cell pressure at -70 mm and an energy resolution of 

approximately ±35 kev (see section 2.10).

Table 4.1

Laboratory Angle Scattering State Laboratory Energy at 
of Detection of 2~Ne Centre of Gas Cell (MeV)

40°

60°

80°

150°

(3\1~)

11.71 - 15-23
11.71 - 15*23 
11-71 - 15-23 
13-43 - 15*23 
12*32 - 15-23

C+ 13-23 - 15-23 
4 13-23 - 15-23 
2~ 13*53 - 15-23

4
2"(3~,r)

iiiiii11
12

71
71
71
91
62

15
15
15
14
14

23
23
■23
02
93

11-71 - 14*93
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The cross section measurements described in 
table 4.1 are tabulated in appendix II and plotted in figures 
4.1(a), (b) , (c) and (d). The cross sections are tabulated 
and plotted with relative errors and are given in the centre 
of mass co-ordinate system for elastic scattering and in the 
laboratory co-ordinate system for inelastic scattering; the 
energy scale is subject to relative uncertainties of s2Q kev 
as was discussed above.

The lower range of incident energies of the
excitation functions corresponds to excitation energies in

24the compound system Mg of -20 MeV, energies at which there
are several well defined states described as quasi-molecular
(A1 63). The pronounced peak in the elastic scattering
excitation function at 150° (Lab) for an incident energy of
12»32 MeV suggested that these states may be populated in 

20the Ne+a interaction; the energy of 12*32 MeV corresponds
2 4to an excitation energy in Mg of within 10 kev of the 

lowest of the quasi-molecular states at 19*58 MeV excitation. 
Although such correspondence could be regarded as fortuitous 
in view of the uncertainties in the absolute energy scale 
of the order of ±30 kev and in the relative energy scale of 
within ±20 kev, the possibility of some significance in the 
correspondence motivated more detailed measurements.

Consequently, additional excitation functions were 
measured in the incident energy range 12*045 to 13*457 MeV
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FIGURE 4.1(a) Excitation functions of alpha scattering 
on 2üNe measured in -100 kev intervals 
at 40 (Lab); the solid lines through 
the data points have been drawn by eye 
and significant error bars are shown
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FIGURE 4.1(b) Excitation functions of alpha scattering on 20Ne 
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solid lines through the data points have been 
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in steps of =*25 kev at laboratory angles of 80°, 120°, 140° 

and 160°; preliminary measurements had indicated that the 

structure in the 150° excitation function was more enhanced 

at 140°. The energy range of the measurements yielded a
2 4

range of excitations in Mg encompassing the excitation 

energies of four of the states described as quasi-molecular. 

The measurements were taken with a gas cell pressure of 

*40 mm and an energy resolution of approximately ±25 kev; 

the relative energy scale was accurate to within ±6 kev with 

the object and image slit gaps set at 2*0 mm and 2*5 mm 

respectively; the absolute energy scale was accurate to 

within ±30 kev (see sections 2.2 and 2.10). Table 4.2 

summarizes these excitation function measurements at. «25 kev 

intervals.

Table 4.2

Laboratory Angle 
of Detection

Scatter!^ State Laboratory Energy at 
Centre of Gas Cell (MeV)

oOCO o; 12*045 — 13*457
2+ 12*045 - 13*457
4 12*045 - 13*457
2 12*776 - 13*457

120° o ; 12*045 _ 13*457
2 + 12*045 - 12*903
4 12*827 - 13*457

140° 0 + 12*045 - 13*457

160° 0 + 12*045 - 13*457

The cross section measurements described in 

table 4.2 are tabulated in appendix III and plotted in figures
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4.2(a), (b), (c) and (d). As before the cross sections are
tabulated and plotted with relative errors and are given,in
the centre of mass co-ordinate system for elastic scattering
and in the laboratory co-ordinate system for inelastic
scattering. In the figures 4.2, arrows indicate the incident

2 4energies corresponding to excitations in Mg of the quasi- 
molecular states.

It was not possible to satisfactorily estimate over
the wide energy range of the excitation functions contaminant

12 12 0 corrections due to C(a,a0) C at o(lab)*60 and
16 16 00(ct,<*0) 0 at e(lab)>120 and as a result the scattering
via the 2 state is not given at these angles. Further gaps 
in the data of tables 4.1 and 4.2 correspond to measurements 
for which the groups of interest were obscured by background 
in the low energy region of the spectra.

4.2 Angular Distributions
The greater part of the experimental work was

devoted to the measurement of angular distributions of alpha
20particles scattered elastically and inelastically from Ne. 

With the view that some systematics in the characteristic 
energy dependence of the excitation function could become 
apparent, the angular distribution measurements were confined 
almost entirely to two energy ranges encompassing pronounced 
structure in the elastic scattering excitation functions.

One series of angular distributions was measured
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at seven incident energies, included in table 4.3, from 
13.69 to 14*90 MeV at intervals of -200 kev. This range of 
energies includes the pronounced structure observed at an 
angle of 91*4° (c.mass) in the excitation function of elastic 
scattering; see figure 4.1(c). Additional measurements 
were obtained at 12*70 MeV and 11*67 MeV thus providing some 
indication of the cross section angular dependence over the 
full energy range covered in the excitation function data. 
These distributions were measured using a gas cell pressure 
of -70 mm and consequent energy resolution of approximately 
±35 kev (see section 2.10).

The second series of angular distributions was 
measured at five energies, also included in table 4.3, in 
the range 12*217 to 12*404 MeV at intervals of =50 kev. The 
data were recorded using a gas cell pressure of =40 mm and 
attendant energy resolution of approximately ±25 kev (see 
section 2.10). It was considered that angular distributions 
spanning the well defined structure at =12*31 MeV in the 
backward angle elastic scattering excitation function, seen 
in figure 4.2(c), would provide data particularly amenable 
to analysis incorporating resonant energy dependence and 
would consequently furnish some information on a region of 
excitation in the compound system already noted to be of 
interest (see section 4.1).
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T able  4 .3

E n e r g i e s  (Lab) a t  C e n t re  o f  
f o r  A ng u la r  D i s t r i b u t i o n

Gas C e l l  in  MeV 
Measurements

11*67 12*217 12.257 12*307 12*358 12*404 12*70
13*69 13 .92  14 .09  1 4 .3 0 14*50 14*70 14*90

The a n g u l a r  d i s t r i b u t i o n s a t  t h e s e f o u r t e e n e n e r g i e s

were measured  a t  5° i n t e r v a l s  w i t h i n  th e  a n g u l a r  r an g e  o f  

15° t o  160° ( L a b ) ; t h e r e  were a few measurements  a t  i n t e r ­

v a l s  o f  <5° and a t  a n g le s  >160°.  The a n g u l a r  r an g e  o f  t h e  

d i s t r i b u t i o n s  f o r  i n e l a s t i c  s c a t t e r i n g  d e c r e a s e s  w i th  

i n c r e a s i n g  a n g le  a t  t h e  low er  e n e r g i e s ,  and t h e  d i s t r i b u t i o n s  

f o r  s c a t t e r i n g  v i a  t h e  2~ s t a t e  and (3~ ,1~)  s t a t e s  a r e  

r e s t r i c t e d  to  t h e  seven  h i g h e s t  e n e r g i e s ;  w i th  d e c r e a s i n g  

beam e n e rg y  and i n c r e a s i n g  a n g le  t h e  g roups  in  th e  s p e c t r a  

s u c c e s s i v e l y  merged w i th  low e n e rg y  background  such  as i s  seen  

i n  f i g u r e  3 . 1 .

A l l  a n g u l a r  d i s t r i b u t i o n  d a t a  a re  p l o t t e d  in  

f i g u r e s  4 . 3 ( a ) ,  ( b ) , ( c ) , (d) and ( e ) . The d a t a  have  been 

p l o t t e d  t o  show th e  a n g u l a r  d i s t r i b u t i o n s  o f  s c a t t e r i n g  from 

e ac h  s t a t e  as a f u n c t i o n  o f  t h e  i n c i d e n t  e n e r g y .  The c r o s s  

s e c t i o n s  and a s s o c i a t e d  e r r o r s  ( se e  s e c t i o n  3 .5 )  f o r  th e  

e l a s t i c  and i n e l a s t i c  a n g u l a r  d i s t r i b u t i o n s  a r e  t a b u l a t e d  in  

a p p en d ix  IV.

The a n g u l a r  d i s t r i b u t i o n s  m easured  a t  i n c i d e n t  

e n e r g i e s  o f  11*67, 12*70 and 14*50 MeV were each  measured



Scattering Angle (c.mass)

FIGURE 4 . 3 ( a )  Angula r  D i s t r i b u t i o n s  o f  t he  
E l a s t i c  S c a t t e r i n g  o f  Alpha P a r t i c l e s  
from 20Ne; t h e  s o l i d  l i n e s  t h r ou g h  t h e  
d a t a  p o i n t s  have  been  drawn by eye and 
s i g n i f i c a n t  e r r o r  b a r s  a r e  shown
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the d ata points have been drawn by 
eye and significant error bars are shown
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shown
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a l p h a  s c a t t e r i n g  from t h e  4*97 MeV s t a t e  o f  
20Ne; t he  s o l i d  l i n e s  t h r o u g h  t he  d a t a  p o i n t s  
have been drawn by eye and s i g n i f i c a n t  e r r o r  
b a r s  a r e  shown
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twice but the final cross sections are those of the re­
measurements and not a mean of the two sets of data although 
good overall agreement was obtained. The initial measure­
ments at. these three energies had been obtained under the 
same experimental conditions as the 100 kev excitation 
function measurements and because of the energy shifts thus 
possible (see section 4.1) were considered the source of 
non-statistical discrepancies between the two sets of data. 
The remeasurements at these three energies as well as the 
angular distributions at all other energies were obtained 
with the incident energy more precisely defined by object 
and image slit gaps of 2*0 and 2*5 mm respectively (see 
sections 2.2 and 4.1). The greatly improved reproducibility 
of data under these conditions highlighted the problem and 
effect of energy shifts and justified the neglect of the 
initial measurements at 11*67, 12«70 and 14*50 MeV.

The angular distributions at the energies 13*69, 
14*09, 14*30, 14*70, 14*90 and at the five energies from 
12*217 to 12*404 MeV were all derived from the mean of cross 
sections from two separate sets of measurements in which the 
overlap of angles covered in each was for the most part 
complete. A few data points were measured once only while 
within the initial measurements at each energy there were 
numbers of repeat measurements. As it eventuated all re­
measurements at a given energy were performed at the 
experimental station alternative to that used initially
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(see section 2.2). The distributions at the five energies 
from 12*217 to 12*404 MeV were initially measured over the 
full angular range for each energy in turn as was the usual 
practice; the remeasurements were obtained by varying the 
energy at each angular setting of the three detectors.

The angular distributions at 13*92 MeV were 
derived from one series of measurements; the additional 
accelerator run necessary for remeasurement was not warranted 
in view of the reproducibility of data obtained at other 
energies during the same series of measurements.

Non-statistical deviations were apparent however 
in the two sets of distributions measured at 14*30 MeV; the 
extent of the deviations is indicated by the relatively 
larger error bars seen in the plots of the data at this 
energy in figures 4.3(a) to 4.3(d). The cause of the devi­
ations is almost certainly a systematic energy difference, 
estimated to be = 20 kev, between the two sets of measurements. 
The source of such an energy difference is not apparent as 
all remeasurements were conducted after normalization of the 
energy scale by an appropriate excitation function measure­
ment. The uncertainty of normalization of the energy scale 
prior to all other remeasurements was considered better than 
±10 kev and the reproducibility of the distributions at the 
five energies 12*217 to 12*404 MeV at =50 kev intervals 
illustrated the adequacy of energy definition and repro­
ducibility. The need for this energy scale normalization
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occurred because of the number of nickel entrance foils used 
(see section 2.10).

The values of the five energies from 12*217 to 
12*404 MeV are quoted to three decimal places as the un­
certainty in the relative energy scale was estimated to be 
within ±10 kev. All other energies of distribution measure­
ments are given subject to the absolute uncertainty of ±30 
kev and are thus quoted to two decimal places.

The measurements common to the angular distri­
butions and excitation functions were found to be in 
satisfactory agreement; some differences were apparent in 
the comparison involving the excitation functions measured 
in 100 kev steps but these were consistent with the evaluation 
of energy scale discrepancies discussed in section 4.1. •

4.3 General Remarks on Cross Section Measurements
The 0+ scattering angular distributions seen in 

figure 4.3(a) are characterized by diffraction type 
oscillations with the trend in cross section at forward 
angles determined by coulomb scattering. The distribution 
shapes show a marked energy dependence and in particular the 
enhancement of the maxima at =90° and *150° at incident 
energies of 14*50 and 12*307 MeV respectively reflects the 
pronounced structure of the elastic scattering excitation 
functions (see figure 4.1(c) and 4.2(c)). The angular dis­
tributions for inelastic scattering are also seen to exhibit
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diffractive structure and energy dependence of shape although 
to lesser degrees to that seen in the elastic scattering 
(see figures 4.3(b) to (d)). The diffractive nature and 
energy dependence of the shape of the elastic scattering 
angular distributions are akin to that seen in equivalent 
measurements on other light nuclei (So 66, Wa 66, Me 67).
For the inelastic angular distributions such a comparison 
cannot be made as there is a paucity of related results 
published.

The positions of the maxima and minima of the 
elastic scattering angular distributions are plotted as a 
function of incident energy in figure 4.4(a). The detail of 
lines through points in regions where behaviour is irregular 
is rather subjectively drawn. The regions of the figure 
donoted by a, b , o, d and e indicate where a diffraction 
maximum is seen to vanish. A decrease in cross section over 
a substantial angular range adjacent to a maximum accomp­
anies its disappearance and the energies at which these 
changes occur correspond to minima in the integrated cross 
section which is plotted in figure 4.6 and discussed below. 
This correspondence suggests that the terminology of a 
disappearing maximum is appropriate and that energy depend­
ence of the integrated and differential cross section is 
reflected in a plot such as that of figure 4.4(a).

The 2+ angular distributions are characterized by
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d i f f r a c t i v e  o s c i l l a t i o n s  o f  s m a l l e r  a m p l i tu d e  t h a n  t h o s e  o f  

e l a s t i c  s c a t t e r i n g  and by in  g e n e r a l  a w e l l - d e f i n e d  fo rw a rd  

a n g le  p e a k .  The p o s i t i o n a l  v a r i a t i o n  o f  th e  maxima and 

minima as a f u n c t i o n  o f  e n e r g y ,  as shown in  f i g u r e  4 . 4 ( b ) ,  

i s  i l l - d e f i n e d  a t  th e  backward a n g le s  f o r  h i g h e r  e n e r g i e s  

and u n d e r l i n e s  t h e  e n e rg y  dependence  o f  s h a p e .  The l e t t e r  

/  d e n o t e s ,  i n  f i g u r e  4 . 4 ( b ) ,  a r e g i o n  where th e  d i s a p p e a r a n c e  

o f  a maximum i s  c l e a r l y  s e e n .  A l though  th e  c o r r e l a t i o n  

d i s c u s s e d  above f o r  e l a s t i c  s c a t t e r i n g  i s  n o t  e v i d e n t  th e  

e n e rg y  d ep en d en ce  o f  th e  d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  

r e f l e c t e d  i n  t h i s  f i g u r e .

The d i s t r i b u t i o n s  o f  i n e l a s t i c  s c a t t e r i n g  from t h e  

4+ , 2~ and (3 ~ ,1 ~ )  s t a t e s  a r e  seen  in  f i g u r e s  4 . 3 ( c ) ,  (d) and 

(e)  t o  e x h i b i t  v a r y i n g  d e g r e e s  o f  d i f f r a c t i v e  s t r u c t u r e *

The o s c i l l a t i o n s  o f  th e  2 d i s t r i b u t i o n s  a r e  t h e  most p r o ­

nounced  and a re  com parab le  i n  a m p l i tu d e  t o  t h o s e  o f  t h e  2+ 

d i s t r i b u t i o n s .  The shape  o f  th e  2~ d i s t r i b u t i o n s  shows a l s o  

a more s y s t e m a t i c  t r e n d  w i th  e n e rg y  th an  th e  4+ o r  (3~ ,1~)  

d i s t r i b u t i o n s  a l t h o u g h  th e  c r o s s  s e c t i o n  ove r  t h e  fo rw ard  

h e m isp h e re  i s  q u i t e  e n e rg y  d e p e n d e n t .  The p o s i t i o n a l  

v a r i a t i o n  o f  th e  maxima and minima o f  t h e  4* and 2~ d i s t r i ­

b u t i o n s  i s  i n d i c a t e d  as a f u n c t i o n  o f  e n e rg y  in  f i g u r e s  4 . 4 ( c )  

and ( d ) . B ecause  o f  t h e  damped n a t u r e  o f  t h e  low e n e rg y  

4+ d i s t r i b u t i o n s ,  f i g u r e  4 . 4 ( c )  i n c l u d e s  o n ly  t h e  h i g h e r  

e n e r g y  d i s t r i b u t i o n s . An e q u i v a l e n t  p l o t  f o r  t h e  (3~ ,1~)  

d i s t r i b u t i o n s  i s  o m i t t e d  b e c a u se  o f  t h e  i r r e g u l a r i t y  o f
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shape in the limited range of data obtained. The pronounced 

irregularity of figure 4.4(c), denoted by g occurs at an 

energy corresponding to that of the minimum in the integrated 

cross section for scattering from the 4+ shown in figure 4.6. 

Again it is seen that plots of the type shown in figure 4.4 

may strongly reflect energy dependence of the differential 

and integrated cross section.

Ivascu et al (Iv 67) measured angular distributions
2 0of elastic and inelastic alpha scattering from Ne at 

incident energies of 13*1, 14*5 and 15*2 MeV. A comparison 

of Ivascu1s results and the present results nominally at the 

same energy of 14*5 MeV shows as seen in figure 4.5, dis-
■f* mmcrepancies which are most pronounced for the 4 , 2  and 

(3~,1~) distributions. Further examination of the present 

excitation functions and the trend in distribution shapes 

with energy indicate that Ivascu’s results have actually been 

obtained at an energy =100 kev above the 14*50 MeV ±0*03 

MeV incident energy of the present measurements and the two 

sets of data can be considered as quite consistent and comp­

limentary. The 13*2 and 15*2 MeV results of Ivascu have been 

incorporated in the plots of figure 4.4.

At angles beyond the range both of pronounced 

coulomb scattering and the forward angle peak of the 2+ dis­

tributions the differential cross section for scattering
+  4- +from the 0 , 2 and 4 states are of comparable magnitude
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and oscillate around a value of -10 mb/sr. The differential 
cross sections of the 2 distributions are centred around a 
value of -2 mb/sr while those of the (3~,1~) distributions 
combined are intermediate between 2 and 10 mb/sr. The 
relative magnitudes of cross section for scattering from the 
various states are quantitatively indicated by the integrated 
cross sections shown in figure 4.6. Applications of the 
trapezoidal sum rule to the expression

r02
27i sin 0 p dodw

0 !'

yielded the integral of the cross section in the angular 
range Qx to 02. The largest angular range common over all 
energies determined the values 9j and e2 for each state and 
although the ranges were not identical the relative magni­
tudes of the integrated cross section for scattering from 
each state are indicative of the description above. The 
error bars ascribed to be the integrated cross sections of 
figure 4.6 represent an extreme estimate made in order to 
include deficiencies in trapezoidal summing and were 
obtained by applying the above integral to the differential 
cross section plus error.

The integrated cross sections for scattering from 
each state, shown in figure 4.6, exhibit structure corres­
ponding in energy and to a degree in amplitude to that shown 
by the excitation functions of differential cross section in
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figures 4.1(a) to (d). The integrated cross section for 
elastic scattering at 12»31 MeV is seen to be even more 
enhanced by the inclusion of the three forward most angles 
in the angular range of integration and this highlights the 
strong energy dependence of the elastic scattering about 
this energy as at forward angles the energy dependence would 
be expected to be minimal. Between the states there does 
not appear to be, in either the integrated or differential 
cross sections, any marked correlation in the energy depend­
ence of structure; the pronounced peak in the 2+ integrated 
yield at =12*4 MeV occurs at an energy =100 kev above that 
of the similar structure in the elastic scattering inte­
grated yield.

The structure of the excitation functions for all
states measured in the present studies ranges in width from
=100 to 500 kev. This type of structure characterizes alpha
scattering in the energy range 10 to 25 MeV on light mass
nuclei. Takeda et al (Ta1 67) have measured excitation
functions and angular distributions for alpha scattering 

2 ofrom Ne over the energy range 20 to 24 MeV. The well- 
defined structure, of width and spacing of =500 kev, in their 
elastic scattering excitation function at 175*75° (Lab) shows 
that the broad structure of the present measurements persists 
at these higher energies; the excitation function for 
scattering from the 2+ state, also at 175*75° (Lab), shows 
structure uncorrelated with that of the elastic scattering
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and which is also broader and less pronounced. So et al 

(So 66) described excitation function measurements of elastic
2 4

alpha scattering cn Mg in the energy range 8 to 19 MeV in 

terms of resonance structure of ~1 MeV width as well as fine 

structure of -80 kev width, IVatson et al (Wa 66) discussed 

excitation functions of alpha scattering from the ground and
2 (5

first three excited states of Mg for incident energies 

from 8 to 12 MeV in terms of large structure of width from 

100 to 300 kev.

4.4 Comparison of Present Measurements with those at

Higher Energies

Angular distributions of elastic and inelastic 
2 0

alpha scattering from Ne have been measured at a number of 

energies above those of the measurements of Ivascu (Iv 67) 

and the present studies; these energies are listed in 

table 4.5 together with the appropriate reference.

Table 4.5

Energy (MeV) 18*02 20 - 24 22*0 27*3 42*0 50*9
Reference Se 58 Ei162 Ko 65 B1 64 Sp 65

(a) includes an excitation function at
175*75° (Lab) and an elastic scatter­
ing angular distribution at 21*6 MeV.

The higher energy angular distributions show 

diffractive type oscillations which with the exception of the 

2 scattering are more regular and well-defined than seen in 

the present results. The phase relationships of the
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oscillations in the scattering from various states at these 
higher energies can be interpreted in terms of the phase 
rules of Blair (B1 65), The phase rules derived from a 
diffraction model description of direct reaction scattering 
with strongly absorbed projectiles state that :

(i) even (odd) parity single step inelastic 
excitations will have angular distri­
butions whose oscillations are out of 
(in) phase with those of the elastic 
scattering; and

Cii) two step inelastic excitation reverses 
the phase of oscillation relative to 
that of a single step excitation.

As was pointed out by the various authors cited in table 4.5 
+ +the 0 and 2 distributions of all these higher energy 

measurements are out of phase for the first two or three 
oscillations and are indicative of direct elastic and in­
elastic scattering with the inelastic proceeding by a single 
step transfer of two units of angular momentum. Springer 
(Sp 65) pointed out that the 2+ scattering at 50*9 MeV shows 
a phase close to that expected for single excitation although 
an improvement in fitting the data to the theory was obtained 
by addition of a two step excitation contribution.

In the present measurements the phase relationships 
observed at the higher energies for the 0 and 2 distributions 
persist to a certain extent. At the energies of 14*09 to
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14* 70 MeV the angular ranges defined by the first two minima 
in the 0 distributions approximately correspond to those 
defined by the first two maxima of the 2* distributions.
These details are seen in figure 4.7(a); the sets of angular 
distributions at each energy are plotted together in figures 
4.7(a) and (b).

The 4+ distribution at 42*0 MeV and 50*9 MeV shows 
a well-defined diffraction pattern which is out of phase with 
the 2+ distribution and Springer interpreted the 50-9 MeV 
data in terms of a dominant contribution from a two step 
direct excitation. At lower energies the 4+ distribution

4 4*becomes less well related in phase to the 0 and 2 distri­
butions and for the present measurements shows no systematic 
phase relationship.

The present measurements and those at 22 and 28 
MeV for the 2 distributions have well-defined diffraction 
patterns; the structure however is a little dampened at 
42 MeV and finally vanishes at 50*9 MeV. Accompanying this 
loss of the diffractive nature of the 2 distribution is a 
decrease in cross section over the energy range defined by 
the present measurements and those of Springer at 50*9 MeV,

— -fThe 2 and 0 distributions at 28 and 22 MeV are in phase 
while at the present energies of measurement no such system­
atic is seen.

The distributions from the (3 ,1 ) states were 
resolved at 50*9 MeV with the cross section for scattering
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from the 3 state enhanced by a factor of ten over that of 
the 1 state. Springer interpreted the 3 distribution (in

*4*phase with the 0 ) in terns of a single step excitation and 
that of the 1 (out of phase with the 0+) in terns of a two 
step excitation. The unresolved distributions of the (3 ,1 ) 
scatterings are in phase with that of the 0+ at 28 MeV while 
at 22 MeV and the energies of the present measurements there 
is no relationship apparent.

In comparison with the decrease in cross section 
of the 2 scattering over the range of energies discussed

rat mthe 0 , 2 ,  (3 ,1 ) and to a lesser extent the 4 scattering 
show approximately the same magnitude of differential cross 
section over corresponding maxima at forward angles.

The period of oscillation in the diffractive 
patterns of the 0+ and 2* distributions, for which in general 
it is seen to be relatively well-defined, systematically 
decreases from -26-30° at 14*90 MeV to -12-13° at 50*9 MeV. 
This dependence is approximately in accord with the phenomen­
ological description of Blair. The differential cross section 
at angle 0 for elastic scattering in this description is 
proportional to the square of the first order Bessel function, 
i.e. Ji2(kR0), where k is the wave number of the incident and 
scattered wave, and R is a model dependent parameterization 
of the nuclear radius. Taking Blair*s value of R=6 fermi, 
from the 42 MeV data analysis, the periodicities of the 
angular distributions corresponding to 14*9 and 50*9 MeV are
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predicted to be -12° and -22° respectively.

In the present measurements it is noted the 

periodicity of the scattering from the various states 

increases with the excitation energy of the state.

Although this effect is not considered in the diffraction 

models, in which the adiabatic approximation is implicit, 

it seems consistent with a diffraction model interpret­

ation in which the wave number k for each scattering state 

is explicitly used to determine the periodicity of a 

function of the form Jj2 (kR0). The lack of any phase
a , 4* m  mm m*relationship for the 4 , 2 and (3 ,1 ) distributions with 

the 0 distributions is then not unexpected in the present 

measurements as for example at 14*0 MeV incident energy the 

ratio (k incident/k scattered) for scattering from the 4 

state is -1*25; the same ratio for scattering from the 2+ 

state, for which some systematic phase relationship with 

the 0+ distribution was observed, shows less mismatch and

is -1*08.
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CHAPTER 5

Optical Model Analysis of Elastic Scattering

The angular distributions of elastic scattering of 
the present measurements have been analyzed in terms of the 
nuclear optical model. This description of the elastic 
scattering is in qualitative agreement with the data at 
energies less influenced by the pronounced structure seen in 
the excitation functions and is indicative of an average 
optical potential.

5.1 Applicability of Optical Model Analysis
A description of direct elastic scattering is 

given by the nuclear optical model. The basic assumption of 
the model is the simulation of the interaction of the incident 
particle with the target nucleus by a one body complex pot­
ential. As such it can be expected that the model is capable 
of describing the energy averaged behaviour of scattering and 
that it is insensitive to detailed structure such as compound 
resonance excitations. A valid comparison of the predictions 
of the model with experiment requires of the measurements 
that the effect of interference between shape elastic and 
compound elastic has been averaged over and that the averaged 
compound clastic scattering is negligible. Both these con­
ditions would be simultaneously satisfied in scattering where 
the energy of the compound system is such that many resonances 
contribute to the scattering amplitude at a particular energy. 
Brown (Br 64) and McCarthy (Me 65) have discussed the
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justification of the optical model in the above terms.

In the present studies the excitations of the
24

compound Mg system of -20 MeV correspond, as noted in 

chapter one, to the region where <r>/<D> >> 1. However as 

has been shown by the comprehensive measurements of the 

Florida accelerator group (Da 66, Al 68) and as indicated 

in the present measurements the differential cross sections 

for elastic alpha scattering on light nuclei at energies 

<20 MeV are characterized by energy dependence more pro­

nounced than that compatible with predictions of the optical 

model. On the other hand such measurements yield angular 

distributions of a diffractive nature i/hich are indicative 

of the direct elastic scattering of alpha particles as is 

described by the optical model. From the discussion of 

section 4.4 it can be remarked that the periodicity and cross 

section magnitude of the elastic scattering angular distri­

butions of the present measurements appear related to the 

higher energy measurements for which an optical model analysis 

would be rather more justified.

The model suggested by Robson, as discussed by 

Davis (Da 66) and Aldridge et al (A1 68), incorporates the 

typical energy dependence of alpha scattering on light nuclei 

in terms of a modified optical potential. Robson proposed, in 

generalizing the optical model, a mean optical potential and 

a fluctuating potential which describes the effect of inter­

mediate structure and compound resonances. In terms of this
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suggestion the mean potential will be reflected in the 

average value of potential strengths obtained from the 

optical model parameters fitting data over a range of 

energies sufficiently large to encompass observed structure.

In describing elastic scattering via the optical 

model the imaginary potential is interpreted as representing 

the effect of all non-elastic processes and it is implicit 

in the model that none of these processes is dominant or 

comparable to the elastic scattering in cross section. However 

scattering from nuclei which are deformed or deformable is 

characterized by direct inelastic scattering comparable 

in cross section to that of the elastic scattering and a 

rigorous theoretical description requires an explicit treat­

ment of these dominant processes (Br 60, Br 64). In the 

discussion of section 4.3 it was noted that the elastic, 2+ 

and 4+ differential cross sections of the present measurements 

were of comparable magnitude at angles where the elastic is 

not dominated by the coulomb scattering. Thus as is con­

sidered in detail in chapter six an explicit treatment, emp­

loying a deformed potential rather than an implicit treatment 

employing a spherical potential, to incorporate the inelastic 

scattering appears warranted and more consistent with the

formulation of the optical model and the rotational nature
2 0

ascribed to the low lying levels of Ne. Consequently the 

present optical model analysis attempts to parameterize the cross 

section energy dependence and the effects of strong coupling 

to inelastic channels. As suggested in section 6.7 the present
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energy dependence appears to be determined to a small degree 
by the presence of strong coupling.

The 28 and 18 MeV elastic scattering data from
2 0measurements of alpha scattering on Ne, referred to in

section 4.4, have been analyzed in terms of the optical model
in two comparative studies of the applicability of the model
to a wide range of target nuclei. Lucas et al (Lu 66) in
describing the analysis of the 18 MeV data concluded the
applicability was marginal although noting the agreement was of
comparable quality to that of the 28 MeV studies. Satchler
(Sa 65) described the fits to the 28 MeV data of scattering
from medium and heavy weight nuclei as good and from the

20lighter nuclei such as Ne as qualitative. Hodgson has pointed 
out that the greater level density in heavier nuclei usually 
enhances the success of the model (Ho 63).

In summary then the assumptions made in attempting 
an optical model analysis of the present elastic scattering 
data are that :

(i) the direct or shape elastic amplitude rep­
resents a significant contribution to the 
total elastic scattering amplitude; and

(ii) within the parameterization arising from 
both the need to describe energy dependent 
data and the implicit treatment of the in­
elastic scattering, systematics of the direct 
elastic scattering amplitude will be evident.

It is noteworthy that Aldridge et al (Al 68), in
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analyzing their very detailed measurements of elastic

32scattering of alpha particles on S at incident energies 
from 10 to 17*5 MeV, found in the optical model analysis of 
the typically energy dependent scattering, parameters which 
are energy dependent but which indicate on average a smooth 
trend as is implied by the model.

5.2 Form of the Optical Potential Employed
In describing the elastic scattering of the 

present measurements in terms of the scattering from a 
spherical optical potential the widely used Saxon-Woods 
radial form factor has been assumed both for the real and 
imaginary components of the potential. The potential 
employed is given by :

ü(r) = -(v+iW) r;eT^K7)7? + V r> < 5-1 >
where the radial forms of the real and imaginary potentials
of depth V and W respectively are described in terms of the

1 /*same radius parameter R0, parameterized as Rq^ToA 3 
(A is the atomic number of the target) and the same diff­
useness parameter a. V (r) represents the coulomb potential 
for a uniform charge distribution within the coulomb radius

i j
\ = tcA 3. The mathematical formalism of the model and the 
methods of numerical solution of the radial differential 
equations arising from insertion of expression (5-1) in the 
Schroedinger wave equation are discussed in detail by 
Hodgson (Ho 63) and Melkanoff (Me 65).
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The radial wave function u& (r) for each partial 

wave is obtained by numerical integration of the equation :

f 2d , 2
— 2 + k “ dr

- |f U(r) u (r) « 0 
r ’ n

(5-2)

where (i) U(r) is given by expression (5-1);

(ii) m is the reduced mass; and

(iii) k is the wave number.

The assymptotic form for u^Cr) is :

UJt(r}  ̂F£(r) + TT ( V 1) (G£(r) + 1 V r)j (s-3)

where F^r) and G^(r) are respectively the regular and 

irregular coulomb functions and S£ is a scattering matrix 

element. The differential cross section is given in terms 

of the modulus squared of the scattering amplitude A(0) :

00

A(e) = f„(0) + - ^  I e2io* (24+1) (S,-l) Pt(cos0)

where (i)

t = o

fc (0) is the coulomb scattering
($-4)

amplitude; and

(ii) is the coulomb phase shift.

The above detail, which is as given by Hodgson (Ho 63), is 

included to clarify subsequent references. The nuclear phase 

<S£ and the reflection coefficients are related to the 

complex scattering matrix elements S, by :

n£ e
2i«e (5-5)
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X. hfor the £ partial wave is the ratio of the amplitude 

of the outgoing radial wave to the amplitude of the in­
coming radial wave.

A potential of the form (5-1), referred to in the
literature as a four parameter potential, may be generalized
to six parameters with independent geometrical parameters
for the real and imaginary potentials. Broek et al (Br 65),
in analyzing 43 MeV alpha elastic scattering over a wide

58
angular range on Ni, were able to describe the data more 
successfully by use of a six parameter model. Fulmer et al 
(Fu 68) observed similar improvement using a six parameter 
potential to describe 21 MeV elastic alpha scattering on 
targets of As58-64. However, in the present analysis the 
more constrained four parameter model seemed appropriate as 
it was considered that the inherent energy dependence of the 
data would absorb and thus nullify the increased parameter­
ization, masking any physical significance in the parameters.
Lucas et al (Lu 66) in analyzing the wide angle elastic alpha 

20
scattering on Ne at 18 MeV commented that the improvement 
in fit with six parameters was not commensurate with the 
increased number of parameters. Satchler (Sa 65) used a 
four parameter potential to describe the related 28 MeV 
data although this, it was commented, was appropriate in view 
of limited forward angle range of the data.

In the analysis of So et al (So 66) of the 8 to
2 419 MeV alpha elastic scattering on Mg equivalent fits
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were obtained employing an imaginary potential with either 
the volume absorption radial form of equation (5-1) or the 
surface absorption radial form which is the derivative of 
the volume form. The same equivalence was found in the 
present analysis and a volume absorption term was used 
throughout.

5.3 Procedure of Analysis
The comparison of the predictions of the optical 

model with experiment was performed with the automatic 
search code JIB 3 written by F.G. Perey (see appendix V). 
In the code the criterion for determining the parameter 
values giving an optimum fit was the minimization of the 
quantity :

2 1 NIi-i
°exp^°i^ ~ °th ö̂î (5-6)

x N
A °exp (0i}

where (i) °exp (0̂ ) and 0 ^  (ei) are the
experimental and theoretical values 
of the differential cross section at 
the centre of mass scattering angle Gk ;

(ii) A c0Xp (Qj) is the relative error
ascribed to the experimental value
a (0 -) ; and exp v *

(iii) N is the number of data points in the 
given angular distribution.
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In the process of minimization, the n dimensional 

2
X surface, defined by the n parameters used in the fit may

2be subject to undue distortion from contributions to x 
arising from data points which although experimentally well 
determined are rather poorly described by the optical model. 
To circumvent a minimization representative of an attempt to 
fit a few data points a balanced weighting procedure equating 
all relative percentage uncertainties of <4% to 4$, as is 
mentioned in section 3.5, was adopted. The usual practice 
is to equate all errors to 5̂  or 101 thus allowing comparison 
of the quality of fits; this was not feasible in the present 
analysis as the relatively large uncertainties arising from 
some finite geometry corrections at minima in the angular 
distributions could not be disregarded. A detailed des- * 
cription of the code was not available but it probably 
employs the method of minimization that is discussed by 
Melkanoff (Me 65) under the heading of the Oak Ridge and 
Oxford method.

The initial fitting was designed to provide an 
overall picture of the applicability of the analysis and to 
determine the presence or otherwise of the discrete ambig­
uities in the potential well depths associated with the 
scattering of composite particles such as alpha particles 
(Dr 63). The value of V was gridded from 20 to 230 MeV in 
steps of 5 MeV; the values r0=l«8 and rc“l*33 fermi which 
were found to be appropriate in preliminary analysis similar
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to that subsequently considered in section 5.5 (i) and which 
were consistent with the closely related analyses of So et 
al (So 66) and Lucas et al (Lu 66) were held fixed and for 
each value of V a search was made varying W and a. The 
above values of r0 and rr, were used for all procedures to be 
described in this section; the fits were very insensitive 
to the value of rc as was indicated by a comparison of fits 
for rcÄl*33 and 1*80 fermi. The preliminary analysis had 
indicated that fits to the full angular range of data of 
several of the angular distributions were poor and for the 
purposes of this initial procedure some wide angle data were 
neglected. This procedure wras applied to ten of the elastic 
scattering distributions of the present measurements 
including only one representative of the five measured from 
12*217 to 12*404 namely that at the central energy of 
12*307 MeV.

The results of this 2-parameter minimization of 
x2 are plotted in figure 5.1 and the angular range of data 
fitted is indicated for each distribution. Discrete minima 
as a function of V are evident and, for energies other than 
that of 12*70 MeV, are spaced at ~20 MeV for shallow V with 
an increase to -40 MeV for deeper V. A relative comparison 
of x2 for each energy is not very meaningful because of the 
disparity of the relative errors.

Designating the above procedure as (i) and the 
derived sets of parameters yielding the discrete minima as
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subsequent fitting procedures are descirbed in the 

following and referred to as (ii) , (iii), (iv) and (v).

Cii) With the sets of parameters as
starting values 3-parameter minimizations were performed, 
over the same angular ranges of data as used in (i), by 
varying V, W and a with ro-l’S fermi. In addition, the 
parameters for the 12*307 MeV distribution were
used as starting values in the same procedure applied to 
limited angular ranges of data for the other four distri­
butions from 12-217 to 12*404 MeV. The values of V corres­
ponding to the new x2 minima are plotted as a function of 
the alpha particle bombarding energy in figure 5.2 and the 
angular range of fitting is also indicated. The improvement 
in fits, in comparison to those of procedure (i) as was 
indicated by a slight decrease in x2, in most cases was 
slight.

(iii) The sets of parameters from procedure (ii) 
yielding X 2 minima for each distribution at a value of 
V=100 MeV were used as starting values in 3-parameter 
minimizations, each of which was applied to the full angular 
range of data, and for which V, W and a were varied with 
r0sl-8 fermi. The best fit parameters thus obtained are 
referred to as and are tabulated in table 5.1(a).
An appraisal of the fits from procedures (ii) and (iii), 
over the angular ranges defined by the limited ranges of (ii), 
indicated that the quality of fits showed only slight
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TABLE 5. 1(a) TABLE 5 , 1(b)

E
MeV

r 0=l*8 f e rm i r o e l * 8  £1*0-53
f e rm i  f e rmi

V
MeV

W
MeV

a
f e rmi X 2

V
MeV

W
MeV X 2

11*67 101-7 6-1 0-54 150 101-3 6-1 150
12-217 88*2 7-5 0*61 230 98-8 9-1 260
12-257 99-7 6*5 0 -60 150 102-1 6-5 170
12-307 99-9 6-5 0-58 240 102-9 6-5 250
12-358 91-3 5-1 0 -60 200 94-9 5-2 220
12-404 94-1 5-7 0-56 120 95-5 5-6 120
12-70 104-7 8-8 0*58 240 106-2

101-2*
9-0
6-3

250

13-69 90-7 6-9 0-49 140 88-1 7-0 150
13-92 84-4 6-2 0-59 110 86-7 6-2 140
14-09 97-6 8 -0 0*51 150 95-6 7-7 150
14-30 100-6 12-9 0-38 83 91-6 8-0 100
14-50 91-7 9-4 0-46 240 85-8

90-9*
9-8
6-4

250

14-70 92-5 7-4 0-47 210 87-8
89-7*

7-4
5-5

220

14-90 101-9 8-4 0 -60 130 104-0 8-7 130

* Denotes  {V,W}£v . s e t ;  

see  f o l l o w i n g .
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deterioration upon the inclusion of the wider angle data.

(iv) An average value for the diffuseness of
<2=053 fermi was estimated from the sets {V,W,a}^^.^ 
corresponding to seven energies for which the data was 
adjudged the best fitted. The values of a derived in the 
related analysis of So et al (So 66) and Lucas et al (Lu 66), 
were a=0*49 (averaged over nine energies) and a=0*55 fermi 
respectively. Taking then ro-1‘8 fermi, <z=0*53 fermi and 
the values of V and W from {V,W,a}^.^ as starting para­
meters a 2-parameter x2 minimization varying V and W was 
applied to each distribution over the full angular range of 
data. The values of V and W obtained in this 2-parameter 
search are designated as and are plotted in
figure 5.3 as a function of the incident alpha energy and 
tabulated in table 5.1(b). The fits with the parameters 
{V,W>(iv), a=0*53 fermi and ro=l*S fermi for each energy are 
shown in figure 5.4. Again only slight deterioration in fit 
accompanied the additional constraint; the x2 values of 
tables 5.1(a) and 5.1(b) quantitatively indicate this.

(v) The quality of fits in figure 5.4 varies 
quite markedly as would be expected. The predictions of the 
model are in qualitative agreement with the data at 11*67, 
12*404, 13*69, 13*92, 14*09, 14*30 and 14*90 MeV. The 
remaining fits are poor and this, to a certain extent, 
represents the inapplicability of the x2 criterion for data 
for which the optical model description appears less
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Ne ( d o t s )  employing  t h e  p a r a m e t e r s
o f  t a b l e  5 . 1  ( b ) ; t h e  dashed  l i n e s  
c o r r e s p o n d  t o  p a r a m e t e r s  { \  ,1 }
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appropriate; this is best illustrated by the poor fit at 
14*50 MeV where the contribution to y 2 from the minima at 
151*6° has dominated the minimization procedure because of 
the small cross section and consequent small value of 
A c (Qi), in equation (5-6). Thompson et al (Th 67)C Xp
noted that such a problem may arise and pointed out that in 
the minima many nuclear processes may be interfering, thus 
producing little scattering and a situation which would not 
be expected to be well described by the optical model. In 
an attempt to overcome this problem the poorly described 
12*70, 14*50 and 14*70 MeV data were again fitted in a 
2-parameter minimization varying V and W, using as starting 
values {V,W}(iv) with r0-l*8 fermi and asO*53 fermi and 
with 400$ errors assigned to the data points of the back­
ward angle minima. The resultant fits although out of phase 
at backward angles showed better agreement with the cross 
section magnitudes and improved agreement in shape in the 
forward hemisphere. The implied assumptions that the fore­
most agreement of the model and data will be apparent at 
forward angles and that the forward angle shapes for the 
14*50 and 14*70 MeV data should be more satisfactorily 
described than is indicated in figure 5.4 for the para­
meters {V,W)(iv) appear valid. However a simpler and 
perhaps less subjective method is to fit only the forward 
angle data (8$100o) and predict the full angular distri­
butions with the derived parameters. As the two methods 
produced equivalent results the latter has been used to
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describe the data at 12*70, 14*50 and 14*70 MeV. These three 
additional fits are included in figure 5.4 and the parameters 
specified as {V , W } ^  are included in table 5.1(b) and 
plotted in figure 5.3. Attempts to improve the forward angle 
description of the other poorly described data at the 
energies 12*217 to 12*357 MeV did not yield significant 
improvement over the fits already obtained in fitting the 
full angular range.

5.4 Discussion of the Analysis
The x2 minima obtained in the initial grid search 

of procedure (i) illustrate the well known ambiguity in the 
real well depth, an effect which is rather pronounced in 
describing the scattering of complex projectiles such as alpha 
particles (Sc 65). It is not surprising that this systematic 
persists even for poorly fitted data as the fits show the 
characteristic diffractive structure. The source of such 
ambiguities has been described by Drisko et al (Dr 63) in terms 
of the equivalence of the scattering matrix elements corres­
ponding to the various potentials; it was found that success­
ive acceptable potentials corresponded to an additional half­
wavelength in the radial wave functions for almost all 
contributing partial waves and that assymptotically the radial 
wave functions for corresponding partial waves of each 
potential were equivalent in phase and magnitude. Thompson 
et al (Th 67) in describing the elastic scattering of 10*8

2 4
MeV alpha particles on Mg illustrated both the assymptotic 
equivalence of the radial wave functions corresponding to the
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discrete ambiguities in the well depth and the addition of 
an extra half-wavelength within the potential well for each 
successive increase in V.

The near equivalence of the scattering matrix 
elements for each discrete increment in V obtained in the 
analysis of the 14*90 MeV data is indicated in table 5,2.
For the purposes of this table the values of V and W from 
the discrete sets of parameters for the 14*90 MeV data as 
obtained in procedure (ii) were used as starting values, 
with roÄl*8 fermi and cl- 0*53 fermi, in a 2-parameter search 
that was applied to the full angular range of the 14*90 MeV 
data and in which V and W were varied.

The values of table 5.2 indicate a trend within 
the range of V shown but the equivalence of the potentials 
can be seen to be an equivalence of the S£ of equation (5-5). 
A minimum in x2 for the parameters of the above table corres­
ponds to V=100 MeV but as discussed in section 5.5(i) this 
is a function of r0. The choice of V*100 MeV for obtaining 
the final fits shown in figure 5.4 was made on the basis of 
the systematics which are discussed in section 5.5 (i) and 
which were apparent in preliminary analysis.

The derived potential strengths show, as seen in 
figures 5.2 and 5.3, fluctuations in both the ranges of 
energies presently considered and indicate the anticipated 
parameterization of the cross section energy dependence.
The analysis of Aldridge et al (A1 68) of the elastic alpha
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scattering on S clearly defined fluctuations in V about a 
constant real veil depth V and in W about a linearly increas­
ing imaginary well depth W. The present data is too limited 
to define such average trends although in the two ranges of 
measurement the fluctuations shown in figure 5*3 can be 
regarded as centred around constant values. The average real 
and imaginary strengths describing the presently observed 
scattering as derived from table 5.1(b) are :

V = 96 (±6) MeV
and W * 6-7 (±1.3) McV

where the bracketed values indicate the mean square deviation 
over the fourteen sets of parameters and where, in taking the 
averages, the parameters (V,W)^ were considered for the 
energies of 12*70, 14*50 and 14*70 MeV. A comparable discrete 
potential in the analysis of Aldridge et al (A1 68) was 
V-103 MeV with V; increasing from 4 to 6*7 MeV over the 
equivalent alpha energy range of 12 to 15 MeV.

The energies for which the optical model predictions 
are in reasonable qualitative agreement with the data are those 
which appear less influenced by energy dependent structure.
The two energies of 13*92 and 14*90 MeV for which the qualit­
ative fits are perhaps the most satisfactory correspond to 
minima on either side of the broad structure seen in the 
excitation function for elastic scattering at 91*4° (c.mass) 
in figure 4.1(c). Movement away from each of these energies 
towards the broad adjacent structure is accompanied by

32
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deterioration in fit«

In summarizing this discussion it is considered that:

(i) the qualitative applicability of the 
optical model in describing approximately 
half of the number of measured elastic 
scattering angular distributions is indic­
ative of the presence of a significant con­
tribution from direct scattering to the 
total elastic scattering amplitude; and

(ii) although showing sharp energy dependence 
the parameters V and W indicate average 
values such as would be demanded by an 
optical model description of direct scatter­
ing which is unperturbed by resonance effects.

5.S Systematics in Discrete Ambiguities in V
(i) In view of the fixed value of roÄl*8 fermi 

used in the analysis described hitherto, the effect of 
varying ro is indicated in the present discussion.

A two-dimensional grid was defined by V=20 to 240 MeV 
(aVs5 MeV) and ro55!*?, 1*8 and 1*9 fermi and for each grid 
point a 2-parameter search varying W and a was applied to 
the 14*90 MeV data for 0*111°. A subsequent 3-parameter 
search varying V,W and a defined the x2 minima thus indic­
ated more exactly. The results of this procedure are 
indicated in figure 5.5 where X2 as a function of V for each 
value of ro is plotted; the quality of the fits at
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the minima is equivalent to that subsequently shown in 
figure 5.6 for Q$lll°. A systematic shift towards higher 
V accompanies the decrease in ro at each minima; this is in 
close accord with the well known Vron valley ambiguity which 
has been discussed by Hodgson (Ho166). The value of n = l*5 
satisfies the invariance condition to within 2% for each 
discrete valley in the V-tq-x2 surface. The W and a assoc­
iated with each minima are not plotted but were seen to be 
determined by r0 and to be functions of increasing V, with 
W increasing and a decreasing.

The extent to which the value of r0 determines the 
quality of the fit is indicated by the envelope defined by 
the x2 minima. With decreasing r0 the minimum of the 
envelope moves towards large V and for each r0 there are 
equivalent fits. The choice of roal-8 fermi for the analysis 
discussed in section 5.3 appears to remove an ambiguity 
rather than impose a constraint. In the analysis, by

32Aldridge et al (A1 68) of elastic alpha scattering on S, 
a bias for V=100 MeV was considered as possibly an effect of 
fixed geometrical parameters of r0-l*64 fermi anda=0»56 
fermi.

The present analysis exhibits a bias for V which 
is a function of r0 and, as is indicated in figure 5.5, 
ro-l*8 fermi determines the preference for V=100 MeV. It is 
thus suggested that the related bias in the analysis of 
Aldridge et al is similarly a reflection of the fixed radius
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p a r a m e t e r .

( i i )  The d e r i v e d  o p t i c a l  model p a r a m e t e r s  

c o r r e s p o n d i n g  to  th e  d i s c r e t e  a m b i g u i t i e s  can i n d i c a t e  t h e  

im p o r tan c e  o f  th e  s u r f a c e  p o t e n t i a l  in  d e f i n i n g  t h e  s c a t t e r i n g .  

Igo ( Ig  59) p ro p o se d  t h a t  th e  s c a t t e r i n g  of  s t r o n g l y  a b so rb e d  

p a r t i c l e s  such  as a lp h a  p a r t i c l e s  i s  s e n s i t i v e  o n ly  to  t h e  

t a i l  o f  t h e  p o t e n t i a l , and t h e  Woods-Saxon r a d i a l  form f a c t o r  

in  th e  r e g i o n  r=Ro r e w r i t t e n  as :

U(r)  -v. - (V+iW) e R° / a  e~T/ a ( 5 -7 )

im p l i e s  t h e  i n v a r i a n c e  c o n d i t i o n s  :

V e R% * Const -  Ci (5 -8 )

W e R° / a s Const * C2 (5 -9 )

These i n v a r i a n c e c o n d i t i o n s  imply a c o n t i n u o u s

a m b ig u i ty  b u t ,  as D r i sk o  e t a l  (Dr 63) have p o i n t e d  o u t ,  i n

o r d e r  t o  s a t i s f y  th e  r e q u i r e m e n t s  o f  m a tch in g  o f  th e  e x t e r n a l  

and i n t e r n a l  wave f u n c t i o n s  t h e  need  f o r  a d i s c r e t e  sp e c t ru m  

o f  p o t e n t i a l s  i s  c o n s e q u e n t l y  s u p e r im p o s e d .

The im p o r tan c e  of  t h e  s u r f a c e  p o t e n t i a l  i n  d e f i n i n g  

th e  s c a t t e r i n g  i s  t h u s  i n d i c a t e d  by th e  d e g re e  t o  which th e  

i n v a r i a n c e  c o n d i t i o n s  a r e  s a t i s f i e d .  In c o n s i d e r i n g  th e  

a p p l i c a b i l i t y  o r  o t h e r w i s e  o f  t h e s e  d e t a i l s  t o  t h e  p r e s e n t  

a n a l y s i s ,  in  p a r t i c u l a r  t o  t h e  d a t a  a t  14*90 MeV, f u r t h e r  

o p t i c a l  model f i t t i n g  was p e r f o r m e d .  With a = c o n s t a n t  th e  

i n v a r i a n c e  c o n d i t i o n s  r e d u c e  t o  :
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(i) log V - r0
(ii) Jog W « r0

and so with cl = constant, 3-parameter searches varying 
V,W and r0 were applied to the 14*90 MeV elastic scattering 
data. This procedure was applied to the data for three 
fixed values of «=0*45, 0*50 and 0*55 fermi and for each of 
these over angular ranges defined by e*lll°, 143° and 165°.
A diagramatic representation of the results is shown in 
figure 5.7; V and W are plotted against ro on a semi- 
logarithmic scale for each value of a and each angular range. 
Corresponding values of x2 are plotted as functions of ro 
on a linear scale. The quality of fits accompanying each 
angular range is indicated in figure 5.6 for V-95 MeV.

An approximate linear relationship is indicated 
in figure 5.7 for log V and log W as functions of ro. With 
the inclusion of wider angles and with decreasing a the 
relationship deteriorates. The approximate nature of the 
dependence indicated graphically, is more apparent in table 
5.3 where for 0*111° and for each value of ci the Ci and C2 
of equations (5-8) and (5-9) are given.

A variation of Ci and C2 over the range of discrete 
a values is expected in view of the e~r/a dependence of 
equation (5-7); the source of a factor of =4 difference with 
each successive variation of « is however not obvious to the 
author. This rather pronounced sensitivity to a explains the 
lack of even approximate invariance in the parameters derived



14-90 MeV 
Elastic S ca t te r in g

9 <  II1-4
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FIGURE 5 ,6  Opt c a l  model  f i t s  ( s o l i d
l i n e s )  t o  t h e  t h r e e  a n g u l a r  
r an ge s  o f  14*90 MeV e l a s t i c  
a l p h a  s c a t t e r i n g  on 20Ne ( d o t s )



9 < 143-29  < 111-4 9 < 165-5

1-6 1-7 H8 H9 2-0 1-6 1-7 1-8 1-9 2-0 1-6 1-7 h8 1-9 2 -0

Rodius Parameter r„

F I G U R E  5 . 7  P l o t  o f  VfW and x 2 as a f u n c t i o n  o f  
r 0 o b t a i n e d  f o r  f i x e d  v a l u e s  o f  a 
i n  f i t t i n g  t h r e e  a n g u l a r  r an ge s  o f  
t h e  14*90 MeV e l a s t i c  s c a t t e r i n g



TABLE 5,3

o.-0« 55 fermi a - 0 * 50 fermi c l=0 * 4 5 ferini
Ci

-  5x 10
c 2

- 4x 10
Cl

x 10"b
C2

x 10"4
Cl

x 10"5
C2

— 4x 10

3-9 3-6 13.3 12 • 2 59*8 57*3
4-6 3.5 15*5 11-6 76*2 59*3
4*7 2*9 17-5 10*9 82*3 52*3
4.7 2*4 18*1 9*5 101*1 55*2
5-4 2-5 17*7 8-0 126*4 61*0
5-8 2-4 17-3 7-0 133*5 57*0
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in some preliminary 4-parameter searches in which, in 
addition, a was allowed to vary freely. It seems then in 
anticipating a - constant that the invariance conditions of 
Igo are approximately satisfied and that the surface pot­
ential is dominant in defining the scattering.

It is seen in figure 5.7 that the inclusion of 
wider angles in the fitting procedure introduces a pro­
nounced bias towards smaller V and larger ro for optimum fit; 
this bias is also apparent within each ambiguity as is 
indicated by the left to right shift of the V,W plots as a 
function of increasing angular range. It would seem that 
a preference for low V is a function of the light mass of 
the target; McFadden et al (Me 66) found in 4-parameter 
optical model analysis of 24 MeV alpha scattering on a wide 
range of targets that the x2 minimum for scattering from

24light nuclei, e.g. Mg, corresponded to the lowest discrete
V.
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CHAPTER 6
Extended Optical Model Analysis 

of Elastic and Inelastic Scattering

The extension of the optical model to include an 
explicit treatment of inelastic scattering is considered in 
this chapter. Comparisons of the predictions of the model 
with the 0+-2+-4* scattering at six of the energies of the 
present measurements are made.

6.1 Formulation of the Extended Optical Model
The generalization of the optical model to pro­

vide explicit treatment of inelastic scattering, described 
as the extended optical model, was discussed in detail in the 
review paper of Tamura (Ta 65) and the lecture series of 
Glendenning (Gl 67). This approach is of particular relevance 
for describing scattering from strongly deformed or deform­
able nuclei, the low lying states of which correspond to 
simple types of excitation interpreted in terms of collective 
behaviour. Deformed nuclei characteristically exhibit, among 
their low lying levels, rotational bands, each of which 
corresponds to the rotational spectrum of an intrinsic nuclear 
state. In scattering from such nuclei the rotational motion, 
corresponding to excitation via rotation of the deformed 
ground state nucleus, can be strongly coupled to the motion 
of the scattered particle and a simple direct process of 
inelastic excitation is thus possible (Ch 58). Excitation 
of vibrational bands of a deformable nucleus can be similarly



described but will not be considered in the present 
discussion.
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The extension of the optical model is to assume 
the shape of the potential follows that of the nucleus; 
this requires the inclusion of non-spherical terms in rep­
resenting the potential of a deformed nucleus and permits 
then an explicit treatment of inelastic scattering with 
excitation of collective states. The ensuing discussion 
aims to illustrate details of the framework within which 
some extended optical model calculations have been per­
formed. The computer code used for these calculations was 
written by T. Tamura and the subsequent mathematical form­
alism closely follows his review article (Ta 65).

In the rotational model of Bohr and Mottleson 
(Bo 53) it is assumed that the nucleus has permanent 
deformation with cylindrical symmetry and the nuclear 
surface can be described as :

R(G\n (6-1)

where (i) the summation is restricted to even
fc values for a plane reflectionally 
invariant shape, i.e.
R (ov, $v) = R (rr - + tt) ;

(ii) Rg is the radius of the undeformed 
nuclear surface;

f. V
is a measure of the Jtv order 

deformation; and
(iii)
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(iv) Y . (0',$') are spherical harmonics

X j 0

referred to the body fixed axes.

With expression (6-1) defining the radial dep­

endence of the optical potential, equation (5-1) is re­

written and defines the non-spherical potential :

U ( r , e ' , 0  = - (V+iK)--  -+ V c (r,e' ,♦')

(6-2)

An expansion of both nuclear and coulomb terms of equation 

(6-2) up to second order in ß^Y£o (0K ,̂ >') , with Y£o(0'»$') 

subsequently replaced by the space fixed axes term

yields :

UCr,0,*) = [-(V+iK)r f  gv + VCo(r)

where

+ -(V+iW) e' + V fr)
a (1+e')2 Cl 

Ro2 * *

* l /X 0Cei)Ylm(e,*)

(V+iW)--  • ° S C1~e ") + y (r)
2 a2( 1 + 0 3 Cz

I
Ä 1 je'm

f- * 1 
*1 Z2

4 TT Z
U ^ o o U o )2 Bj^D^CepY^e,*)

(6-3)

(i) (0 »<f>) refer to space fixed axes;
£

(ii) Dmo^Gî  *s t îe rotation matrix of
the transformation from body to

space fixed axes through Euler angles

0.
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(iii) e* = - 4 = R J

l+e ~

(iv) i = (2ji + l) ; (£1£200I£o) is a
Clebsch-Gordan coefficient; and

(v) V (r), vr (r) and V (r) areC 0 Cl C 2
coulomb potential terms given in 
detail by Tamura in equations 12,
13.1 and 13.2 of (Ta 65).

In expression (6-3) the first term corresponds to 
the spherical optical potential, as in equation (5-1), while 
the additional non-spherical terms correspond to interaction 
potentials which give rise to excitations from one rotat­
ional state to another. Substitution of U(r,0,4>) in the 
Schroedinger wave equation yields then, as shown in detail by 
Tamura, a series of differential equations in which the 
radial wave functions for a number of partial waves des­
cribing scattering from each rotational state are coupled.
In considering scattering of a spin zero projectile and the 
excitation of states which belong to a ground state rotational 
band of spin sequence 0+-2 + -4*..., the fc**1 term of either of 
the deformed interaction potentials in expression (6-3) 
corresponds to direct excitation of a state of spin i; the 
same state can also be excited by a multiple step excitation, 
for example via two successive interactions proportional to 
the fci and i2 components of the second term of equation (6-3) 
and such that fci+Ji2Ä£.
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The number of coupled equations that occurs is a 

function of the number and spin of the states explicitly 

considered. In the channel defined by the n11 explicitly 

considered state, of spin I and parity , there will be a 

range of partial waves whose angular momentum £ satisfy the 

conditions :

J = 

Ji =
(6-4)

where J and n specify the spin and parity of the total 

system.

In particular for spin zero on spin zero scattering

and corresponding to each I there will be (I +1) partial

waves satisfying expressions (6-4). Thus for each Jn ,

£(I +1) partial waves are permissible and a set of £(1+1) 
n n n n
coupled second order differential equations therefore ensues.

(For a value of In<J the number of partial waves satisfying

(6-4) is actually less than (I +1)). In contrast to the

single numerical integration associated with the radial wave

function of equation (5-3) it is now necessary to perform

simultaneous integration of the radial wave functions of 
r n2(1+1) partial waves for each J in order to extract the 
n n
scattering matrix elements. The numerical method employed 

in solving the coupled equations is described by Tamura 

(Ta 67).

It is not surprising that until the advent of fast



S3

computers, scattering by a potential of the form of equation 

(6-3) was treated only to first order in the coupling inter­

action of U(r,Q,$) implying then zero coupling in the ground 

state channel. This method corresponds to the distorted wave 

Born approximation (DWBA) which is normally considered for 

the interaction expanded to first order in the deformation, 

i.e. up to the second term of equation (6-3) (Au 62). To 

facilitate a comparison of DWBA and coupled channel cal­

culations, some transitions appropriate to a potential of the 

form of equation (6-3) are illustrated in figure 6.1 for a
*4* 40 -2 -4 rotational band with intrinsic deformation described 

by the £*2 and 4 terms of equation (6-1). The representation 

in the figure is similar to that of Blair (B1 65); the single 

and dashed lines represent interactions which are proportional 

to the deformation in first order and the double lines rep­

resent interactions proportional to the deformation in second 

order. The three segments of the figure define interactions 

proportional respectively to :

(i)

(U)

(iii)

K Dno(3i)Y^ (0'^ for 4=2 or 4 : m
Successive application of either of 

the two terms in (i) ; the dashed 

lines represent an alternative 

between £=*2 and £=4 terms;

i
£ j £2m

* 1 * 2

4 it £
for £x ♦ £2 s 0,2 or 4

where £j and £2 may be either 2 or 4.
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The strengths of the single step transitions of

segment (i) which are proportional to 32 and 34 determine
the strengths of multiple transitions (two-step) of segment

2 2(ii), proportional to $2 > 04 and &2&4> an<* t îe strengths
of the second order single step transitions of segment (iii),

2 2also proportional to 32 , $4 and s2 34 . As the first order 
DWBA neglects the effects of the interactions of segments 
(ii) and (iii) it is seen that it should only be appropriate 
for describing scattering from nuclei with small deformation.

Buck et al (Bu 63), in considering the two-state 
coupled channel calculations of the scattering of 14 MeV

2 0 4 8protons from both Ne and Ti, found that the total inel­
astic 2* scattering cross section did not increase with the 

232 dependence implicit in DWBA but increased more slowly 
with an approximate linear dependence on ß2 for values 
of 32>0*2; these authors employed the same potential 
parameters in both the DWBA and coupled channels calcul­
ations. Perey et al (Pe 63) however showed that the DWBA 
can give equivalent fits and estimates of quadrupole deform­
ations providing the optical potentials employed to generate 
the distorted waves are those which describe the observed 
elastic scattering, i.e. that occurring in the presence of 
strong coupling. This result could be expected to be less 
appropriate with increasing deformation and stronger 
coupling to higher excited states via interactions other 
than those in segment (i) of figure 6.1. Perey et al showed
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the equivalence between the two methods for 82*0-4 but this 
was only for a two state calculation and it is not obvious 
that this equivalence still holds if the coupling of 
additional states, which is more realistic, is considered.
To provide then a more rigorous description of the scattering 
it is preferable to consider a coupled channel calculation 
and thereby take accurate account of the interactions of 
segments (ii) and (iii) of figure 6.1. To describe the 
higher order interactions of segments (ii) and (iii) in the 
framework of DWBA it is necessary to consider the second 
order distorted wave theory which is however as complicated 
if not more so than a coupled channel calculation (Au 65).

A coupled channel calculation employing a potential 
of the form of equation (6-3) to describe the scattering 
appropriate to figure 6.1 would incorporate any multiplicity 
of the steps within segments (ii) and (iii). With many 
strongly deformed nuclei the power series expansion of the 
potential as in equation (6-3) becomes inappropriate even 
within the coupled channels framework. This arises because 
for example a multiple three step process can be described 
although a direct process via an interaction which is 
expressed to third order in the deformation is neglected;
Blair (B1 65) illustrates this difficulty in a diagram similar 
to that of figure 6.1. An alternative expansion of the 
potential U(r,Q,<j>) which is more satisfactory than that of 
expression (6-3) is that referred to as the Legendre



expansion. The equivalent expansion as used by Tamura 

(Ta 65) is :

U(r,e',*') - Iv^CrJY (©',*') £ *° (6-S)

which in the space fixed axes becomes :

U(r,e,4) = Jvs’(r)D^o(ei)YJ[m (©,♦) (6-6)

The orthonormality condition of the spherical harmonics 

yields :

In describing proton elastic and inelastic scattering

Tamura illustrated that the results of the power series and 

Legendre expansions have diverged for 32*0*3 and suggested 

that the latter expansion becomes the more appropriate for 

deformations in excess of this value. The advantage of

employing the Legendre expansion of the nuclear interaction
0is that each v (r) contains contributions from terms arising 

in the power series expansion considered to infinite order. 

Tamura has not applied the Legendre expansion to the coulomb 

potential Vc (r ,0' ) of expression (6-2) since it was con­

sidered to be adequately described by the power series 

expansion (Ta 65).

In expression (6-6) v°(r) corresponds to the

vÄ(r) * 47T
-(V+iW)Y£o(O',<r)d(cos0')

(6-7)

1+e a

spherical optical potential although it is not equivalent to
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that of the first term of equation (6-3) as it includes the 
elastic scattering processes such as in segment (iii) of 
figure 6,1. The term v (r) corresponds to a single direct 
excitation with transfer of £ units of angular momenta while 
successive application of v (r) is implicit in the channel 
coupling. It is to be noted that a calculation of elastic 
scattering even in the absence of coupling to excited states 
is affected by the deformations ß * of equation (6-7).

It is with reference to the above discussion that 
the description of the present analysis is given in section 
6.4.

2 06.2 Nature of Target Nucleus Ne
, , 20 The target of the present measurements Ne,

24together with other nuclei in the 2s-ld shell, e.g. Mg,
2 5 2 5Mg and Al, have been shown by the Chalk River group to
have well developed rotational band spectra (Go 60, Li 61,
Li 65). An indication of the rotational excitations in 
2 oNe is shown in figure 6.2 which is as given by Gove (Go 65); 
the energy level spectrum is seen to display bands defined 
in analogy to the energy levels of a rigid rotator by the 
expression (Pa 65) :

Ej(K) = E(K) + 1i£ 1(1+1) (6-8)1 Tl
(i) I is the spin of the state of 

energy of excitation Ej(K);
(ii) E(K) is a constant for each band

where



CH 2t

> 8
_o+

1(1+ 1)

FIGURE 6.2 Rotational band structure ascribed to 
excitations in 20Ne (Go 65).
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and is dependent on the intrinsic 

excitation and defined by the K 

quantum number which is the pro­

jection of the angular momentum I 

on the nuclear symmetry axis; and 

(iii) K represents the effective moment 

of inertia about the axis of rot­

ation which is perpendicular to the 

symmetry axis.

The various rotational bands are specified by the K quantum
*4* *f 4*number; the 0 -2 -4 states considered in the present 

measurements are described as members of the K*0 ground 

state rotational band, the 2” and 3” states as members of 

the K-2 negative parity octupole vibrational band and the 1** 

state as a member of the K=0 negative parity octupole 

vibrational band (Li 65).

A further indication of the collective nature of 
20

the excitations in Ne is the enhancement over the single

particle estimate of the electric quadrupole (E2) gamma ray

transition strengths; this was illustrated, in figures shown

by Litherland (Li 65), by the peaking of the E2 transition

strength as a function of mass number at and just beyond 
20

Ne. The E2 transition strengths between members of the 

ground state rotational band provide a measure of the 

intrinsic quadrupole moment of the ground state. The red­
uced transition probability B(E2,0+-*2+), i.e. the transition



strength with the transition energy dependence removed, is 
related to the intrinsic quadrupole moment Qo by the 
expression as quoted by Gove (Go 60) :

B(E2,0++2+) = Qo2e2 (6-9)

where e is the electronic charge. Following the discussion 
of Stelson et al (St 65), if the nucleus is considered as a 
uniformly charged spheroid, the surface of which is defined 
by the relation :

89

R = (6-10)

then Q o  “ - =  Z R 0282 (6-11)

where (i) Z is the atomic number of the nucleus •
I

and
(ii) R0 is the spherical nuclear charge

radius taken as 1*2A fermi.

Stelson et al (St 65) have tabulated the values of
B(E2,0+-*>2+) and the corresponding value of 82 derived from
equations (6-9) and 6-11) for a range of nuclei and cited a

20
deformation parameter of ß2Ä0*87±*08 f°r Ne. It has been 
realized that this value was based on measurements which are 
now superseded; a more reliable determination of B(E2,0*+2*) 
has been obtained from the lifetime measurements of Evans et al 
(Ev 65) and it yields via equations (6-9) and (6-11) a value 
of 82!::0#b7±*03. As pointed out by Gove (Go 60) neither the 
reduced transition probability nor the lifetime measurement
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determines the sign of the quadrupole moment, i.e. whether
the deformation of the nucleus is prolate or oblate. However
the plot of Qo as a function of atomic mass number, shown by
Gove, includes data for the spectroscopic quadrupole moment

20of odd A nuclei and clearly indicates that Ne is of prolate 
deformation, i.e. 82 is positive. For a more general def­
inition of the nuclear surface :

R = R„[l + 62*20(6',*') + 64*40(6', *')) (6-12)
20as subsequently ascribed to Ne in the coupled channels 

analysis of the present measurements, Stelson et al give the 
relation accurate to second order for 82» $4 and p :

8$t Ä B2(l + 0*3682 + 0*9684) + 0*33822 (6-13)

where 3st: is the quantity which should be compared to the s2
values tabulated by Stelson et al (St 65). The value of 82
discussed here is a measure of the deformation of the uniform

1charge distribution of radius R ^ l ^ A  fermi; the related
parameter considered in section 6.1 is a measure of the
deformation of the nuclear optical potential. An agreement
to within at least 501 between these two estimates of a2 is
indicated by the analysis of Rost (Ro 63) and Buck (Bu 63)
and a lower limit of the quadrupole deformation of the optical

2 0potential appropriate for Ne of b2>0*3 is regarded as
reasonable. Thus in view of the collective nature of the

2 0excitations in Ne together with the attendant strong def­
ormation it is considered that a coupled channels calculation
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with the Legendre expansion of the interaction potential is 
particularly appropriate for describing the direct scattering 
contribution in the present elastic and inelastic alpha 
scattering measurements.

6.3 Additional Comments on Applicability of Coupled
Channel Analysis
As already discussed with reference to the 

spherical optical potential analysis of chapter five, the 
energy dependence of the present measurements appears more 
pronounced than that expected from direct scattering pro­
cesses. In attempting then to describe the present 
scattering measurements in terms of the coupled channels 
formalism, it is assumed that direct processes contribute 
significantly to both elastic and inelastic scattering. This 
approach is consistent with and supported by the analysis of 
chapter five where there is evidence for an underlying 
average optical potential corresponding to an energy indep­
endent contribution to the elastic scattering. The remarks 
of sections 4.4 and 5.1 concerning the relation of the present 
measurements to those at higher energies where direct pro­
cesses would be dominant are based on systematics pointed 
out for both the elastic and inelastic, principally that of 
2+, scattering. Thus it seems consistent to extend the 
approach of chapter five to a coupled channels analysis 
assuming then that the direct processes of both elastic and 
inelastic scattering will be evident. The cross sections 
for scattering from the 2+ and 4+ states, as noted in section
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4.3, are comparable to that of the elastic scattering and as 
such support the description of the scattering from these 
states in terms of collective excitations.

6.4 Procedure of Analysis
The analysis was performed using the coupled 

channels code written by T. Tamura (see appendix V). This 
code, based on the formulation given in the review article 
by Tamura (Ta 65), is very fully described in the report 
ORNL-4152 (unpublished).

The scattering considered explicitly was that from
4* 4* mm mmthe 0 , 2 and 4 states. In principle the 2 and 3 states 

considered as members of a 2* octupole vibrational band and 
the 1* state considered as a member of the negative parity 
octupole vibrational band could also have been explicitly 
considered. However such a six state coupling calculation 
would be impractical with regard to computation time. The 
rotational coupling to the ground state was considered the 
most important in view of the strong ground state deform­
ation indicated in section 6.2, and the practical demands of
available computation time confined the major part of the

^ ^analysis to the three state 0 -2 -4 coupling. As was noted 
in section 4.3 scattering from the 2 3 ” and 1~ states is 
somewhat less than that from the 2+ and 4+ states and as such 
could be considered as less strongly coupled to the elastic 
scattering than that from the 2* and 4+ states; Mitchell et 
al (Mi 64) have pointed out however that a small cross
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section is not sufficient condition for assuming weak 
coupling.

Options available in using the code to describe 
rotational excitation include :

(i) terms with £=0, 2 and 4 in the 
Legendre expansion of expression 
(6-6);

(ii) specification of the nuclear surface 
in terms of q2 anc* deformations;

(iii) complex, in addition to real, coupling, 
i.e. deforming both real and imaginary 
potentials as is given in expression 
(6-7);

(iv) coulomb excitation corresponding to
excitation of collective states via
the interactions denoted by vCj(r)
and V (r) of equation (6-3) ; and c2

(v) six or four parameter optical pot­
ential with volume or surface absorption.

Both complex coupling and coulomb excitation 
required an increase in computation time of approximately a 
factor of two and so were omitted from the majority of 
calculations; some consideration of these effects is 
discussed in section 6.5. The usual form of calculation is 

summarized in table 6.1 and is subsequently referred to as 
the standard calculation; this calculation required a
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computation time on the IBM 360/50 of eleven minutes.

Table 6.1

Standard Calculation

States Coupled 0 - 2 - 4

Interaction Terms in 
Legendre Expansion (6-6) £ = 0, 2 and 4

Form of Coupling Deformation of real 
nuclear potential only

Deformation Quadrupole and 
i.e. S2 t

Hexadecapole 
31* / 0

As the automatic search method of minimizing x2 , 

as employed in chapter five, was impractical for calculations 

requiring eleven minutes per computation, the comparison of 

the experimental and theoretical angular distributions was 

performed by visual evaluation of each of the computer 

plotted outputs.

The analysis was applied to the data at the energies 

of 13*69, 13*92, 14*09 and 14*90 MeV on the basis of the 

relatively good optical model description of the elastic 

scattering obtained at these energies as was discussed in 

chapter five. In addition the analysis was also applied to 

the 14*70 and 12*217 MeV data; of the lower energies the 

12*217 MeV data were considered the most appropriate as the 

2* angular distribution showed a well defined forward angle 

maximum and the data were the least influenced by the pro- 

nounced structure seen in the integrated 0 and 2 yields of
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figure 4.6.

A four parameter optical potential was employed 
throughout this analysis. The partial wave expansion was 
taken up to £=14 as the contributions from higher & values 
were found at 14»90 MeV to be of no significance; this 
truncation is consistent with the reflection coefficients 
and phases of table 5.2 where it is seen that :

» 1 for l z 10

Initial exploratory analysis employing the standard
calculation, discribed in table 6.1 was applied to the 14*90
MeV data. A range of real well depths of V-50 to 220 MeV,
for values of l*7*r0sl*9 and 0*40$as0»55 was considered. A

2 opositive value of 62 was appropriate for Ne as is discussed 
in section 6.2 and the range of values considered was 
0*45^02^0*60 (see section 6.6). The effect of a hexadecapole 
deformation, i.e. 64 t 0 was also considered; negative values 
of 34 were found to be most unsatisfactory and values of 04 
were subsequently restricted to positive values $0*35. A 
substantial decrease in the imaginary well depth, by a factor 
of 2 to 3, as compared to that derived in the spherical 
potential analysis was necessary to approximate the observed 
scattering. In addition there was little or no correlation 
of the preferred values of V with those corresponding to the 
X2 minima of figure 5.5. Such behaviour is expected as :
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(i) the strongly excited 2+ and 4+ 

states are now treated explicitly 
and are not associated with the 
imaginary potential; and

(ii) the coupling in the ground state 
rotational band is so strong that 
the spherical potential analysis 
could be regarded as a parameter­
ization of the elastic scattering 
in the presence of strong coupling 
and thus does not give a particularly 
significant estimate of V.

Tamura (Ta1 65) in analyzing 28 MeV alpha elastic
2 4

and inelastic scattering on Mg noted the need for a 
decrease in W of -401 in comparing a coupled channel cal­
culation to that employing a spherical potential. It was 
also pointed out in this paper that a difficulty in analyzing 
scattering involving rotational excitations is the inter­
relation of the coupling scheme and the optical potentials. 
Thus in the present analysis, where the same problem was 
evident, no attempt was made to approximate the parameters of 
the three state coupling calculation by those of either a two 
state calculation or those of the elastic scattering analysis 
of chapter five. The effect of including an additional state 
in the coupling scheme is considered in section 6.5.
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Thompson et al (Th 67) have indicated that the 
ambiguity in the depth of the real potential employed to 
describe elastic scattering may be resolved by a coupled 
channels calculation; their analysis shows a preference for

2 4V=160 MeV in describing 10*8 MeV alpha scattering on Mg 
from the ground and first excited state. In view, however, 
of the marked success of the coupled channels calculation of:

(i) Hendrie et al (He 68) in describing 
50 MeV alpha scattering on rare 
earth nuclei (V*66 MeV); and of

(ii) Tamura (Ta1 65) in describing 28 MeV
24alpha scattering on Mg (V=54*4 MeV)

it would seem that the ambiguity in the real well depth is 
not resolved in this form of analysis. Consequently in the 
present analysis there was no attempt to study a real well 
depth ambiguity and the calculations were restricted to a 
range of V=80 to 100 MeV, a region for which the initial 
exploratory analysis showed a marginal preference.

6.5 Results of Coupled Channels Analysis
The results presented in this section represent

^  4 * 4 *the best simultaneous fits to the 0 -2 -4 scattering, as 
determined by visual evaluation, for the data at the energies 
of 12•217, 13*69, 13*92, 14*09, 14*70 and 14*90 MeV. A 
procedure of varying one or two parameters at each successive 
calculation was based on the sensitivity, which became 
apparent, of the distribution shapes to various parameters;
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for example :

(i) increasing V, $2 or $4 moved the 
0+ diffraction patterns to smaller

4- +angles and increased the 2 and 4 
cross sections; and

(ii) increasing 84 also produced a clock­
wise rotation of the 4+ distribution.

The geometrical parameters, on the basis of the analysis 
applied to the 14*90 and 14*70 MeV data were subsequently 
held fixed at values of r0sl*82 fermi and a-0*45 fermi; 
the coulomb radius was fixed throughout the analysis at 
rcÄl*33 fermi. In contrast to the analysis of chapter five 
the volume and surface absorption term did not appear to be 
equivalent; a surface absorption term gave slightly improved 
agreement with observation and was employed in the analysis 
described. Denoting the volume absorption form factor; 
given in equation (6-2), as f (r ,0",<f>v) the surface absorption

J
form factor is of the form 4a ^  f (r ,0K ,<}>v) ; the 4a gives 
this factor a maximum value of unity, as in the volume term.

The best fits derived, employing the standard 
calculation, are shown in figures 6.3(a) and (b) and the 
corresponding parameters are given in table 6.2.

The calculations of elastic scattering in general 
severely underestimate the observed cross sections at the 
central angles of the distributions. The calculations of 
the inelastic distributions are somewhat more satisfactory



Table 6,2

Incident Energy
r0=l*82 fermi ; a»0*45 fermi; rc*1*33 fermi

(MeV) V(MeV) Ws(MeV) S2 *4

12*217 88*0 3*0 0*55 0*20
13*69 82*0 2*5 0*57 0*20
13*92 84*0 2*5 0*56 0*20
14*09 79*0 2*0 0*55 0*15
14*70 82*0 2*5 0*55 0*15
14*90 81*5 2*5 0*55 0*20



FIGURE 6.3 Ca)

Comparison of calculations of 0+-2+-4+
scattering (solid line), employing the
parameters of table 6.2, with the2 0
observed alpha scattering on Ne (dots)
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FIGURE 6.3 ftp

•f» «I« *|»Comparison of calculations of 0 -2 -4
scattering (solid line) , employing the
parameters of table 6.2, with the2 oobserved alpha scattering on Ne (dots)
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in that the magnitudes of cross section are approximately 
reproduced together with some agreement in shape in both the 
2* and 4+ distributions. Improvement in the description of 
the elastic scattering would have necessitated deterioration 
in the description of the inelastic distributions.

The effect of varying the deformation parameters 
is shown in figure 6.4 where the calculation corresponding 
to the 13*92 MeV parameters of table 6.2 are compared to 
calculations employing values of :

(i) 62 - 0*56 ± 0*06 and 34 - 0*2; and
(ii) ß2 * 0*56 and B4 = 0*2 ±0*1.

The shapes are seen to be particularly sensitive to the 
value of ß2 an<* t0 a lesser extent to ß4. The nature of the
fit of figure 6.3(a) for the 13*92 MeV data is approximate
enough to illustrate definition of ß2 to within the limits 
shown, i.e. ß2*0*56±*06; the determination of ß4 is some­
what more subjective but it is also considered to be defined 
to within the shown limits, i.e. ß4-0*20±•10. The 13*92 MeV 
data were taken for this illustration as they were perhaps 
the most satisfactorily described.

Higher order effects of complex coupling, coulomb 
excitation and the coupling of an additional state were 
considered as a possible means of providing a more approp­
riate description of the scattering. The effects of complex 
coupling and coulomb excitation although both producing



FIGURE 6.4

Comparison of the 0+-2+-4+ calculations 
of the 13*92 MeV scattering employing 
the parameters of table 6.2 (solid line) 
with calculations (dashed line) in which 
32 and 34 were varied by ±0*06 and ±0*10 
respectively. The observed 13*92 MeV 
scattering is indicated by dots
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variations in the inelastic cross sections of up to 25$ 

were not significant with regard to the present analysis in 

view of the quality of obtained fits. The result of cal­

culations, with the 14*90 and 12*217 MeV parameters of table 

6.2, incorporating coulomb excitation are included in the 

plots of figures 6.3(a) and (b). A calculation employing 
complex coupling and the 14*70 MeV parameters of table 6.2 is 

also included in figure 6.3 ( b ) .

Additional coupling of the 6 state, at an excitation 
20

of 8*79 MeV in Ne and regarded as a member of the ground 

state rotational band (see figure 6.2), could be considered 

in the scheme of the standard calculation without increased 

parameterization and the effects of this additional coupling 

were considered. The best fits obtained in a rather limited 

search about parameter values of table 6.2 are shown in 

figure 6.5. The 2+ scattering appears a little more satis­

factorily described although in the case of the 14*90 MeV 

data this occurred at the expense of loss of agreement in 

phase between the calculated and observed elastic scattering;

the phase of the diffraction pattern of the 4* distribution
+ + +

relative to that of the 0 -2 -4 calculation is seen to be 

quite sensitive to the additional coupling. The parameters 

corresponding to the four state calculations of figure 6.5 

are given in table 6.3. It is seen by comparison with the 

parameters of table 6.2 that the additional coupling 

necessitated mainly a reduction in V and $2 * In view of the



FIGURE 6.5

■f 4* *fComparison of 0 -2 -4 -6 calculations 
(solid line) employing the parameters 
of table 6.3, with the observed 0+-2+-4 
scattering (dots)
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quality of the fits and the limited attempts to find 

optimum parameters these new estimates of the deformations 

in table 6.3 cannot be considered as particularly significant; 

however the comparison of tables 6.3 and 6.2 serves to 

illustrate that the potential and coupling parameters are 

dependent on the coupling scheme being considered.

Table 6.3

Incident Energy
r0~l*82 fermi; a=0*45 fermi; r =1* 

* c 33 fermi

(MeV) V(MeV) Ws(MeV) 82 64

14*70 76*0 2*0 •50 «20
14*90 75*0 2*0 *50 •15

The effect of employing a six parameter potential 

in the standard calculation was also considered and found, 

as with the complex coupling and coulomb excitation, to be 

insignificant as far as the present fits were concerned.

6.6 Discussion of the Coupled Channels Analysis

The agreement between theory and observation, 

although poor, is perhaps as close as could be expected in 

view of the energy dependence inherent in both elastic and 

inelastic scattering. The mean of the values of the deform­

ations of table 6.2,32=0*55 and 84=0«18, appear from the 
comparison made in figure 6.4 to be defined to within =101 

and 100% respectively. It would however be unreasonable in 

view of the poor quality of the fits to suggest that these
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values represent an accurate determination of the ground

20state deformation of the Ne nucleus.

The comparison of calculated and observed 
scattering shown in figures 6.3(a) and (b) indicates that 
possibly the most satisfactory result of the analysis is the 
approximate description of the 4 scattering as for example 
at 12*217 and 13*92 MeV .The magnitudes of the 2* cross 
sections are approximately reproduced while at 12*217, 13*92 
and 14*90 MeV the shapes of the calculated 2+ distributions 
are comparable although not exactly in phase with the observed 
angular distributions. The elastic scattering cross section 
magnitude with the exception of that at 13*92 and to a lesser 
extent at 14*09 MeV is the most unsuccessfully described 
although this may reflect attempts in the fitting calculations 
to reproduce the phase of the observed distributions in pre­
ference to the cross section magnitude.

Although the discussions of sections 6.1 to 6.3 
indicate that a coupled channels analysis can be regarded as 
more appropriate than the analysis in terms of a spherical 
optical potential, the calculations of the former are 
typically in poorer qualitative agreement with the observed 
scattering than those of the latter which were considered 
in chapter five (cf. figures S.4 and 6.3). This no doubt 
reflects the constraints imposed by the need to describe an 
additional two angular distributions but it is also attributed 
to the fact that an automatic search code as used in the less
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constrained spherical potential analysis is particularly 
powerful and at the same time exhaustive. It was however 
not possible to be exhaustive in considering the ranges of 
variation of parameters in the present calculations. To 
some extent the deficiencies of the fits derived in the 
present coupled channels analysis may represent a null 
result in that the ranges of parameters considered may have 
been inappropriate. This remark is particularly pertinent 
for the range of 32 values considered; the range of 
0*45*32*0*60 was chosen from a comparison of :

(i) analysis of 28 MeV alpha scattering
via DWBA yielding 32*0*51 (Sa 65);

20 24
(ii) the values of 62 for Ne and Mg

of 0*87±*08 and 0*64±*05 respectively
tabulated by Stelson et al (St 65); and

2 4(iii) the value of ß2Ä0*34 derived for Mg 
in a coupled channels analysis of
28 MeV alpha scattering on Mg (Tax65).

It is noted that the DWBA analysis of the same
2428 MeV alpha scattering on Mg yielded 82“0«34 (Sa 65), a

value equivalent to that determined in the coupled channel
calculation noted above. As far as is known to the author
there have been no published coupled channels calculations

20of alpha scattering on Ne. The DWBA analysis of Satchler 
thus represented the best available estimate of the 
appropriate optical potential deformation. A DWBA analysis
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of the 18 MeV alpha scattering on Ne yielded $2 values of 
0*29, 0«38 and 0*44; the value of 0*29 gave a rather poor 
fit and the quoted final result was ß2=0*4 (Lu 66). This 
estimate of 0*4 ivas considered less reliable than that by 
Satchler because of the lower energy of scattering. Austern 
(Au 65) has pointed out that the relative importance of 
channel coupling in determining elastic scattering decreases 
with increasing energy and that the DWBA estimate of single 
step excitation correspondingly becomes more valid. It 
would also be expected that with increasing energy the per­
turbations of the elastic scattering arising from compound 
nucleus interactions would diminish and thereby further 
enhance the validity of the DWBA (Mo 65).

The three estimates of &2 determined by Lucas et 
al corresponded to discrete ambiguities in the real well 
depth of V=25 MeV (ß2*0«44), V=52 MeV (ß20-38) and V*82 MeV 
($2«0*29); as in other DWBA analyses of inelastic alpha 
scattering on several nuclei (A$40) these authors found the 
best fit was obtained for V=25 MeV, i.e. the shallowest of 
the ambiguities. The DWBA analysis of Satchler (Sa 65),

20 24yielding ß2 values of 0*51 and 0*34 for Ne and Mg 
respectively, considered only a real well depth of V-55 MeV. 
As no study of a possible bias for shallow V in a coupled 
channels analysis was known to the author the best estimates 
from DWBA analysis, regardless of the real well depth and

20
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taken as 32s0»51 with lesser weight attached to the 0*44 
estimates, were considered as the most appropriate 
indications of $2 f°r t*ie present analysis. The extension 
of the range of considered b2 values to <0«6 was a conseq­
uence of the trend indicated in the analysis for ß2=0«S.

It has been subsequently realized that the above
2 0value of the charge deformation of 32=0*87 for Ne was 

based on now superseded measurements and as noted in section 
6.3 a more appropriate value is 0*67. Thus the charge 
deformations, as defined by Stelson et al, are comparable

2 0 2 4for Ne and Mg and not in the ratio of =1*35 which would 
have been more consistent with the results (i) and (iii) 
above.

Blair stated that a deformation length 
where R is the radius parameter associated with the dimen­
sionless parameter is a more appropriate quantity for
comparison of deformations derived from models with
differing dependence on the nuclear radius (B1 65). The

2 0deformation lengths for Ne, determined in Fraunhofer
20diffraction analysis of 42 MeV alpha scattering on Ne

(B1 64), were 62=1*77 and 64=0*6 which with a strong
absorption radius of =6 fermi yielded 32-0*3 and $4=0*1;
similar analysis for similar data yielded values of

2 4
62=1*66±*04 and 32s0*27 for Mg (Na 68).

In accordance with Blair*s postulate it is seen 
to be more appropriate to compare the diffraction model
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deformation length for Ne of 62 —1•77 fermi with the 
deformation length of = 2*2 fermi as defined by ß2“0*67 and

1/3the charge radius of 1*2A ' fermi; the diffraction model 
estimate of 32-0«3 is quite dissimilar to the charge deform­
ation value of ß2=0*67. The diffraction model analysis for 
2 oNe yields a non zero 64 which, if taken into account via
an equation of the form of (6-13), results in closer agreement
with the deformation length 52-2*2 fermi. It is noted that

2 0
the analysis of Springer of 50 MeV alpha scattering on Ne, 
via a parameterized phase shift extension of the diffraction 
model, yielded 62-l*72 and 64=0*36 (Sp 65).

Regardless of the value of that might be
extracted from the above-mentioned diffraction analysis the

2 0 2 4
similarity in deformation lengths 62 for Ne and Mg is 
consistent with the similarity of charge deformation, as 
defined by Stelson et al (St 65), and noted above, for these 
two nuclei. Consequently it might be expected that of 
the present coupled channel calculations would be comparable

24
to the result of the coupled channel calculation for Mg of 
ß2=0 *34 (Ta1 65) .

Although the above discussion suggests that the 
present analysis might be improved by consideration of a 
value of 82*0-35, a negation of Satchler's DWBA analysis, it 
is again noted that the larger value of ß2=0*55 of table 6.2 
approximately reproduces the magnitudes of the present in­
elastic scattering cross sections. The average of the



presently derived 82 and 34 estimates of table 6.2 yields 
via equation (6-13) a value of ß «(WS which is seen to be 
in reasonable agreement with the charge deformation 62=0*67. 
The present analysis is thus in keeping with a comparison of 
the dimensionless deformation parameters rather than a com­
parison of the deformation lengths as suggested by Blair.
The comparative study of 32 and 84 values shown in figure 
6,4 indicates that the presently derived 82 value is approp­
riate; however a firm conclusion is not considered justified 
in view of the quality of the fits and in the absence of a 
study of calculations for the above proposed lower values of 
82-0*35 since the preferred value of 82 may reflect the 
definition of remaining parameters in particular V and ro 
with which 62 shares some ambiguity.

The quality of the present fits was not satisfactory 
enough to indicate the importance of the higher order effects 
of complex coupling, coulomb excitation, additional coupling 
or the need for a six parameter optical potential. In 
neglecting the 6+ state coupling it might be expected

<̂ * «I»that the 0 -2 -4 calculations would overestimate the 4 
scattering cross section by approximately a factor of two 
(Ta 65) and that in principle the 4+ scattering of the present
+ ♦  -f0 -2 -4 calculations would be the least well described. By 

way of contrast the fits shown in figure 6.3(a) and (b) indie-
*4 *ate that the 4 scattering is perhaps the most satisfactorily 

described; such a result may reflect an effect in the 0*-2+-4
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calculations of detailed searching whereby some implicit 
parameterization of the additional coupling, such as occurs 
in DWBA, has been included.

It is considered that the coupled channels analysis,
• f  ^  4*constrained to yield an overall fit to the 0 -2 -4 scatter-

•fing, rather than the spherical potential analysis of the 0 
scattering has provided the more reliable estimate of the 
correctness of describing the observed scattering in terms 
of direct interaction processes. The approximate agreement 
between observation and calculation of the inelastic scatter­
ing suggests that the inelastic excitation proceeds to a 
large extent via a direct collective excitation. If the 
inelastic scattering is significantly influenced by direct 
interaction the same is true of the strongly coupled elastic 
scattering; however the greater discrepancies between theory 
and observation in the case of the elastic scattering suggest 
the influence of non-direct resonant processes is stronger 
in the elastic channel than in the inelastic. The qualitative 
success of approximately half of the fits of the less con­
strained spherical potential analysis, seen in figure 5.4, 
may represent very effective parameterization rather than 
parameters of physical significance; the relatively good 
fit to the 14*90 MeV clastic scattering of figure 5.4 is in 
marked contrast to the poorer overall fit to the 14*90 MeV 
0+-2*-4* data of figure 6.3(b). The present analysis warns 
that success in describing the elastic scattering via a



spherical optical potential does not ensure comparable 
success in the more appropriate coupled channels analysis.

6.7 Energy Dependence Implicit in Strong Coupling
Additional calculations have been performed to 

study the energy dependence of scattering as predicted by 
the strong coupling calculations.

Okai et ai (Ok 62) have indicated that channel
coupling in scattering can result in resonance behaviour in
both elastic and inelastic cross sections. The two state
coupled channels calculation of Mitchell et al (Mi 64) for

12
10 to 20 MeV alpha scattering on C were suggestive of 
such behaviour and it was remarked that some of the reson­
ant structure that had been experimentally observed was 
possibly a result of strong coupling.

For the calculations the parameters of table 
6.2, derived in the standard calculation applied to the 
0*-2+-4+ scattering, have been averaged to yield the para­
meters of table 6.4.
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Table 6.4

V(MeV) Ws(MeV) ro(fermi) a(fermi) ($2 84

83-0 2*5 1-82 0*45 0-55 0*18

With the parameters of table 6.4, calculations of the
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0+-2+-4* scattering, via the standard calculation, were 
performed for incident alpha energies of 12*0 to 15*0 MeV 
at 0*5 MeV intervals. By way of comparison the average set 
of parameters derived in the spherical potential description 
of elastic scattering included here in table 6.5, was 
employed to calculate the elastic scattering at the same 
energies. The results of these calculations are plotted in 
figure 6.6.

Table 6.5*
V(MeV) W (MeV) r0(fermi) a(fermi)

96*0 6*7 1*30 0-53

★ Taken from analysis described in 
chapter five.

The most striking result, shown in figure 6.6, is 
the channel coupling prediction of the energy dependence of 
the shape of the elastic scattering angular distributions.
As a function of increasing energy the 100° central maximum 
separates into two well-defined maxima, the two backward 
angle maxima at 12*0 MeV merge and finally an additional back 
angle maximum appears at 15*0 MeV. The elastic scattering 
as predicted by the spherical potential is seen to show 
similar but much less pronounced behaviour; the 120° maxi­
mum at 12*0 MeV slowly separates into two as a function of 
increasing energy.



FIGURE 6.6

Deformed and spherical optical potential2 ocalculations of alpha scattering on Ne 
at energies of 12 to 15 MeV; the two 
sets of parameters employed, listed in 
tables 6.4 and 6.5 respectively, are 
average values presently determined



( »|03* 6 o I) J i / q u i  N 0 I 1 D 3 S  ssoao



Ill

The coupled channel calculations of the 2+ 

scattering show energy dependence in the shape of the angular 

distributions although to a lesser extent to that of the 

corresponding 0+ scattering; the second maximum of the 12*0 

MeV distribution separates into two with the increase in energy 

to 15*0 MeV. The predicted 4+ angular distributions are 

rather insensitive to energy.

In the present measurements the elastic and inelastic 

scattering energy dependence is far more complicated than that 

shown by the coupled channel calculations of figure 6.6. By 

appropriate choice of angle, excitation functions of the 

differential cross section for elastic scattering could be 

obtained which would show in this energy range cross section 

variation of up to a factor of ten. However the width of this 

variation is much larger than that of the observed structure 

and there is no evidence in the present calculations to indicate 

structure as shown for example in figure 4.1(c). On the other 

hand it is noteworthy that the movement of the diffraction
4*maxima in the observed elastic and 2 scattering, as qualit­

atively discussed in section 4.3 and illustrated in figure 4.4, 

may to some extent arise from the effects of strong coupling.

6.8 Inelastic Scattering from 2~ and (3“,!") States

Although not considered in the coupled channels 

calculations the observed inelastic scattering from the 2~ 

and (3 ,1 ) states warrants some qualitative remarks and the 

present discussion is thus directed. In principle the
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Scattering from these states could be considered in terms of 
the coupled channels, as noted in section 6.4, but the 
description of the scattering from the members of the ground 
state rotational band was not well enough defined to warrant 
the requisite and more complicated calculations.

Of particular interest is the scattering from the 
2~ state. Eidson et al (Ei 62) have pointed out that the 
excitation of unnatural parity states, i.e. (-l)^n, via 
inelastic alpha scattering on a spinless target nucleus 
cannot occur in a single scattering interaction with a single 
transfer of angular momentum, i.e. a one step process. The 
mechanisms proposed for the excitation of these states 
include the formation of an intermediate system as in a com­
pound nucleus interaction or a more complicated direct process 
such as multiple, two step excitation or exchange scattering.

A prediction by Satchler, quoted by Eidson et al
(Ei 62), suggested that the cross section for excitation of
the unnatural parity state via a knock out process would
decrease for Ea>20 MeV. Bingham (Ei 66) has measured six
angular distributions, for incident energies in the range
16 to 27 MeV, of inelastic alpha scattering from the 3*

2 8(6*27 MeV) state of Si and found a marked decrease in the
integrated yield at Ea~22 MeV. A similar comparison for the

20excitation of the 2 state of Ne would be of interest; 
the present measurements and those of Seidlitz et al (Se 58) 
at 18 MeV define the low energy range of $20 MeV but
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unfortunately in the range 20 to 30 MeV there is only the
data of Kokame et al (Ko 64) at 28 MeV which is restricted
to angles of $80°* However the present measurements of the
2” scattering considered in conjunction with the 18, 28, 42
and 50*9 MeV data clearly define a decrease in cross section
with increasing energy as was indicated by the comparison of
18 and 28 MeV alpha scattering data in a plot of Kokame et

l 6
al (Ko 64) for unnatural parity state excitation in 0,
2 0 2 4  28
Ne, Mg and Si. The inhibition of the 2 scattering 

relative to that of the 0+ and 2+ scattering increases with 
increasing energy and appears indicative of the interaction 
mechanism peculiar to this particular excitation.

The only theoretical calculation, known to the 
author, of the excitation of an unnatural parity state via 
alpha scattering on a spin zero target is that of Tamura

1 2 4(Ta 65) for 28 MeV alpha scattering on Mg. This cal­
culation, employing a coupled channels approach, explicitly 
considered the four lowest members of the K=0 ground state 
rotational band coupled by a vibration to the K-2 band 
which includes the 3+ state at 5*22 MeV. The agreement of 
the calculation with the observed scattering was partic­
ularly impressive and supports the description of such 
unnatural parity step excitation in terms of a multiple
step excitation. A similar coupled channels calculation

2 0
applied to the data for alpha scattering on Ne, at the 
higher energies of 2S and 42 MeV, could perhaps yield



information which would aid in describing the presently 
discussed measurements and particularly those of the 2 
scattering.
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CHAPTER 7

Optical Model plus Resonance Analysis

Analysis of several of the angular distributions 
of elastic scattering in terms of the addition of a Breit- 
Wigner resonant amplitude to an optical model scattering 
amplitude has been considered as a means of describing the 
energy dependence of the scattering.

7.1 Optical Model plus Resonance Formulation
The two ranges of energies to which most of the 

measured angular distributions are confined encompass pro­
nounced structure in the elastic scattering excitation 
functions (see section 4.2). Attempts consequently have 
been made to describe this energy dependence with emphasis 
placed on the five elastic scattering angular distributions 
spanning well defined structure at *12»3 MeV. This approach 
was prompted by the analysis of Kim (Ki 65), in which the 
pronounced energy dependence of approximately 20 MeV alpha

24scattering on Mg was considered by including the con­
tribution from an isolated resonance in addition to that 
from scattering of an appropriate optical potential.

A Breit-Wigner resonant amplitude, modified by 
shift and penetration factors, and an amplitude corresponding 
to an approximately energy independent background occur in 
the single level resonance description of elastic scattering 
in the R-matrix formalism (La 58). In the present analysis
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of elastic scattering a Breit-Wigner amplitude has been 

added to a background scattering amplitude generated by an 

optical potential. This description is however not con­

sistent with the R-matrix formalism as the background phases 

are no longer real but complex corresponding to the complex 

potential required to simulate non-elastic processes. In 

performing this analysis it is assumed then that a scatter­

ing amplitude analagous to that of the R-matrix theory will 

be approximately valid and that pronounced deviation from an 

average optical potential scattering amplitude may be 

accordingly represented by the contribution from a single 

resonant amplitude.

Postulating then the possibility of a resonant 

amplitude contribution to the partial wave i 9 the scatter­

ing matrix element S of equation (5-4) for is written

as (Wu 62) :

i r
1 +

(Hr-E) - f
(7-1)

where (i) S ^ n ^ e 2* ^  as defined in equation

(5-5) and for which the complex 

phase is implicit in the reflection 

coefficient n£ i.e. n£<l ;
(ii) r0 is the partial width for decay 

or formation of the resonant state 

via the elastic scattering channel;
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( i i i )  r i s  t h e  f u l l  w id th  o f  t h e  

r e s o n a n t  s t a t e ;  and

( i v )  Er  i s  t h e  r e s o n a n t  e n e rg y  

i n c o r p o r a t i n g  i n  a d d i t i o n  

th e  u s u a l  s h i f t  f a c t o r .

I n s e r t i n g  e x p r e s s i o n  (7 -1 )  i n t o  e q u a t i o n  (5 -4 )  y i e l d s  : 

A ( 0 )  = £ ( 0 )  + — r l  ( 2 i + l ) e 2 i o *P ( c o s e )
4 I K  £ = o

r r i  r i
\

• 1 - S . 1 + 6 --------------- 2------
£ £ £ r  c c i r

Er  -  E '  T i

where th e  s u b s c r i p t  r  d e n o te s  te rm s  a p p r o p r i a t e  t o  t h e  

r e s o n a t i n g  p a r t i a l  wave.

E x p r e s s io n  (7 -2 )  has  been employed in  th e  p r e s e n t

a n a l y s i s .  A more g e n e r a l  form o f  t h i s  a m p l i t u d e ,  as u se d

by Kim (Ki 6 5 ) ,  a s c r i b e s  t o  t h e  r e s o n a n t  te rm  a background

phase  d i f f e r i n g  from t h a t  o f  t h e  p o t e n t i a l  t e rm ;  o f  th e

r e s o n a n t  te rm  i s  m u l t i p l i e d  by a f a c t o r  e*^ w i t h  <j> becoming

th e n  an a d d i t i o n a l  a d j u s t a b l e  p a r a m e t e r .  The a n a l y s i s  by

Lowe e t  a l  (Lo 66) and Tamura e t  a l  (Ta 64) o f  e l a s t i c  p r o t o n  
12

s c a t t e r i n g  on C was p e r fo rm ed  w i th  a complex n u m e r a to r  in  

t h e  r e s o n a n t  te rm  o f  e q u a t i o n  ( 7 - 2 ) ;  t h i s  i s  e q u i v a l e n t  t o  

t h e  form u sed  by Kim. S a t c h l e r  s u g g e s t e d  (Sa 60) t h a t  

u n l e s s  a p ronounced  f l u c t u a t i o n  from th e  s c a t t e r i n g  as 

d e s c r i b e d  by th e  o p t i c a l  p o t e n t i a l  r e p r e s e n t s  th e  c o n t r i b u t i o n  

from one ab n o rm a l ly  s t r o n g  l e v e l  t h e  phase  o f  t h e  r e s o n a n t
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term, i.e. should be treated as an adjustable parameter*
A further assumption then of the present analysis of the 
five angular distributions at -12*3 MeV is that the con­
tribution from one particularly strong resonance is 
dominating the scattering. This approach is considered 
appropriate in view of the sharp and prominent peak in the 
elastic scattering excitation function at =12*3 MeV in both 
the differential cross section, shown in figure 4.2(c), and 
the integrated cross section, shown in figure 4.6. It is to 
be noted that the S of expression (7-2) satisfies the uni- 
tarity condition of |S^|^1, i.e. flux is not created in the 
scattering interaction. The modification incorporating, in 
expression (7-2), the term e ^  in the resonant amplitude 
necessitates an independent check of possible violation of 
unitarity; such a check was considered in the analysis of 
Tamura et al (Ta 64).

As considered in the discussions of chapters five 
and six, the spherical optical potential does not provide 
a particularly appropriate description of elastic scatter­
ing in the presence of strong inelastic scattering; the 
view adopted here, as in the analysis of chapter five, is 
that the spherical potential can however provide an effective 
parameterization of the direct potential scattering.
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7.2 Optical Model plus Resonance Description of
Elastic Scattering at ^12.3 MeV
The resonant amplitude of equation (7-2) was 

incorporated by the author in the optical model code of 
Perey which was used in the analysis of chapter five. The 
code already contained a non-linear least-squares fitting 
subroutine but as a description was not available a known 
fitting subroutine, FITTEM (Ha 68), was appended to the code. 
With these modifications and the specification of one 
particular resonating partial wave automatic searching on 
the optical model parameters and the resonance parameters to 
minimize the quantity x2 of equation (5-6) was possible.

Initial fitting was applied * on resonance* to the 
central energy angular distribution at 12*307 MeV. To det­
ermine the presence or otherwise of a resonating partial wave 
the value of l was gridded from 0 to 9 and for each value 
an automatic search was made on the parameters V, W, ro> a # r, 
Ta, and E^. The starting values of the optical model 
parameters corresponded to the X2 minimum of V=40 MeV in 
figure 5.1. The choice of parameters corresponding to this 
shallow discrete ambiguity was made on the basis that it 
would provide the most satisfactory description of the 
potential scattering; the preference for low V in minimizing 
x2 was seen in several of the plots of figure 5.1 and was 
particularly apparent in the analysis described in section 
5.5 (ii). Throughout the analysis a four, rather than six
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parameter potential was employed in order to minimize the 
number of adjustable parameters and to maintain some con­
sistency with procedures described in chapter five. The 
starting values of the resonance parameters corresponded to 
the approximate width and position of the peak in the 
excitation functions of figures 4.2(c) and 4.6; the partial
width r was taken as 0*9xr for a value of r of 0*12 MeV and a
the resonance energy as 14 kev above the centre of mass 
energy of motion of 10*256 MeV (12*307 in Lab). This 
initial estimate of r *r was indicated in a preliminary 
analysis gridding £r and in which an £r*5 resonant amplitude 
seemed appropriate; the above starting value of 0r was taken 
from this preliminary analysis.

Using the starting values as described above and 
included in table 7.1, a grid of £r values from 0 to 9 with 
subsequent searching on the seven parameters yielded a pro­
nounced preference for an £r=6 contribution with £^*5 also 
providing a reasonably adequate description. The parameters 
derived in this search procedure and the appropriate values 
of x2 are given in table 7.1 for £rs5 and 6; all other 
values of £r yielded very inadequate fits corresponding to 
large x2 values in general in excess of 200 with £s7 yielding 
X2 of 160.

The fits corresponding to the two sets of para­
meters of table 7.1 are shown in figure 7.1 with and without 
the respective resonant amplitudes; the £rat5 result by



Table 7.1 *

ra r Er V W r 0 a X2

MeV fermi

Starting
Parameters •110 • 120 10-270 40-25 3-93 1-90 -56

*r = 5 •114 •114 10*270 38*25 2*39 1-89 •54 110

*r s 6 •117 •124 10-244 44*71 4-22 1*90 •46 61

* 1*33 fermi



FIGURE 7.1

Optical model plus resonance fits
(solid line) to the 12*307 MeV elastic

2 0alpha scattering on Ne (dots), as 
obtained with the parameters of table 7.1 
the dashed lines correspond to the 
optical potential parameters of table 7.1
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comparison with that for £^=6 is seen to be in poorer agree­

ment with the observed scattering at very forward angles♦

An additional check on the possible ambiguity 

in the determination of an appropriate & value was made 

by another application of an it »0 to 9 grid-and-search to 
the 12*307 MeV data; the starting parameters were those 

indicated in table 7.1 with the exception that successive 
values of r of 0*01, 0-5 and 0*8 were taken. The results 

of this procedure indicated that the x2 minima of table 
7.1 were the most preferable both in terms of and the 

specification of £rs5 or 6; for z other than these two 

values there was one x2 value of 160 while all others were 
in excess of 190 and correspondingly yielded very inad­
equate fits.

On the basis of the above results the grid-and- 

search procedure was applied to the elastic scattering 

distributions at 12 *217, 12 *257, 12 *358 and 12 *404 MeV with 

the grid taken for £ r=4 to 7 and with starting parameters 

corresponding to the £r=6 set of table 7.1. The results of 

this procedure for the four distributions are given in 

table 7.2.

Some of the derived parameters of table 7.2, 

such as ra>r and and r of opposite sign, correspond to 

non-physical results; these x2 minima were accessible as 
the code contained no constraints on the sign or magnitude
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o f  any o f  the  p a r a m e t e r s .  A p r e f e r e n c e  f o r  £ r =6 i s  

a p p a r e n t  from th e  n o n - p h y s i c a l  p a r a m e t e r s  a s s o c i a t e d  w i th  

most a l t e r n a t i v e  £r  v a l u e s  and more p a r t i c u l a r l y  from th e  

a s s o c i a t e d  x2 minima a t  e ach  e n e rg y  f o r  * r =6. The same 

£ r ~4 t o  7 g r i d  p r o c e d u r e  was r e a p p l i e d  t o  t h e  above f o u r  

d i s t r i b u t i o n s  b u t  w i th  s t a r t i n g  p a r a m e t e r s  c o r r e s p o n d i n g  

t o  th e  £^=5 s e t  o f  t a b l e  7 . 1 ;  an e q u i v a l e n t  p r e f e r e n c e  

f o r  ^ r Ä6 was a g a in  a p p a r e n t  f o r  th e  12*217 and 12*404 MeV 

d i s t r i b u t i o n s  w h i le  t h e  p r e f e r r e d  ä v a l u e s  f o r  t h e  12*257 

and 12*358 MeV d i s t r i b u t i o n s  c o u ld  o n ly  be r e s t r i c t e d  t o  

e i t h e r  * r -5 o r  6. To some e x t e n t  th en  t h e  p r e f e r e n c e  f o r  

&r =6 in  t a b l e  7 .2  may have been p r e d e t e r m in e d  by th e  s t a r t ­

ing  p a r a m e t e r s  c o r r e s p o n d i n g  t o  t h e  b e s t  *r -6  f i t  a t  12*307 

MeV; however t h e  r e s u l t s  o f  t a b l e  7 .2  a r e  t a k e n  as com­

p l i m e n t a r y  t o  t h o s e  o f  t a b l e  7 .1  r a t h e r  th an  as an i n d e p ­

e n d e n t  i n d i c a t i o n  o f  t h e  a p p r o p r i a t e n e s s  o f  an £^*5 o r  6 

r e s o n a n t  a m p l i tu d e  a t  t h e s e  e n e r g i e s .

With a v a lu e  of  £ =6. i n d i c a t e d  as  t h e  morer
a p p r o p r i a t e  a s s ig n m e n t  i n  t a b l e  7 . 1 ,  an a t t e m p t  was made 

t o  p r o v i d e  an o v e r a l l  d e s c r i p t i o n  o f  t h e  f i v e  d i s t r i b u t i o n s  

in  te rm s  o f  one s e t  o f  p a r a m e t e r s .  The f i t s  c o r r e s p o n d i n g  

t o  t h e  £r s 6 p a r a m e t e r s  o f  t a b l e  7 .1  were found t o  be r a t h e r  

p o o r  as m igh t  be e x p e c t e d  from t h e  range  o f  d e v i a t i o n s ,  

m a in ly  i n  V and Er , o f  t h e  b e s t  f i t  p a r a m e t e r s  o f

t a b l e  7 .2  from th e  i n i t i a l  s t a r t i n g  v a l u e s .  To f i n d  a more
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satisfactory description of the five distributions in terms 

of one set of parameters a grid search of resonant para­

meters for ÄrÄ6 was performed for a fixed set of optical 

potential parameters» The required optical potential para­

meters were taken from an approximate average of the five

sets associated with £ =6 in tables 7.1 and 7.2 and ther
resonant parameters were considered for a grid of Er values 

and combinations of and r. The resulting fits were 

evaluated visually and the set of parameters ascertained as 

giving the best overall description of the five distributions 

is shown in table 7.3.

Table 7.3

r r V w r0 aa r u

MeV fermi

l * 6 0*12 0*13 10*23 41*0 4*0 1*90 0*46r

The fits corresponding to the parameters of table 7.3 are 

shown in figure 7.2. In describing the five distributions in 

terms of one set of parameters it has been assumed that the 

resonant parameters are energy independent. Such an assumption 

is considered reasonable as the calculated penetration factors 

(see expression 7.3) for £ =6 at channel radii of 5 and 6 fermi, 

the smaller value taken as a lower limit and corresponding to 

r0-l*9, show a variation of <8£ in the energy range 12*217 to 

12*404 MeV; the penetration factors were calculated using



FIGURE 7.2

Optical model plus resonance fits 
(solid line) to elastic alpha scattering 
on Me at five energies (dots) in terms 
of the one set of parameters of table 
7.3
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the code HACOOL (Ha 66).

A comparison of x2 values obtained for the five 
distributions via :

(i) the optical model analysis considered

(ii)

in
the

chapter five (Table 5.1(a));
Ä- *5 and 6 parameters of table 7.1;

(iii) the ^r=6 parameters of table 7.2; and
(iv) the Ä =6 parameters of table 7.3

is made in table 7.4. According to the x2 criterion and as 
seen in figure 7.2, one fixed set of optical model and 
resonant parameters has provided a reasonably unified 
description of the three central energy distributions. The 
fits at 12*217 and 12*404 MeV are however poor; the com­
parison of the x2 values of (iv) and (i) above is of interest 
although not particularly valid as those of (i) correspond to 
differing optical potential parameters at each energy.

The fits in figure 7.2 at 12*217 and 12*257 MeV 
corresponding to centre of mass energies <Er of table 7.3, 
both show indications of destructive interference at forward 
angles, an effect which was more pronounced with increasing 
Er; on the other hand at 12*358 and 12*404 MeV the cross 
section at forward angles is over-estimated and is indicative 
of constructive interference for energies >E^. It is noted 
that an alternative overall description of the five distri­
butions in terms of one set of parameters and for tr=5 had 
been considered in the preliminary analysis mentioned
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previously. Although the x2 values corresponding to the 

description adjudged visually as the most satisfactory, of 

1400, 170, 110, 250 and 970 are quite inferior to corres­

ponding ^r=6 values of table 7.4 (420, 130, 110, 120 and 230) 

the predicted cross sections were symmetric about the 

resonance energy.

It would appear from the above noted inadequacies

in the fits at 12*217 and 12*404 MeV that the present model

for scattering is too oversimplified to provide a unified

description both on and off resonance. The results of the

analysis as shown in tables 7.1 and 7.2 do indicate however

that a description of the energy dependence in terms of one

dominant resonance can be restricted to £ values of 5 or 6.r
The modification of the resonant amplitude by the phase 

factor e ^ ,  as considered in section 7.1, could perhaps pro­

vide a more unified description of all the distributions.
t

7.3 Interpretation of Optical Model plus Resonance

Analysis

The analysis considered in this chapter has given 

a moderately successful description of data which as dis­

cussed in chapter five was not well fitted even at forward 

angles by the simpler optical model analysis. The justification 

for the addition of a Breit-Wigner resonant amplitude to an 

optical model amplitude is not rigorous but present 

indications of its appropriateness in defining an £^-5 or 6 

resonant amplitude are encouraging.
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For spin zero on spin zero scattering a resonating 

partial wave fc , as discussed here, corresponds to the 
formation of a state in the compound system of spin and
of natural parity* The present analysis suggests the exist­
ence of a 6 + or 5~ state at an excitation of =19-5 MeV in
2 4Mg; the partial .width for decay or formation of this state 

2 0via Ne in its ground state and an alpha particle is 
indicated in table 7.1 to be almost the full width of decay 
of »120 kev.

The resonant structure under consideration corres-
2 4ponds to an excitation energy in Mg of 19*57+*03 MeV which

is approximately the energy of the excitation of the lowest
12 12of the states described as a C- C quasimolecular resonance 

(A1 63). As noted in section 4.1 it was the possibility of 
some significance in this correspondence, initially indicated 
by the backward angle elastic scattering excitation functions, 
that motivated more detailed excitation functions and sub­
sequent measurement of five angular distributions spanning 
the structure.

It is rather apparent from the spin assignment by
Almqvist et al (A1 63) of 2+ to the 19*58 MeV quasimolecular
state and the proposed present assignment of 6+ or 5~ to a
resonance of corresponding width and excitation that the

12 12 20resonance effects seen in the O  C and Ne+ct scattering 
reflect the influence of different compound states. A further 
indication of the independence of the two resonant effects
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is apparent from the partial widths for decay of the 19*58 
+ 2 0MeV (2 ) state to Ne in its ground and excited states via 

alpha emission; Almqvist et al give :

r < 1  kev «0
r =18*3 kev 

« 1

r =25*5 kev a2
These values indicate that the formation of the quasimolecular
+ 20 2 state via alpha scattering on Ne would be accompanied

•f 4*by resonance contributions to the 2 and 4 scattering en­
hanced by a factor of k20 over that in the elastic channel.
It would not be expected that interference effects with 
potential scattering in each of the elastic and inelastic 
channels could obscure these differences in the partial 
widths and as such enhancement is not apparent in the integ­
rated yields of figure 4.6, the above reference to two
independent resonances appears valid.

12 12The interpretation of the C on C scattering 
resonances in terms of quasimolecular states was based on the 
large reduced carbon widths apparent for these states (Al 63). 
By way of comparison the partial widths of table 7.1 reduced 
to a percentage of the single particle unit are of interest. 
The reduced width Ya2 for formation or decay of the proposed 
resonance via the elastic alpha scattering, regarding the 
alpha particle as a single entity, can be expressed as a per­
centage of single particle units by (Pr 62) :
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_a
2P 1i2 / 2mR02

(7-3)

where (i) is the penetration factor at
radius Ro; and

2 o(ii) in is the reduced mass of the Ne 
and alpha masses.

With a value of RoÄ5*15 fermi, corresponding to ro=l*9 fermi, 
and 1^=120 kcv expression (7-3) yields for the presently 
proposed resonance a value of :

(i) Ya2* m  for the 6+ assignment; and
(ii) Ytt2-8°a for the 5 assignment.

The penetration factors of expression (7-3) were evaluated 
using the code IIACOOL (Ha 66).

The average reduced alpha widths determined at an 
equivalent radius for a range of nuclei (A*42) and at 
excitations of *11 MeV were found to be typically <8$ (Cl 60); 
the corresponding quantities for the two lower quasimolecular 
states were given as*H. The larger values then of 181 
and to a lesser extent that of 81 are suggestive of a degree 
of alpha clustering in the resonant state. Such an inter­
pretation is consistent with a description of the resonance 
energy dependence at =12*3 MeV in the elastic scattering as 
the influence of a single compound state which is distinguished 

from adjacent and possibly overlapping states such as the 2* 
quasimolecular state by a greater tendency to clustering of
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2 0

an alpha particle and Ne in its ground state. Davis
(Da 63) and Carter et al (Ca 64) have suggested that the
resonance energy dependence of elastic alpha scattering on 
12 C reflects the formation of alpha cluster states.

The probability for decay of the proposed resonance 
to channels other than the elastic channel is proportional 
to (r-ra ) . If the estimate of (r-r ) corresponding to the 
&r=6 parameters of table 7.1 is assigned to the 2 + scattering 
channel it is seen to be < 10% of the width for decay to the 
elastic channel. The approximate equivalence in magnitude of 
the structure in the elastic and 2* integrated yields 
(figure 4.6) at s12*3 MeV relative to a background of scatter­
ing as defined by the trend from higher energy measurements is 
however not indicative of partial widths in the ratio of 10:1. 
If it is assumed that interference effects between resonant 
and direct scattering in each channel do not obscure a 10:1 
difference in the resonance contributions the comment of 
section 4.3 that the structure in the 0 and 2 integrated 
yields at a12#3 MeV (figure 4.6) is uncorrelated appears to 
be supported.

In the excitation functions of differential cross 
section shown in figures 4.2(a), (b) and (c) there are the 
suggestions, in addition to that already discussed, of 
correlation of the energy dependence of the present measure-

24
ments with quasimolecular excitations in Mg. The elastic 
scattering excitation function at 91.4° (c.mass) displays
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resonance structure at 12*71 and 13*13 MeV (AEa±30 kev), 
energies which correspond to within 10 kev of the two quasi- 
molecular states at 19*91 (4+) and 20*25 MeV. Little 
however can be said of such a correlation in the absence of 
angle integrated yields; the alpha width for formation of 
the 19*91 (4+) state is comparable to that for the 19*58 (2+) 
state, i.e. <1$ of the full width and as such suggests that 
as in the resonance structure at -12*3 MeV the correlation 
is fortuitous and perhaps a further indication of multiplicity 
of available excitations in the compound system.

In summarizing this discussion it is considered 
that the present analysis indicates the presence of a 5* or
+ 246 state at an excitation of a19*5 MeV in Mg. That such a 

resonance should be apparent in the present scattering is a 
reflection of its strong relation, possibly as a cluster 
state to the entrance channel. Since the analysis in terms of 
an optical model plus resonant amplitude has been found to 
show some success, it supports the approach of chapters five 
and six of anticipating an underlying direct interaction 
amplitude in the presently observed scattering.
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CHAPTER 8 

Conclusion

Experimentally the present studies have seen an 
expansion of the facilities of the laboratory in the use of
negative helium ion injection into the tandem accelerator.

4 + 4 .  «,9The analyzed He beans of 50 to 100 x 10 amps which became 
available as a matter of course were quite adequate for these 
scattering measurements.

The present results of clastic scattering add to 
the range of published results of alpha particle scattering 
on light nuclei at bombarding energies of <20 MeV; the in­
elastic scattering, and particularly that from the 2 state,e,compliments a rather limited range of related measurements.

The spherical optical potential analysis of the 
angular distributions of elastic scattering has yielded a 
range of discrete potential well depths thereby exemplifying 
the well known potential ambiguity which does not appear to 
be resolved in clastic scattering analysis or indeed via a 
coupled channels calculation. The presently observed bias 
for a shallow real well depth in the four parameter fitting 
is interpreted as a function of the light mass of the target 
nucleus; a preference for a particular value of the real well 
depth was seen to be predetermined by the assignment of a 
fixed radius parameter. The indications of an average spher­
ical potential and the qualitative description of approxi­
mately half of the number of measured elastic scattering
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distributions in terms of fluctuations in the potential 
strengths about these average values suggest that direct 
potential scattering significantly influences the elastic 
scattering. While allowing the potential strengths to vary 
it was possible to arrive at geometrical parameters similar 
to those employed in describing alpha particle scattering on 
near mass nuclei and at nearby energies; this is consistent 
with the usual application of the optical model in that at 
least the geometrical parameters are relatively insensitive 
to the mass of the target nucleus and energy of scattering.

The approximate description of the observed inelastic 
scattering via the coupled channels calculations suggests 
that direct collective excitation is important in defining 
the scattering from the 2 and 4 states. The poor des­
cription via the coupled channels calculations of the elastic 
scattering relative to that of the inelastic scattering 
indicates a greater complexity of interactions in the entrance 
channel although the source of complexity is not presently 
determined. It is considered that the improved quality of the 
fits to the elastic scattering via the spherical potential 
analysis reflects the ability to parameterize the scattering 
more readily than was possible in the coupled channels cal­
culations in which any parameterization of the effect of non- 
direct scattering in a particular channel would be expected 
to be minimized.
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The explicit treatment of the effects of non- 
direct scattering by the addition of a single Breit-Wigner 
amplitude to the optical model scattering amplitude appears 
to show some success in the description of scattering which 
is dominated by pronounced resonance behaviour. On inter­
preting the *12»3 MeV resonance structure of the elastic 
scattering as the influence of a single compound state in
24Mg, the width of the state was seen to correspond to the 
width of adjacent quasimolecular states and the spin assignment 
of 5 or 6+ was possible. The ability to describe this energy 
dependent elastic scattering in terms of an optical model 
amplitude plus a Breit-Wigner amplitude is in agreement with 
the approach adopted throughout the present analysis of 
anticipating that direct scattering significantly influences 
scattering which is observed to show, in the resonance 
behaviour of the excitation functions, a more apparent 
influence of non-direct resonant processes.
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Appendix I

Energy Loss Calculations

The stopping power in MeV/mgm/cm of a wide range 

of materials for He ‘ ions have been given by Williamson and

2

Bouj ot (Wi (36).

(i) The formulation of Whaling (Wh 63) was used 

to obtain the stopping power of the compound 

mylar (C10H8O4). The following expression 

was obtained :

10 M
rdElHI

c(l!]r + 8 m h fdHl + 4 H0 3T \ /
10 M# 8 M, 4 M,

where subscripted M refers to the atomic mass 

of the respective elemental components. The 

values obtained from this expression agreed 

to within S % of the values obtained from more 

generalized and less detailed tables of Barkas 

and Berger (Ba 64),

(ii) A linear least squares code of the author was

used to fit the polynomial

= C0 + CjE ♦ C 2 h + C 3E3

for all materials acting as absorbers. The 

separate set of four coefficients were used 

for each energy loss calculation via numerical

dEHI
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solution of the following equation :

fdE]
[lx] ♦ t s

' E i  (tr*
where (a) is the energy prior to

the absorber;

(b) E is the energy after 

passage through the absorber; 

and

(c) t is the thickness of the 

absorber.

The solution to this equation was obtained upon 

iterative application of Newton*s approximation. 

The code for these calculations was incorporated 

in the kinematics and data reduction codes of 

the author.

(iii) The mylar foil as used in the gas cell windows 

was aluminized on one side. For the purposes of 

the calculations, this was ignored and the mylar 

was ascribed the thickness of 0*567 mgm/cm2 

obtained by weighing a large area sample.
*+ + 4.

(iv) The stopping power of mylar for He ions as
++well as the stopping power coefficients for He 

in neon, mylar and nickel are tabulated below.

The coefficients yield mgm/cm2/MeV for E given 

in MeV.
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(a)

ENERGY ( 1*ne++) 
MeV

dE/dX (MYLAR) 
MeV/nigm/cm2

ENERGY
MeV

dE/dX (MYLAR) 
MeV/mgin/cm2

1 2*327 9 0-542
2 1-583 10 0-498
3 1-21S 11 0-464
4 0-992 12 0-434
5 0-843 13 0*408
6 0-734 14 0-384
7 0-664 15 0-365
8 0-591

Cb)

COEFFICIENTS C0 C) C2 C3

Mylar 0-2293  0-2079 -0 -0038  0-00007 
Neon 0-3884 0-2281 -0 -0038  0-00008 
N ic k e l  1-1140 0-2371  -0 -0 0 1 1  -0 -00001



APPENDIX II

Tabulation of «100 kev 
Excitation Function Measurements 

as listed in table 4.1
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APPENDIX III

Tabulation of »25 kev 
Excitation Function Measurements 

as listed in table 4.2
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1 2 . 4 4 8 1 2 .  6 8 3 3 . 4 2 3 . 7 9 7 1 . 3
1 2 . 4 7 4 8 . 7 3 8 3 .  9 ? C . 3 7 4 2 .  1
1 2 . 4 9 9 5 . 2 2 1 3 .  8 1 9 . 0 1 4 1 . 5
1 2 . 5 2 4 2 .  7 3 8 5 . 2 1 7 . 3 0 3 1 . 8
1 2 . 5 4 9 2 .  3 4 5 5 . 6 1 9 . 9 4 7 1 .  7
1 2 . 5 7 5 2 . 5 3 3 5 .  4 2 0 . 5 4 1 1 . 6
1 2 . 6 0 0 3 ;  l  1C 4 . 9 1 7 . 1 8 8 2 .  1
1 2 . 6 2 5 3 .  7 6 7 4 .  4 1 2 . 8 0 1 3 .  4
1 2 . 6 5 0 6 . 3 5 6 5 .  4 1 2 . C 0 2 3 .  2 4  ( ♦ ) S C A T T E R I N G
1 2 . 6 7 6 9 . 4 5 2 4 . 4 1 3 . 9 7 2 3 .  7 L A B  AN CL F= 1 2 0 . 0 0
1 2 . 7 0 1 6 . 4  4 2 6 . 2 1 5 . C 7 8 3 .  8
1 2 . 7 2 6 2 . 6 7 4 9 . 6 1 4 . 0 4 7 4 .  C C . S F C T *  E RROR
1 2 . 7 5 1 1 . 1 2 6 1 4 .  8 1 4 .  0 3 5 3 . 5 MR /  SR R E L
1 2 . 7 7 6 C . 4 5 3 2 3 . 4 1 5 . 0 7 3 3 .  1 ( L A B  >
1 2 . 8 0 2 C .  7  1 9 1 8 . 6 1 4 . 6 5 6 3 * 4
1 2 . 8 2 7 1 . 1 2 6 1 4 . 8 1 3 . 8 6 1 3 .  5 2 1 . 7 4 7 2 .  5
1 2 . 8 5 2 2 . 2 6 7 1 0 . 5 9 .  5 0 1 4 . 5 2 2 . 3 4 4 2 . 4
1 2 . 8 7 7 1 .  3 4 5 1 3 . 6 9 .  6  5 C 4 . 5 1 8 . 3 8 4 2 . 6
1 2 . 9 0 3 1 .  C C4 1 2 . 2 1 1 . 9 4 6 3 .  6 1 5 . 5 8 7 2 .  2
1 2 . 9 2 8 1 .  3 0 4 7 . 6 1 4 . C 7 3 1 . 7
1 2 . 9 5 3 1 .  6 3 4 6 . 6 1 7 . 1 0 6 1 . 5
1 2 . 9 7 8 1 . 2 8 C 9 .  1 1 8 . 4 5 5 1 . 7
1 3 . 0 0 3 1 .  3 4 2 1 0 . 5 1 9 . 7 7 0 2 . 0
1 3 . 0 2 9 1 . 9 3 3 3 .  3 1 7 . 6 0 8 2 .  1
1 3 . 0 5 4 C .  8 2 6 9 .  5 1 6 . 0 3 0 1 .  5
1 3 . 0 7 9 C . 4 5 0 1 2 . 8 1 6 . 3 5 3 1 . 6
1 3 . 1 0 4 C . 6 8 5 1 4 .  7 1 6 . 0 5 2 2 . 2
1 3 . 1 2 9 C .  9 3 0 1 2 . 6 1 5 . 8  C 3 2 . 2
1 3 . 1 5 5 1 .  C 5 1 1 1 . 9 1 6 . 3 1 2 2 . 2
1 3 . 1 8 0 1 . 6 4 2 9 . 5 1 6 . 2 8 C 2 . 2
1 3 . 2 0 5 2 .  C 5 5 9 . 5 1 5 . 8 1 7 2 . 3
1 3 . 2 3 0 1 .  C 2 3 1 2 . 1 1 2 . 6 5 5 2 . 5
1 3 . 2 5 6 C .  3 6 1 1 4 .  3 8 .  8 8 5 2 . 0
1 3 . 2 8 1 C .  1 8 8 2 2 . 3 7 .  5 0 2 2 . 6
1 3 . 3 0 6 C .  3 0 5 2 4 . 7 7 .  9 7 4 3 .  5
1 3 . 3 3 2 1 . 2 9 0 1 2 .  0 8 . 0 1 8 3 .  1
1 3 . 3 5 7 1 . 8 7 C 1 1 . 2 9 . 3 5 2 3 . 7
1 3 . 3 8 2 2 .  7 5 2 9 . 5 8 . 2 9 0 3 . 7
1 3 . 4 0 7 2 . 2 8 8 1 0 .  4 8 .  7 5 C 3 . 6
1 3 . 4 3 2 2 . 4 7 1 1 0 . 0 1 0 . 2 2 2 3 . 7
1 3 . 4 5 7 2 . 8 7 1 9 . 1 9 . 5 6 3 3 . 8
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1

E M F R G V
( L A P )

0 (  + ) S C A T T E R  I N C  
C . M A S S  AN C L  F=  1 4  7 . 4 1

C . S E C T  'S E R R O R  
M P / S R  R E L

( C . 3 A 9 S )

ü ( + )  S C A T T E R I N G  
C . M A S S  A N G L F =  1 6  3 . 9 3

C . S F C T  F K R O R
M P / SR R F L

( C . M A S S )

1 2 . 0 4 5 P C . 2  C C 3 .  1 3 ^ . 1 2 7 1 . 9
1 2 . 0 7 0 2 4 . 4 0 4 2 .  8 3 C . C 4 8 2 . 1
1 2 . 0 9 6 2 7 . 7 4 8 2 . 7 2 4 . 4 4 4 2 . 5
1 2 . 1 2 1 2 7 . 9 8 3 2 . 6 2 9 . 3 5 7 4 .  3
1 2 . 1 4 6 2 3 . 7 2 9 2 . 9 2 4 .  C 7 8 2 . 4
1 2 . 1 7 1 2 ? . 1 5 6 2 .  9 2 4 . 2 8 6 2 .  3
1 2 . 1 9 6 1 7 . C 2 2 3 . 4 1 6 . 5  l  2 2 . 9
1 2 . 2 2 1 1 4 .  C 1 6 3 .  P 1 3 . C 1 8 3 .  1
1 2 . 2 4 7 2 c .  5 7 7 2 .  3 2 2 . 2 9 4 2 . 4
1 2 . 2 7 2 5 3 . 5 3 1 1 . 9 2 9 . 3 C C 2 .  1
1 2 . 2 9 7 8 2 . 4  4 3 1 .  8 2 7 . 4 5 4 2 . 2
1 2 . 3 2 2 P .  2 ^ 5 1 . C 1 9 . 4 7 1 1 . 6
1 2 . 3 4 8 5 7 .  7 C f - 1 .  3 l 1' .  C 1C 3 . 1
1 2 . 3 7 3 2 9 . 2 C 8 2 .  *5 1 7 . 9 1 5 2 . 7
1 2 . 3 9 8 1 4 . 8 1 3 3 .  6 2 2 . 4 7 7 2 .  4
1 2 . 4 2 3 « .  5 8 5 3 . 4 2 0 . C 8 8 1 .  8
1 2 . 4 4 8 6 . 5 6  1 6 . 3 1 4 . 2 7 9 2 . 3
1 2 . 4 7 4 4 . 6 6 2 5 .  3 7 .  8 C C 3 .  9
1 2 . 4 9 9 5 . 3 1 6 3 . 3 2 . 7  1 6 4 . 5
1 2 . 5 2 4 6 . 2 7 7 3 .  5 C .  8 8 0 7 . 6
1 2 . 5 4 9 5 . 0 ^ 0 3 . 9 3 . 2 8 1 4 .  1
1 2 . 5 7 5 5 .  6 6  3 3 .  7 1 3 . 8 2 4 2 . 0
1 2 . 6 0 0 1 9 . 1 2 9 2 . 0 3 3 . 3 0 1 1 .  3
1 2 . 6 2 5 4 0 . 7 2 6 1 .  4 4 4 . 4 3 4 1 .  1
1 2 . 6 5 0 4 C . C  3 9 2 . 2 3 9 . C 1 8 1 . 8
1 2 . 6 7 6 2 2 . 7 1  3 2 . 9 2 5 .  7 2 C 2 .  3
1 2 . 7 0 1 1 5 .  6 9 6 4 . 1 1 6 .  1 2 7 3 . 3
1 2 . 7 2 6 1 1 . 3 4 2 4 . 3 1 2 . 3 7 2 4 . 0
1 2 . 7 5 1 1 5 . 4 7 5 4 .  1 9 .  7 4 9 4 . 4
1 2 . 7 7 6 1 9 . 3 C 8 3 . 7 5 . 3 2 1 6 . 1
1 2 . 8 0 2 1 8 .  8 3 8 3 . 7 3 .  C 3 8 8 . 4
1 2 . 8 2 7 1 4 .  C 6 7 4 . 3 1 .  8 C ° 1 3 .  5
1 2 . 8 5 2 8 . 6 7 C 5 .  5 1 . 3 5 3 2 0 . 3
1 2 . 8 7 7 1 1 . 3 2 9 4 . 8 3 .  5 6 2 8 . 4
1 2 . 9 0 3 1 6 . 7 7 9 3 . 0 9 . 7 6 5 3 .  7
1 2 . 9 2 8 2 0 . 6 2 3 1 . 9 1 5 .  2 2 6 1 . 9
1 2 . 9 5 3 1 7 . 4 7 9 2 .  1 1 7 . 1 8 8 1 . 3
1 2 . 9 7 8 1 4 . 9 7 4 2 .  7 1 8 . 6 9 5 2 . 0
1 3 . 0 0 3 1 4 . P 7 C 3 . 2 1 9 . 6  1C 2 .  3
1 3 . 0 2 9 1 5 . 2 4 6 3 .  2 1 6 . 5 9 2 2 . 4
1 3 . 0 5 4 1 5 . 1 5 6 2 . 3 1 6 . 2 2 6 1 . 8
1 3 . 0 7 9 1 2 .  1 13 2 .  5 1 C .  C 3 3 2 . 3
1 3 . 1 0 4 8 . 9  ? 3 4 .  9 7 . 8  1 4 3 .  7
1 3 . 1 2 9 8 .  8 C 8 4 . 2 1 C . 2 9 7 3 . 2
1 3 . 1 5 5 1 1 .  1 9 4 3 . 7 1 4 . 3  5.5 2 . 8
1 3 . 1 8 0 1 4 . 8 8 6 3 .  2 1 6 . 2 5 7 2 . 5
1 3 . 2 0 5 1 7 . 7 9 6 3 . 0 1 3 . 5 6 6 2 . 3
1 3 . 2 3 0 1 3 . 9 8 6 3 . 3 8 .  0 4 5 3 . 6
1 3 . 2 5 6 5 .  9 3 3 3 .  6 3 . 6 2 1 3 .  9
1 3 . 2 8 1 4 . 2 0 C 4 .  8 2 . 7 1 3 5 . 1
1 3 . 3 0 6 7 . 2 3 6 5 .  ? 3 . 9 1 4 7 . 2
1 3 . 3 3 2 1 l . C 2 C 4 . 2 6 . 3 9 7 4 .  7
1 3 . 3 5 7 1 2 . 3 0 7 4 . 6 P .  4 7 C 4 . 7
1 3 . 3 8 2 9 . 7 1 3 5 .  2 9 .  9 1 9 4 . 5
1 ? . 4 0 7 6 .  3 3 6 6 . 4 9 .  2 3 2 4 .  5
1 3 . 4 3 2 3 . 3 3 8 8 . 3 6 . 4 9 7 5 . 4
1 3 . 4 5 7 1 . 6 1 7 1 2 .  7 5 . 3 2 2 5 . 8



APPENDIX IV

Tabulation of Angular 
Distribution Measurements 

at the energies of table 4.3
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INCIDENT FNFRGY = 11.67AMEV 

0(  ♦ » SCATTERING 2 ( ♦ ) SCATTER ING A( + ) SCATTER ING

1 7 . 98  
2 3 . 9A
2 9 . 8 7  
3 5 . 7 6  
A I . 61 
A7.A1 
5 3 . 1 6  
5 8 . 8  A 
6A. A6 
7 0 . 0 1  
75 .  A8
8 0 . 8 7  
8 6 . 1 8  
91 .  AO 
9 6 . 5 3

1 01 . 5 7  
1 0 6 . 5 3  
1 1 1 . 3 9  
116.  I 7 
1 2 0 . 8 7  
1 2 5 . A7 
1 3 0 . 0 0  
13A.A6 
1 38 . 8A 
l  A 3.  1 5 
1A 7 . A 1 
1 5 1 . 6 1  
1 5 5 . 7 6  
1 59 . 8 6  
1 63 . 9 3

7 1 2 6 . 3 7 5  
2 1 5 1 . 8 2 1  

A A 5. 2,99 
8 A . 678 

1 18 . 8 2 2  
1 3 1 . A35 

6 6 . 6 5 8  
1 7 . 5 7 5  

1. 529 
6 . 2  10 
6 . 9  A3
7.  7 6 A
8. C2 7
7.  A7A
8. CA7 
5 . 87C 
A . 219 
3.  75A 
5 . 6 1 2  
8 . 6 8 6

11 . 571  
1 2 . 7 0 5  
1 2 . 8 7 5  
1 1 . 1 5 9  

7. 962 
5 . 1 38  
5.  1 A5 
7 .3 8 1  

2A.C 1 A 
A A . 171

fr 5?2
A . 0 
A. 0 
A. 0 
A.  0 
A. 0 
6.  7 
A. 0 
5. 2 

1 2 . 6  
A. C 

16.  7 
1A. 1 

A.  0 
A. 0 
A.  0 
A. C 
A.  6 
A . 0 
A. 1 
A.  0 
A . 0 
9 .  8 
A . 0 
5 . 0  
A. 8 
A. 0 
A.  0 
A . 0 
A. C 
A. 0

ANGLE 
C . 8 A S S

1 8 . 2 6  
2A.31  
3 0 . 3  3 
36 . 31  
A2. 25 
A 8 . 1 2 
5 3 . 9 5  
5 9 . 7C 
6 5 . 3 8  
7 0 . 9 °
7 6 . 5 0  
8 1 . 9 2  
8 7 . 2 6
9 2 . 5 1  
9 7 . 6 5

1 0 2 . 7 0  
1 0 7 . 6 5  
1 1 2 .5 0  
1 17 . 26  
1 21 . 92  
1 2 6 . A9 
1 30 . 9 7  
1 3 5 . 3 7  
1 3 9 . 6 9  
1A3.9A 
1A8.  12 
1 5 2 . 2A 
156 . 31

C.SECT
MB/SR

2 2 . 5 5 5  
2 5 . 1 3 0  
3 C . 693 
3 5 . 6 6 5  
A 5 . 307 
A 1 . 6A7
3 2 .  A61 
2 1 . 7 0 3  
1 9 . 9 7 0  
2 A . 832 
3 1 . 3A5
3 3 .  A5A 
2 7 . A96 
1 8 . 6  6 A 
1 A.6 6 1  
1 3 . AOC 
1 6 . 6 6 3  
1 ° . 21C 
15 . A5 6  
1 6 . 3 3 0  
1 3 . 5 AA 
1 A . 823 
1 8 . 1 5 7  
2 6 . 6 8 0  
3 5 . 7 5 1  
A l . 92C 
A 5.  8 11

FRROR
r f l

15.  9
6 . 8

T  •  ' J
A. C 
6 . 2 
A . 0 
A. 0 
A . 0 
A. 5 
A. 0 
A. 0 
A. 0 
A . 0 
A. C 
A . 0 
A. 0 
A.  C 
A. 0 
A.  0 
A . 0 
A. 0 
A. 0 
A . 0 
A. 0

ANGLF
C.MASS $ b ) I rct  * F% T l

1 8 . ° 7 i e . A C 2  1 6 . 5
25.  ?A 
31.  A8 
3 7 . 6 8

1 7. 1 75 5 . 6
1 7 . 1 1 8  A . 0
1 6 . 8 3 2  A. C

A 3 . 8 2 16. e5C Aj O1 A Q 7  A 4  r  0A 9 . 8  9 
5 5 . 8 9  
6 1 . 8  1 
6 7 . 6A

1 3 . 6 1 5  A . 0  
12 . 2A5  A . 0 
1 1 . 7 6 7  A . 0

7 3 . 3 8 1 1 . 9 1 0  A . 01 o i a  \  4 D7 9 . 0 1  
8 A . 5 A

15#
1A.A5C A . 0

8 9 . 9 5 1 A. 9 30 A . 01 C A Q 1 4 „ Cl9 5 . 2 5  
100 . A3 1 6 . 5 6 5  A.C

INCIDENT FM ER GY= 12.217MCV 
0 (  + ) SCATTER ING

ANGL E 
C .MASS

17. 98  
2 3 . 9A 
2 9 . 8  7 
3 5 . 7 6  
A 1 . 6  1 
A7 . A 1 
5 3 . 1 6  
5 8 . 8A 
6A. A6 
7 0 . 0 1  
75.  A8 
8 0 . 8 7  
36.  IP 
91 .  AC 
9 6 . 5 ?  

1 01 . 5 7  
1 06 . 53  
111.AO 
1 1 6 . 1 7  
1 2 0 . 8 7  
1 2 5 . AR 
l 3 0 . 0 0  
1 31 . 7 9  
13A.A6 
1 3 8 . 8A 
1 A 3 . 15 
1 A 7 . A 1 
1A9 .09  
1 5 1 . 6 1  
1 5 5 . 7 6  
1 59 . 8 6  
1 63 . 9 3  
1 65 . 5 5

C.SECT 
MB/SR

7 2 3 3 . 2 9 3  
1 5 5 8 . 2 6 7  

1 3 5 . 20A 
2 8 8 . 3A5 
2 5 A . 581 

9 9 . 7 6 8  
7 .93C 

3C. 555  
3 9 . 6 5 5
1 2 .  A96 

1. A63
1 1 . 8 3 3  
1 A . 5 73 

6 . 6  3 A 
2 . 5 7 6  

1 3 . 7 3 9  
2 7 . 7 7 A  
2 A . 550 
1 2 . 236  

1. 810 
A . 891 

1 6 . 5eA 
2A.C15 
2 9 . 53A 
3C.2P1 
2 3 . 9 0 6
1 3 .  A28 
1 1 . 5 8 8

5 . 2 90  
0 .  851 
3 . 2 25  

1 3 . 1 6 2  
2 2 . 7 9 3

% ERROR 
REL

A. C 
A . 0
6.  7 
A. C 
A. 0 
5 . 0

1 5 . 7  
6 . 2  
A . 0 
A . 0 

1C.0
5 . 7  
8 . 5  
A.  0 
8 . 3  
A . 0 
A . I  
A . 0 
A . 9 
9 .  A 
A. 0 
A.  0 
A.  0 
A.  3
8.  5
7.  6 
A • 0 
A. 0 
A . 0
7 . 8
9.  6 
A. 0
6 . 9

2 ( 0  SCATTERING

C .SEC T 
MB/SR

AN GL E 
C.MASS

2A . 3U 
30 . 31  
3 6 . 2 9  
A 2 . 2 2  
A8 . 0 9  
5 3 . 9 1  
5 9 . 6 6  
6 5 . 3 ’  
7 0 . 9 ?  
76.  A5 
8 1 . 8 7  
8 7 . 2 1  
92 .  A5 
9 7 . 6 0  

1 0 2 . 6A 
1 07 . 6 0  
1 1 2 . A5
117 . 21  
1 21 . 8 7  
1 2 6 . AA 
1 3 0 . 9 3  
1 3 2 . 7 0  
1 35 . 3 3  
1 39 . 6 5  
1A3 . 90  
1A8 . 09  
1A9.7A
152 . 21  
1 5 6 . 2 8  
160 . 31

A C . 573
5 5 . 7 2 5  
6 i . e e ?  
37.CAC 
1A.1C2

A. 758 
1C. 567  
1 A.A83 
1 A . 632 
1 0 . 5 6 3  

R. 503 
9 .2CA 

1 0 . 6 8 3  
1 C . eA2 

8 . 3 8 8
6.  8-65
7. 5 C C 

1 1 . 9 6 2  
1 7 . 0 6 6  
2 0 . 7 8 3  
2 0 . A38 
1 5 . e9C 
1 5 . C23
1 2 . 7 2 6  
1 1 . 602  
1 3 . 3A8 
1 7 . 3 2 5  
17 . 555  
1 e . 77A  
1 8 . C75 
15 . 221

*  ERROR 
REL

8 . 9  
A.  C 
A.  0 
A. C 
A.  6

1 6 . 7
8 . 3

1 3. 0 
A.  0 
8 . 5  
A. 0
6 . 9  
A . 0 
A.  0 
A. 8 
A . C 
A. 0 
A. 0 
A.  0 
A . 0 
A . 0 
A. 0 
A. 5 
A. C 
A. 0 
7 . 0  
5 . 8  
6 . 6 
A . 7 
5 .  A

25.  3

A ( + ) SCATTERING

C.SECT 
MB/ SR

ANGL E 
C .MASS

1 8 . 9 0  
25 .  16 
3 1 . 3 8  
3 7 . 5 5  
A 3 . 6 7  
A 9 . 7 2  
5 5 . 7 1  
6 1 . 6 1  
6 7 .  A3 
7 3 .  15 
7 8 . 7 7  
8A.  29 
8 9 . 7 0  
9 A • 9 9

1 0 0 . 1 7  
1 0 5 . 2 3
1 1 0 . 1 7  
l  l  A . 99 
1 1 7 . 7 0  
1 2 8 . 7 7  
1 A 1 . 6  1

2 1 . 2 C7  
1A. 435 
1 3. 356 
1 1 . 5A5 

9.  382 
7.  771
6.  756
7.  2 A 7
8. 738 
9 . 0  A 5 
8 . 35C 
6.  966 
5 . 6 6  5 
6 . 6 5 1
9 .  367 

1 A . 388
1 7 . A68 

1 .3 5 2  
1 9 . AC5
1 ' l l  017 
1 5.  C 6 5

■v, ERROR 
REL

1 3 . 2  
A. 0 
A • 0 
A. 0 
5 . 6  
A.  C 
A . 0 
A. 0 
A . 0 
A . 0 
A . 0 
A . 0 
A . 9 
A . 0

10.  0 
A. 0 
7.  6 
A . 0 
6 . 2 
A . 0 
A. 0

- INCIDENT ENERGY* 12.257MEV 
O(-F) SCATTER ING 2 ( + ) SCATTER IMG A ( + ) SCATTERING

ANGLE 
C.MASS

17. 98  
2 3 . 9A 
2 9 . 8 7  
3 5 . 7 6  
A l .  61 
A 7 .  A 1 
5 3 . 1 6  
5 8 . 8A 
6 A . A6 
7 0 . 0  1 
75 .  A8 
8 0 . 3 7  
8 6 . 1 8  
9 1 . AO 
9 6 . 5 3  

1 01 . 5 7  
1 0 6 . 5 3  
111.AO 
1 1 6 . 1 7  
1 2 0 . 8 7  
1 2 5 . A8 
1 3 0 . 0 0  
1 3 1 . 7 9  
13A.A6 
1 3 8 . 8A 
1 A3 .1  5 
1 A 7 . A l  
1 A9 . 0 9  
1 51 . 61  
1 5 5 . 7 6  
1 59 . 8 6  
1 6 3 . 9 3  
1 65 . 5 5

C.SECT 
MB/ SR

7 6 3 A . 273 
1 51 3 . 5 7 6  

2 A 8. 152 
3 75 . 3 8 5  
2 8 A . 187 

6 7 . 9 3 3  
9.  A55 

A9.5C7 
5 3 . 0 1 7  
1 5 . A33 

2.  551 
1 5 . 8 5 9  
2 2 . 5 6 2  
1 3 . AC7 

1 . 9 3 5  
A. 618 

1 7 . 8 3 2  
1 6 . 87A 
1 0 . 7 3 5  

A. 856 
5 . 6 68  
9.  A23 

1 A . 895 
1 8 . 8 6 5  
2 5 . A12 
3 2 . 8 8 3  
3 9 . 3 6 5  
2 A . 576 
2 8 . 2 9 6  

7.  502 
2 . 2 2 6  

2 7 . 7 1 5  
A2 .371

■» ERROR 
REL

A . 0 
1A.  I 

A. C 
A . 0 
8 . 1  

15.  8 
A.  0 
A . 0 
A. 0 
6 . 2  
5.  I
8 . 9  
A • 0 
A . 0 
8 . 3  
5 . 0  
A. 0
9 . 9  
A. 0 
5.  3

12 . 2  
A . 9 

25.  A 
A. C 

1 7 . 5  
A. 0 
A. 0 

11 . 2

ANGLE
C.MASS

1 8 . 2 5  
2 A . 2 9  
3 0 . 31  
3 6 . 2 8  
A2.  21 
A 8 . 0 9  
5 3 . 9 0  
5 9 . 6 5  
6 5 . 3 3  
7 0 . 9 3  
76.  AA 
8 1 . 8 7  
8 7 . 2 0  
9 2 .  A5 
9 7 . 5 9  

1 0 2 . 6A 
1 07 . 5 9  
1 1 2 . AA
1 17 . 20  
1 2 1 . 8 7  
1 2 6 . AA 
1 3 0 . 9 2  
1 32 . 6 9  
1 3 5 . 3 2  
1 39 . 6 5  
1 A3 . 9 0  
1 A3 . 0 8  
1A9 .7A
1 52 . 21  
1 5 6 . 2 8  
1 6 0 . 3 0

C.SECT 
MB/SR

A 6 . 815 
8 5 . 55C 
5 0 . 6 7 3  
5 7 . 1 2 8  
2 0 . 6 2 7  

8 . 1 1 5  
1 5 . 7 5 6  
2 3 . 0 3 6
2 1 . 3 6 5  
1 2 . 6 7 8

9 . 6  A 1 
1 0 . 3 5 8  
1 3 . 1 6 5
1 2 . 3 6 5  
11. 22C

8 . 3 1 6  
8 . 5 58  

1 C. A62 
1 A.7A7 
1 5 .2  2 A 
1 6 . A91 
1 3 . 1 3 7  
1 2 . 2 8 6  
1C. 205  

9 .  AA 1 
11 . 631  
1A. 7AC 
1 5 . 5 1 5  
1 6 . 7 7 8  
1 7 . 7 6 8  
1 A . 803

% FRROR 
REL

9 . 0

a :  o

6 . 6
A . 0
a . c

?:?
5 . 8
6 . 1  
A . 0 
A . 5 
A. C 
A . 0
а .  3

a I o

2:3
3:1
A.  0 
A.  0 
7 . 7
б .  2

V.l
5.  2 

1 7.  3

ANGLE
C.MASS

1 8 . 9 0  
2 5 . 1 5  
3 1 . 3 7  
3 7 . 5A 
A3 . 6 6  
A 9 . 7 1  
5 5 . 6 9  
6 1 . 6 0  
6 7 .  A l  
73 .  1 A 
7 8 . 7 6  
8 A • 2 7 
8 9 . 6 8  
9 A . 9 7

1 0 0 . 1 5  
105 . 21
1 1 0 . 1 5  
1 1 9 . 6 8  
1 2 8 . 7 5  
1 A1 . 5 9

C.SECT
MB/SR

3 0 . 1 3 5  
2 1 . 0 2 2  
1 8 . 7 3 2  
1 A . 770 
1 1 . 5 6 2  

o .  52A 
8 . 9 3 7  
8 . 5 2 6  
8.  863 
9 . 6 2 5  
5 . 3 5 5  
P . 7 8 3  
8.  055 
9 . 6 2 8  

1 1 . 9 1 7  
1 3 . e 51 
1 8 . A97 
19 . 901  
1 8 . AA1 
1 9 . 8A8

Z ERROR 
REL

l  A . 8
5 . 6  
6 . 8 
A . 0 
A.  0 

1 1 . 2  
A. 0
5 .2  
A . 0 
A . 0 
A • 0
5 . 2  
A.  5 
5.  A 
A • 0 
A. 0 
A . 0 
A . 0 
5.  6 
A.  0
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INC ID F M T ENERGY = 12.307ME 

0 1+) SCATTER INC 2( ♦ ) SC ATT ER IN G 41 + ) SCATTER IMG

ANGIF
C.MASS

C.SFCT
m b /S r

X ERROR 
RFC

ANGLE
C.MASS

C.SECT X ERROR 
MP/SR REL

ANGLE C.SECT X ERROR
C.MASS M0/SR REL

17.08 
23.94 
29.87 
35.^6 
A 1.6 1 
A 7 . A 1 
53.16 
58.BA
fc A . A6 
7C.01 
75. A8 
8 0 . B7 
86.18 
91. AO 
96.53 

101.57 
106.53 
111.AO 
116.17 
120.87 
125.A8 
130.0C 
1 3 H 7 9  
13A.A6 
138.8A 
1A3.15 
1A 7 . A 1 
IA9.09 
151.61 
155.76 
159.86 
165.55

7S A 3 . 953 
1599.A8A 
3 3 R. 3 81 
358*716 
272.261 
8A. 1 13 
22.732 
5C.373 
58.719 
2 8 . 31Cc. e c 1
12.25A 
25. 357 
25.293 
11.7A2 
3.587 
A. 3 AC 

1C.961 
15.372 
11.513 
A. 626
2. 715 
6. 928

16.073 
AA.3CA 
71.5C3 
82.231 
77.778 
63.C58 
26.319
3. 892 

5 A.AA6

A.C 18.25 29.968
A . 0 2A. 29 6 A. 7 18
A . 0 30.31 77.6A2
A.C 36.28 55.988
A.C A2.21 2A.CC3
A.C A B.OS P.8AA
A .0 5 3.9 L 1A.A2C
A.C 59.65 22.655
A . 3 65.33 22.611
A .0 7C.92 16.680
0. 3 76.AA 8.A 9 1
A . 1 81.86 P.159
A .0 87.20 IC.87A
A . 0 92.AA 11.832
A .0 97.59 11.3A8
6.3 102.6A P.595
7.1 107.59 7.332
A .0 112.AA P.393
A.7 117.20 12.193
A .0 121.86 lc . 672
A.C 126.A3 17.12A
7.3 130.92 16.9C2
A. 7 132.69 16. 1 A 9
A. 0 135. 32 15. 1 C P
A.C 139.6A 12.2 A A
A.C 1A3.90 13.268
A .0 148.08 1A.871
A.0 1A9.7A 1 A . 6 5 7
A.U 152.21 16.707
A .0 156.28 16.337
8.6 160.30 18.278
A . 0

11.9
t:oc

A . 0 
A. A 
A.C 
A. 0 
A . 3 6 . 5 
6.5 
A . 0 
A. 5 
A. C 
A . 0
a . o
A.C

a .c
A . 0
A. 1

1 0 . 6

15. 9 
7.2
7. B

18. 7

18.89 
25. 1 A 
31.36 
37.53 
A3. 88 
A 9 .70 
55.6P 
6 1 . 5P 
67. AO 
73.12 
7 8 . 7A 
8A. 25 
89.66 
9 A . 9 5 

100.13 
105. 19 
110. 1 3 
119.66 
128.73 
137.39 
1A1.58

2 3.2 A 6. 
18.6 1? 
16.C63 
1A.738 12.753 
11.685 
1C.666 
9.377 9.115 9.251 
9.519 
9.833 
9.895 

12.A 32 
1 1 5 5  13.ice 
1 1.5C2 
7. P 3P 
9. 3AC 

1 1.5CA

10.2
A.C
A.C
A.C
A.C
1:1 
A.C 
A . 0 
A . 0 
A . 0 
A . 0 
A . 0 
8.9 
A. 0 
A. 6 
A . 0 
A. 0 

12.9 
A. 6 
A , 0

0( + J SCATTERING 2( + ) SCATTERING A( + ) SCATTERING
ANGL F 

C .MASS
C.SFCT 
MB/SR

X  ERROR 
REL ANGL E 

C.MASS
C.SECT X FRRPR 
MR/SR REL

ANGL E 
C .MASS

C.SECT 
ME/SR

Z  ERROR 
REL

17.98 
23.9A
29.87
35.76 
A 1 • 6 1 
A 7 . A 1 
53.16 
58. 8A 
6A . A6 
70.01 
75. AB
80.87 
86.18 
91 .AO 
96.53

101.57 
106.53 
111.AC 
116.17 
120.87 
125.A0 
130.OC 
131.79 
13A.A6 
138.8A 
1A3. 15 
1A7.A1 
1A9.09 
151.61
155.76 
159.86 
165.55

7659.961 
16C1.522 
322.693 
322 . 52C 
2 A A. 3 2 A 
89.23A 
19.CA9 
38.829 
50.267 
26.997 
2. 8C1 
6.8CA 

25.795 
35.168 
25. 188 
1C.AA8 
A. 29C
8. ACA 1 2 . El 1 

12.C29
7. 629 
7. 7C 3
9. 6 5 A 

17.A75 
36.6A9 
5A.89C 
57.C69 
57.661 
A 6 . A 5 A 
2 5 . 3C9 l i . c e A  
2 A . 799

A.C 
A. C 
A . 0 
A . 0 
A.C 
A. 0 
A . 5 
A.C 
A . 0
5.6
9.61:A. 0
a . c
A.C
A. 0 
A.C 
A.C 
A . 0 
A. 0 
9.1 A.C 
A.O 
A.C 
A . 0 
A.O 
A.C 
A . 0
*•2 A. 0 
A. 0

13.25 3 9 . C 18 9.3
2A . 29 7 A . 0 3 5 A.C
30.30 9 5. 5 BA A.O
36.2e 7 6. 1 1A A.C
A2.21 A A . A 5A A.O
A8.08 2 6 . RA6 A.O
53.00 28.697 A.O
59.65 33.972 A.C
65.32 3A.2PC A.O
70.92 27.ACC 6.1
76. A3 1 6. 8 33 A.O
81.86 9•1 A 8 8.5
87.20 6.AH6 A.O
9 2.AA 4..P71 8.9
97.58 5.331 5.2
102.63 A . 556 6.6
107.5P 5.988 A . 3
112.A3 8.362 A.C
117.19 12.5P5 A . 7
121.86 18.316 A.O
126.A3 23.291 A.l
130.9] 27.256 A.C
132.68 2 7. 12 A A.O
135.32 28.361 A.O
139.6A 2R.1C6 A.O
1 A3.09 2°.79A 7.1
140.08 29.0A6 10.9
1A9.73 30.CC5 7.8
152.20 33.A2A 8.0
156.28 39.629 A.O
160.30 3P.A76 8.3

13.88 
25. 1 A 
31.35 
37.52 
A3.63 
49.6,8 
55.66
61. 
67. 
73. 
78. 
8 A .
8 9.6A 
9A. 03100.11 
105.17 
110.11 
l 10.6A 
1 A1.56

•17.CA2 
IA. 176 
1 c.CC5 
18.263 
1 A . 789 
11.616
8.227 
6.583 
5. 867
5. 35?
5. C95
6. C71 
6.765 
7.587

1C.326 
10.9A8 
11.685 
c. 596 
6.980

A. 0 
A.O 
A.C 
A. C 
A.O 
A. A 
A. 3 
A.O 
A . 2 
a .o
A.C 
A.O 
5. 0 
A.O 
A.O 
A.O 
A.O 

1 A. 3

INCIDENT ENERGY^ 12.4C4ME v 
0(8) SCATTERING 2 U >  SCATTERING A ( + ) SCATTER ING
ANGLE 

C .MASS
C.SECT
MB/SR

X  FRRHR cMfts hmj m-*'m ANGLE 
C .MASS

C .SECT M Q / S R X  ERROR 
REL

17.96 
23.9A 
29.87 
35.76

,61 
, A1 
, 16 
. 8 A
, A6

70.01 
75. A8 
80.87 
86.18 
91. AO 
96. 53 

101.57 
106.53 
111.AC 
116. 17 
120.87 
125.A8 
130.00 
131.79 
1 3A.A 6 
130.8A 
I A 3 . 15 
1A 7 . A 1 
1A9.09 
151.61 
155.76 
159.86 
165.55

7188.695 
1A7E.277 
33A.OP? 
288.636 
185.679 
68.251 
21.096 
33.1AA 
31.92C 
12.135 
1.0C1 
9. A9C 

22. 5 6A 
22.588 
16.787 
6.835 
2.6 55 
2.319 
A . 2 1A 
c. 1 16 
8. CA3 

11.2 A 1 
13.55C 
16.780 
19.C3C 
18.371 
13.2CA 
16.130 
8 . A 7 2 
P.335 

LI.611 
26.CP3

A.O 
A.O 
A.O 
A.O 
5. 7 
A.O 
A.O
a .o
A. 0 
A.O 

1 A. 0 
A.O 
A. 0 
A.O 
A.O 
A. C 
8.9

ill
A. C
A.lA.O
A.O
A.O
9.1
a .o
A.O

18.2A
2A. ?9
30.30 
36.28 
A?. 21 
A0.O8 
5 3.89 
5 9.6A 
65.32 
70.9 1 
76. A3 
81.86
87.19 
92. A3 
97.58 
02.63 
C7.5H 
12. A3
17.19 
21.85 
26. A2 
30.91 
32.68 
35. 31 
3 9 . 6A 
A3.09 
A3.08 
A 9.7 3
52.20 
56.27
60.30

59.793 
98.A2A 

125. 18C 
1 C 7 . 5 9 A 
6 9 . 8A5 
AA.68A 
3 8 . PC5 
AA.AC2 
A 7.C 16 
A l . 711 
3C.C 36 
17.167 
8. 6 9 C 
7.535 

1C.145 
13.308 
12.C96 
10.5A 9 
12.CCC 
1 5 . 1C1 
2 8 . 63P 
39.27? 
38.211 
38.177 
33.557 
3 2 . A91 
32.797 
AA.P 36 
A c . 86? 
6A.933 
7 A . 8 8 A

8. A 
A.O 
A.C 
A.C 
A.O 
A.O 
A.O 
A.C 
A.O 
A.C 
A.O 
A.O 
A.O 
5.2i:8
A. C 
4.0 
A.O 
A.O 
A. 0 
A.C 
A.O 
A . 0 
6. 7 
6.5 

iu.7
57-J
A.O 
A. 6

18.88 
25.13 
3 1.3A 
37.51 
A3. 62 
A9.67 
55.65 
61.55 
67.36 
73.08 
73.70
8 A . 2 1 
89.62
9 A . 9 1 

100.09 
105.15 
110.08
119.62
137.36

26.378 
22.033 
1 P . 175 
1 A . 6 2 3 
1C.536 
7.687 
5. 753 
5. C56 
A. 529 
A . A 6 1 
3. 76C 
A. 1 83 
5. 1 A 1 
7. A 1 3 

10.105 
1 1.ICC 
13.28C 
12.375 
7.117

10. I
7.6
A.O
a . c
а .  c
A. 24:84:81:3
A.O
б .  5 
A. C 
A.O 
A . 5 
A. C 
A. C
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Appendix V

The automatic search code, JIB 3, written by 
F.G. Perey (unpublished) and the coupled channels code, 
Jupitor-1, written by T. Tamura (ORNL-4152 unpublished) 
were subject to some modifications by the author,

(a) JIB 3
In addition to the coding necessary 

for the calculations described in chapter 7 
the following options were incorporated :

(i) 4-parameter potential (V, R, W, a) 
in addition to the original option 
of 6-parameters;

(ii) automatic one/two dimensional grids 
with search optional at each grid 
point; and

(iii) plotting routine.

The code was satisfactorily checked against 
several sets of test data as well as against 
the elastic scattering predictions of 
Jupitor-1.

(b) Jupitor-1
As this code was originally prepared 

for a CDC-1604 computer in which the word 
length is 48 bits, the major alteration was 
to use double precision word lengths of 64



bits as an alternative to the standard 
word length of 32 bits of the IBM 360/50 
computer. This required substantial re­
arrangement of the COMMON block and an 
overlay of the two fairly well defined 
segments of the code. The plotting routine 
was also modified to enable plotting of 
differing ranges of angles for each state.
A full description of the code is given in 
the unpublished report ORNL-4152, together 
with several sets of test data, which were 
used for final checking purposes. As an 
additional check of the code a calculation 
performed using the standard calculation of 
table 6.1 was submitted to Dr Tamura for 
execution via the original code; the cross 
sections of the two calculations agreed to 
within 0•1 %.
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