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ABSTRACT

4

The reactions 48Ca(d,d)48Ca, 8Ca(d,p)49Ca(O) and

48Ca(d,p)49Ca(2.028) have been studied in the deuteron energy
range 2,3 MeV to 6.0 MeV. The experimental work for each
reaction consisted of the following: (1) seven angular distri-
butions; (2) yield curves at five angles; (3) an angular distri-
bution of the analyzing power at Ed = 5.5 MeV, obtained with
polarized deuterons. The polarized deuteron work was done in
collaboration with Dr. P. Quinn and Professor W. Haeberli at the
University of Wisconsin, Madison, Wisconsin.

Average deuteron Optical Model parémeters for the energy
range have been determined, and it was established from the
combined elastic scattering cross section and polarization data
that the deuteron real well depth is of the order of 100 MeV,
The spectroscopic factors of the ground state and first excited
state have been determined as 0.98 and 1.06 respectively. The
j-values of the ground state and first excited state are 3/2
and 1/2° as determined from the vector analyzing power for these
states. The j-dependence of the angular distributions at higher
energies has been reproduced with the DWBA calculations. The
angular distributions and yield curves predicted from the DWBA
calculations fit the data very well, particularly in the.case of

the first excited state. It is concluded that the DWBA theory

represents the direct reaction process well.
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CHAPTER 1
INTRODUCTION

Deuteron stripping experiments are éenerally performed
at energies above the Coulomb barrier where the distinctive
features of the angular distributions allow the extraction
of nuclear structure information, particularly the l-value
of the absorbed particle. At energies below the Coulomb
barrier, however, the angular distributions lose their
distinctive features and are almost independent of the trans-
ferred 1-value (Ma 64, Ma 64a) so that this information can not
be extracted. Because of the presumed paucity of the infor-
mation thaf can be obtained at sub-Coulomb energies, this
energy region has been somewhat neglected by experimentalists.
This situation is rather unfortunate since it implies that
low energy facilities, such as Van de Graafs, can not be used
' for stripping experiments on heavy nuclei which have high
Coulomb barriers.

It has been pointed out recently, however, that sub-
Coulomb stripping may be useful in the determination of reduced
widths and spectroscopic factors (Go 65, Gi 66). In addition,
it has been shown that 1-values of the transferred particle

may be determined from the slope of the yield curve at



backward angles at energies below and slightly above the
Coulomb barrier (He 68). The reliability and accuracy of

the information that may be obfained depends on the validity
of the interaction theory, the Distorted Wave Born Approximation
(DWBA) theory, that is used in the analysis. Extensive studies
of the validity of the DWBA theory have been made at higher
energies (Le 64, Se 69) but at present no study has been done
connecting sub-Coulomb stripping with higher energy stripping.
It was felt, therefore, that it would be of interest to
perform a study which would encompass both energy regions so
that the continuity of the data would provide a link between

the energy regions.

48Ca(d,p)49Ca(2.028)

The reactions 48Ca(d,p)49Ca(0) and
were chosen for this study for several reasons. First, 48Ca
is a closed shell nucleus (20 protons and 28 neutrons) so that
the final states in 49Ca are expected to be good single-particle
states, i.e., the states correspond to the addition of a single
neutron to an inert and spherical core (Be 68, An 68). Since
the spectroscopic factor is therefore expected to be unity,
the ability of DWBA to give absolute cross sections can be
tested critically. The energy level diagram of 49Ca is shown
in Fig. 1.1.

Secondly, Hauser-Feshbach calculations indicate that
the compound ﬁucleus contributions are small, particularly in

the case of the 49Ca(2.028) state.



Figure 1.1 Energy level diagram of 49Ca (from Ka 64).
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Thirdly, the two energy regions, which involve three

' possible energy combinations of the incoming and outgoing

particles can be covered within the energy range of the

University of Alberta Van de Graaff accelerator for

48,

since 48Ca has a Coulomb barrier of about 4.75 MeV and a

ground state Q-value for the (d,p) reaction of 2.92 MeV.

The three energy combinations are listed below; the first

column shows the energy combination, the second column the

deuteron energy range for which this combination holds, and

the third column the state of

4 Ca that is involved (Ed denotes

the incident deuteron energy, Ep the outgoing proton energy

and Ec the Coulomb barrier energy).

(1) E, > Ec , E

d

(2) Ed < Ec s E

(3) Ey

The experimental work for this

following:

2.0 MeV < E

4.0 MeV < E

<E ,E <E
c P

<

<

A

A

4.75'MeV

4,75 MeV

4,75 MeV

2,0 MeV

4.0 MeV

49Ca(O)

4964(2.028)

49¢a(0)

49ca(2.028)

49Ca(O)

49Ca(2.028)

study consists of the

1) seven angular distributions of the (d,d) and (d,p)

reactions, obtained simultaneously, for deuteron

energies between 2.5 MeV and 5.5 MeV;



2) yield curves of the (d,d) and (d,p) reactions at
five angles (65°, 90°, 115°, 145° and 165°) over a
deuteron energy range of 2.3 MeV to 6.0 MeV, the
upper part of the range in 10 KeV steps, the lower
part mostly in 20 KeV steps;

3) the angular distributions of the analyzing power of
the (d,d) and (d,p) reactions, obtained with vector
polarized deuteroﬁs at the University of Wisconsin,
Madison, Wisconsin, in collaboration with Dr. P.
Quinn and Professor W. Haeberli.

A short description of each of the following chapters
will be given here. A descriptive account of the Optical Model
and DWBA theory is given in Chapter 2. The experimental method
and data reduction are described in Chapter 3. The Optical
Model analysis as well as the DWBA calculations are presented
in Chapter 4. Chapter 5 contains a summary of the results and
conclusions. Differential cross sections and the analyzing

power for the angular distributions are listed in Appendix A.



CHAPTER 2

THEORY

2.1 The Optical Model

The scattering of a projectile, such as a deuteron,
from a target nucleus should ideally be described in terms
of the two-body forces that exist between the nucleons in
the projectile and the nucleus. Unfortunately, this
approach is too complex in most cases and it is therefore
necessary to use an approximation. In this apﬁroximation,
known as the Optical Model, the nucleus is replaced by an
average potential so that the many-body problem is reduced

to a two-body problem.

The form of the optical potential employed in this

work is
d
v = _ : <.
u(r) Vc(r) Vf(xo) + 4i W dxi f(xi)
['ﬁ]ZVS df( )—L>+ 2t
m C r dr xSO ¢

m

In Eq. 2.1 Vc(r) is the Coulomb potential of a uniformly

charged sphere with
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The shapes of the nuclear potential wells are determined

by

f(x) = (1+ 571, 2.2

the Woods-Saxon form factor, where
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The parameters s Ty and LI will be referred to as the
real, imaginary and spin-orbit radius respectively; the
parameters a3y and agq will be referred to as the real,
imaginary and spin-orbit diffuseness. The depths (or
strengths) of the potentials are determined by V, the

real well depth, W, the imaginary well depth, and VSO’ the
spin-orbit well depth. The real and imaginary potentials
will be referred to as the central potentials. The shapes

of the three potentials as well as the real part of the

radial wavefunction for an £=0 incident deuteron (a part



of the solution to the Schréédinger eqpation) are shown
in Fig. 2.1.

The three potentials are necessary elements of the
overall optical model potential in order to explain the
scattering, absorption and polarization of incident
particles. The real potential V is refractive, i.e., the
wavelength of the incident particle is changed but the
total flux of the particles is unaltered. Although the
. Woods-Saxon form of this potential is a mathematical
compromise, in that it is relatively simple to handle, it
does reflect the basic nuclear properties. It is nearly
constanﬁ close to the centré of the nucleus, thus reflecting
the saturation properties of the nuclear forces. It also
has a diffuse surface, a feature of the potential which
was found necessary early in the development of the optical
‘model (Ja 55, Ne 55), since the diffuseness affects the
number of particles reflected or absorbed at the surface

(Vo 62, Em 63).

The imaginary potential W is absorptive. Particles
are thus removed from the incident beam to form a compound
nucleus, produce inelastic reactions, etc. The argument
that the Pauli exclusion principle prevents collisions,
particularly‘in the dense nuclear interior and at low

energies, leads to the conclusion that the imaginary



Figure 2.1

Shapes of the real, imaginary and spin-

orbit potentials, labelled V, W and VSO

respectively. The curve labelled
“jncident deuteron' shows the real part
of the radial wavefunction for an =0

deuteron incident on the shown potentials.
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potential should be strongest in the surface region. Early
attempts to concentrate the imaginary potential in the
surface region failed to give the correct angular distri-
butions when a square well potential was used. It was
found, however, that the introduction of a real well
diffuseness allowed the placement of the imaginary well
near the surface (Em 63). In order to obtain the surface
peaked imaginary potential, the derivative of the Wood-
Saxon form factor is used (See Eq. 2.1 and Fig. 2.1).

The spin-orbit potential has theiéustomarily employed
Thomas form (Bl 55, Bj 58). The theoretical justification
of this form (Gr 68) is not clear cut, since the exact
origin of this force is not known. The fact that its
radial dependence is peaked at the surface is considered
reasonable on the grounds that the particles of high
angular momentum, which are known to experience the largest
spin-orbit splitting, spend most of their time at the
surface'of the nucleus (Wa 68). Although the strength of
the spin-orbit potential is small compared to the real
potential strength, it is a necessary part of the total
potential since it affects different spin states to a
different extent and thus produces polarization of the
scattered particle.

There is evidence (Pe 62, Pe 63) that the nuclear

potentials are non-local. The potential should therefore
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not be a function of a single coordinate T but rather
should reflect the fact that the presence of a particle
at T influences the probability of finding the particle
at the position T in the neighbourhood of T. An effective
potential V, dependent only on ?,‘can be expressed as an

integral operator of the form (Pe 62)

v = SU(E,r")¥(E")ast 2.4

and as such V is energy dependent.

Since the true non-local potential is too complex
to handle, the local energy aﬁproximation is made. In this
approximation the wavefunction is multiplied by a constant
depending on the well depth and the range of the non-locality
(Hj 65). This relatively simple approach appears to be a
good approximation (Ul 68), particularly so since it reduces
the amplitu&e of the elastic scattering wave (Le 64), which
simulates part of the effect of the exclusion principle.

The well depth, the radius and the diffuseness of
each of the three potentials are normally determined with a
computer search program. In such a program one or more
parameters will be searched while the other parameters
remain fixed. The program then determines the best value
for each searched parameter on the basis of a comparison
between the calculated and the experimental angular

distribution through the goodness—~of-fit parameter xZ,
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- 2
2 _ N Qcazc(ei) Qegp(ei)
i=1 i
where
N is the number of data points in the

experimental angular distribution

Qexp(ei) is the experimentally determined quantity,

'e.g., the differential cross section, at

angle ei

Qcalc(ei) is the quantity at 6i calculated from the
optical model parameters

AQ(ei) is the experimental error at Bi

In the case of the proton the optical model parameters
are noy reasonably well determined (Ro 66, Vo 68, Be 69), in
particular, the real well depth which in this case is about
52 MeV. 1In the case of the deuteron the situation is not
as clear. It is generally argued that the real well depth
for the deuteron Should be approximately the sum of the well
depths for the proton and the neutron, i.e., of the order
of 100 MeV, a figure that is corroborated by the calculations
of Perey and Satchler (Pe 67). It is hoped, however, that
an extensive study of deuteron elastic scattering data,
similar to the study done lately by Becchetti and Greenlees

(Be 69) may improve the situationm.



Mention should be made of the ambiguities that exist
in the parameters, for example the Vrg ambiguity. Where
such ambiguities exist it is found that an increase in one
parameter accompanied by the appropriate decrease in the
assoclated parameter will produce an equally acceptable
fit to the experimental data and thus presumably an equally

acceptable set of parameters. In some cases a set of

13

parameters can be rejected on the basis that some parameters

are "unphysical," for instance when the parameter set

contains a real radius of 0.2 fm. 1In ﬁany cases, however.
the situation is not as clear and it is then, if possible,
necessary to determine the optimum set of parameters from

criteria outside the fitting procedure.

2.2 The Distorted Wave Born Approximation

The Distorted Wave Born Approximation (which will be

referred to as DWBA) is a particular approach to the type

of nuclear reactions known as direct reactions. Im a direct

reaction the transition from the incident channel (initial
state) to the reaction channel (final state) in a nuclear
reaction is considered to take place in one step without
the formation of an intermediate state. The DWﬁA theory
of nuclear reactions can be seen as an extension of the

previously described optical model since DWBA takes the
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optical model as a first approximation but introduces as
a perturbation an additional interaction which gives rise
to non-elastic processes.

Since a direct reaction is considered as a perturbation,
the transition amplitude T, and thus the differential cross
section (do/dR) = T2, can be derived from perturbation
theory. Thus, if a reaction proceeds from an initial state

¥, to a final state ¥_ through the action of the perturbing

i f
potential V', the transition amplitude T is given by

= ! .
T foV Widr 2.6

The perturbing potential V' can be determined from a
comparison of the total Hamiltonian Ht for the system with
the Hamiltonian Hf 6f which the final state is an eigenfunction.

In order to determine this potential, consider the deuteron

stripping reaction A(d,p)B where

A is the target nucleus
d is the incident deuteron
B is the residual or final nucleus consisting

of the target nucleus A plus the transferred

neutron n
P is the emerging proton
The total Hamiltonian Ht for this system can be written as
H = T + T + V + V. + VnA

t dA pn pn PA
2.7
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where
Tia is the operator for the relative kinetic
energy of thexﬁeuteron—target system
VpA is the potential energy of the proton-

target system, and so on.
The final state wave function is an eigenfunction of

the Hamiltonian Hf

Hf = TnA + TpB + VnA + VpB 2.8

where V _ is not the true potential acting between the proton

pB
and the residual nucleus B but the simpler optical model
potential as determined from the elastic scattering of protons

from nucleus B. A comparison of Eq. 2.8 with the last part of

Eq. 2.7 shows that the perturbing potential V' is given by

The contribution of VpA - V;B to the integral in Eq. 2.6

is difficult to evaluate or to simplify (To 61) and it is
usually érgued that there must be considerable cancellation

between V_, and V;B although this cancellation can never be

PA
complete for finite nuclei, particularly since VpA allows the
nucleus to be excited (Le 64). If these terms are dropped,

however, the effective perturbing potential V' becomes simply

Vi =V 2.9
pn
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Equation 2.6 can now be written more explicitly as

_ ), > > \* » B > 2
T = JIx (kp,rp) <B|Vpn|A>xd (ky,4)dr dry 2.10

where X4 and Xp are the incoming deutefon and outgoing proton
distorted waves respectively. The distorted waves are
generated from the optical model potentials which have been
determined from the elastic scattering of the deuteron from
nucleus A and the proton from nucleus B. In many cases the
residual nucleus B is unstable so that no elastic scattering
measurements can be made to determine the proton optical model
parameters directly. In these cases the proton optical para-
meters that belong to the scattering of protons from nucleus
A or some‘neighbouring nucleus are used.

The term in brackets in-Eq. 2.10 is the matrix element
of the interaction integrated over all coordinates independent
of r, and rp (Sa 60, Ro 61). Thus essentially all the physics

of the interaction appears in this factor which may be written as

¢nvpn¢ d 2.11

where ¢n describes the transferred neutron bound to the target
- nucleus, a shell model wave function, and ¢d is the internal wave
function of the deuteron.

Because relatively little is known about the potential Vpn
and because of the complexity of the integral in Eq. 2.10 an

approximation has to be made in Eq. 2.11. Ia this approximation,
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the range-of Vpn is set to zero. The product Vpn¢d can then
be expressed (To 61, Ba 62) as the product of a constant factor
and é delta function. Inherent in this approximation is the
restriction that in the reaction the proton appears exactly
where the deuteron disappeared. This is a rather unsatisfactory
restriction since the deuteron is a large, diffuse particle
(Bl 62). A correction factor that simulates the effect of
the finite size of the deuterén (the finite range correction
(Bu 64)) is therefore applied to the form factor.

Although the DWBA theory is an oversimplification of the
true reaction theory; it has been an extremely useful tool
for many years in nuclear spectroscopy, particularly in the
determination of.the l-value of the transferred nuclieon
(Be 65, Fi 68). It appears now that the DWBA theory will
also be able to determine j-values (Yu 68, Se 69) so that
additional information can be obtained. But beyond the
usefulness of DWBA as a spectroscopic tool lies the expectation
that a determination of the limits of the validity of this
interaction model will provide insight into the true nature

of nuclear reactions.



CHAPTER 3
. EXPERIMENTAL WORK AND DATA REDUCTION

3.1 Target Preparation

The natural abundance of 48Ca is 0.18% and it was
therefore necessary to use enriched target material. The
target material, in the chemical form of CaCO3, was
obtained from Oak Ridge Natiomal Laboratory.

When CaCo3 is heated, CO2 is driven off, leaving Ca0
as the material to be evaporated. Ca0O has a melting point
of about 2600°C, a temperature that camnot be reached in
a standard heated boét evaporator. Several authors (Ma 66,
Be 68), however, have reported the preparation of Ca targets,
starting from CaCO3, with the use of a heated Ta boat. Trial
evaporations were therefore made with standard CaCO3 in a Ta
boat. These trial evaporations showed four important points:

1) The escaping CO2 caused the target material
to "jump" and spill out of the boat.

2) Ca, not Ca0 was evaporated, as evidenced by the
shiny appearance of the evaporated material and
it's violent reaction with water.

3) The temperature at which all CO2 was removed
was substantially lower than the temperature

at which the Ca was evaporated.
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4) The Ta boat corroded during the evaporation
process.

1t was point 4) that was of particular interest since it
indicated that Ta acted as a reducing agent for Ca0, thus
producing free Ca. Since the reduction process takes place
at a substantially higher temperature (~1700°C (Ma 66))
than the melting point of Ca (-850°C), the Ca is evaporated
as soon as reduction has taken place. A series of quantitative
measurements, consisting of weighings before and after evapo-
ration, verified the observation that fa acts as a reducer for
Ca0.

In order to facilitate reduction, finely ground Ta
powder was thoroughly mixed with the CaCO3 in subsequent
evaporations. The Ta péwder also served the important purpose
of reducing the “jumping" of the CaCO3 when the CO, is removed.
This jumping can cause specks of CaCO3 to land on the target
backings, thus causing non-uniformities in the target.

The procedure adopted for final target preparation was
as follows (all carrents quoted pertain to a boat made of 0.002"
thick Ta, 1" long, 1/2" wide):

1) Ta powder (mesh #325) was thoroughly mixed with

CaCO3 in the ratio 4:1 by weight. Target blanks
with very thin Formvar on carbon backings (the Formvar

to be floated and picked up first, then the carbon)



2)

3)

4)

Several comments regarding target preparation and h

be made.

20
were suspended 3 3/4"-4" above the boat, the
formvar side facing the boat.

After evacuation of the bell jar, the current
through the boat was slowly raised to 25 -~ 28 A

at which point the outgassing of the 002 started.
While the pressure was monitored and not allowed

to go over 3 - 5 times base pressure (to avoid
"Jumping"), the current was slowly raised until
final outgassing had occurred at 55 A.

The current was then quickly raised to 85 A

(this current is about 10% higher than the minimum
current at which Ca evaporates, as established in
trial evaporations). After 10 seconds the current
was lowered to 40 A for one minute, then raised
again to 85 A for 10 seéonds. A total of four or
five 10 second "flashes" were usually made.

The targets were allowed to cool for about one hour
(under vacuum) and were then quickly transferred to

the scattering chamber.

First, it is imperative that the Ca be evaporated onto

the Formvar since it was found that if the Ca is evaporated

onto the carbon, the target will start disintegrating as soon

as it is exposed to air. The carbon backing is necessary,

andling should
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however, to provide a conducting layer for the target.

Because of the great expense of the target material,
it would be preferable to reduce the distance between boat
and target backings to increase efficiency. The distance
of about 4", however, was found to be the optimum distance
for target uniformity and target survival (the target backings
.will break when exposed to the hot boat). At this distance
very uniform targets were produced with a survival rate of
60 - 90%Z. It should -be noted that if the flash technique is
not used, the survival rate is decreased by a factor of two. ’
With the use of the above technique, targets with a thickness
of 15 - 20 ug/cm2 of 48Ca were produced from 10 mg of 48Ca.

Initially attempts were made to keep the 480a from
oxidizing during the transfer from the evaporator to the
target chamber. It was found, however, that even the shortest
contact with air caused virtually complete oxidation because
of the extreme thinness of the target. These attempts were
therefore abandoned. As a comforting circumstance it was
found that the oxidized targets could be successfully stored
for long periods of time (several months) in a glass jar that
contained some drying agent. For example, one target was
used after eight months of storage.

The great difficulties encountered in the evaporations

and the necessity for the development of the rather elaborate
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evaporation procedure were due to the requirement that very
thin, and therefore very fragile, target backings be used,
since low (2.5 MeV) deuteron energy runs were planned. If
substantially thicker backings can be used, many of the
difficulties are greatly reduced and the evaporation efficiency
can be greatly increased through a reduction of the boat to
backing distance. It was found, howevér, that target
uniformity was greatly affected by such a reduction.

It is of some interest to note that Ta was also found
to reduce such oxides as SiOZ, MgO and BaO at temperafures
well within the range of standard evaporators. It would thus
appear that the use of Ta boats and powder provides the

possibility of target preparation from the oxides of elements.

3.2 Data Acquisition

The data obtained for this thesis can be divided into

three parts:

(a) The angular distributions of the ABCa(d,d)48Ca,
48a(d,p)*%ca0) and *8ca (d,p)*%ca(2.028)
reactions

(b) The yield curves of the (d,d) and (d,p) reactionms

(c) The angular distributions of the analyzing power

of the (d,d) and (d,p) reactions.
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Parts (a) and (b) were obtained with the University of Alberta
Van de Graaff accelerator; Part (c) was obtained with the
University of Wisconsin, Madison, tandem Vai de Graaff

accelerator.

(a) Angular Distributions

The angular distributions were taken in a scattering
chamber designed by Dr. G. Roy of the Nuclear Researéh Centre,
University of Alberta. A complete description of the
scattering chamber and associated equipment is given in Hu 69.
Four moveable detectors, set 10° aparg at a distance of 8"
from the centre of the chamber, were used simultaneously to
obtain the angular distributions. Collimators with a circular
aperture were used with the detectors, each of the two forward
detectors subtending a solid angle of about 2 x 10—4 steradians,
each of the other two a solid angle of about 3.2 x 10—4'
steradians. Each detector was connected through a pre-amplifier
and amplifier to its own ADC. Each ADC was connected to a clock
for dead time measurements. The output of the four ADC's was
stored in the memory of the on-line SDS-920 computer (see
Fig. 3.1).

A fifth detector, subtending a solid angle of about
3.9 x 10 ~4 steradians and held stationary at 90° was used as a
monitor detector. It was connected to an ADC which employs its
own memory. The contents of this memory can be dumped into the

computer memory. At the end of each run the data from all five



Figure 3.1

Drawing (schematic) of the experimental

arrangement at the University of Alberta.
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detectors was written on magnetic tape.

Charge was collected in a Faraday cup which was mounted
18" beyond the target chamber. The Faraday cup was equipped
with a secondary electron suppfessor biased to -1000 V and
mounted slightly in front of the cup.

The composition of the Ca target employed for the
angular distributions is as follows (as supplied by Oak
Ridge National Laboratory):

48, 81.9 £0.2%

460, <0.05%

44c. .02 +0.05%

420, 0.31 £0.05%

40Ca 15.67 0.2%

_ traces of other elements

The targct had a thickness of 15 - 20 ug/cm2

Angular distributions were taken at incident deuteron
energies of 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 and 5.5 MeV, at the
higher energies in 5° steps, at the lower energies in 10°
steps. In addition, a partial angular distribution at
forward angles was taken with 2 MeV protons to provide
absolute cross sections. The detectors were cooled with liquid
nitrogen and the resolution obtained was nominally 18 - 25 KeV.

A typical spectrum is shown in Fig. 3.2. Dead time for any



Figure 3.2

Charged particle spectrum. The target
consisted of a layér of Ca, enriched to
81.9% in 4SCa, on a thin Formvar and

carbon backing.
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one detector was kept to less than 5%. Angles forwafd of
95° were taken with the target in the transmission mode

(the target at -35° to the incident beam); angles back of 85°
were taken in the reflection mode (the target at +35° to the
incident beam). It should be mentioned that previous to

the taking of the angular distributions the adjustable beam
slits (Ro 69) had been adjusted such that a minimum number
of background counts were detected when a target blank was
used instead of a complete target.

In order to gain self-consistency of the data, the
following procedure was adopted. Data was taken in the
reflection mode at the first deuteron energy (4.5 MeV), then
in the transmission mode. Without a change in the target
position, data was taken at the next energy in the transmission
mode, then in the refiection mode, and so on. The 2 MeV proton
data was included in this procedure. At each energy thg
monitor counter provided the normalization constant between
the two target modes, if needed.

1t should be noted that at each energy several angles
were repeated as checks. In addition, angles were repeated

at previously run energies to detect target deterioration.

(b) Yield Curves

The experimental arrangement for the yield curves was

the same as the one employed for the angular distributioms.
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The five detectors were pdsitioned at 65°, 90°, 115°, 145°
and 165°. The energy range between 2.3 MeV and 6.0 MeV was

covered as follows:

2.30 - 2.50 MeV in 50 KeV steps

2.50 - 2,70 MeV in 40 KeV steps
2,70 - 3.75 MeV in 20 KeV steps

A target of 15 - 20 ug/cm2 was used; the composition of
the target (as supplied by Oak Ridge National Laboratory) is

given below:

480, 97.16 %0.05%
46Ca <0.02
44

Ca 0.10 *0.027%

42c,  0.04 #0.02%

40Ca 2.71 %0.02%

traces of other elements
A total of 326 runs were taken. This number includes
37 repeat runs. Repeat runs were usually separated from the
original run by 10 hours, but a number of repeat runs were done
with time gaps of 30 - 100 hours.
It is of interest that the presence of the oxygen on the
48Ca target proved to be beneficial in that a great deal of

. . 16 . . .
accelerator time was saved since the = 0 angular distribution
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and yield curve data were used by N. E. Davison in his study

of the 160 + d reactions (Da 69).

(c) Polarized Deuteron Work

The polarized deuteron work was done in collaboration
with Dr. P. Quinn and Dr. W. Haeberli of the University of
Wisconsin, Madison, Wisconsin.

The experimental arrangement was very similar to the
one employed at the University of Alberta. Four moveable
detectors, 10° apart at a distance of 2.5" from the target
centre were used simultaneously. The detector collimators
were 0.7" high and 0.1" wide so that each detéctor subten&ed
a solid angle of about 1.1 x 10-'2 steradians. The four
detectors were connected through a routing system to an ADC.
The output of the ADC was stored in the memory of the on-line
computer. Normalization factors for the various rums were
obtained through detection of the elastically scattered
deuterons in two detectors, placed at 13°. The monitor
detectors were set symmetrically above and below the scattering
plane. The sum of the counts of the monitors is insensitive
to small changes in the beam direction and is independent of
the vector analyzing power of the elastically scattered
deuterons (Yu 68). Pulses from the monitor counters were
fed into scalers. At the end of each run the four spectra

and the scaler numbers were written on magnetic tape. A
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schematic drawing of the target chamber and associated
equipment is shown in Sc 68.

A self-supporting target of about 1.8 mg/cm2
(obtained from Oak Ridge National Laboratory) was employed
for this part of the experiment. The target composition is

given below:

48c.  97.2 +0.05%

460, <0.02%

b4e, 0.10 +0.02%

42, 0.04 +0.02%

40c,  2.71 +0.02%

traces of other elements

In order to reduce oxidation of this valuable target,
the sealed glass tube that contained the target was opened
inside an Argon-filled, transparent plastic bag that was
equipped with gloves. After the target had been mounted on
the target support, the bag was placed over the target support
hole in the top of the chamber (which had also been filled
with Argon) and the target support was lowered into the
chamber. The chamber was then quickly evacuated.

An angular distribution was taken at an'incident
- deuteron energy of 5.5 MeV to coincide with the 5.5 MeV
angular distribution taken at the University of Alberta. The

average beam current of the polarized deuteron beam at this
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energy was about 0.4 nA. The dead time for any run was
less than 0.5%.

The polarized ion source has been described in Ha 67
and C1 67. The source allows one t. use vector polarized
deuterons which have either spin up or spin down relative
to the scattering plane. One can therefore measure asymmetries
by taking two runs, one with spin up deuterons and one with

spin down deuterons, leaving the counters at the same angles.

3.3 Data Reduction

(a) Angular Distributions

The major target contaminants were 120 and 160. In

addition to the Ca isotopes, very small quantities of 35Cl,
888r and 181Ta, detected through their elastic scattering
peaks, were present on the target (see Fig. 3.2). The presence
of 888r could be explained from the fact that Sr had been used
in a previous evaporation.

As an initial step in the data reduction, the monitor
sums of the 4SCa elastic scattering peaks were taken for all
the runs. In order to achieve uniformity in the summing, the
following procedure was adopted. For a particular energy it
was ascertained that the peak was centred around the same

channel for all the runs. Constant sets of channels were

then used to take the peak sum and sample the background for
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all the runs at that energy. The background was generally

of the order of 1 ~ 2% and the statistical error was usually '
less than 1%. For each run the integrated charge was divided

by the peak sum. This ratio was constant within the statistical
errors and it was therefore decided that the integrated charge
could be used as a normalization factor for the angular
distributions. It is implicit in the above statement that no
normalization factor (different from 1) was needed between

the two target modes.

The reduction of the ground state data was a simple
procedure since no major contaminant peaks interfered with
this peak. The numerous 41Ca peaks surrounding the 490a
ground state peak were too small to be identified and formed
part of the rather smooth background. Sums were therefore
taken with a lightpen. The background was normally 1 - 2%
of the peak sum except at far forward angles where the background
was much larger. After background subtraction, the sums were
corrected for dead time and normalized for charge to give
relative cross seétions. Statistical errors were typically
2 - 3% except at far forward angles where they were of the
order of 6%. Poorer statistics were taken at the far forward
angles to restrict the number of deuterons that entered the
counters.

Aithough the statistical errors are indicative of the

reliability of the data points, it was found from the repeat
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runs that a more realistic experimental error of 5% should
be adopted instead of the 2 - 3% statistical error. This
increase in the error can be attributed to several error
sources: current integration, target non-uniformities,
uncertainty in the relative solid angles of the-detectors
(about 1Z) and the uncertainty in the detector angles (about
0.2° - 0.3°%).

For the far forward angles a different procedure was
used to obtain sums and experimental errors. Where conditions
of high background and poor statistics prevail, it is normally
found that a number of equally acceptable ways of determining
background and sums will give quite different results. Several
sum and background determinations were therefore made with as
much objectivity as possible and the average of these sums
(after background subtraction) was used as the final sum. The
deviation from the average was then folded in with the statistical
error and the result rounded off to the nearest multiple'of five
to give the experimental error.

Several contaminant peaks (14N(0), 170(0) and 170(0.871))
interferéd with the 49Ca(2.028) peak at a number of angles.
Lightpen sums were taken at angles where the peak was free.

When a contaminant peak partially overlapped with the 49Ca peak,
two analysis methods were used. The first one was to plot and
separate the two peaks by hand. The second one employed a

peak analysis program. It was found that if care was taken



34

the results from the two methods agreed very well. The back-
ground was nominally 4 - 6% of the peak sum; the statistical
error was 2 - 3% and the experimental error was again set
at 5%. At far forward angles the procedure outlined for
the ground state was used. Imn this case, however, the situation
was aggravated by the presence of the 170(0.871) peak on the
high energy side so that experimental errors became quite large.
The elastic scattering peak of 48Ca was free from
contaminant peaks at back angles, except for a few far back
angles at 5.5 MeV, where the 1l'l‘l’(o) state interfered. Forward
of 90° - 95° the 44Ca elastic scattering peak merged with the
480a elastic peak. The sum of the combined peaks was then taken
and, with the assumption that the elastic scattering cross
sections for 44Ca and 480a were the same, the contribution due
to 48Ca was extracted from the sum, according to the relative
abundance figures given previously. 1In order to check the
reliability of this procedure, the 440a and 48Ca peaks were
summed as one peak at angles slightly back of 90° where the two
peaks had not yet merged. The 486a contribution was then found
- and this sum was compared to the sum of the 48Ca peak alone.
The two results always agreed to within 0.3%. Forward of
65° - 70° the 40Ca peak merged with the 48Ca peak as well.

The same extraction procedure was used; the checks in this

case showed agreement within 1.5%Z. In addition, it should be
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mentioned that the elastic cross sections of 4OCa (Le 68)
and 480a are virtually identical at angles forward of 70°
at 5.0 MeV.
The above described extraction procedure relies on
the relative abundance figures supplied by Oak Ridge
‘National Laboratory as well as on the assumption that these
figures are unchanged after evaporation and deuteron bombard-
mént. From the work of T. A. Belote et al. (Be 68) and S. A.
Anderson et al. (An 68) it appears that the above assumption
is justified. |
The background was nominally 1 - 2% of the elastic
peak sum; statistical errors were less than 1Z. An experimental
error of 2.5% was assigned for angles greater than 65°. An
error of 5% was assigned for angles smaller than 65° for two
main reasons. First, because of the very rapid increase in
the elastic cross section at forward angles, the uncertainty in
the detector angles can give rise to errors estimated at 2 - 3%.
Secondly, it is felt that some additional error was introduced
with the extraction procedure when 40Ca was present. The most
forward angle at which the 480a sum could be taken was usually
determined by the merging of the 888r peék with the Ca peak.
The 2.0 MeV proton elastic scattering was taken at four
angles between 70° and 90°. Each angle was repeated once.

The data was reduced in the same way as the deuteron elastic
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scattering data. Background and statistical errors were less

than 1% and an experimental error of 2.5% was assigned.

The conversion factor needed to convert the peak sums

to absolute cross sections can now be determined as follows.

Consider the equation

where NR is
Q is
e 1is
n 1is
Q 1is
OR is
1f Q, n and
Since NR is
Eq. 3.2 can

the

the

the

the

the

the

N, = gnQGR 3.1

number of counts in the 48Ca(p,p)48Ca peak
total charge passing through the target
charge of the proton

number of 48Ca nuclei per cm2

solid angle of the detector

8 . .
4 Ca Rutherford cross section for proton scattering

Q are held constant, Eq. 3.1 can be written

N = o0 . 3.2

measured and or is known, a can be determined.

now be generalized to read

N = o0 3.3

“Thus, since a is known, any peak sum can be converted to

absolute cross sections. In this case, the average a,

determined from the four angles, was used as the conversion

factor.
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It was assumed in this procedure that the proton
scat;ering was purely Rutherford. Some credence is given
to this assumption by a calculgtion of the elastic scattering
with the proton parameters that were used in the DWBA calcu-
lations. These calculations show that the scatte?ing is
more than 99.2% Rutherford at 90°.

Listings of the angular distribution cross sections

are presented in Appendix A. Graphs are shown in the next

chapter.

(b) Yield Curves

The following table shows the approximate percentage

background and statistical error for the peak sums:

Background Statistical
Reaction % of Peak Sum Error (%)
48Ca(d,d)ABCa ~1 <1l
48ca(d,p) ¥ca(0) -1 | 2-3
48a(d,p)*%ca(2.028) -3 2 -3

A comparison of thé.repeat runs with the original runs showed
that an experimental e;ro;/of 2% should be assigned to the
elastic scéttering cross sections and an error of 4% to the
(d,p) reaction cross sections. This comparison also showed that

the average deviation was 0.3% and it was therefore concluded

that the target had not deteriorated during the running period.
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The conversion factor, needed to convert the peak sums
to absoluée cross sections, waé obtained from the angular
distributions. This conversion factor, an average over the
seven angular distributions, had an r.m.s. error of 2.5%.

The r.m.s. error is a strong indication of the relative error
for the angular distribution cross sections over the 2.5 - 5.5
MeV energy range.

The ratio o/oR was calculated for the elastic scattering
yield curves. Since, at 65°, this ratio is 1.00 + 0.03 below
3.2 MeV, the previous determination of the absolute cross
sections is confirmed.

Because of the rather large number (~4400) of data points,
no listing of the yield curve cross sections is given in this
thesis. Graphs of the yield curves are shown in the next

chapter. The elastic scattering is shown as the ratio o/cR.

(c) Polarized Deuteron Work

The great care taken in transferring the target was
repaid since contaminant peaks were negligible. Sums were
taken with a lightpen and the following table gives the

approximate percentage background and statistical error:
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Background Statistical
Reaction % of Peak Sum Error (%)
4SCa (d,d)48Ca . -2 "<l
482 (d,p)*2ca(0) 2 2-3
48, (a,p)*7ca(2.028) 4 -6 2-3

The analyzing power was calculated with the on-line

computer from the formula

1
P 2 r-1 [ fprll] 3.4
d 3p rtl p r+l

where Pd refers to the analyzing power of the elastic

scattering and P; refers to the analyzing power of the (d,p)

reactions. This formula may be simply derived from the basic

formula (Yu 68)

5y 4 () = 0y (O (1 ENRIRIO) 3.5

(the arrows * and ¢ indicate deuterons with spin up and spin

down respectively) with the substitutions

r = %% S is the peak sum normalized for charge

P4 +p, = 2p p is the average beam polarization

20p 2Ap is the difference between the spin

Py 7 Py
up and spin down polarization

The formula from which relative cross sections can be

calculated may also be derived from Eq. 3.5 and is given by
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= 1 _Ap r-1

It should be noted that it has been assumed in Eq. 3.5 that
no tensor polarization is present in the beam.

Because of the_finite height of the detectors, two
corrections must be considered. First, the average detector

angle B must be determined. From Fig. 3.3 (top) it is seen

that
2 2!
docosb, = /Ho +y cpsey
o do
- cosH = cosB,
R 2!
/e +y

Thus ey may be determined for any y. If the detector height
is divided into n strips of equal height, 9 is given by
n

% = [6o+Z 6 1/mn+1
1}'

In this case n = 18 was used.

Secondly, a correction must be applied to the analyzing
power since the beam polarization is given by p cos¢, where the
angle ¢ is shown in Fig. 3.5 (bottom). It is therefore necessary
to average the beam polarization over cos$ when finite height
detectérs are used, i.e., the average beam polarization p' =
p cosé. Thus the average Pé = Pd/E;§$ (See Eq. 3.4).

The angle ¢ and thus cos¢ may be easily determined from Fig. 3.3

since 2= d,siné

2 _ -1 h
¢= tan = 5a"cin ©



Figure 3.3

Explanatory drawing for the determination
of the average scattering angle 8 (top)

and the correction factor cos¢ (bottom)
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CHAPTER 4
ANALYSIS

4.1 Compound nucleus calculations

A short account of the compound nucleus calculations
will be given here. The calculations were performed with
the program HAUSER (Sm 65) modified by N. E. Davison (Da 69a).

The statistical modél requires that all energeticélly
allowed decay channels of the 48Ca + d compound nucleus be
known. Unfortunately, only the low lying states in the
residual nuclei are known so that a statistical level density
distribution had to be assumed for the higher lying levels.

The level density formula used in the program is of the
form log N(Ex) =a+b /Ex where N(Ex) is the total number
of levels up to Ex and Ex is the excitation energy.

It was found that the major uncertainty in the results
was introduced by the level densities. Two sets of calculations
were therefore done, one with level densities that were slightly
high and one with level densities that were slightly low. The
results of these calculations fell approximatelj 407 on either
side of the original results, thus providing some estimate of
the relative uncertainty.

The calculations showed that the compound nucleus cross
sections for the elastic scattering were negligible compared

to the experimental cross sections. 1In the case of the ground



state the compound nucleus cross sections were less than
10% of the smallest measured cross sections at deuteron
bombarding energies between 4.0 MeV and 5.5.MeV and less
than 5% at the lower energies. For the first excited state
the compound nucleus cross sections were less than 27 of

the smallest measured cross sections over the entire energy

range.

4.2 Optical Model Analysis

Two computer codes were used in parallel for the
optical model analysis. The first code, PEREY, written by

Perey (Pe 63, Ob 66) did not allow the use of a spin-orbit

43

*
potential for spin 1 particles; the second code, SNOOPY , did

allow the use of a spin-orbit potential but did not contain
the non-locality correction. The specific results quoted
in this chapter were obtained with the code SNOOPY. The

findings from the two codes were very similar (except, of

course, findings relating to the spin-orbit potential) so that

statements made in this section apply to both codes.

It was felt that it was in the nature of the optical '

model that a broad and continuous range of parameter sets

*
Obtained from W. Haeberli, University of Wisconsin,
Madison, Wisconsin.
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should exist which would fit the data about equally well,
i.e., x2, the goodness-of-fit parameter would vary slowly
and continuously (see Fig. 4.1). An initial series of
calculations was therefcre performed in which only the
central potentials were used to reduce the complexity of
the situation. 1In these calculations the real potential
well depth V was gridded from 90 to 130 MeV in steps of
5 MeV, each step followed by a search over other parameters
(this type of calculation will be referred to as a grid-
search).. Several 2, 3, 4 and 5 parameter combinations
were used for the searched parameters. From these calculations
it was found that a search over any 2 or 3 parameter combination
was insufficient and that a five parameter search was erratic
in the sense that the program tended to get "lost" in
parameter space, and would find its way into unphysical
regions. A four paramefer search, however, proved to be
both necessary and sufficient to produce the anticipated
continuous behaviour. It was also found that three parameters
belonging to the same potential should not be searched simul-
taneously in order to avoid erratic results.

A total of six parameters must be determined for the
two central potentials. Since V is to be gridded, it follows
from the abovg findings that one parameter belonging to the

imaginary potential cannot be searched but must be fixed or
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gridded. The choice of the imaginary diffuseness ay as

the "fixed" parameter was governed by the following
considerations: that the imaginary radius r, had been

found to be a necessary search parameter and that the
imaginary well depth W was expected, from the results of
Schwandt and Haeberli (Sc 69), to vary with incident
deuteron energy, so that a search over W would be preferable.

The central parameters to be searched simultaneously
are therefore:

the real radius r,

the real diffuseness a,
the imaginary well depth W
the imaginary radius r,

The starting point for the optical model analysis
was the 5.5 MeV data since it include& the deuteron polari-
zation which is needed to determine the spin-orbit potential.
The inclusion of the spin-orbit potential means that now a
total of nine parameters must be determined. A preliminary
set of searches over the combined cross section and polari-
zation data established the following three points:

1) The fit to the polarization data was very poor

(see Fig. 4.3). The x2 belonging to 'the
polarization data is therefore very high and

cannot be used as a convergence criterion for

optimum fit.
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2) The spin-orbit parameters affect the cross
-section x2 very little (see Table 4.2) and
have their major effect on the polarization
fit in the sense that they are needed to
generate the polarization. Points 1) and 2)
therefore show that the objective approach
of searching over the spin-orbit parameters
to establish a best fit is meaningless and
that a subjective, i.e., visual, approach
must be used to fit the polarization data.

It should be pointed out, however, that because
of this approach, the polarization fit is rather
insensitive to small changes in the spin-orbit
parameters.

3) A search over the four previously mentioned
central potential parameters (spin-orbit
parameters fixed) produces a basically correct
shape for the polarization. In other words,
the central potential parameters affect the
fit to the polarization data greatly and these
parameters, properly optimized, can predict the
basic shape of the polarization.

Similar findings have been reported by Schwandt and Haeberli

(Sc 69).
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In view of tﬁe above findings, the 5.5 MeV data
was analyzed with a grid-search in which V, a;s VSO; Togs
and agq were gridded and L aé, W and T, were searched.
The spin-orbit parameters were then selected on the basis
of best subjective fit to the polarization data. The central
potential parameters were of course determined by the minimum
x2 for the cross section. The results for the central
potential parameters are shown in Fig. 4.1, where the
parameters L ao, W, ry and ay are plotted versus V. It
should be noted that identical results for the searched
parameters were obtained from three different sets of
starting values. These results are therefore independent
of a poésible bias in the starting values.

The spin-orbit parameters were found to be constant

with V within the subjective approach that was used. The

values for these parameters are

VSO = 10.0 Mev
Tgo = 0.91 fm
aSO = 0.60 fm

The six energies between 2.5 and 5.0 MeV were
apalyzed with a grid-search in which V and a; were gridded
and Tos 2 W and r, were searched. The spin-orbit parameters
were held constant at the above stated values, since no

polarization data, necessary to determine these parameters,

was available at these energies. The behaviour of the central



Figure 4.1

The central potential parameters I, 2,

W, s a. and the goodness—-of-fit parameter

i
x2 as a function of the real well depth V

for the deuteron energy Ed = 5.5 MeV.
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potential parameters was similar to the behaviour at 5.5
‘MeV as sho&n in Fig. 4.1 Fits to the cross section and

polarization data a£e shown in Fig. 4.2 and Fig. 4.3 as

solid lines.

It is seen from Fig. 4,1 that there is really no
preferred set of optical model parameters on the basis of
x2. A number of DWBA calqulations were therefore performed
in which several deuteron real well depths with their
associated parameter sets were used. These calculations
showed that the first stripping peak of the ground state
was best reproduced for a real deuteron well depth of 90
to 100 MeV. A well depth of 95 MeV was therefore adopted.
The parameters belonging to a real well depth of 95 MeV
at the various energies are listed in Table 4,1, These
parameters will be_referred to as the proper parameters.

The ambiguities mentioned in Chaptér"Z are clearly
seen in Fig. 4.1; T, decreases and a increases with
increasing V etc. It is difficult to determine what parameter
combination constitutes an ambiguity or what correlations
exist between the six central parameters. It would be of
interest, however, to determine such correlations in order

to derive general rules for the behaviour of the central

parameters.



Figure 4.2
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Plots of the ratio c/cR versus the centre-
of-mass angle for the reaction 48Ca(d,d)480a.
The solid and dashed lines are the Optical
Model fits to the data caiculated with the
proper and average deuteron parameters

respectively.
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Figure 4.3

Angular distribution of the polarization
(analyzing power) of the 48Ca(d,d)480a
reaction. Ed = 5.5 MeV. The solid line
is the Optical Model fit to the data.
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- TABLE 4.1

PROPER OPTICAL MODEL PARAMETERS

52

Ed r, a, W Ty a;
(MeV) (fm) (fm) (MeV) (fm) (fm)
2.5 1.11 0.74 6.47 1.54 0.66
3.0 1.18 0.66 7.21 1.60 0.66
3.5 1.16 0.71 6.05 1.68 0.67
4.0 1.19 0.67 8.37 1.46 0.66
4.5 1.18 0.71 9.18 1.48 0.66
5.0 1.22 0.64 13.8 1.26 0.65
5.5 1.14 0.81 10.4 1,57 0.66

At all deuteron energies: V = 95.0 MeV

VSO = 10.0 MeV

Tgo = 0.91 fm

= 0,60 fm

)
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A set of calculations was performed in which each
parameter was changed in turn by 1% from its proper value and
the percentage change in x2 was calculated. The results for
deuteron energies of 2.5, 4.0 and 5.5 MeV are shown in Table
4.2. A change of less than 1% in x? was used as a search
cut-off and it appears therefore from the first column in
Table 4.2 that even at 2.5 MeV all searched parameters were
determined to 1% or better, i.e., a change of 1% in any one
parameter could not effect an improvément of 1% in x2. It
is clear, however, that the parameters are less critically
determined as the energy decreases, or, in other words,
that the minimum in xz space becomes less pronounced.

The last column in Table 4.2 shows the percentage
change in x2 averaged over 4.0 and 5.5 MeV. This figure can
be seen as a figure of merit for that parameter in the sense
that the higher this figure, the more effective this parameter
is in the fitting procedure. These figures substantiate the
choice of the four central parameters that were searched.

It should be noted that the change in x2 was aiways an
jncrease. It was therefore also verified that indeed a ninimum
x? had been obtained with the proper parameters.

The proper central parameters are plotted versus the
incident deuteron energy in Fig. 4.4. >It is seen that in
order to obtain the average parameteré, simple averages can

be taken for rs 3, and a . In the case of r, the scatter



TABLE 4.2
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INCREASE IN x2 FOR 1% CHANGE IN PARAMETER

Parameter Ed = 2,5 MeV Ed = 4,0 MeV Ed = 5,5 MeV Average
Changed Increase in x2
by 1% |yncrease in x2 | Increase in x? | Increase in x2 (%)
(%) (%) (%)
\' 6 345 506 425
r, 9 1233 1634 1433
a 13 291 676 483
W 1 14 27 21
T, 5 198 1167 683
ay 2 15 27 21
0 1 1
VSo 1
oo 0 1 1 1
a 0 0 0 0-

SO




Figure 4.4
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The proper central potential parameters r s
ao, W, ri and ai as a function of the
incident deuteron energy. The real well

depth V = 95 MeV. The solid lines show

the average parameters.
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in the points is quite large without a real trend. The

value of ry at 4.5 MeV was adopted as the "average' value

since at this energy the other proper parameters are

virtually identical with the average parameters. The

behaviour of the imaginary well depth can be given by the
straight line equation W = (1.3 E(MeV) + 3.3) MeV. The
averages are shown as solid lines in Fig. 4.4. The quite smooth
behaviour of the proper central parameters over the energy
range is expected on the basis of the smooth behaviour of the
elastic scattering yield curve, which is shown in Fig. 4.5.

The average deuteron optical model parameters for the

energy range 2.5 — 5.5 MeV are thus

Vv = 95.0 MeV w= (1.3 E(MeV) + 3.3) MeV VSo 10.0 MeV
r =1.17 fm r. = 1.48 fm r.=0.91 fm
(s} i SO

a_ = 0.71 fm a; = 0,66 fm ' aSO = 0,60 fm

The elastic scattering angular distributions calculated from
the average parameters are shown as dashed lines in Fig. 4.2,
In order to determine the possible energy dependence
of the real well depth, a search was made over V at the various
energies with all other parameters fixed at their average values.
Tﬁe values of V so determined were all in the range 95 % 1 MeV
with no apparent trend and it was concluded that no energy
dependence of V could be established from the present data.
Several comments regarding the Optical Model analysis

must be made. From Fig. 4.2 it is clear that the average



Figure 4.5

Plots of the ratio o/cR versus the
jncident deuteron energy for the

reaction 48Ca(d,d)48Ca.
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deuteron parameters do mot fit the data as well as the
proper parameters. It should be noted, however, that only
the magnitude is affected, whereas the proper phase is
preserved. As a matter of interest, the average deuteron
parameters for 4OCa of Schwandt and Haeberli (Sc 69) were
used to generate the 48Ca elastic scattering at 5.5 MeV.
It was found that the angular distribution so calculated was
greatly different in phase. It appears therefore that
deuteron parameters appropriate to ome nucleus can not be
used with another nucleus. It is hoped, however, that an
extensive study of deuteron elastic scattering may provide
a set of generallj aéplicable deuteron parameters.

From their study of 40Ca deuteron elastic scattering,
which included deuteron polarization, Schwandt and Haeberli
found that the energy dependence of the real well depth V
is weak at low energies, whereas the imaginary well depth W
has a strong energy dependence at low energies. The findings
of this study agree with these results. They also found that
even with the inclusion of a tensor force, the deuteron
polarization was poorly fitted, particularly at low energies.
A similarly poor fit to the polarization is obtained in this
work and it must be concluded that there are still basic

deficiencies in the Optical Model.
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Two comments should be made regarding the inclusion
of the spin-orbit potential in- the analysis. First, the
inclusion of the spin-orbit potential decreases x2 by about
a factof of two, so tﬁat indeed a better fit to the data is
obtained. Secondly, in Fig. 4.1, which shows the central
parameters as a function of the real well depth V, only the
range V = 90 — 130 MeV ijs shown. It should be mentioned,
however, that the range of V that was investigated stretched
from 40 MeV to 150 MeV. If no spin-orbit potential was
included, acceptable smooth sets of parameters, similar to
the ones shown in Fig. 4.1, could be generated between 40
MeV and 90 MeV as well as between 130 MeV and 150 MeV.
With the inclusion of the spin-orbit potential, however, the
,xz in these regions increased sharply and no smooth trend
could be detected in the parameters. In addition, the predicted
polarization in these regions is exactly out of phase with the
data. It was therefore concluded that on the basis of the
elastic scattering data (including polarization) the deuteron
real well depth should be of the order of 100 MeV, in accordance
with the idea that the deuteron well depth be approximately the

sum of the well depths for the proton and the neutron.

4.3 DWBA Analysis

The DWBA calculations were carried out with the computer
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program DWUCK*. This program calculates the wavefunctions
of the three particles participating in the reaction: the
incident deuteron, the outgoing proton and the absorbed
neutron. A total of 21 potential parameters are needed as
input for such a calculation, nine each for the deuteron and
the proton and three for the neutron. As explained before,
the deuteron and proton parameters are obtained from an
analysis of their respective elastic scattering data and are
as such defermined. There is uncertainty, however, about
the neutron parameters.

The neutron wavefunction is that of a particle moving
in a feal central potential of Woods-Saxon form and a spin-orbit
potential of the Thomas form. The depth of the central well
is adjusted by the program so that the binding energy of the
neutron in the well is equal to the experimental separation
energy; the spin-orbit radius and diffusene;s are the same
as for the central well. Thus there are three undetermined
parameters: the radius r, the diffuseness a and the depth Vso
of the spin-orbit potential. From a series of calculations
the following observations were made:

1) changes in the three parameters did not affect the
shape of the predicted angular distributions but did

affect the magnitude of the cross section;

*
Obtained from P. D. Kunz, University of Colorado.
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2) an increase.of 17 in fhe radius r caused an increase
of about 3%'in the cross section; an increase of 1%
in the diffuseness a céused an increase of about 1%
in the cross section. Thus r is three times more
effective than a in this respect and there exists an
ambiguity ra® = C where C is a constant and n = 0.3.
Removal of the spin-orbit potential caused a decrease
in the cross section of abouti3%;

3) the real well depth as adjusted by the program was
mostly affected by the radius r. In addition, the
well.depths for the ground and first excited states
were different for the initial set of parameters,
but each well depth changed by a different amount
for a change in the radius r.

It was then argued that since both the ground state and
the first excited state are & = 1 states, the real well depth
should be the same for both states and that the difference in
the binding energy (in the Shell Model this is Feferred to as
the splitting of the j = 3/2 and j = 1/2 utates) should be
accounted for by the spin-orbit potential.

Since the radius r is the most effective of the parameters
and because of the previously mentioned ra® ambiguity, the spin-
orbit strength and the diffuseness were fixed at 8 MeV and 0.65

fm respectively and r was adjusted until the real well depth
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was the same for both states. Identical depths of 54.4 MeV
were obtained for a radius r = 1.15 fm. Thus the neutron

parameters used in all final calculations are:

r=1.15 fn
a=0.65fm
VSO = 8 MeV

Since 490a is unstable, the proton parameters belonging
to 48Ca were used. These parameters have been determined by
Marinov, Lee and Schiffer (Ma 66) from their proton elastic

scattering data. The proton parameters are listed below:

V = 51.4 MeV W = 8.6 MeV VSO = 7,5 MeV
x = 1.24 fm r, = 1.19 fm oo = 1.24 fm
a = 0.63 fm a; = 0.64 fm 350 = 0.63 fm

DWBA calculations were performed at each of the seven
deuteron energies with both the proper and the average
deuteron parameters; finite range and non-locality corrections
were included in all calculations. The experimental and
calculated angular distributions of the ground state are
shown in Figs. 4.6 and 4.7, where the solid and dashed lines
refer to the proper and average deuteron parameters respectively.
The calculated angular distributions were normalizsg.yq fit
at the largest experimental cross sections. In order to extend
the range of this study, the ground state angular distribution
at E. = 7.0 MeV, taken from the work of Belote et al. (Be 68),

d
has been included. It is shown in Fig. 4.7 where the predicted



Figure 4.6

Figure 4.7
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Angular distributions of the 48Ca(d,p)49Ca(0)

reaction.

Angular distributions of the 48Ca(d,p)agca(O)

reaction.

In both figures the lines are the DWBA
predictions. The solid and dashed lines
refer to the proper and average deuteron

parameters respectively.
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angular distribution has been calculated with the average
deuteron parameters. |

It is seen from Figs. 4.6 and 4.7 that the shapes
for the two sets of parameters are almost identical, except
at back angles and that no preference can be given to either
set on the basis of shape.

The DWBA calculations reproduce the ground state angular
distributions well at forward angles, except at Ed = 3.0 and
Ed = 3.5 MeV. At these energies DWBA still predicts a slight
forward stripping peak, whereas this peak has disappeared
below E; = 4.0 MeV in the data. At the back angles the fit
to the ground state is poor but this is to be expected since
the yield curves (Fig. 4.8) show large fluctuations at angles
greater than 90°. It should be noted, however, that DWBA
calculations with the average deuteron parameters do predict
the overall shape of the yield curve at the back angles (see
Fig. 4.8). The major failure of DWBA is the inability to
reproduce the second stripping peak_at about 65°. This peak
is indicated by the calculations but the predicted cross
sections are always too small (Figs. 4.6, 4.7 and 4.8).
Several attempts to improve this situation through small
changes in one or two parameters met with no success and it

must therefore be concluded that DWBA theory fails in this

respect.



Figure 4.8

Yield curves of the 48Ca(d,p)l'gCa(O)

reaction; The solid lines are the
DWBA predictions calculated from the

average deuteron parameters.
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The angular distributiomns for the first excited state
are shown in Figs. 4.9 and 4.10. It is seen that the DWBA
calculations reproduce the data extremely well exceﬁt around
65° (the second stripping peak) where the predicted cross
sections are slightly too small. Although again the differences
in shape between the two sets of deuteron parameters are sﬁall,
it appears in this case that the average deuteron parameters
provide a slightly better fit to the data, particularly at
Ed = 5.5 MeV. The fluctuations in the yield curve of the
first excited state (Fig. 4.11) are smaller than those in the
ground state yield curve and the DWBA predictions for the yield
curves are remarkably good at all angles.

Fig. 4.10 includes the predicted angular distribution
for the first excited state at Ed = 7.0 MeV. A comparison of
the predictions for the ground state and first excitéd state
at Ed = 7;0 MeV clearly shows the effect of the total angular
momentum (Le 64a), i.e., the first excited state (j = 1/2)
angular distribution has a "dip" at about 100°, whereas mo
such "dip" occurs in the case of the ground state (j = 3/2).

It should be mentioned that this "dip" associated with the
first excited state has been observed experimentally at
Ed = 7.0 MeV by Kashy et al. (Ka 64). Unfortunately, they

do not give a listing of their experimental differential

cross sections so that nmo direct comparison is possible. Note



Figure 4.9

Figure 4.10
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Angular distributions of the 48Ca(d,p)AQCa(2.028)

reaction.

Angular distributions of the 48Ca(d,p)49Ca(2.028)

reaction

In both figures the lines are the DWBA predictions.,
The solid and dashed lines refer to the proper

and average parameters respectively.
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Figure 4.11
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Yield curves of the “8ca(d,p)*?ca(2.028)
reaction. The solid lines are the DWBA
predictions calculated from the average

deuteron parameters.
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that even at E. = 5.5 MeV the predicted angular distributions

d
exhibit the j-dependent behaviour to some extent.

The spectroscopic factor

g = dOﬂO)l [d0502| ]—1

T 4R e
exp calc

was obtained from the previously mentioned normalization. A
listing of S for both states'and both sets of deuteron parameters
is given in Téble 4.3. This table is presented graphically in

Fig. 4.12, where the solid and open circles refer to the average
and proper parameters respectively. It is seen from Fig. 4.12

that the proper deuteron parameters produce a spectroscopic factor
that varies greatly with energy, whereas the average deuteron para-
meters produce a spectroscopic factor that is constant with energy.
Since the spectroscopic factor is a measure of the extent to which
a state is a single-particle state, it is independent of energy

and it is clear that average deuteron parameters must be used in
DWBA calculations. The energy-averaged spectroscopic factor

(only the spectroscopic factors obtained from the average deuteron
parameters were included) is 0.98 for the ground state and 1.06 for

the first excited state. The spectroscopic factors are close to



TABLE 4.3

SPECTROSCOPIC FACTORS
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|

Deuteron 48Ca(d,p)z‘gCa(O) 4SCa (d,p)49Ca(2.028)

Energy
Ed Proper Average Proper Average
- d-Parameters d-Parameters d-Parameters d-Parameters
2.5 0.98 1.00 1.12 1.09
3.0 1.21 0.95 1,18 1.04
3.5 1.36 1.06 1.30 1.06
4.0 0.96 0.96 1.08 1.08
4.5 0.97 . 0.97 1.03 1.03
5.0 0.75 0.95 0.94 1.09
5.5 1.04 0.95 1.15 1.06
7.0 1.02




Figure 4.12
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The spectroscopic factors of the
48Ca(d,p)49Ca(O) and 48Ca(d,p)49Ca(2.028)
reactions. The open and closed circles
refer to the proper and average deuteron

parameters respectively.
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unity as anticipated, since the states in 49Ca were expected
to be good single-particle states. A comparison of the
spectroscopic factors, calculated with the captured neutron
parameters as determined by‘Schiffer (Sc 69a), Becchetti and
Greenlees (Be 69), Rosen (Ro 66) and this study is shown in
Table 4.4. The spectroscopic factor has been estimated from
the previously stated relationships between the radius, the
diffuseness and the cross section.

The angular distributions of the vector analyzing power
of the 48Ca(d,p)490a(0) and 48Ca(d,p)49Ca(2.028) reactions are
shown in Fig. 4.13; the DWBA predictions are shown as solid
lines. The predicted analyzing power is calculated from the
deuteron vector polarization of the inverse reaction
49Ca(p,d)48Ca, since the analyzing power in a (d,p) reaction
is identical to the deuteron vector polarization in a (p,d)
reaction (Bl 52, Sa 58, Bi 59). It should be noted that
again the calculations reproduce the first excited state data
better than the ground state data.

It has been shown by Huby et al. (Hu 58) that if spin-
orbit botential effects are negligible, there exists a simple
relationship between the analyzing power Pg of ‘two transitions

which have the same orbital angular momentum transfer and the

same excitation energy. This relationship is
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Figure 4.13 Angular distributions of the vector
analyzing power of the 48Ca(d,p)z'gCa(O)
and 48Ca(d,p)490a(2.028) reactions.

The solid lines are the DWBA predictionms.
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[P}
j=2+1/2 1}
T T T
[p})
j=2- 1/2
i.e., PZ for different j states is exactly out of phase and

r
d

Yule and Haeberli (Yu 68) have shown that for intermediate

the magnitude of P, is different by a factor £/(&+l).
nuclei and low energies the spin-orbit effects are small.
Since both states under consideration are % = 1 states,
only the condition that the excitation energy be the same is
not fulfilled. It is therefore expectéd that the relationship
should hold approximately, and it is seen from Fig. 4.13 that
the angular distributions of the two states are almost exactly
out of phase and that the magnitude of P; for the ground state
is approximately half the magnitude of Pz for the first excited
state at forward angles, in good agreement with theory. It
is therefore concluded that the ground state has spin j = 3/2
and that the first excited state has spin j = 1/2, in agreement,
with the previous assignment (Le 64a).
The remainder of this chapter will deal witﬁ some
aspects of the DWBA analysis that have not as yet been discuséed.
In many cases the angular distributions of the elastically
scattered deuteron and the reaction proton (or ﬁeutron in the
(d,n) reaction) are not ohtained simultaneously so that

absolute cross sections must be determined independently for
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the two sets of data. Since this procedure may introduce a
relative error in the deuteron and proton cross sections,

it was felt that it was of some interest to determine to
what extent such a relative error would affect the spectros-
copic factor. The deuteron cross sections were therefore
increased by 52 and the usual Optical Model analysis was
applied. The resulting deuteron.parameters were then used
in a DWBA calculation and the results compared to a standard
calculation. It was found that the shape of the predicted
proton angular distribution was unchanged but the cross
section was increased by 5%. It is clear, therefore, that
such a relative error is strongly transmitted to the spec-
troscopic factor. By the same token, if the cross sections
for both sets of data share a common error, which can occur
if the sefs of data are taken simultaneously, this error

is not transmitted to the spectroscopic factor.

The.imaginary well depth W is the only deuteron para-
meter that shows a definite and strong energy dependence
according to the Optical Model analysis. In order to verify
that this.energy dependence was needed in the DWBA calculationms,
the dependence of the spectroscopic factor on W was determined.
It was found that a decrease of 1.3 MeV in W caused an increase
of 5% in the spectroscopic factor. Since W a 1.3 Ed(MeV), it
is clear that this energy dependence is indeed needed to obtain

a constant spectroscopic factor.

'



CHAPTER 5

SUMMARY AND CONCLUSIONS

The results and conclusions of the study presented in

this thesis will be summarized in this chapter.

(1) Optical Model

The Optical Model analysis method originated in the

course of this study is described below for the two cases that

have been investigated.

a)

b)

Cross section data only

The spin-orbit parameters VSO’ oo and ag, are fixed
at acceptable values. A grid-search is performed over
the cross section data in which V and a; are gridded
and ro, a s W and ry are searched simultaneously (a
grid-search means that each grid step is followed by
a search).

Cross section and polarization data

First the spin-orbit parameters are determined from
a grid-search over the cross section data in which

v

a and a_. are gridded and s ao, W and

i* 's0’ Tso S0
r, are searched simultaneously. The real well depth
V is held fixed at about 100 MeV and the spin-orbit

parameters are selected on the basis of a visual fit
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to the polarization data. The procedure outlined

for case a) is then followed with these spin-orbit

parameters.

Two comments must be made regarding the results of this
analysis method:

(1) the central parameters and x% vary smoothly over the
.range of V that is gridded (for deuterons this range
is nominally from about 90 MeV to about 130 MeV). 1In
addition x2 is virtually cénstént over this range and
cannot determine the optimum réal well depth so that
an external criterion (such as a DWBA calculation) is
needed for this determination.

(2) Because of the visual fit to the polarization data,
the spin-orbit parameters are only determined néminally.
The above method was developed from the following obser-

vations:

(1) that the fit to the polarization data is poor so that
the x2 for the polarization data cannot be used as a
criterion in a search routine and this data must be
fitted visually.

(2) that only four central parameters (ro, a_ s W and ri)
should be searched simultaneously. .

(3) that a search of these central parameters over the
cross section data establishes the basically correct

shape for the polarization.
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(4) that the spin-orbit parameters affect the fit to the
cross section data very little.

Deuteron parameters were determined with the above method
at seven energies between 2.5 MeV and 5.5 MeV. The parameters
are quite smooth over the energy range, as expected from the
smooth pehavibur of the elastic scattering yield curve, and
average parameters for the energy range were determined. Only
the imaginary well depth shows an energy dependence. This
energy dependence is given by W = (1.3 E(MeV) + 3.3) MeV for
the range Ed = 2,5 - 5.5 MeV.

The Optical Model analysis clearly shows the central
parameter émbiguities but it is difficult to determine what
combination of parametsrs constitutes an ambiguity or what
correlations exist betweén the parameters. It would be of
interest to determine these correlations since as yet no
generalized set of deuteron parameters exists. For example,
the 4OCa parameters, determined by Schwandt and Haeberli
(Sc 69) do not fit the 480a elastic scattering.

The Optical Model is deficient in that it canmot fit
the deuteron polarization properly. However, the Optical Model
does show, on the basis of the combined cross section and
polarization data, that the real well depth for the deuteron
must be in the range of 90 MeV to 130 MéV, i.e., approximately
100 MeV, since parameter sets around 50 MeV or around 150 MeV

do not give acceptable fits to the cross section and polarization

data.
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(2) DuBA

It is important that the (d,d) and (d,p) angular distri-
butions be obtained simultaneously since a relative error inm the
cross sections of the two sets of data is strongly transmitted to
the spectroscopic factor tﬁrough the deuteron Optical Model
parameters.

Although the shapes of the angular distributions predicted
from the proper and average deuteron parameters are nearly the
same, the cross sections differ widely and average deuteron
parameters had to be used in order to obtain a constant spectro-
scopic factor over the eﬁergy range. Since even in this case,
where the deuteron elastic scattering yield curve is very smooth,
the proper deuteron parameters cannot generate a constant
spectroscopic factor, it must be concluded that, in general,
average deuteron parameters must be used in DWBA calculations.

The radius of theAneutron well was defermined from the
requirement that the neutron real well depth be the same for both
the ground and first excited state and that the spin-orbit poten-
tial account for the difference in the binding emergy of the
two states. Equal well depths of 54.4 MeV were obtained for a
peutron well radius of 1.15 fm, with the diffuseness a = 0.65 fm
and the spin-orbit well depth VSO = 8 MeV.

The deuteron, proton and neutron parametérs used in this

study are listed below.
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(deuteron parameters)

V = 95.0 MeV W = (1.3 E(MeV) + 3.3) MeV VSo = 10.0 MeV

r, = 1.17 fm r, = 1.48 fm Teg = 0.91 fm

a = 0.71 fm a; = 0.66 fm agy = 0.60 fm
(proton parameters)

V = 51.4 MeV W= 8.6 MeV Vso = 7.5 MeV

r, = 1.24 fm r, = 1.19 fm Teg = 1.24 fm

a = 0.63 fm a, = 0.64 fm agy = 0.63 fm

(neutron parameters)

r = 1.15 £fm
o

o = 0.65 fm
o

VSO = 8 MeV

The spectroscopic factor, obtained from the above parameters,
is 0.98 + 0.08 for the ground state and 1.06 + 0.08 for the first
excited state, where the error is the éxperimental error. These
spectroscopic factors are close to unity, as anticipated, but it
is to be noted that they are very sensitive to the neutron well
radius and, to a lesser extent, the diffuseness. Thus, if
neutron parameters determined by other authors are used, the
spectroscopic factors are 20 - 30% higher or lower. It is
suggested therefore that this method of determiﬁing neutron

parameters be investigated in other nuclei.
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The vector anélyzing power of the (d,p) reactions was well
reproduced by the DWBA calculations, particularly in the case of
the first excited state, and thé previous assignment of the
j-values of the ground and first excited state, based on the
empirical j-dependence of the cross section, was confirmed.
It must be concluded, however, that although the spin-orbit
parameters are needed to fit the polarization data, both the
Optical Model and the DWBA theory shoﬁ a rather low sensitivity
to these parameters so that they can only be determined nominally.

Calculations at E a- 7.0 MeV showed the characteristic
"dip" for the j = 1/2 first excited state whereas no such dip
occurred for the j = 3/2 ground state. It was therefore concluded
that DWBA theory does reproduce the observed j-dependence of the
angular distributions.

The DWBA calculations fit the forward-angles of the
ground state angular distributions well, except around the
second stripping peak. The fit to the backward angles is poor,
but thié is to be expected, since the yield curves show large
fluctuations at angles greater than 90°. It should be noted,
however, that even at the backward angles, the overall shape
of the ground state yield curve is well predicted by the DWBA
calculations.

In the case of the first excited state the DWBA
calculations feproduce the experimental angular distributions

almost perfectly at all angles and over the entire energy
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range, and the yield curves, which have quite small fluctuations,
are remarkably well predicted by the DWBA calculationms.

In view of the above findings, if is concluded that if
fluctuations are small, and provided energy-averaged deuteron
parameters are used, DWBA theory gives an excellent representation
of the direct reaction process, above as well as below the
Coulomb barrier and that reliable nuclear structure information

can be extracted from both energy regioms.
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APPENDIX A

TABLES OF DIFFERENTIAL CROSS SECTIONS AND ANALYZING POWER

In this appendix the differential cross sections and
the analyzing power for the angular distributions are listed.
The 48Ca(d,d)480a differential cross sections have an

(-]
experimental error of 2.5% for angles of 65 and greater; for

angles smaller than 65° the error is 5%. The 48Ca(d,p)49Ca(0)
and 48Ca(d,p)49Ca(2.028) differential cross sections have an
experimental error of 5%, except at forward angles where the
percentage error is indica&ed by the figure in brackets. The
error listed for the analyzing power is purely statistical.

The overall error in the differential cross sections

is estimated to be less than 8%,



48&(d,d)48Ca
Ed = 2.5 MeV Ed = 3.0 MeV
Lab. C.M.
(dé;%iZs) (dizfiZs) g%é‘n. (mb/s1) %%E.M. (mb/st)
55.0 57.0 1820
60.0 62.1 899
65.0 67.2 962 633
75.0 77.3 579 376
85.0 87.4 384 247
95.0 97.4 273 175
105.0 107.3 205 132
115.0 117.2 161 107
125.0 127.0 133 88.0
135.0 136.7 114 76.8
145.0 146.4 101 68.3
155.0 156.0 93.8 62.9
165.0 165.6 88.2 58.2
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. I'SCa(d ,d)480a'
Eg = 3.5MeV | Ej = 4.0 MeV
Lab. C.M.

(dngizs) <d225225> %%é_M_ (mb/s1) %%b.M. (mb/s1)
45.0 46.7 1330
50.0 51.9 852
55.0 57.0 837 583
65.0 67.2 430 298
70.0 72.3 312
75.0 77.3 243 166
80.0 - 82.4 193 |
85.0 87.4 157 108
90.0 92.4 130
95.0 97.4 114 78.8

100.0 102.4 98.7 70.1
105.0 107.3 87.4 62.2
110.0 112.3 78.9 56.2
115.0 117.2 71.8 50.9
120.0 122.1 65.2 46.8
125.0 127.0 60.3 42.2
130.0 131.9 56.2 37.9
135.0 136.7 51.7 34.3
140.0 141.6 47.7 31.4
145.0 146.4 44.8 29.2
150.0 151.2 43.1 27.1
155.0 156.0 41.0 25.1
160.0 160.8 38.5 24.1
165.0 165.6 37.4 22.8
170.0 170.4 22.6




48Ca(d,d)asca
Ed= 4,5 MeV Ed=5.0 MeV
Lab. C.M.

(d:gf'iZs) (d::rgliizs) g—gC.M. (mb/s7) g%C.M. (mb/sT)
40.0 41.6 1520 1180
45.0 46.7 963 722
50.0 51.9 615 460
55.0 57.0 416 303
60.0 62.1 291 214
65.0 67.2 205 152
70.0 72.3 150 112
75.0 77.3 112 83.2
80.0 82.4 90.7 67.3
85.0 87.4 75.4 56.6
90.0 92.4 64.8 48.6
95.0 97.4 56.4 42.6

100.0 102.4 51.0 37.7
105.0 107.3 44.9 33.6
110.0 112.3 41.4 29.8
115.0 117.2 37.0 26.5
120.0 122.1 32.6 22.6
125.0 127.0 28.4 19.8
130.0 131.9 25.6 16.8
135.0 136.7 22.8 15.1
140.0 141.6 20.5 13.5
145.0 146.4 18.0 11.9
150.0 151.2 16.5 11.1
155.0 156.0 15.7 ' 10.6
160.0 160.8 14.5 10.1
165.0 165.6 14.0 9. 64
170.0 170.4 13.7 9.72
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48Ca(d,cf)ASCa
E; = 5.5 MeV
Lab. C.M.
<d§§§i§s> (dé;fi:s) %%é.M. (mb/sT)
40.0 41.6 940
45.0 46.7 568
50.0 51.9 361
55.0 57.0 240
60.0 62.1 162
65.0 67.2 113
70.0 72.3 83.3
75.0 77.3 62.7
80.0 82.4 51.2
85.0 87.4 42.5
90.0 92.4 36.5
95.0 97.4 32.7
100.0 102.4 29.2
105.0 107.3 26.3
110.0 112.3 23.2
115.0 117.2 20.1
120.0 122.1 17.1
125.0 127.0 14.7
130.0 131.9 12.7
135.0 136.7 11.1
140.0 141.6 10.2
145.0 146.4 9.56
165.0 165.6 9.14
170.0 170.4 9.46




48Ca(d,p)4_9Ca(O)
Ed=2.5 MeV Ed= 3.0 MeV
Lab. C.M.

(dﬁzfi:s) (d22§i25> %%b.m. (mb/s1) %%E.M. (mb/s7)
30.0 30.6 1.99 (15)
35.0 35.7 1.09 (10) |
40.0 40.8 . 3.12 (10)
45.0 45.9 1.21  (10)

50.0 51.0 3.47
55.0 56.1. 1.56

60.0 61.1 3.96
65.0 66.2 1.67 3.86
75.0 76.2 1.68 3.55
85.0 86.3 1.58 2.84
95.0 9.3 1.44 2.21
105.0 106.2 1.29 1.89
115.0 116.2 1.28 1.83
125.0 126.1 1.16 1.92
135.0 135.9 1.20 2.09
145.0 145.7 1.07 2.25
155.0 155.5 1.14 2.25
165.0 165.3 1.14 2.24
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480, (d,p)*%ca(0)
Ed=395 MeV Ed=4.0 MeV
Lab. C.M.
<d2§§l§s> <d22§§23> %%é.M. (mb/s7) ggb.m.(mb/sr)
20.0 20.4 8.85 (10)
25.0 25.5 5.15 (10) | 10.8  (10)
30.0 30.6 10.2
35.0 35.7 5.60 9.70
40.0 40.8 5.66 9.10
45.0 45.9 5.69 8. 04
50.0 51.0 5.48 7.46
55.0 56.1 5.85 7.02
60.0 61.1 5.67
65.0 66.2 5.89 7.49
70.0 71.2 5.77
75.0 76.2 5.68 7.07
80.0 81.3 5.16
85.0 86.3 4.68 5.66
90.0 91.3 4.20
95.0 96.3 3.60 4.19
100.0 101.3 3.00 3.46
105.0 106.2 2.79 3.08
110.0 111.2 2.50 2.59
115.0 116.2 2.23 2.47
120.0 121.1 2.10 2.44
125.0 126.1 2.07 2.35
130.0 131.0 2.12 2.39
135.0 135.9 2.09 2.29
140.0 140.8 2.18 2.43
145.0 145.7 2.16 2.53
150.0 150. 6" 2.20 2.56
155.0 155.5 2.20 2.63
160.0 160.4 2.19 2.62
165.0 165.3 2.20 2.62
170.0 170.2 2.67
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4864 (a,p)*2ca(0)
Ed = 4,5 MeV Ed = 5,00 MeV
Lab. C.M.
<d225225> (dngiis) %%b.M; (mb/s1) %%E_M. (mb/s1)
15.0 15.3 7.73  (10) 12.8  (10)
20.0 20.4 13.7  (10) 17.9
25.0 25.5 15.9 19.2
30.0 30.6 14.4 16.6
35.0 35.7 12.7 13.1
40.0 40.8 10.1 10.8
45.0 45.9 8.90 9.46
50.0 51.0 8.28 8.68
55.0 56.1 8.12 9.42
60.0 61.1 8.10 8.98
65.0 66.2 8.09 8.82
70.0 71.2 7.98 7.81
75.0° 76.2 6.65 7.10
80.0 ' 81.3 6.04 5.52
85.0 86.3 4,92 4,32
90.0 91.3 3.94. 3230
95.0 96.3 3.02 2.71
100.0 101.3 2.40 2.23
105.0 106.2 1.86 2.04
110.0 111.2 1.77 2.09
115.0 116.2 1.59 2.25
120.0 121.1 1.61 2.24
125.0 126.1 1.73 2.28
130.0 131.0 1.78 2.38
135.0 135.9 1.97 2.23
140.0 140.8 2.06 2.31
145.0 145.7 2.05 2.15
150.0 150.6 2.06 2.01
155.0 155.5 2.13 1.82
160.0 160.4 2.13 1.54
165.0 165.3 2.13 1.30
170.0 170.2 2.07 1.07
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48Ca(d,p)490a(0)
Ey = 5.5 MeV
Lab. C.M.
<d2§§izs> (d225i23> . g%b_m_ (mb/s1)
15.0 15.3 17.4  (10)
20.0 20.4 22.7
25.0 25.5 21.9
30.0 30.6 17.7
35.0 35.7 13.3
40.0 40.8 9. 44
45.0 45.9 8.13
50.0 51.0 8.20
55.0 56.1 9.22
60.0 61.1 9.42
65.0 66.2 9.03
70.0 71.2 8. 44
75.0 76.2 6.70
80. 0 81.3 5.27
85.0 86.3 3.83
90. 0 91.3 2.95
95.0 96.3 2.35
100.0 101.3 2.16
105.0 106.2 2.04
110.0 111.2 2.23
115.0 116.2 2.33
120.0 121.1 2.53
125.0 126.1 2.57
130.0 131.0 2.70
135.0 135.9 2.56
140.0 140.8 2.48
145.0 145.7 2,32
150.0 150.6 2.22
155.0 155.5 2.23
160.0 160.4 1.93
165.0 165.3 1.81
170.0 170.2 1.57
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48CA(d,p) 49Ca(2. 028)

Ed = 2.5 MeV Ed = 3.0 MeV
Lab. C.M.

(dﬁgiis) (df;fii@ %C.M. (mb/s7) ‘%'%c.u. (mb/sr)
30.0 30.8 1.20 (20)
35.0 35.9 0.78 (20)

40.0 41.0 _ 2.85 (15)
45.0 46.1 1.26 (20)

65.0 66.4 4.12
75.0 76.5 2.21 4.54
85.0 86.5 2.48 4.56
95.0 96.5 2.52 4.10
105.0 106.5 2.46 3.87
115.0 116.4 2.40 3.62
125.0 126.3 2.42 3.49
135.0 136.1 2.43 3.37
145.0 145.9 2.31

155.0 155.6 2.41

165.0 165.4 2.47 3.61
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480, (d,p)*%ca(2.028)

Ed= 3.5 MeV Ed = 4.0 MeV
Lab. C.M.

(dsgil:s) <d22§i25> %%b'M. (mb/s7) %%E.M. (mb/s7)
20.0 20.5 8.23 (10)
25.0 25.6 4.23 (15) 8.70 (10)
30.0 30.8 9.47 (10)
35.0 35.9 5.93 (10) | 10.3 (10
55.0 56. 3 7.07 8.51
60.0 61.3 6.72
65.0 66. 4 6.77 8.51
70.0 71.4 6.52
75.0 76.5 6.51 7.52
80.0 81.5 6.22
85.0 86.5 5.90 6.79
90.0 91.5 5.64
95.0 96.5 5.24 5.75

100.0 101.5 4.70 5.14
105.0 106.5 4.61 4.45
110.0 111.4 4.36 4.39
115.0 116.4 4.22

120.0 121.3 4.05 3.95
125.0 126.3 3.91
130.0 131.2 4.05
135.0 136.1 3.95 4.11
140.0 141.0 4.22
145.0 145.9 4.27 4.33
150.0 150.8 4.60 4,47
155.0 155.6 4.38 4.53
160.0 160.5 4.63 4.80
165.0 165.4 4.67 4. 64
170.0 170.3 4.84

98



480, (d,p)*%cac2.028)
E, = 4.5 eV | E; = 5.0 MeV
Lab. C.M.

(d:;ii:s) (dﬁgﬁiis) %%6.M. (wb/s7) %%E.M. (mb/s7)
15.0 15.4 5.44  (20) 10.5  (20)
20.0 20.5 10.2  (10) 15.4  (10)
25.0 25.6 11.5  (10) 16.6  (10)
30.0 30.8 12.2  (10)

50.0 51.2 8.55 9.18
55.0 56.3 8.53 8.72
60.0 61.3 8. 44 8.79
65.0 66.4 8.21 8.92
70.0 71.4 8.15 8.41
75.0 76.5 7.79 7.75
80.0 81.5 7.59 7.00
85.0 86.5 6.84 5.78
90.0 91.5 5.59 5.08
95.0 96.5 5.02 4.50
100.0 101.5 4,45
105.0 106.5 3.26
110.0 111.4 3.44 3.32
115.0 116.4 3.25 3.11
120.0 121.3 3.20 3.26
125.0 126.3 3.11 3.25
130.0 131.2 3.27 3.47
135.0 136.1 3.42
140.0 141.0 3.41
145.0 145.9 3.56
150.0 150.8 2.96
155.0 155.6 3.01
160.0 160.5 2.86
165.0 165.4 2,77
170.0 170.3 2.69

99



100

4SCa(d,p)"gca(z.ozs)
Eé = 5.5 MeV
Lab. C.M.

(dgggiZs) (dgzﬁiZS) ' g%é.m. (mb/srﬁ
15.0 15.4 14.5 (15)
20.0 20.5 . 17.9 (1oj
25.0 25.6 18.3 (10
45.0 46.1 9.64
50.0 51.2 9.08
55.0 56.3 8.77
60.0 61.3 8.63
65.0 66.4 8.24
70.0 71.4 7.75
75.0 76.5 7.09
80.0 | 8L.5 6.17
85.0 86.5 4.88

100.0 101.5 2.99

105.0 106.5 2.67

110.0 111.4 2.51
115.0 116.4 2.55
135.0 136.1 2.68
140.0 141.0 2.56
145.0 145.9 2.61
150.0 150.8 2.40
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'480a(d,d)4§Ca
Lab. C.M. Eq = 9.5 MeV
Angle Angle
(degrees) (degrees) Pd
30.7 31.9 0.001  +0.001
40.3 41.8 0.013  +0.002
45.6 47.3 0.012 %0.002
50.1 52.0 0.003  +0.002
55.2 57.2 -0.002  £0.002
60.1 62.2 0.006 +0.003
65.1 67.3 -0.023  +0.003
70.1 72.4 0.065- +0.005
74.7 77.0 0.111  +0.009
80.0 82.4 0.144  +0.010
85.4 87.8 0.166 +0.011
90.0 92.4 0.139  +0.010
95.0 97.4 0.095 +0.008
100.0 102.4 0.032  +0.009
104.9 107.3 -0.013  £0.007
109.9 112.2 -0.060  +0.010
114.5 116.7 -0.096  +0.010
119.5 121.6 -0.103  +0.015
125.2 127.2 -0.022 +0.013
130.2 132.1 0.005 +0.009
134.8 136.5 0.070  #0.011
139.8 141.3 0.150 +0.013
144.7 146.1 0.222 +0.017
149.6 150.8 0.305 20.021
154.2 155.2 0.328 +0.025
159.1 159.9 0.321 0,022




“8ca(a,p)*ca (o)
Ed = 5.5 MeV
Lab. C.M.
Angle Angle
(degrees) (degrees) P
30.7 31.4 -0.139  %0.015
40.3 41.1 -0.236 +0.020
45.6 46.5 -0.149  +0.019
50.1 51.2 0.036 20.015
55.2 56.3 0.120  £0.015
60.1 61.3 0.203  +0.020
65.1 66.3 0.190 £0.018
70.1 71.4 0.171. *0.017
74.7 76.0 0.154  %0.020
80.0 81.3 0.031 +0.017
85.4 86.8 -0.117  +0.020
89.6 91.0 -0.192  +0.029
95.0 96.4 -0.366 +0.030
104.9 106.2 -0.199  +0.024
114.5 115.8 0.094  +0.025
125.2 126.4 0.251  £0.032
130.2 131.3 0.254  +0.025
134.8 135.8 0.331 +0.030
139.8 140.7 0.261  +0.023
144.7 145.5 0.292  £0.030
149.6 150.3 0.223  £0.023
154.2 154.8 0.251  +0.036
159.1 159.5 0.237 +0.028
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480, (d,p)*%ca(2.028)

E; = 5.5 MeV

Lab. C.M.

Angle Angle

(degrees) | (degrees) §

30.7 31.5 0.238  :0.017
40.3 41.3 0.410 £0.025
45.6 46.7 0.374 +0.025
50.1 51.3 0.260 +0.020
55.2 56.5 0.121 +0.014
60.1 61.5 0.000 +0.015
65.1 66.5 -0.110  +0.013
70.1 71.6 -0.136 +0.014
74.7 76.2 -0.170  +0.018
80.0 81.5 -0.149  +0.016
85.4 87.0 -0.092 +0.016
89.6 91.2 -0.016 +0.022
95.0 96.6 0.121  #0.017
104.9 106.4 0.272 +0.023
114.5 116.0 0.220 +0.025
125.2 126.5 0.084 +0.027
130.2 131.4 -0.017 +0.017
134.8 135.9 ~0.062 +0.021
139.8 140.8 -0.125 +0.016
144.7 145.6 -0.137  +0.024
149.6 150.4 -0.166 +0.017
154.2 154.9 -0.068 +0.028
159.1 159.6 -0.091 +0.021
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APPENDIX B

Yield Curves

The yield curves, particularly those of the ground state,
show significant fluctuations which are outside the statistical
errors. These fluctuations may arise from a variety of sources:
compound nucleus, analogue resonances, threshold effects, etc.

The compound nucleus fluctuations are expected to be very narrow,

6 - 9 KeV, on the basis of Hauser-Feshbach calculations. Thus,

in order to perform a fluctuation analysis, the energy steps in

the yield curve should be of the order of 3 - 4 KeV, whereas in this
case the steps were 10 KeV.

At the presént time, no satisfactory explanation can be
given for most of the wider fluctuations in the yield curves, but
it appears that the sharp dip at Ed = 4.27 MeV in the ground state
yield curve at 165° may be considered as an effect of the (d,n)
and (d,p) coupling. This consideration is based on the fact that

the coupling effect would be seen at a deuteron energy E;es + Bd’

s . .
is the proton elastic scattering resonance energy for

where E'°
P
the analogue state of 49Ca(O) in 49Sc and Bd is the deuteron binding
energy (Mo 66). Since E;es = 1.96 MeV (Jo 66) and Bd = 2.22 MeV,
the coupling effect should be observed at Ed = 4,18 MeV, which is

close to the observed dip in the yield curve.
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Captured Neutron Parameters

In a recent paper, Sharpey-Schafer (Sh 68) has used the
reformulated Optical Model of Greenlees, Pyle and Tang (Gr 68) to
determine the captured neutron parameters. In this model the

following relation exists:

2 = s<r?s_ - 3p2 AL/3 B.1
n R n
where an is the neutron well diffuseness
rn is the neutron well radius

<r2>R is the mean square radius of the real part
of the Optical Model potential determined
from elastic scattering (which can be
determined to t 4% (Sh 68)).
Since the mean square radius of 58Ni is 3.92 £ 0.07 fm
(Gr 68), it is found that the mean squarc radius of 48Ca is

3.70 £ 0.07 £m 1f an A/? dependence of <21/

is assumed.
The mean square radius determined from Eq. B.l with the
parameters determined in this thesis (rn = 1.15 fm, a = 0.65 fm)

is 3.75 fm. Thus the results of the reformulated Optical Model

and the present determination agree within the quoted error.



