A CONTRIBUTION TO THE STUDY OF SINGLE NUCLEON TRANSFER REACTIONS

ON SOME 2s-1d SHELL NUCLEI

John C. Kroon

Submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy

Department of Physics
Faculty of Science and Engineering
University of Ottawa

Ottawa, Canada




ERRATA

Compound Nuclear Contribution

The compound nuclear contribution to the total cross-
section leading to final states which are weakly observed in the
reactions is probably significant. These weak transitions are

shown in figures 4-4, 5-6 and 7-3.

.Hamada-Johnston Potential

The Hamada-Johnston energy independent nucleon-nucleon

. scattering botential represents two-nucleon data below 315 MeV more
accurately than any othér potential model known to date. Both p-p

- and n-p data have been consistently represented by this potential
model. The model appears applicable in the calculation of nuclear
systems containing more than two nucleons. The central task involved
in this approach is tb overcome certain difficulties in the calculations
due to the presence of hard cores, such as the Hamada-Johnston potential.

A solution is achieved by considering the method of the reaction matrix

theory.
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Abstract

Angular distributions of deuterons from the 26Mg(p, d)stg,

27Al(p, d)26A1 at a proton energy of 20 MeV and 37C1(p, d)36C1,

23Na(p, d)zzNa at 19 MeV incident energy have been measured.

Angular distributionsAin stg up to 3.903 MeV excitation were
compared with distorted wave predictions. A spectroscopic factor analysis
was carried out based on the Nilsson Model where 2sMg was assumed to
consist of a deformed core with the odd neutron in a mixture of all
possible N %= 2 Nilsson states. The theory was further extended to
include Coriolis band mixing among all the (2s-1d) shells, which improved
the comparison between theoretical spectroscopic factors and measured
factors. The observed 7/2+ and 9/2+ levels were popqlated much more
strongly than predicted by single_step direct neutroﬁ pick-up theory.

27510p, d)%6a1

Altogether 30 levels were resolved in the
reaction. The strongest transitions were compared with distorted wave
predictions. The data was further analyzed using the Nilsson model and

shell model. The level at 4.699 MeV has been identified.as the isobaric

analog to the 4.331 MeV state in 26Mg.




Angular distributions in 36C1 up to 4.292 MeV excitation

were analyzed using distorted wave predictions. A detailed comparison

is made between experimentally extracted spectroscopic factors and
theoretical spectroscopic factors derived from "251/2 - 1d3/2" and

"lds/2 - 251/2 - 1d3/2" shell model wave functions.

Transitions to states in 22Na were compared with distorted
wave predictions. The data was analyzed using the Nilsson model.

The analysis confirms a previously unreported level at 4.294 MeV.
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CHAPTER 1

INTRODUCTION

1.1 Objectives

For many years thé's-d shell has been used as a testing
~ground for many nuclear models; This study attemﬁts to correlate these
models and their extensions to the expe}imenlal data. The main features
of the investigation follow,
(a) a higﬁ resolution study of the single nucleon
transfer reaction on a even-even nucleus (26Mg)
in the deformed region of the 2s-1d shell.
) a high'resolutiop gtudy of the single nucleon
transfer reaction on two odd-Z nuclei (27A1,
23Na) in the deformed ;egion of the 2s-1d shell.
(c) a high resolution study of the single nucleon
transfer reaction on an odd-Z nucleus (37C1)
near a closed éhellf
d) a test of the abblicability of the Nilsson Model and
the Shell Model to describe the nuclear structure

of these nuclei.




(e) an assessment of the conventional spectroscopic
factor analysis of single nucleon transfer

reactions.

1.2 . General Background

During the last decade, the single nucleon transfer reaction
has been extensively studied as a basic eiperimental technique for the
investigation of the wavefunctions of the ground and excited states of
nuclei. By a transfer reaction a rearrangement collision is meant in
which a nucleon,'or cluster of nucleons, is transferred to -the target
nucleus in fhe case of a stribping reaction or removed in the case of a
pick-up reaction. These transitions afé of most interest when direct

and minimally perturb the nuclear cores.

Since its original observation by qunding in 1954 (S1), the
(f, d) reaction has in particular contributed gréatly to unfold the
wealth of information contained in transfer reactions. The shabes of
the angular distributiops and the magnitudes of the cross sections of
. this reaction can be analyzed with the distorted-wave Born approximation
(DWBA) to extract the values of the'traﬁsferred'orbital angqlar momenta.
Makipé use of angular momentum selection rules, inférmation can then be

obtained about spins and parities of the states involved.




From the strength of particular transitions, an asséssment
can be made to what extent the initial nucleus may be considered as the
final nucleus plus a neutron in a single particle shell model level.

In oversimplified languéée, pick-up reactions select single hole

states. Thi§ information is usuélly extracted in terms of the spectro-
scopic factor and if data are obtained for an adequate sampling of
residual levels, the sums of the spectroscopic factors yield the nucleon
occupation number for the accessible shell model orbits in the target
nucleus ground state. Configuration admixtures in the target nucleus

are thus detectable by this reaction.

Investigations until recently have been restricted to targets
which are easily available and, since the Q-value of the (p, d) reaction
in most instances is-in the range -5 to -15 MeV, only the first few
excited states have been measured. With higher incident proton energies
and with semiconductor detector resolution and particle identification

techniques, it is now possible to separate and measure more excited

states.

This report presents results of an experimental study of
single nucleon transfer reactions on some nuclei within the 2s-1d shell.

The reactions considered are the 26Mg(p, d)stg, 27Al(p, d)26A1,

37Cl(p, d)36C1 and 23Na(p, d)zzNa. Many charged particle reactions




have been performed in the region between 16O and 40Ca and the results

of several of these reactions are utilized for inter-comparison.

In particular, the stqdy examined the application of
several theoretical models (N1, M1, K1, HG) which have been proposed
for the deformed nuclei in the 2s-1d shell. These models were extended

to include major shell mixing of all Nilsson states and a Coriolis
band mixing calculation for all 2s-1d orbits. Their respective degree
of validity were evaluated by a comparison of experimentally determined
spectroscopic factors for neutron pick-up to the various predicted

values.

In addition, the applicability of shell-model calculations

3

to nuclei in the s-d shell are teé;ed primarily using the 7Cl(p, d)36C1

reaction.




CHAPTER 2

EXPERIMENTAL ARRANGEMENT AND PROCEDURES

2.1 Machine and External Beam Facilities

The experiments under investigation were carried out using a
20 MeV proton beam, from the Chalk River 10 MV van de Graaff MP Tandem
Accelerator. The negative-ion beam was injected into the accelerator
from a Duoplasmatron negative-ion source. Figure 2-1 shows the
_accelerator with beam transport and target area layout. Positive ions
emerging from the high energy base of the accelerator were focussed using
a magnetic quadrupole lens. A set of electrostatic steerers after the
quadrupole lens, enabled the beam position and direction to be adjusted
prior to entering the 90° energy analysing magnet. The analysed beam of
the correct energy was then deflected through 10° by the switching magnet
and further beam alignment was attained with the aid of the precision
apertures. Two additional sets of quadrupole lenses were used to focus
the beam finally to the centre of the Ortec 17" scattering chamber*. The
entrance to the scattering chamber included a-tantalum collimator

arrangement. The purpose of this arrangemeht was to define the axis of

ORTEC, Model 600.




Figure 2-1: Drawing of accelerator and target area layout.
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the beam fhrough the scattering chamber and to eliminate any scattering
from the target frame. Typical beam spots on targets were between 1 and
2 mm in diameter. Beam currents were measured using a Faraday-cup with
an air-cooled tantalum beam stop biased at 1500 V, which was connected
to a Keithly integrating electrometer. Variable beam intensities up to

1 uA were obtained with a beam energy resolution of 0.01%.

Particles were detected in a counter telescope which was
permanently mounted onto the lower turntable of ‘the scattering chamber.
Figure 2-2 shows a photograph of the scattering chamber and accessories.
In this photograph, the detector-housing or telescope is located along
the forward direction of the beam at 60° laboratory angle. A view is
also shown of the beam entrance-scraper which prevented, through anti-
scattering slits, particles scattered from the beam defining apertures in
the collimator to reach the counters. The target as shown in the centre
of the scattering chamber was part of the target handling system, which

was capable of accommodating several targets at the same time.

The detéctors were completely enclosed in a brass detector-
housing aé shown in Figure 2-3. This was done in order to minimize the
effects of scattered particles on the detectors. The entrance collimator
" of the detector-housing was designed to include a magnetic electron

deflector and defining entrance aperture.




o R Y
Bt nnlondy

Fig. II-2. Scattering chamber and accessories
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A convenient technique was devised, to remove or insert the
detectors into the detector enclosure. Figure 2-4 shows a detailed
view of the detector mounts which were fitted into recessed slots of the
detector enclosure. Capacitances were minimized by using short cables

between detector and preamplifier.

The smallest scattering angle attainable with this

arrangement was 10°.

The scattering chamber and supporting beam pipe were kept

under vacuum by several Triode ion pumps.

2.2 Detectors and Electronics

The aforementioned counter telescope consisted of three
sémiconductor detectors mounted in line: a 50 ﬁ transmission detector
(AE), a 200 ﬁ transmission detector (E), and a standard 500 u surface
barrier detector (E). In particular, the detection system is designed
to select deuterons and tritons in the presence of a high background of
high energy protons. The low energy deuterons and tritons were stopped
vin the E counter, whereas the high energy protons will pass into the

back counter (E); which will be operated in anticoincidence to reject

proton events immediately.




Detector-Housing with removable mount.
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The first counter telescope systems used for particle
identification (S2) relied on the property of the Bethe rate-of-energy
. loss formula, that the producf E. %5- is approximately independent of
the incident particle energy, but varies with the mass and charge of the

2

" particle as MZ°. This method is restricted since the energy lost in the

front counter, AE, must be a small proportion of the total. incident

energy.

The Goulding-Léndis particle identifier (G1) eliminated the
need to have a thin front counter by utiliziﬁg the’embéric#l ranéefenérgy
relationship R = gﬁb where a is characteristic of thé typé of pérticle
and b is nearly the same for all light particles above 10 MeV. The

numerical value used for b was 1.73.

The particle reactions investigated in fhis report only deal
with siﬁgle nucleon transfer reactions,'aithough thevtwo’nucleon transfer
reactions formed an integral'part‘of the overall study .using a particle
identifier. Both (p,d) and (p,t) are highly endothermic‘réﬁctions and
the energy range of the tritons’and deuterons was between 3 Mev to.

11 MeV. 1In this energy-range the exponential law on which the Goulding-
method relies is a poor approximation. Thé.altérnative method emplbyed
vfbr these experiments used the experimental‘range—eneigy table directly
and is applicable éver the fuil range of energies and for any barticle

type produced in the reactions (Hl). Data'for’the-range-energy table was

obtained from Williamson, Boujot and Picard w1).
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In making the particle selection, it is necessary to
calculate a certain parameter which is independent of particle energy,
but which gives a unique value for the desired particle type. A
suitable parameter is the front counter thickness (T), which is given

by the relation
T = R(E + AE) - R(E)

where R(E) is the‘range of the selected particle type having energy E
and AE and E are the energies deposited in the first two counters
respectively of the telescope; ‘These particle enérgies were converted
into ranges in silicon by referring to the experimental r#nge-enexgy
table which is permanently stored in the computer memory, and T is
obtained as the difference between two tabulated values. Only particles
of the type whose range-énergy relation is stored in the computer memoxry
will give a calculated valué which is the tfue front counter thickness,
and can therefore 5e selected on this basis. In this experiment the

triton range-energy in silicon was permanently stored in computer memory.

Other particle'types whichAare detected have specific energy
iosées, which are sufficiently différent'that the calculated front
couniter "thickness" never has the same value as the true thickness. Ir
- Figure 2 -5 is shown the computed front counter "thickness" as a funétion
of incident energy for each of the’ Z = 1 ﬁarticles when the triton

range-energy table is used. Although the proton and deuteron "thickness"
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Figure 2-5: Front counter "thickness" as a function of particle

energy.
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varies wi£h energy it is nevertheless different from the triton thickness
at all energies. "Separation df the three particles is therefore
ac;omplished. A typical particle identifier spectrum observed in these
experiments is shown in Figure ‘2-6, with well resolved proton, deuteron
and triton peaks. 'Ene:gy spectra for protons, deuterons and tritons were
subsequently obtained by setting digital windows on the corresponding

peaks in the particle identifier spectrum.

A block'diagram of the electronics is shown in Figure 2 -7.

vSignals from the three'deteqfors were first sent to charge sensitive

';pféamplifiers which then fed to the méin amplifiers in the circuit, A
slow coincidence (2t = 1 usec) was demanded between the AE and E signals
~and pulses which‘satisfied this requirement entered the AE and E anglogue
to digital'convgrfer which were both operating in the 2048 channel mode.
The PDP-1 on-line computer incorporated soft-ware based on the principle

" of reaction product detection.as outlined previously. All energy
calibrations of the Si-detectors were achieved using a 241Am a-source.
Typical energy resolufion fFWHM) for déuterons obtained from the energy

spectra were 35 keV to 40 keV.

A continuous monitoring system was part of the electronic
circuitry. Elastically scattered protons from the target were stopped
in a 3 mm lithium-drifted Si detector. This counter as shown in Figure

2 -2 is situated at a fixed angle of 20° with resbect to the beam direction.
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~ Figure 2-6: Particle identifier spectrum.
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Figure 2-7: Block diagram of the electronics.
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The energy spectrum was recorded and a gate was sef on the elastic peak.
A scaler measured the number of counts from this peak. This technique
allowed for an additional overall normalization of the data supplementing
the beam current integrator. It was found that the ratio of beam-charge

to monitor counts for each run was constant to within statistics.

2.3 Data Analysis

The stored data from the PDP-1 on-line computer was written
on DECTAPE for further analysis. Part of the computer hardware was a
CALCOMP-plotter which after each run plotted a histogram of the energy

spectra.

/

The firsf step in the analysis of the energy spectra was the
determination of the energies of the various final states populated in
fhe reactidns. With the aid of the computer program LORNA (L1), known
final state peak positions were used to determine the energy scale, from

which the excitations of all other levels in the spectrum could be

26A1, 36

determined. This method was used to obtain unknown levels in C1

and 22Na and proved highly successful in separating the overlapping

states in the sodium-chloride target.
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Peak areas and positions were oﬁtained with the computer
program '"Anneliese'" from J. W. Tepel (T1). The ﬁrogram fitted a
standard peak shape determined from one of the spectra to the various
peaks in a spectrum. The program is superior to a gaussian fitting
- procedure in that the actual peak shape rather than an assumed one is
used. After appropriate background correction, the total number of
counts in each peak for all the levels of interest was obtained and

subsequently an angular distribution was determined.

2.4 Targets

'The targets used in these experiments were solid targets,
mounted on square stainless steel frames which contained a circular

aperture of 7.9 mm in diameter. All targets ﬁere prepared by evaporation.

The isotopically enriched magnesium and sodium-chloride targets were

deposited onto a 10ug/cm2 carbon foil, whereas the aluminum target was

self-supporting.

The range of target thickness to be measured varied from about
25 ﬁgm/cmzvto 50 ﬁgm/cm2 and one of the more reliable methods which has
| proven to give satisfactory results in this target thickness range is

'Rutherford-scattering of heavy ions. This method also identifies at

the same time different target constituents and an accurate assessment of
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target impurities is obtained. The heavy ions used for this target
thickness determination were 6 MeV a-particles. Further details about

Rutherford scattering are contained in Appendix 1.

Most of the contaminant peaks observed in the energy spectra

were oxygen, carbon and nitrogen.

None of the targets showed any appreciable deterioration under

bombardmenﬁ.

2.5 Absolute Normalization of Cross Sections

The absolute differential cross-section was calculated

using the formula,

4 c * -z wR? .
¢ g ) = (—E-) * ,Je ¥ —— * (2.66 * 10 ') mb/sr.
di cm BL L NAT
where
C/B = the total number of counts per uc of incident
beam of charge Z
8, = the laboratory scattering angle
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Jg = the factpr for conversion from laboratory to
centre-of-mass coordinates.

M = molecular weight of target

N = the number of nuclei per mole

T = target thickness in mg/cmz

Geometrical parameters, all measured in inches.

R = the‘ distance from the centre of the target to the
front face of the entrance aperture of detector
hbusing

A = area of entrance aperture.

All absolute cross-sections are accurate to +9%.




- 22 -

CHAPTER 3

. THEORETICAL CONSIDERATIONS

3.1 Selection rules'

In all direct reactions, the total angular momentum transferred
(jn)‘in the reéction is related to the angular momentum of the initial
state CJi) and the angular momentumkof'fhe final state ch). The

conservation of total angular momentum requires that (G7),

-+ - ->

) = + ;
Jj = Jf In ,
> > > .
=J+2 +S
f n n

. - - |
where 2n and s, refer to the transferred particle's orbital and spin

angular momentum.

This in turn gives,

A 1 " 1
95 - Jgl - 5 <ty < G+ It

_ The change in‘parity between the initial and final nuclear

state is,
2

Am = (-1) n
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3.2 Distorted Wave Born Approximation (DWBA) Method.

A great number of reactions have been studied where one nucleon
is added or removed from the tafget (including (p, d), (d, t), (3He, a),
'(d, n), etc.). It has been observed fhat in many of these reactions, a
selec;ed group of final state§ are populated with appreciable probability
and the angular distributions of the exiting particle exhibit pronounced
maxima and minima especiélly in the forward direction. These are
characteristics of the direct transfer which occurs between the incident
particle and a specific orbit in the residual nucleus without significantly

exciting the internal degrees of freedom of the target.

Consider, then, the single-nucleon transfer reaction (p,d),

A+a : B +b where
b= a+x
"A=s B+x

and x is the transferred nucleon. Forward arrows refer to pick-up and

backward arrows to stripping.

The theoretical description of this process involves three

- - basic physical assumptions:




- - 24 -

a) Nucleon transfer occurs directly betweén the
two active éhannéls (A,a) and (B, b). .

b) Optical model wavefunctions for A+ a and B+ b
are correct in all relevant rggions of configuration
space.

c) Transfbr process is weak enough to permit a first

order treatment.

‘ The differential crOSS'section for a direct reaction of the

form A(a, b)B, in the distorted wave Born Approximation can be

written as (S10, B6):

' 2
do "a"b ka z ITABI

g P4 = —S5 = = where
do _ (2"*,‘,2)2 k, @ +1es5 1)

ﬁa and ub‘are the reduced masses of the pairs (a,A) an4 (b, B);
.kakand kb are the wave veétors for particles a and'b;

Iy '

.with z éomponents MA’ MB’ m, and m s

JB’ 5, and s, are the spins of particles A, B, a and b, respectively

TAB is the transition amplitude and takes the form
> > L(=)* > = +) >
Tpp * I dr, I dr, % (k,» T,) <B, b [v| A, a> Xg k,, T,)
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Here ;; is the vector between the center of mass of the projectile
and the center of mass of the target, similarly for ?B. The functions
Xy and X, are distorﬁed waves which describe the elastic scattering
(weak coupling) in the entr;nce'and exit channels and are solutions of
a radial Schrodinger equation. .The remaining factor in the amplitude
represents the matrix element of the effective interaction taken

" between the internal states of the colliding pairs.

This transformation has been formulated (S6) and results in the
following expression for the differential cross section, : ;

d 3 A2 :
a—% (p, d) = 7 Cc"s(2, j) O'zj(e)

The quantity C is the isotopic spin Clebsch-Gordon coefficient and
S(%, j) is the usual spectroscopic factor. In the present work, the
single nucleon cross sections,czj(e) are calculated using the Smith-Code

(S6). The finite range corrections were accomplished using the method

of Buttle and Goldfarb (B7).

rd

The entrance and exit channel elastic scattered wave functions

- were calculated using the following form of the optical potential
- - i +
U@) = U (x) - VE(r, 7o, 3)) il WE(r, T 5, ay)

d .
+ da Wy = f (x, T 5 aI)]
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where the function £(r, Ty a) is the Saxon-Wood form factor

£(r, T, a) = {1 4exp [(r - roAl/s) /a ]}"1

and Uc is the Coulomb potential between a light particle'of poinf-charge

and a uniformly charged sphere.




- 27 -
CHAPTER 4

THE 2Mg (p, d)%Mg REACTION

4.1 Introduction

The properties of low-lying states.of stg up to an excitation
-energy of 4 MeV Havé been successfully represented by the Nilsson model
_which descfibes them as'reaéonably‘pure single pérticle states, based
on Nilsson orbits 5(K" = 5/2%), 9(K" = 1/2%) and 11(K" = 1/2%), coupled

to a prdlate.spheroidal core (L2, N1, M1, H2, S3, El).

In deformed 1light nuclei, the single-particle energies and '
rotational energies are of the same ordér of magnitude, so that coupling
between the rotation and the particle motion has to be taken into account
(K1). As a consequence, the mixing between states with the same s;in and
parity belonging to different bandsvwill affect both apsolute and

relative spectroscopic factors.

+ .
In 25Mg the lowest two bands above the K" = 5/2° ground state
band have K" = 1/2+ . The AK = *1 selection rule therefore prevents

rotation-particle coupling of these bands to the ground state band,




The.K? = 3/2+ band which is based on Nilsson orbit 8 should
~ start at an excitation of about 4 MeV, although it has not yet been
identified. Also states at about the same.excitation should occur
which correspond to a hole in orbit number 7 (K1r = 3/2+). Therefore,
the simple picture of three pure rqtationalibands should be extended
‘at energies near 4 MeV and above, in order:to allow for the Coriolis
inferaction of these bénds with the 5ands cbrresfonding to Nilsson

orbits 5, 9 and 11.

Single nucleon pick-up reactions are rather sensitive to hole
state-configurations»in the core’and the theoretical'spectroscopic
fhctors.are.fbund to be significantly changed by small proportions of
- orbits nuﬁbers 6 and 7 in the'wavé fﬁnctions (D2). The three band
description may therefbie be inadequate in this type of analysis even
. for thevlow'lying levels of 25Mg. When K' = 3/2+ states are taken into
aééount, the RPC effects are comparablg in magnitude and a full six

band mixing calculation is indicated.

A collective interpretation of the lower levels of 26Mg is less

well established. The energy which is required in order to break a

neutron bair in 26Mg is believed to be considerably less than in 24Mg (D3),
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so that the same purity of Nilsson configurations should not be expected.
Considerable mixing of several Nilsson orbits in the ground state of 26Mg
has been required to fit single nucleon transfer spectroscopic factors

in previous investigations. Hamburger and Blair (H3) estimated the
mixing of orbits 5, 9 and 11 from the 26Mg(d,t)25Mg reaction. Cujec (C1)

26Mg to be formed from a neutron pair

considered the lowest 0+ levels of
in mixed orbits 5 and 9 when she analyzed the stg(d,p)ZGMg reaction.
Dehnhar& and Yntema (D2) considgred mixing of orbits 5, 6, 7, 9,11 and
8 in their analysis of the 26Mg(d,t)25Mg reaction.

-

This study reports an analysis of the 26_Mg(p,d)25Mg reaction

at a proton energy of 20 MeV, in which we assume that the 2SMg levels
below 4 MeV are described by mixed single particlé states outside a
spheroidal core. Band mixing among all the orbits in the (1d-2s) shell
is taken into account. Thg spectroscopic factor information is used to

estimate the probability V: that a particular Nilsson orbit o« is filled |

by a neutron in the 26Mg target.

4.2 Eiperimental Results

The reaction was studied at an incident proton beam energy of

20 MeV. A 26Mg target enriched to >99% was obtained from AWRE Aldermaston;

it was brepared by evaboiating Mgo onto a carbon foil. The target
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thickness was measured-to-be~27~pg/cm2 using Rutherford scattering. A
spectrum of the deuterons at 18% in the laboratory system is shown in
Figure 4-1. Energy resolutions of approximately 40 keV were achieved

using the previously described counter telescope system.

The principal feature of tﬁe deuteron spectrum afpears to be
that all states under investigation are strongly excited. The only
impurity in the spectrum is the ground state transition of the 160(p,d)150
reaction. In addition the spectrum shows the j-forbidden transifions
to the J" = 7/2" and 3" = 972" states at 1.611 Mev and 3.399 MeV
respectively (D5). These transitions are relatively strongly excited
although the 9/2+ level at 3.399 MeV‘could not be resolved from the
3/2" level at 3.408 MeV. Angular distributions éf the deuteron groups

for most states were recorded over the range from 20° to 125°,

3
)
|
:
:
’

The experimental angular distributions together with the
calculated curves are shown in Figures 4-2 to 4-4. The error bars refer
to the statistical uncertainties of the data points, and there is an
additional uncertainty of 9 % in thg absolute differential cross
Sections. A discussion on absolute differential cross sections has

been previously described in section 2.5,
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Energy spectrum of the ~ Mg(p, d) Mg reaction.

Figure 4-1
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Figure 4-2: The 2n = 2 angular distributions for the

reaction 26Mg(p, d)stg.
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Figure 4-3: The zn,- 0 angular distributions for the

reaction 26Mg(p, d)stg.
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Figure 4-4: The zn = 4 angular distributions for the

reaction 26Mg(p, d)stg.
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4.3 Theoretical spectroscopic factor calculation for single nucleon

pick-up reaction.

The wave function |NQa> of a single particle in Nilsson orbit o

can be expanded into spherical wave functions as follows:

|NQe> = §. Cysa INjo>

The square of the Nilsson,coefficient CNjﬂ measures the probability

that a particle in orbit o has angular momentum £ and total spin je.

The symbol Q is the projection of the total spin of the odd nucleon

onto the symmetry axis. Nilsson néglected the interaction between
different shells and accordingly the summation is restricted to a
single oscillator shell. For the 1d-2s shell, N is 2. The exbansion

coefficients CNjQ& are tabulated by Davidson (D4) and are related to

the A,, vwhich are tabulated for D = 0 by Nilsson (N1) and, for a range
6f D &alﬁes, by Bishop (Bi). The transformation between the coefficients
is given by |

Coee, = (£ (0 WAZ[j0) A, 1/ A2, )2
NjQ A L7 3 W 7

’

whére‘A and = are the projections of the orbital angular momentum and
the particle's spin respectively. The condition for axial symmetry

requires that

Q=A+2Z
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The expression derived by Satchler (S4) for the sfectro-
scopic factor, for ?ick-up of a nucleon ieading to a nucleus
described as an odd-nucleon strongly coupled to an axially symmetric

deformed core is:

27 +1
.2 T . 2 2
szj p -?;;j:-I- (3 xbnlJK) chQa s

where Jo and l(.o are the spin and its projection along the nuclear
symmetry axis respectively, for the residual nucleus A. J and K are
the corresponding values for the (A + 1) target. Q is the spin
projection on the symmetry axié of the transferred particle. pz takes
the vélue 2 where either Kb = 0 or K = 0, otherwise p2 = 1. For a spin
zero target, J = K= 0, and the spectroscopic factor simplifies to

25 Zcﬁjga-
corresponds to the sum ru1q< given by Macfarlane and French (M2) for

S The sum rule for pick-up is then 85 Szj = 2, which

stripping.

We extend the theory to include the off diagonal N 2 elements
which take into account the coupling between the major shells. Major
she;l mixing has a small effect on the magnitude of the C2j9a
coéfficients and can usually be ignored. However, the j-forbidden
transitions to excited states of spin greater than 5/2 are enhanced
in this reaction and the theoretical spectroscopic factor can only be

.evaluated for these transitions if the'C4j9d coefficients are included.
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- The resulting [NQa > wave function becomes

[NQa> = N;% chQ | Njo>

Figure 4-5 shows the coefficients as a function of

CNan '
deformation when major shell mixing is taken into account. As expected
the coefficients of those states with N = 4 from the g-shell are

small and can be neglected in comparison with the ﬁore dominant N = 2

components, when both contribute to the evaluation of the theoretical

spectroscopic factor.

Also it is noted the close similarity between the coefficients
calculated here (Table 4-1) for a deformed harmonic oscillator potential
and those calculated by Rost and reported by Dehnhard and Yntema (D2)
for a deformed Saxon-Woods potential. The Nilsson energy level
diagram in this region was found to be qualitatively unchanged when the
N =0 and N = 4 terms are included, though the energies on the whole

shift downwards fbr'positive deformation.

The effects of pairing (Y1, C2) are considered in this
calculation. In a simﬁle abbroiimation, the ground state of 26Mg may

be considered to consist of two neutrons in Nilsson orbit number S

24

(K"'= 5/2+) coubled to a deformed " Mg core. An extension to this

:
i
t
!
‘
'
1]
!




- 38 -

Figure 4-5: The Nilsson model expansion coefficients CzNjn’
including major shell mixing, plotted as a

function of the deformation parameter B.
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model would include admixtures due to i)airi_ng interaction of higher
Nilsson orbits. In this analysis the assumftion is made that the
. .-;ls-lp shells and Nilsson orbits 6 and 7 are completély filled and

'- that the remaining two neutrons partly fill Nilsson orbits 5, 9, 8

and 11. v2 represents the probability that a particular Nilsson

fla
orbit a is occupied by a nucleon pair.

In addition rdtatidn-particle coupling has to be taken into
account. The symbol Wm represents the band miicing coefficients which

,wili be described in section 44

[

The resulting spectroscopic factor for a pick-up reaction on

a spin-zero target becomes

| 2
Syj =2 {2 Voo Wou Cyjo !

4.4 Calculation of Coriolis band miki_ng coefficients.

The comi:lete Hamiltonian that describes the motion of the odd

particle in the deformed-field of the nucleus, the rotation of the

nucleus and the rotation-particle coupling can be written as:

=H, .+ +
H Hintr. Hrm: . l'IRT P . C..

R |

D e R

B N S O

N i g S e et e el
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Hoer is the part of the Hamiltonian describing the intrinsic states
and has been solved by Nilsson. Nilsson assumed a single-particle

Hamiltonian of ‘the “following form:

'H=H°+Cz.s'+'n,z.z

where H b is the oscillator potential, to which is added a spin orbit ,
.vpbtential C%.s ‘and ‘the ‘terﬁl DL.%. Nilsson then studied the effect of
a deformation of the nuclear potential with cylindrical symmetry. Ho
is further split into a spherically symmetric term l-'lo and a term Hy

‘representing the coupling of the particle to the axis of the deformation.

’N_églecti_ng the ‘RPC, the basic set of wavefunctions is a product of the

single particle wavefunctions |Ka> with a core wavefunction D:’K s

L mn ———— . e 2 s

- : s
k> = [ 22117 (ol [ke>  + (-)F"F pl
TodZ - MK M-K

[ -Ka>}
where I is the ‘total angular momentum of the nucleus and M its projection
on the space fixed axis. The symbol K (or 9 since we assume axial

- symmetry) is its projection on the nuclear symmetry axis.

The HR P.C term is responsible for coupling states with the

same value of I with AK = tJ.' or AK = 0 if, and only if, K = K' = },
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The Coriolis band mixing coefficients Wm were calculated by

carrying out a perturbation treatment of the R.P.C. Hamiltonian,

2

o 4.- -+

= af et
HR:”:Ct 2]

where the operators It and ji connect only states as previously postulated
and J is the moment of inertia. The unmixed energies represent' the

'. diagonal matrix elements of the Hamiltonian and are given by, .

E (D) = e + e F1 oy a0 *Eoae

B aaen ey ' sy

where Elgl) = h2/21, and EIEZ) is the strength of the rotation-vibration

i M ————— o E e s omam L, T R e e

term.

The decouélipg parameter a is

g = j+i 2
"a = - ;.7 (") (J + %) cj,% . %

In the band-mixing calculation, all Nilsson bands number 5 - 9 and 11 ' g

were allowed to mix. The off-diagonal elements of the Hamiltonian are 5

<IMK'a' |H(RPC) | IMKa>

- !

2 ;
H ! T
[@+K) (-K +1)] | ;

= - = A .,
‘27 K,K
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with

AK,K' = :zi Cijc CNjK [(j + K,)(j - K, + 1) ‘]

where‘K; is the greater of K' and K.

. The energy matrix was diagonalized to give the energy of each

mixed state |IM> and the expansion coefficient Wha of its wave function

, !IM> = S'ig wﬂa |IMK>

R L Tt e Ty 2 oo s omm e <

A computer code performed the calculations as described below.
:*Nilsson~wavefunctions were generated with n = 4.3, ¥ = 0.05, p = 0-and
B8 = 0.22. The values of the CNjn coefficients were computed from the

major shell mixing as outlined previously. The remaining parameters

to be fixed are the vplues .of EK(O) R Ex(l) and EK(Z) for each band.
: Thevexperimental energies of the band heads fix the EK(O) to a
large extent, however the band heads of orbits number 6, 7, and 8 have
‘not been identified in 2SMg and for these the estimates used by Dehnhard
and Ynfema (D2) of 6.0 MeV, 4.2 MeV and 4.0 MeV respectively were taken for
the calculation. Values of Ex(l) were also estimated from the foregoing
reference, although some variation was allowed in trying to achieve the 5
best least-squares fit to the expérimental energies. This fit was
brimarily achieved however, through a variation of EK(Z). The results

' . 25
are shown in Figure 4-6 where the experimental energy spectrum of ""Mg

e et e 20 £ S A WSk TR AL R R T T T R S T T
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Figure 4-6: The band structure of 25Mg as given by Sharpey- : {

Schafer et al., compared to the predictions of

a Coriolis band mixed Nilsson single particle

calculation. . E
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as proposed by Sharpey-Schafer et. al. (S5) is il'lustrated in
comparison with the .Cbriolis coupling results. The agreement caﬁ be
considered adequate in view of the uncertainties in ‘the band head
energies and in the theory (B2). The values of the mixing coefficients

‘W__ -which.are pertinent to the spectroscopic factors for the’ZGMg(p,d) stg

reaction are listed in Table 4-2.

‘4.5 Core-excited states

‘In consid’ering the T = %'excited states in 25Mg, we are aséuming
that one nucleon can be excited from the Nilsson orbits 6 and 7. This
| excited nucleon may be either a proton or a neutron, which is then
coupled to the extra neutron to forma T = } state. These states in

25Mg" in (T, T,) space have the form,

b0 Vi, G Do WD -V i, Gy (1,0

~In the 26-Mg(p,d) 25Mg reaction a neutron is picked.hp' from 26.Mg
:-which‘has a neutron fair outside a 24Mg core. Since strong pairing
exists between like nucleons and if only one particle is excited from

the core thé'n'.that pa;'ticle will be a neutron to pair off with the one

already there.
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'.Thereforg, in a band mixing calculation, if W6 is the
amplitude of the number 6 band component in the wave function of an

excited T = } lével, then that part which will be observed in a pick-

up reaction is v %x W6. The equivalent is true for W7.

4.6 Experimental results and distorted wave analysis.

A DWBA fitting of the levels up to 3.903 MeV excitation was
attempted using a programme written by W. R. Smith (S6) which was out-
lined in Chapter 3. This programme assumes a Saxon-Woods potential for
the neutron bound state, where the well depth is adjusted to produce an
eigenstate of the separation energy. No non-local corrections were made,
but finite range effects were included by’means of the local energ} '
approximation.

A search‘was made among available proton (P1l) and deuteron (P2, H4)
optical model parameters thch are known to fit the elastic scattering
data at energies near to the channel energies of our measurements. The
six ﬁroton potentials and the five deuteron potentials listed in Table 4-3
‘were chosen, and a search made with all combinations for the best
simultaneous fits to all the levels. The shape of the angular
distributions was found to vary between the different potentials, but
those combinations which gave reasonable fits all gave closely similar

spectroscoﬁic factors. A typical set corresponding to solution.number 2

PRRYSE

Y

e B RLRANLE AN




- 48 -

T VAN re Celeesdim e

8S

0L°0 ov°1 0 €21 0L°0 or°1

ir 9°0 ss°1 26°12 0 6.0 0z't

r 8Y°0 1s°1 VAW 0 8L°0 0z°'1

1508 8€°0 16°1 0 292t SL°0 0z°'1

ed S09°0 865°1 LL2 0 S08°0 L81°1 1°€L uoxe3Naq

1d LY°0 S2°1 0°6 0 $9°0 Sz°1 vecy 9

¥2 Ly 0 sz°1 0°11 0 $9°0 SZ'1 6°9¥ S

¥0 0Ss°0 0z't LS 0 ¥9°0 0z't g Ly ¥

€D v°0 0g°1 9°01 0 29°0 0g°1 L2 <

SH 8v°0 62°1 0 9°g 8°0 62'1 8°1s z

1d L¥°0 TAR | A 0 $9°0 sz°1 6°9% 1 uo03oxd
w3 w3 ASK ASH w3 w3y AN zoquny

‘JFoy H.w I OH Qz mE m.w mo..n s A uoTINIos

*(1d) 4£exed WOXF ST UOTIBIOX Y]

*S=p 9IqBL UT POISTT STOAST SY3 I0F SUOTINQTIISTP Ieindus

muﬁv.numzou oYl 03 ITF TTBISGAO 3S8Q 9Y3 JOF YOIBOS Y3 UT posnt aXoMm YOTYm sxejswsxed topou 1eo13do

£-v olqel-




- 49 -

for the proton, and solution number 3 for the deuteron botential, was
therefore chosen. The £ = 2 transitions are shown in figure 4-2 and
the £ = 0 transitions in figure 4-3. It is clear that no combinafion
of the potential would providé a satisfactory fit to all the levels.
In particular the wave number changes between the ground state and the
976 keV level were insufficient to account for their quite different |
angular distribution shapes. The shift of the peak with excitation

energy between the £ =2 transitions is in an opposite sense to that

predicted by the DWBA theory.

It has been suggested (L3, L4) that the deviation between the
shape of the theoretical curve for the reaction leading to the groqnd
state and the experimental anguiar distribution can be attributed to a
j-dependent effect, where the j = %- transition exhibits a sharp drop-off
at dboﬁt 55° and the j= %-does not. In general the agreement between
theoretical prediction and experimentgl data for the 2 = 0 and & = 2
is fairly good except for the 0.976 MeV state, where the sharp rise in
the angular distribution beyond 60° was impossible to fit.

~ The transitions to the J" = %f 1evels.at 1.611 MeV and
2.736 MeV, which appear quite.sfrongly, are forbidden by the shell
model assuming pick-up of a (ld;Zs) neutron from the target. Major

shell miking of the Nilsson orbits introduces (lg) components into the

orbit wave functions and £ = 4 pick-up is then possible. However
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figure 4~4+shows tbat the angular distributions to these levels are not

well fitted by the £n = 4 DWBA theory.

Aﬁ alternativé reaction process seems likely to be important in
populating the %f and %? levels. In the DWBA theory the transition is
| assumed to take place directly from the entrance channel to the exit -
channel. Th#t is, the transition is assumed to be a one-step process.
Usually the one-step process will dominate if the state of the daughter
nucleus has gobd overlap with the ground state of the target nucleus -
and the entrance or exit channel is not very strongly coupled to some
other channel. However, there are cases.when élightly legs direct
:transifionS'flay an important rble. For instance, the entrance channel
may be strongly coupled to a low-lying state corresponding to the
ekcitation of a collective mode of the target nucleus. The two-step
process (I1, Al), excitation of the target nucleus followed by pick-uﬁ
to the exit channel, will play a role comparable to that of the one-
step process."Iﬁ particular, the two-step process is likely to be
: important‘in‘magnesium where the proton inelastic scattering cross section
to the first J" = 2+ excited state has a large cross section (K2).
Moreover, anianéldﬁous two-step process, involving the excitation of a

collective mode in the daughter nucleus, can also be expected to make a

" significant contribution to the stripping cross section.

t

see Errata.
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4.7 Absolute sbectroscoﬁic factor analysis

In order to minimizé the effects of processes other than single
step neutron pick-up, the initialbanalysis Qas confined to the éround
state, the 0.584 MeV level, and the 2.565 MeV level. These are the |
~ band-head levels so that their main components have non-rotating cores. ;
The three experimental spectroscopic factors which were obtained from the
DWBA fits were used to solve for the three filling coefficients Vg, V11

5
these stg levels so that any reasonable value of Vs would have a

and V.. The mixing of the number 8 Nilsson orbit was quite small in :
. i

negligible effect. Values of V5 = ,78, V9 = ,57 and V11 = .30 were

obtained.

The experimental spectroscopic factors deduced by DWBA analysis

o ASAWLARALR DA ENAWA

are presented in column number S of Table 4-4. The theoretical spectro-

scopic factors leading to states which are members of the number 5, 9

and 11 bands are shown in column 6. The calculations are based on the ;

filling coefficients derived previously. The role which RPC and N

mixing play is reflected in the results of column 6 particularly when

these results are compared to columns 7 and 8.

Column 9 of Table 4-4 shows the theoretical spectroscopic factors

which were calculated by Dehnard and Yntema (D2) .with the same assumptions

as in column 6, but using the Nilsson coefficients corresponding to a
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particle in a deformed Saxon-Woods potential. Finally column 10

shows the experimental spectroscopic factors which where calculated

by Reynolds (R1) for the 26Mg (p,d) stg reaction at the higher .
bombarding energy of 40 MeV. It is seen that general agreement is obtained.

4.8 Discussion

The _zn = 4 angular distributions of the ?" = %f levels in
zsug bear ‘no resemblance to the calculated curves. Also the theoretical
sbectroscopic factors undér-estimate the experimentally extracted
factors, indicating that the direct nucieon pick-up theory is inadéquate
for transifions to these leveis. This conclusion is further
substantiated by the fact that recent calculations which included the
two step process through the generalized DWBA model, have obtained

" much better agreement for - these levels (7).

Little can be said of the 5 level at 3.399 MeV since it
was not resolﬁed from the En = 1 transition to the level at 3.404 MeV.
‘Neither of these levels should:be-populated strongly in the Nilsson

single particle model.

..The over-estimate of the'6;967 MeV level spectroscopic

factor is hard to understand without a large contribution to the

reaction
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mechanism from a predominantly backward beaking mechanism. Both the
0.967 MeV and the 0.548 MeV levels are predicted to be reasonably
pure orbit number 9 states from the band mixing calculations, and the

predicted spectroscopic factor ratio is close to the ratio

2 2 - ] = . . '
CN 3/2 1/2‘CN 1/2 172 = 0.495:0.227 2.2 for th1§ orbit. However the

experimental ratio is 0.44.

The large differences between columns 6 and 7 in Table ﬂ-4 show
that rotation particle coupling is important for the lower levels of stg.
This is particularly frue of the 3.903 MeV state where the proximity of
the orbit numbef 7 has a considerable effect. An increase in the
orbit number 7 band energy from the assumed value of 4.2 MeV to about
6.3 MeV reduces the spectrbscopic factor to the exﬁerimental value without

significantly changing the fit>to the experimental energy levels of

Figure 4-6.

The differences between columns 7 and 8, on the other hand, are
much smaller. Therefore, as originally pointed out by Niléson, tﬁe effect
of major shell mixing is émall and is certainly insufficient to account
for the experimental spectroscopic factors to the %f and gf levels which

~ are otherwise forbidden in direct pick-up.

The results of this analysis to obtain the Nilsson orbit filling

coefficients V& in 26Mg were found to be reasonably insensitive to the

o AABAWEIRIEE,_DAMIDIVA
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optical potentials which were used in the DWBA analysis, so long as
the same set was used for all the levels. However there was

considerable variation in the results when a different value for the

deformation was assumed.

The yalues of the V; are in good agreement with previous
calculations based on other single nucleon transfer reaction measurements.
This is somewhat surprising considering the déubtful.aésumptions of the
one-step, direct DWBA theory which has been used to analyze these

experiments, and the differing contributions which would be expected

to the different reactions of the two-step and higher order processes.

T
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CHAPTER 5

THE 27A1(p, d)%%a1 REACTION

5.1 Introduction

The study of the (1d - 2s) shell has been extended in this

2 26

%a1. 26a1 is an odd-odd nucleus and has one

chapter to the nucleus
more prbton than stg.- The previous chapter indicated that the low
lying states of_stg have been successfuily described in terms of
rotational bands built on the various Nilsson states occupied by the
last nucleon. Far less understood is the situation in the neighbouring
26A1 nucleus, where several model calculations applied to 26Al have not
succeeded in describing the lqw lying states adequately. It seemed
natural however to apply the Nilsson model. Horvat et al. (H6)
extended the rotational model to 26A1 by describing the eight lowest
levels as states obtained by the coupling of twd nucleons moving in the
Nilsson orbits from the A = 25 nuclei. This model description has been
impiéved upon by wasi¢1ewski et al,tWZ). They included the rotation-

particle coupling term in the Hamiltonian and a residual interaction

between the last odd proton and neutron. The agreement obtained

between the experimental levels and the calculated results is not

~ARLWELIITLE . DETALDLRN
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satisfactory. This discrepancy can be attributed to the restrictions
of the axially symmetric model. | .
.The intermediaté-cduplipg model ﬁy Bouten et al. (B3)
reproduced the lowest s{i levels of 26Al satisfactorily, but the high
density of states above 2 MeV‘is beyond the scope of this calculation.
Recent shell model calculations (W3) fbf A = 20 - 28 nuclei did not

26

succeed in the case of the ““Al nucleus. The deviations between

calculated and experimental energieé were of the order of 1 to 2 MeV.

Experimentally, the energy levels of ?6A1 are well

Jéstébliéﬁéd.. The -charged particle réactions 24Mg(sﬂe, p)26A1,

28

2701 e, «)%A1 and 2%si(d, 0)26A1 determined the existence of more

than 20 levels below 4 MeV excitation (E2). The single-nucleon transfer

e ARWRASILR MRININA.

reactions 2SMg(SHe, d)26A1 (W4) and 25Mg(d, n)26A1 (F1) have established

24, 3 26
Mg(“He, py)~ Al

levels up to 6 MeV excitation energy. The reaction
(B4, H7) has been used to measure particle-gamma correlations which gave i

~ gamma-ray branching ratios and spins.

Results from spect}oscopic factor analysis have only become g
available recently. The reaction 27A1(3He, d)26A1 has been studied at i
10 MeV bombarding energy (N2). The 2Al(p, d)?%A1 reaction at 16 Mev (A2) ‘

appears to be the most recent data and spectroscopic factors were

N S

extracted up to 2.55 MeV excitation.

/4
/3
4
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The’present investigation extends the spectroscopic factor
analysis fbr the eleven strongest transitions leading to final states
in 26A1 up to an excitation energy of 4,699_Mev; using an incident
profon bombarding energy of 20 MeV. It was of particular interest to
study the properties of T = 1 states at 0.229, 2.07, 3.159 and 4.699 MeV

26yvg at 0, 1.81, 2.94 and

which correspond to the analog states in
4.33 yev respectively. The spectroscopic factors extracted from the
present data for these levels are in agreement with values predicted
from shell model calculations (W5) for the 2§Mg nucleus. This agree-
ment provides a test of the validity of the shell model for 26Mg and

indicates that the respective levels in 26Al belong to the same shell

model configuration. A spin of 4+ is proposed for the 4.699 MeV level,

based on the aforementioned analysis.

5.2 Experimental Results

The measurements were carried out at an incident proton beam
energy of 20 MeV. Spectra were obtained by bombarding a self-supporting
27Al target (99.99% purity), which was 38 pg/cm2 thick. The counter

telescope and experimental arrangement, as described in chapter 2,

" remained unchanged for the analysis of this reaction.

L ANMIEINT NAINWA
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The sfectrum of deuterons leading to states in 26Al is
shown in figure 5-1. Altogether 30 levels were observed with an energy
resolution of approkimately 35 keV. These levels represent all known ' ‘
excited states of 26A1 below 5 MeV. The triplet at 2.07 MeV (H8) and |
doublets at 3772 MeV, 4.20 MeV and 4.60 MeV have not been resolved. é
The previously unresolved level at 3.918 MeV (E2) is clearly separated E
from the 3.962 MeV state. This level was also resolved in the ;
zsﬂgfsﬂe, d)26A1vreaction (W4). The only contaminant in the spectrum :
is the 160(p, d)lso reaction. The 2.740 MeV excited state is masked by

this impurity in the energy spectrum shown.

One of the more interesting features shown in the energy iy

: : . .

spectrum, is the strong population of the 4.699 MeV level. This state 2
+ &

appears at an energy at which the isobaric analog of the 4.34 MeV (Jﬂ =4) 3
z.',

ﬂ,

in 26Mg is expectedvfrom the Coulomb energy differences. This con-

tention will be supported in the subsequent analysis of the experimental

results.

The angular distributions for the various final states are
shown in figures 5-2 to 5-5. The cross sections quoted are absolute
-with an .accuracy of * 9%, due mainly to uncertainty in the target _ ;
thickness. The solid curves are DWBA fredictions, which will be 3

discussed below. It is unfortunate that many of the resolved levels

in the energy spectra were not populated strongly enough (<.05 mb/sr)
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27A1(p, d)26A1 reaction.

ST MTIAIwA

e leaia MM IXATA A
sniel S, .

Figure 5-1: Energy spectrum of the
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Figure 5-2: Optj.cal model fits of the 27A1(d, d)27Al and
27p1(p, P)27A1 at 9 MeV and 20 MeV respectively.
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3
3
4
Figure 5-3: The 2= 2 angular distributions for T = 0 transitions x;
g
in the reaction 27Al ;s d)26Al. i)
: §
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Figure 5-4:
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The Ln = 2 angular distributions for T = 1 transitions

in the reaction 27Al(p, d)26A1.
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Figure 5-5: The L, = 0 angular distribution for T = 0 transition

in the reaction 27A1 (p, d)26A1. _ ¥
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in order to obtain a complete angular distribution. Moreover some of
the angular distributions were quite isotroﬁic, and could not be
fitted with DWBA. Also the lsq ground state feak obscured several

levels at a large number of angles. These weak transitions are shown

in figure 5-6.
5.3 Distorted Wave Analysis

Distorted wave calculations were obtained using the pro-
~gramme written by W. R, Smith. The progamme option to include finite

‘range effects were employed.

)
A thorough investigation was carried out to determine optical

model parameters that would fit the elastic scattering data for the
entrance and exit channéls. Elastic scattering data have been reported
befbre from the 27Al(d, d)27A1 reaction at Ed = 11.8 MeV and the

| 28Si(p, p)ZSSi reaction at Ep = 27.6 MeV. This data was used in the

sfudy of the 28Si(p, d)27Si_reaction (J1) and should be applicable to
the present analysis. As a starting point, the optical model parameters

. used to £it the magnesium angular distributions were considered. Good

fits were obtained for the 2 = 2 transitions, whereas the fit to the

¢ = 0 transition did not agree too well. Subsequently, variations in

the geometrical parameters of the potentials, including the neutron

Further changes in

boundstate geometrical parameters were considered.

227X
FATEGLU S NP




Figure 5-6:

- 66 -

Angular distributions for weak transitions in

the reaction 27Al(p, d)26A1.
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the real.and imaginary proton botential and a reduction in the deuteron
imaginary fotentiél were required to achieve a good fit. The resulting
parameters which proved to give the best overall fit to the g.s. and
excited states in 26A1 are listed in Table 5-1. The fits to the elastic
scattering data are compared in figure 5-2. It is noted here that the
maxima and minima are correctly located and the forward angle intensities
‘approximately reproduced. Any deviations could be attributed to ‘the
lower in-and outgoing particle energies of the present experiment,

name1y 20.0 MeV for the protons and 9.1 MeV for the deuterons.

In figures 5-3 to 5-5 the measured angular distributions
are shown together with the predictions of the DWBA theory. Since the

spin of the target nucleus 27Al is unequal to zero, more than one &-

value is allowed for most transitions. However, the angular distributions

shown are dominated by the & = 2 transitions. The only transition which
could be satisfactorily fitted with a & = O transition is the level at

0.418 MeV. The DWBA calculation is accurately reproduced over the

angular range of 13° t6 50° for this state. The 0.418 MeV level is

thought to be formed by the pick-up of a 251/2 neutron.

Close examination of the & = 2 angular distributions

reveals, as it was the case in the magnesium analysis, that there is a

significant difference between the shape of the. curve obtained from the

to the ground state, and the experimental

DWBA predictions leading
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Table 5-1: DWBA parameters used in the calculations from which the

curves in figures 5-2 to 5-5 were obtained.

Channel Vs ros as _ "s WD roI

MeV fm fm MeV MeV fm

T
ocC

Proton s1.8 ] 1.29 0.65 8.6 0 1.29

Deuteron 91.08] 1.20 0.78 0 24. 1.40

bound state 1.3 - 0.7

0.48

0.60

1.25

1.25

o

L s

0o Be_fos

TS L T TN

D s X XV
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curve (L3). The analysis of Lee and Schiffer (L4) noted that for

g = 2 transitions and deuteron energies between 7 and 10 MeV in
nuclei with 16 < A < 44 and gpectroscopic factors greater than 0.1,
the experimental j = 3/2 transition§ exhibit a éharp drop-off and a

minimum at ~55° whereas the j = 5/2 transitions do not.

.On this basis the j = 5/2 transitions are favored and
wouldvindicate pick-up from the lds/2 shell. ﬂ?wever in view of the
absénce of a j = 3/2 transition from the data, it is questibnable to
make a choice based on a j-dependent effect. In addition as noted

previdusly (F2), the j-dependent effects have been explained in

térms of Q-value dependence.

5.4 Spectrbscopic Analysis

The'éxperimental spectrdscopic factors calculated using the
expi‘ession from section 3.2 are given in Table 5-2 for the states whose
angular distributions were compared with DWBA predictions. In addition
to the 2-valﬁes and spectroscopic factors extracted from the present
' expé;imental data, a selection of complementary information from the
literature is cbntained in Table 5-2. The experimental absolute
spectroscopic factor is reported as c2s. The isospin coupling coefficient

C2 is equai to 1 for transitions to T = 0 levels and 1/3.for transitions

~
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26

Table 5-2: Level properties of 2 Al
Spectroscopic factor CZS(Q)

E a) 3" b) T b 2 2

. ) % C°s(0) Cs(2)
0 5 - 2 1.65
0.229 0 1 2 0.24
g.ggg f: 0 0.34
1.760 2 ? 0.4
1.852 2t, ), 1 2 0.08
2.0687, 3t
2.0695 2t 1 2 0.87
.2.0715 '
2.367 31 . 2 0.47
3.227 §+, §+ c) 2 0.47

' 3

d

2.749)
2.915 2t 3t
3.074 +
3.159 2 1 2 0.21
3.405 2 0.32
3.507 '
3.0¢ 2o %

. 3
3.719, 2*, 3*

3.746° '

3.918

3.962 .
4.191, 3 1
4.202
4.342
4.424,

4.477
4.541

4.595, 2 1

4.613 +

4.699 4 1 2 1.66
4.766

4,935

5.002

5.126, 2t ¢ 1¢)

a) Excitation energies from ref. (E2)

b) Spin, parity and isospin assignment for the 4.699 MeV state from present
: experiments, for all other states as ‘in refs. (E2, F1, W4).. .

c) J" , T assignments from ref. (F1)

) Masked by 165¢p, d)*%0
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to T = 1 levels.

5.4-1 Comparison with the Nilsson Model

. In considering 26Al, we restrict ourselves to the particle

configurations in which one nucleon is in Nilsson orbit 5(K" = 5/2+),

and the other one is also in the same orbit or in one of the higher

orbits. This latter nucleon is then paired off with the additional

neutron to form 2751, The energy levels of the Hamiltonian predicted

on the basis of this model description are given by Horvat et al. (H6)

and Weidinger et al. w4).

The spectroscopic factors in the Nilsson model are givén by

Satchler's formula (S4)

2 +1 '
2 “o . . 2 .2 .2
S,. = 0 FFFIT (e xosz[ JK) <f£|i> cm

2j

where <f|i> is the core overlap of the initial and final nucleus and

is‘hsﬁally éet equal to one and p2 = 2 if both particles are in the

same Nilsson orbit and p2 - 1 in the other cases. In the literature

the K = 0 case usually is the only one mentioned for pz = 2. All

other symb61sfhave been Héfined.prevEOusly in section 4.3.
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In discussing the levels, the previous interpretation of
26A1 by Horvat et al. is followed who assign the band heads of the
K = 5 and the two K = 0 bands to the ground state and the first and
tﬁird excited states, respectively. The configurations 5/2+(5) x 1/2+(9)
are proposed for the states at 0.42 MeV and 1.76 MeV. However in the
present analysis, the comparison bétween the measured spectroscopic
factors and calculated spectroscopic factors is confined to the
5/2+(5) + 5/2+(5) states. The convention used here denotes a plus-sign

as parallel coupling and a minus-sign as anti-parallel coupling.

Within the Nilsson model description for 26Al, no more than
two neutron can be in one Nilsson orbit. This simple picture implies
an upper limit of Szj - 2.0. This sum rule was employed in calculating

the results of Table 5-3 in the following way,

I s. + I 8. = 2
k=5 0 2
Te0 T=0,1

The célcuiations tabulated in Table 5-3 were carried out for a

- deformation parameter of n = 4.3 and the appropriate isospin coupling

coefficient was included.
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Table 5-3: Comparison of experimental and theoretical spectroscopic

factors for a deformation of n =4.31in 26Al.

2

C"S
26Al J“, T} 2| K Configuration Theoretical Experimental

0.0 | st ol 2| s|srfer+ 572 (5) 1.0 1.65
0.220| of, 1| 2| o]sizte) - 5/2".(5) 0.06 0.24
1.059] 1%, o] 2| o '5/2*(5) - 5/27(5) 0.36 0.40
207 | 2, 1] 2| olsi2*e - s/2¥ (5) 0.10 0.87
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Table 5-3: Comparison of experimental and theoretical spectroscopic

factors for a deformation of n =4.31in 26A1.

2

CcC's
261\1 J", Ty 2&| K Configuration Theoretical Experimental

<+

0.0 | st ol 2| s|s/2'e) #5727 ) 1.0 1.65
<+ + +

0.220] o*, 1| 2| o} 5/2°(5) - 5/2°(5) 0.06 0.24
+ - + +

1.0s0] 1*, o] 2| o 5727 s) - 5/27 ) 0.36 0.40

+ +
2.07 | 27, 1] 2| 0]s/2 ) - 5/2 (5) 0.10 0.87
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Table 5-3: Comparison of experimental and theoretical spectroscopic

factors for a deformation of n = 4.3 in 26A1.

| c2s
26A1 Jn, T{ 2| K Configuration Theoretical Experimental
+
0.0 |s*, o] 2| s|si2) +5/27°) 1.0 1.65
+ + +
0.220] o, 1| 2| o] s5/27(5) - 5/27(8) 0.06 0.24
4+ +
1.050) 1%, o] 2| ofs/2 ) - 5727 (8) 0.36 0.40
. .
2.07 | 2%, 1] 2| ol s/2t(s) - 5727 (s) 0.10 0.87




- 74 =

5.4-2 Comparison with Simple Shell Model Predictions

7

According to the model (S9), 2 Al is considered to be a

nucleus composed of a 2881 core and a hole in the d5/2 shell,

represented usually as (dslz)'l. Transitions leading to levels in
26Al could then be represented as (dslz)-z configurations. On this
basis, the low lying levels in 26A1 can be described by the shell
model and jj-coupling for the odd d5/2 neutron and proton. The states
with J = 0, 2 and 4 should have isospin of T = 1 and the states with
J=1, 3 and 5 an isospin of T = 0. The level at 1.76 MeV appears

to be the éxception among the lowest levels since it is known to have
(J“,.T) = (2+, 0) (H6). If excitatioms are considered into 251/2 or

ld:,’/2 orbits, the two unpaired nucleons can couple to a total spin

: + + ’
‘of J=0,1, 2, 3, or 4 and the proximity of 2 and 3 1levels suggests

such mixing may be present.

In the simplest case, when configuration mixing is
neglected, the spectroscopic factors for the single nucleon pick-up

reaction can be calculated using a formula by Macfarlane and French (M2).

c%s = %- @27 + 1)

26Al nuclei.

' -1 -2 s 27
for all (dS/Z) to (ds/z) transitions between Al and

s een et s st vm s GO vEL AN AT




- 75 -

The spectroscoplc factors thus calculated are listed in Table 5-4
and it has been assumed that the total strength of the (ds/z) wave
function for (J , T) = (3 , 0) is in the second excited state at
0.418 MeV. - Similarly, the total strength for @J", T) = (4+, 1)

has been assigned to the level at 4.699 MeV.

5.5 Isobaric Analog States in 26Al
The analog states of 26Mg in 2941, i.e. the T = 1 levels,

are determined from Coulomb energy differences by comparing our present
results with data from the stg(d, p)26Mg reaction (C1, H9, L3). The
compilation of energy levels of 2651 by Endt and van der Leun (E1)
lists five levels up to. 4.595 MeV with isospin T = 1. An updated
cqmﬁilation ih 1967 (E2) omits the T = 1 assignment of the 4.595 MeV
lévei, however Fuchs (F1) jncludes the fifth T = 1 level as belonging
" to one of the members of the doublet at 4.60 MeV. In our present data
the levels at 0.229, 0.207 and 3.159 MeV correspond to analog states

in %yg at 0, 1.81 and 2.94 MeV respectively. The doublets at 4.2 MeV

and 4.6 MeV in 26Al also correspond to T = 1 levels, however in the

present analysis these states are not populated with sufficient strength

to be considered for further analysis.
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Table 5-4: Comparison of experimental and theoretical spectroscopic

factors from simple shell model predictions

26Al ', T Theoretical Experimental
2|, c%s L c%s
. .
.0 5, 0 2 1.833 2 1.65
+ 1
0.229 o, 1 2 0.167 2 0.24
0.48 | 3, o 2 | 1.167 o | 0.3
+
1.059 1, O 2 0.500 2 0.40
+ .
2.07 2, 1 2 0.833 2 0.87
+
4.699 4, 1 1 2 1.500 2 1.66
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Of particular interest is the strong transition to
the level at 4.699 MeV, since it is proposed as a candidate to
be the sixth T = 1 level in 26Al. Recent results from shell model
calculations for 26Mg predict good agreement between spectroscopic
1" - ”" 3
factors from the d5/2 51/2 shell model wave functions for

27A1 to the five

proton pick-up f%om the 5/2+ ground state of
lowest levels of'26Mg.~AAlso the lowest 4% model state of 26Mg is
predicted to have an % = 2 spectroscopic factor significantly
larger than that for any other'state. However, the success of

the shell model predictions in 26Mg is somewhat reduced since the

probable 4+ level at 4.34 MeV is fart of an unresolved triplet.

The same shell model predictions can be applied to our
results, partiéularly since the analysis of transitions to states
in'26A1 appears to have the added advantage of not having a triplet
state at 4.60 MeV which is the expected position of the analoé
triplet at 4.3 MeV in 26Mg. In fact, the 4.699 Mev level is
the resolved J“‘ = 4+ component from the two nearby levels at
4.60 MeV. The level scheme showing the break-up of the triplet

state in 26Mg is presented in figure 5-7. The results of the

o
| j"'
H .

i ~
|
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Figure 5-7: Energy levels of T = 1 states in the A = 26 system

in the region Ex = 4.3 MeV to 4.7 MeV.
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spectroscopic factor comparison are given in Table 5-5. They are
presented as relative spectroscopic factors in columns six and
seven, thus eliminating the dependence on the isospin coupling

coefficient.

5.6 Comparison with other data.

J/

| Table 5-6 compares the relative spectroscopic factors

6f this study with the spectroscopic factors of the

' 27A1(3He, a)26A1 (N2) at 10 MeV bombarding energy and the

27Al(p, d)26A1 (A2) reaction at 16 MeV incident energy. The
factors are tabulated as Czszjlczsg s, ? since the (3He, o) and

(p, d) experiments reported only relative values.
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Table 5-5: Comparison of spectroscopic factors from present results - ;

and d5/2 - 51/2 wavefunctions leading to T = 1 states in

26AI

i A AT T L L T T R UL,

Relative Spec. factox
§/8p.23

26 26 26 a)l :
Alexpt. Mgexpt. MEtheor. Expt. Theor. i

PR T A = VY oL

Excitation Energy

0.220]  g.s. g.s. ot | 2 1.00 1.00

2.07 1.81 2.34 2 2 - 3.70 2.59
3.159 2.94 3.08 2 2 0.87 - 1.0

4.699 4,331 4.11 4 2 7.03 6.21

8)  ywildenthal, B. H. and Newman, E., Phys. Rev. 175, 1431  (1968).

e 4 U T X ENAE A TN e =
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Table 5-6: Relative spectroscopic factor comparison with other data.

e, @2 Cre, 0° e, O°
‘2§A1‘ i, T | 'czsmj}c"’sg.s czszjlczsg.s_ czszj/czsg.s.
0 5 12 1.0 1.0 1.0
0.220 | of, 1 ]2 0.4 0.23 0.13
0.418 3t 0 0.21 0.61 0.13
1.050 |17 2 0.24 0.30 0.26
1.76- | 2" |
i,ssz ]2 0.05 <0.10
2.0687| 3+
2.0605| 2f, 1 (2| 0.53 0.59 0.23
2.367 |35 - |2 0.28 0.076
2.547 | 2%,3° 2 0.28 . 0.067

a)“'"Présent:results
b) Ref. N2

c) ' Ref. A2
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5.7 Discussion

For most transitions satisfactory fits were obtained between
the theoretical curves predicted from DWBA and the experimental data.
In addltion, the optical model parameters describe the elastic scattering
results closely. In most cases an L= = 2 neutron transfer was found to
,be‘consistent with the data. The only g = 0 transfer was to the 0.418 MeV
level. The states at 1.76 MeV and 1.85 MeV were excited weakly and a
f1t was attempted for the 1.85 MeV level. It has to be concluded that
the z 2 value assigned in th1s analysis is amblguous, since from the
,shape of the curve 1t is ev1dent that other 2-values could contribute.
éﬁecent results from.%ﬁe 24Mg( He, py) Al by ‘Bissinger'et al. (B4)

produced a rev1sed sp1n assrgnment of J = 1 to this level. The present

-

results for the 1.76 MeV and the 1. 85 MeV states do.not make deta11ed analys1s
worthwhrle due to their small cross—sect1ons. The fits to the levels at

3. 159 MeV and 3.405 MeV are not adequately reproduced with an g = 2 neutron

' transfer but further analy51s seems fruitless due to the1r small transition

:strength._

The absolute exper1mental spectroscopic factors as listed in

QuTable 5 2 show several strong spectroscopic strengths. In particular

| the observed spectroscop1c factor for the state at 4.699 MeV is very

large w1th a spectroscoplc strength comparable to the ground state
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spectroscopic factor and twice as large as any other observed T = 1

transition.

In Table 5-3 the measured spectroscopic factors are compared
with predictions of the Nilsson model. Agreement was obtained for the
1.059 MeV state only. In fact the results are not encouraging enough
to consider more complicated configurations. Also;it is noted that this
particular Nilsson calculation is independent of the degree of
defbrmation since the expan51on coefficient C2 5/2 5 is equal to 1.

In conclusion, the present results confirm the 1napp11cab111ty of the

Nilsson model description for 26Al.

. The agreement obtained between the experimental spectroscopic
factors and the spectroscopic factors predicted from the simple shell
model calculations is quite surprising as shown in Table 5-4. The.
.disagreement obtained for the 0. 418 MeV 1level suggests that the assumption
made to attribute the total strength of the (dslz) wavefunction for
(J“,,T) = (3 , 0) to this state is jncorrect. This is contrary to the
"conclusion reached by Nurzynski et. al., who reported anf = 2 transition
to this level and found good agreement. The converse situation seems
to exist for the 0.229 MeV state, since the present results obtain good

agreement whereas the ( He, a) results report a considerable discrepancy.
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In general, the model descriftion.in which 271 and 2651 are

considered to consist of (dslz)-1 and (a:lslz)-2 configurations only, has

‘ . . - +.
creditability and determines the spin of the 4.699 MeV level to be 4 .

In addition the sum-rule fredictions combare favorably:

2
T=0,1
Theory
T=0,1
Exp.

Table 5-5 shows the good agreement obtained between
.relative}spectfoscopic factors- from the "d5/2 - 51/2" shell-model wave
functions and the exper1menta1 results. In particular, the large & = 2
spectroscopic factor predicted by the shell model calculatlons for the
. state at 4.33 MeV in 26Mg is observed in the present results and is
concentrated in the 4.699 MeV level. On the basis oflthis striking’
.agreement the spin for this state is selected to be J7 = 4%, This
then confirms the success of the model since it accounts for energy

levels and spectroscopic factors in accordance with experiment.

The comparlson of relatlve Spectroscopic factors in Table 5-6

indicates good agreement between our results and the ( He, o) results
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for all levels except the 0.418 MeV state. The (3He, a) reaction
prefers to proceed via the higher f%-value when & = 0 or 2 are

possible. The (p, d) results at 16 MeV are lower especially the
spectroscopic factors at 2.07 MeV and 0.418 MeV which are reduced
by a factor of two. This could point to a Q-value dependence of

the reaction cross-section.
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CHAPTER 6

THE >'C1(p, d)36_c1 REACTION

6.1 Introduction

The earlier studies of the doubly odd 36¢1 nucleus are
reﬁiewed~in the 1967 compilétion by Endt and van der Leun (E2). ﬁoSt
’k of the experimental 1nfbrmat10n listed in this review or1g1nated |

from (n, y) reactions on 35C1 and in particular the 35 c1 d, p) Cl
reaction (H10) which established 70 levels in 36C1 below 7 MeV.

More fecently, several additional (n, y) reactions have been reported
. (F3, KS, H11) in order to resolve amb1gu1t1es in Y-ray intensities

and to determlne some spin values of exc1ted levels.

Spectroscop1c factor 1nfbrmat10n has become availableifrom

the 37Cl( He, a) 6c1 react1on (LS) and the c1(d p) 6¢c1 reaction (D6).

The‘study of the 37Cl('p, d)36C1 reaction was undertaken to
measure l values and spectroscoplc factors. .The spectroscopic

information extracted is most relevant to test the detailed many-
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_ particle shell model calculations of the s-d shell nuclei (G2, G3,

G4, W6, D7). Furthermore, the (p, d) reaction populates the lowest
+

energy 0 (T = 2) state in 36C1 for which an accurate excitation

energy is calculated.

6.2 Experimental Results

The 37C1(p, d)3§C1 reaction has been studied at an incident
,"energy of 19 MeV. The target material NaCl enriched to 96.52% in 37C1,
was‘obtained from Oak Ridge. The targets were then produced by
evaporation onto a carbon backing. Targets had a thickness of 50 ug/cm2

as.determined by weighing.

'Emergent deuterons were detected in a counter telescope, a
detailed description of which has been given in chapter 2. Only one
change,ﬁas made in the telescope, namelyvthe 300u E counter was
substituted with a 500u counter in order to accommodate higher énergy

deuterons due to the less negative Q-value of this reaction with respect

to the previous reactionms.

The 20°’energy.spectrum is shown in figure 6-1, where‘due,fo

the composition of the target, levels of 36C1 and 22Na are indicated.

The 22Na States will be discussed fufthe? in chapter 7. The con-
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Figure 6-1: Energy spectrum of the 571 P, d)?6C1 reaction.
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taminants are from nitrogen and oxygen and are labelled with the
residual nucleus symbol. The excitation energies of the observed
states were determined by analyzing the data with the computer
program Lorna (L1), as described in section 2.3. The calibratioﬁ
curve was provided by the 36C1g.s. and the known levels at 0.788,
1.164 and 1.598 MeV. The measured excitation energies and their
associated erTors (£ 20 keV) are within the quoted errors of the
37Ci(sﬂe, a)36C1’reaction'(L5). The doublet at 1.949 MeV, which is

separated by only 8 keV, and triplet at 2.469 MeV were not resolved

‘in this experiment. Of particular interest is the state at 4.292 MeV,

which is the 0+ analog to the ground state of 363 (T = 2).

Angular distributions have been extracted for the above
mentioned transitions in 36C1 over the angular range of 15° to 70°
at 5° intervals, excépt for the level at 4.292 MeV which was masked
by the 1.96 MeV state in 2ZNa at angles greater than 40°. No angular
distribufion was obtained for the 2.856 MeV_excited state, since at

22

most angles _it was obscured by "“Na levels.
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6.3 The DWBA Analysis

The experimental angular distributions were compared with
DWBA calculations from the Smith code, using the finite range option.
In the absence of proton and &euteron élastic scattering data from
37Cl, two sets of parameters for the potentials were considered.
The first set was taken from the DWBA analysis of the 37Cl(d, p)38C1
reaction (RZ) at 7.5 MeV incident energy, and the second set was
obtained from the study of the 36Ar(p, d)ssAr reaction at a bom-
barding eﬁergy of 27.5 MeV. For both reactions the optical para-
meters were obtaingd by fittiﬂé with a Pereyiprogram (P1). An

improved fit to the data was obtained using the latter set and the.

farameters are listed in Table 6-1.

The results of the DWBA calculations are presented in
figures 6-2 to 6-4 ag solid lines. The tramsition to the 1.164 MeV
levei éohtains a 20% & = 0 admixture énd the level at 1.598 MeV
inéludes a 50% 2A= 2 admixture. The spectroscopic factors were

derived using the expression from section 3.2,

v ————r—— TR TS/ A
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Table 6-1: Optical model parameters used in the DWBA calculation

Ch " - .
: ?nnel Vs ros as W§ WD ?01 aI r(.?c
MeV fm | fm | MeV] MeV | :fm £m £m

Proton |48.85 | 1.18 | 0.7935) 2.0 8.2 | 1,3428| 0.4697| 1.25
|peuteron|95.94 | 1.15 | 0.7525 0 ,| i6.13| 1.34 | o0.6542| 1.30

Bound '
"~ State 1.3 0.7 1.25

i m
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Figure 6-2: The L, = 2 angular distributions for the reaction

37c1 5, 4)>ca.
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Figure 6-3: The R'n = 0 angular distributions for the reaction

37c1p, )3Cc1. .
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Figure 6-4: The zn = 0 + 2 angular distributions for the

reaction 37Cl(p, d)36C1.
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6.4 Results from Shell-Model Calculations

Wavefunctions of 37C1 and 36Cl have been calculated in two
different configuration spaces. Model I is based on a shell-model
calculation as described by Glaudemans et al. (G2, G3, G4) an& further
extended by Davies et al. (D7) in the analysis of the SIP(t, p)33P
reaction. The model assumes 2881 to be an inert core and considers
the. additional active ﬁucleons to be in the 251/2 and 1c13/2 shells.
The residual interactions between these active nucleons can be
expressed as a sum of two-particle interactions (D8). With this
assﬁmption the internucléon jnteractions between the many possible
configuration éan be specified by 15 two-body matrix elements and 2

single-particle binding energies.

There are éeveral ways for detefmining the values of these 17
pérametersf Glaudeman; et al. calculated the matrix elements by
adjusting them so as to obtain a.least-square fit to the binding
energies of 50 selected levels in nuclei between 285i and 40ca, The
'enepgyllevels and spectroscofic factors for the present étudy of the
37C1(§, d)36C1 reaction were generated using matrix elements set v
and V as reborted ip the (t, p) paper by Davies et al. Set IV matrix

elements were calculated as before, except that in this case 35




.\‘f!
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excitation energies (relative to the various ground states) rather than
the binding energies were considered. In set V a p?rticular form of
the nucleon-nucleon interaction was assumed. The interaction potential
was represented by the surface delta interaction (G4), which reduced the

number of free parameters from 17 to 3.

In model II, the space of.modél I has been extepded. The .

. : 16 . .
inert core is assumed to be =0 and active nucleons are considered to

be invthe 251/2, ;d3/2 and 1d5/2 orbitals (W6, W7). The two-body

*
jnteraction potential was derived from the Hamada-Johnston nucleon-

nucleon scattering potential (H13). The energy levels and spectro-
. scopic factors from two different interactions were calculated. The

first Hamiltonian, 11.0 h + a SPE, will be referred to as HAM 1, where

the harmbnic oscillator term was taken to be iw = 11.0 MeV and the

~sing1é particle energies were adjusted (a SPE) so as to give a least

‘square fit to 23 measured excitation energies in the mass region

A = 35 - 39. The second interaction, 12.5p + 170, referred to as HAM 2

uses é harmonic oscillator parameter of i = 12.5 MeV. The single
farticle energies were taken directly from the observed spectrum of 170.
With the assumptlon of the Hamada-Johnston potential, the 63 matrix
elements of the full s-d configuration space are specified by only

four parameters. Together with the three single-particle energles,

this leads to a total of seven parameters to spec1fy the complete

- Hamiltonian.

®
see Errata.
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The energy levels as generated by model I are shown in
figure 6-5 and the relative spectroscopic factors are listed in
table 6-2. The relative spectroscopic factors and energy levels
relevant.to our study based on model II are also tabulated in table 6-2,
for each of the Hamiltonians used. They are designated as HAM 1 and

HAM 2. The relative spectroscopic factor Czsrel is equal to

2
Czszj/C Sg s, ° _'The isospin coupling coefficient c? is 1 for
transitions to T = 1 levels and 1/5 for transitions to T = 2 levels
in 3c1.

6.5 Spectroscopic Factor comparison with other data

Table 6-3 summarizes the excitation energies, *n and relative
experimental spectroscopic factors from the (p, d) Teaction and the
37C1(3He, c)36C1 reaction (L5) which was initiated by a 15 MeV 3He beam.

The factors are reported as Czsrel , as defined in section 6.4.
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Experimental and calculated energy level scheme

for 36C1 based on model I.

Figure 6-5:
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Table 6-3: Experimental relative spectroscopic factor (Czs)

comparison for transitions to states -in 36Cl.

o1, 051 37¢1 (e, 0)*%c1
Ey 3" T Czsrel. CZSnorm. : Exa) Czsrel
(MeV) g=0|2-2[2=0]2=2] 2:202=2
o | 2t 10|  |120f|0 | |10
0.788| 3* |1 | 1.s0] = | 1.94] 0.793 | 1.4
Lisalayt 11| 0.06| 0.32] o.08| 0.a1] 1265 | 0.34

1.508|(1,2)"|1] 0.20 | <20 0.26 | <13]1.608 0.17

1.954 |2%,27 |1] 0.43 | 0.55 | 1.970 | 0.39
12.488] 3= [1] 0.3: | o.40 2.497 | 0.35
a,2" | |
2.670 1 0.31 | 0.40| 2.682 | 0.34
3.474| - |1] 0.10 0.13 3.492 | 0.14
4.292 | 2| o.28] | 0.36] 4.333 1 o.27

a) vref. LS
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6.6 Discission

The choice of optical model parameters made for the present
analysis produced satisfactory DWBA fits, not only to the g.s. but also
to the excited states. The quality of .the fits obtained are illustrated
in figures 6-2 to 6-4. In particular, the 20% £ =0 admixture to the
1.164 MeV transition improves the fit remarkably, indicative of a

2s configuration admixture in the waveftnction'for this level. The

1/2
50% £ = 2 admixture to the 1.598 MeV transition, has the effect of filling
in the first mimima of the £ =0 DWBA angular distribution without
affecting seriously the shape or magnitude of the ﬁoints at less than

20° Since the experimental spectrdscopic factor for a £ =0

C.M.°
angular distribution is usually extracted at angles less than 20° c. M , MO

‘further attempt was made to include £=0 admlxtures to 1evels at 1, 954 MeV

and 2.488 MeV. The DWBA fit to the 4.292 MeV, T = 2 excited state would
be of greaterl;alue if more data points had been obtained. However,~.

an unambiguous & =2 assignment can be made on the basis of the

‘available results.

The real significance of the shéll-model calculations can be
assessed, if each nodel prediction is compared to the relevant
experimentally observed excitation energies and spectroscopic factors

The energy level'diagram of figure 6-5, based on set IV and V of Model I,
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shows that each produces an acceptable fit to the level spacings, 1l

although set IV appears to give the best overall agreement, in that

it predicts the correct sequence for the lower excited states. In

addition, the lowest T = 2 state is predicted accurately by set IV at
4.34 MeV, whereas set V predicts a T = 2 level at 0.391 MeV. The set
V prediction is not meaningful since it does not calculate normalized

binding energies for T = 2 levels. Furthermore, it should be noted,

" jn order to make the results more realizable, that the levels originally
used in the matrix element determination for set IV consisted of the g.s.

6

and the first two excited states of 3 Cl.

The level predictions based on Model 11, which are indicated
jn columns 12 and 16 of table 6-2, also show good agreement. HAM 2 in

this instance achieves the best overall agreement. Both HAM 1 and HAM 2

accurately predict the T = 2 level in 36¢c3.

~

- In summation, both models correctly reproduce basic features

'of the energy level data.

It will now be of interest to investigate in more detail the

validity bf the calculated wavefunctions, and for this purpose we will

examine and compare the predicted spectroscopic factors with the

corresponding experimental values. The measured spectroscopic factors

-y
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from the (p, dj reaction are listed in column 4 and 5 of table 6-3.

According to the shell-model, the neutron shell is closéd
at 37Cl. The total number of d3/2 neutrons available for pick up in
this case is four, with only one proton in the same shell. Consequently,
a'simple model description for 36C1 could be considered by coupling a

d neutron hole to a d3/2 proton. This gives rise to four states of

3/2
spin 3*, 2+, 1+ and 0+. From the experimental and shell model results,
these states can unambiguously be identified based on the foregoing
assumptlon, since these transitions should have an appreciable %= 2
pick up strength with no 2= 0 component. On this basis the g.s. (2 ),
0. 758 (3+), 1.164 (1+) and 4,292 (0+) are chosen to be representat1ve
of this coupllng model description. The p0551b1e admixtures of

configurations with a S1/2 neutron hole coupled to a d:,,/2 proton should

be apparent in other 1" and 2t states in 36¢c1.

Support'for the aforementioned coupling model description is
obtalned from the HAM 2 model wave functlon (W7), for the g s., the first
exclted state and the T = 2 level at 4.292 MeV The dominant
',conflguratlon for all three levels is (dslz) (51/2) (d /2) , w1th
an intensity of 71%, 75% and 87ﬁ respectively. In this representation
the d5/2,and 51/2 sbells are filled and the d3/2 shell consists of 3

neutrons and 1 proton. In addition, both models calculate £ = 2
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spectroscopic factors in excellent agreement with the experimentally
determined C28r31. values for the states at 0, 0.788, 1,164 and
4.292 MeV. The & = 2 pick up spectroscopic factor for the first
excited state is observed to have a magnitude 1.5 times that to the

~ground state.

' The only departure from this simple coupling model description
is the strong % = 0 component of the 1.164 MeV state. _The dominant
N . 12 4 ..
configuration for this level is again (dS/Z) (51/2) Fdslz) »
however, the intensity is reduced to 43%. The configuration indicative
|3 5 .
of 251/2 pick up, ie., (d5/2) (51/2) (d3/2) , now accounts for about
17% of the total intensity. This represents an elght-fold 1ncrease in
comparison with the strength of this configuration for the g.s., 0.788 MeV
and 4.292 MeV state. Experimentally, the 2 = 0 admixture in the wave-
function is estlmated to be 20% of the % = 2 spectroscopic factor

strength. “The shell model results predlct the L=0 contr1but1on to be

as low as 10% and as h1gh as 30%.

If one considers theZSi/2 admixture in the wavefunctien of
the 1. 164 MeV state to be a minor deV1at10n from this coup11ng model
description, then there seems justification to normalize the sum of the
% =2 spectroscopic facters for these four states to four. The corrected .
results are tabulated in celumn 6 of table 6-3, and consequently some

measure of the absolute spectroscop1c strength for all transitions has

been obtained.
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excited state is observed to have a magnitude 1.5 times that to the

ground state.

The only departure from this simple coupling model description

is the strong £ = 0 component of the 1.164 MeV state. The dominant
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g =2 spectroscopic factors for these four states to four. The corrected

| results are tabulated in column 6 of table 6-3, and consequently some

measure of the absolute spectroscopic strength for all transitions has

been obtained.
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Beyond the second excited state, the calculated spectro-
scopic factots are sensitive to the choice among our models. The
set IV model spectrum suggests that the next two levels in the
experimental spectrum are 1+ and 2¥. This spin sequence is contra-
dicted by set V, HAM 1 and HAM 2. However recent results from the
35Cl(p, d)36CI reaction (D6), assign a 2+ spin to the higher level of

the doublet at 1.954 MeV.

- The third excited state (1.598 MeV) is therefore assigned 1+,

-and is observed to have a Strong‘i = 0 pick up spectroscopic factor,
indicating excitations from the 251/2 shell. The.l = 2 admixture
contained in the DWBA fit to this transition can only place an upper
limitltthhe strength of this component and is reported in table 6-3
to be < 0.10. The theoret1ca1-exper1menta1 agreement is only sat1sfactory
when set IVband HAM-l results are used. The calculated g =2 pick up
spectroscopic factot for the modei;II results is due to d:,’/2 pick up.

Next, sufficient_attention should be directed to the inter-
comparison of . calculated spectroscopic factots f£rom Model I and II, since
'51gn1f1cant adm1xtures of configurations representlng holes in the ldS/Z
shell occur beyond 1.6 MeV. In fact, all of the L = 2 spectroscopic
strength for the levels at 1.59 MeV, 1.71 MeV, 2 18 MeV and 2.26 MeV

is due to d5/2 p1ck up. Model I wavefunctions are somewhat inferior

in this respect since excitations from the 1dg 5/2 shell are not included.
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' However, if only £ = 0 calculated spectroscofic factors are compared -
with experimental values for the levels at 1.954 MeV and 2.488 MeV,

it is observed that set IV achieves the best agreement, although the
HAM 1 results corresponding to the state at 2.488 MeV are reasonable.
The level at 2.67 MeV is compared to levels in the model spectrum |
that have a spin of 1 . It is to be noted here, that the Model II
results calculate a % = 2 spectroscopic factor due to pick up from the

d

3/2 shell. It appears that HAM 1 gives the best agreement.

Other statee with'épin values of J" = 0+, 3 are predicted
between 2 and 3 MeV excitation. One of these,_JTr =‘3+, is note-
worthy since it.contains a large part of the 1c15/2 spectroscopie
strength. HAM 1 and HAM 2 placed this 37 state at 2.71 MeV and.

2.18 MeV with a & = 2 spectroscopic factor of 0.46 and 0.75

respectively.

 A1i'the L- assignments are in good agreement with the results
of Lars Broman et al (LS), as shown in table 6-3, and with the results
from the Cl(d p) C1 react1on (D6) except for the 2. 67 Mev state.
The z—a551gnment from the (p, d) and ( He, a) experiments . 1nd1cate p051t1ve
parity, whereas the (d, P) results exhibit an £ = 1 pattern or negatjve
parity. In concluéion, it is seen in table 6-3, that the measured

spectroscopic factors from both reactions are in excellent agreement.
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CHAPTER 7

THE 23Na(p, d)zzNa REACTION

7.1 Introduction

In choosing-NaCl as a target material for the study of
properties of some nuclear states of Cl a large number of
levels were populated from the Na(p, ) 2Na reaction that deserve

further attention. A total of 16 transitions were observed one of
which provides confirmation of a prev1ously unreported 1evel

(01, G5) at an excitation energy of 4,294 MeV.

Previous stu&ies of 22y, have provided spin assignments. for
'15 of the first 16 excited statesf(01) below 4.1 Mevr” This has
prOV1ded sufficient 1nformat1on to permit identification of several
rotational bands based on the Nilsson model, where the odd proton and
odd neutron are placed in the lowest available Nilsson orbit, K" 3/2
Avnegative parity band has also been suggested by plac1ng the odd f

neutron in Nilsson orbit number 4, K =1/27.
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.Single nucleon transfer reactions such as the

23Na(SHe, a)zzNa reaction (H14, G6), 23Na(p, d)zzNa reaction

(A2, H15), and the 23Na(d, t)zzNa reaction (W8) have also yielded
information on levels 6f 22Na. In particular, the (3He, @) reaction
(G6) and the (p, d) reaction (H1S) have provided spectroscopic
information, which is useful for the purpose of comparison with the
presént (é, d) reaction. Although not a great deal of new information
is extfactedvfrom the present results, an attempt is made to resolve
some of the uncértainﬁies that have been outlined in the literature.
The first of these is the positive parity assignmentbof the state of
2,571 MeV via fhe 19F(a, nx)zzNa reaction (B5). In all cases, the
single nucleon transfer reacﬁions have suggested negafive parity due
to ﬁick up from the Py1/2 shell,.Nilsson orbit number 4. Secondly,
it was obéerved in comparing negative parity spectroscopic factors from
the ( He, a) react1on (G6) and the Cp, d) reaction (HlS), that the

(p, d) factors were con51stent1y larger than the ( He, a) results.

S

The present study provides experimental information relevant

to the abovementioned problems.
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7.2 Summary of results and conclusions

The spectrum of deuterons leading to states in 22Na is shown
in figure 6-1. Altogether 16 levels were resolved with an energy
resolution of 35 keV. The excitation energies were calculated using
the Lorna program; which computed a calibration curve based on known
levels at 0, 0.891, 1.528 and 2.21 MeV. All level energies are con-
sistent within =215 keV with the results from Olness et al. (01).

This reaétion then confirms the identification of a new level at 4.294
excitation energy. The peak broadening at 1.962 MeV is expected since

this level represents a triplet state. The level at 4,347 MeV is a

doublet.

Experimental.angular distributions of the deuteron groups
leading to six bound states of 22Navare shown in figures 7-1 to 7-3.
DWBA predictions are shown as solid curves in figures 7-1 and 7-2.

The analysis of the angular distributions was performed
using the Smith code, including finite range effects. The optical model

paxametefs used are listed in table 7-1, which were determined from

eiastic scattering fits by Perey (p1, P2).
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Figure 7-1: The zn = 2 angular distributions for the

reaction 23Na(p, d)zzNa;
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Figure 7-2: The & =1 angular distributions for the ' |

reaction 2:"Na(p, d)zzNa.
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Figure 7-3: Angular distributions for transitions exhibiting

no stripping pattern in the reaction 23Na(p, d)zzNa.
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Table 7-1: Optical model parameters used in the DWBA calculation

Channel Vs Tos ag Ws Nb Tor a; Toc

MeV fm fm MeV MeV fm fm fm

Proton 45.5 | 1.25 0.65 7.5 |1.25 0.47 1.25

Deuteron | 88.0 | 1.35 0.81 11.2511.34 0.68 1.35
Bound

State 1.3 0.7 1.25
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Extracted spectroscopic factors are compared with those
calculated using Satchler's-formula (see subsection 5.4-1) and from
the (3He, a) and (p, d) reaction. The results are presented in

table 7-2.

The angular distributions shown in figure 7-3 are weak
tran51t1ons, that do not exhibit stripping like structure. Other
observed levels at 0.66, 2.965, 3. 507, 3. 934 and 3.698 MeV were st111
weaker and a complete angular distribution was not attainable. The
: state at 1.528 MeV was the strongest transition among the weak ones,
comparable in strength to about 1/5 times the strength leadlng to the
g.S. This state is known’to have J" -',5 and cannot be populated by

pick-up from the 1d-2s shell.k This 1level would be a candidate to be

_explained via a two-step process.

In table 7-2 it is observed that the Nilsson calculation was
performed to include both j's and that the tabulated spectroscopic
factor (C S ) is for the J that has the larger calculated spectrosc0p1r
factor. This then indicates that all £ = 2 neutron pick up is from the
shell. If two j's contrlbute, the sum of C 25 th. should be compared

.1d5/2
with Czsexp‘ The C.Sth for the T = 1 state at 1.952 MeV includes the

jsospin coupling coefficient of 1/3.
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Table 7-2: Comparison of measured and predicted spectroscopic

factors leading to states of 22Na.

. Nilsson Calculation b) CZS
X n [
2
MeV) . . . {C°S
Configuration| K |J, thd (p, d)c) (SHe,a)d) (p,d)e)
+ 2
g.s.|3, 02 3/2 [#7D 3 |s/z} 0.33| 0.52 0.52 0.52
3/2{ 0.12
. ,
0.583 1, 0] 2 (3/2 [#7])2 o |5/2] 0.18 0.22 0.21 0.20
3/2] 0.05
+ 2
0.891 4, ol 2 | 32 #7D) 3 |s/2] 0.55| 0.48 0.49 0.56
1.937 } _
+ -
1052 2%, 1|2 | arz2lerh? |0 |s/2j0.38[1-0.59 | 0.49 —1-0.70
3/2| 0.03 +,20
+ . 2
1,984 3, 02 3/2 [#7]) 0 15/2} 0.26 0.25
3/2}<0.01] |
2.211 1-, o1 | @2 [#71, |1 |
1727 [#4D) 3/2| 0.04] 0.31 0.23 0.31
B 1/2] 0.28
2.572 2=, ol 1 | /2 [#7],
1727 [#4D 1 |3/2] 0.06] 0.24 0.18 0.28
1/2} 0.09
a) from ref. 01
b) calculated for a deformation parameter § =’ 0.525, Nilsson coefficients
from ref. G6 ,
¢) present work, pormalized to S(g.s.) = 0.52
d) ref. G6 ' -
e) ref. H15, normalized to S(g.s.) = 0.52

8
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The comparison between theoretical spectroscopic factors

.. . . + .
based on Nilsson configuration (3/2 [ #7])2 and the experimental

spectroscopic factors is excellent. The results also show that the

present (p, d) spectroscopic factors are larger than the corresponding

( He, o) values for the negative parity states. The excitation from the

lpl/2 shell for the state at 2.211 MeV is well supported on the basis
alculated pick-

of the excellent agreement between measured (p, d) and ¢

up factors. The situation for the state at 2.572 MeV is less convincing.
However the unsatisfaétory 2=1 fit as shown in figure 7-2 could be

improved if a £ = 3 admixture is included.

In summary, the dominant configuration for the 2.211 and 2.572

MeV states is most likely to be identified with a negative parity K = 1

rotational band, based on a hole in Nilsson orbit 4.
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CHAPTER 8

CONCLUSIONS

It was found that the extension to the Nilsson model in
the form of the Coriolis band mixing calculation provided for an
improved agreement between the calculated and measured spectro-
scopic factors.v The V, filling coefficients can then bekysed to

formulate the wavefunction of the ground state of 26Mg,

v(Pug) = 0.78 (5/2°, #5)% + 0.57 as2t, 19?2 + 0.3 ar2t, nn?

The Nilsson model is not succeésful in its description of
the low=-lying levels of 26A1. The.excelient agreement with the
'"d5/2 - 51/2" shell modél wave fungtions represents a striking success
for the model. It was also found that the 27A1 ground state

configuration has predominantly a d5/2'compon¢nt.

Good agreement was obtained in general for the spectroscopic
factor comparison between expérimental values and shell model results
for 36C1, for both models. In particular, a high degree of confidence

can be placed'in set IV. The ground state configuration of 37Cl consists
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of two components mainly. An estimate of approximately 75% can
be placed upon the amount of the 1d3/2 component and 25% on the

2s component.

1/2

The Nilsson model describes successfully the low-lying

states of 22Na.
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APPENDIX 1

APPLICATION OF RUTHERFORD SCATTERING TO TARGET THICKNESS MEASUREMENTS

-

Al:1 Introduction

For the determination'of absolute experimental spectroscopic
factors in nuclear structure studies, it is necessary to measure the
absolute valués of cross sections. In measuring absolute cross-sections,
it is often the thickness of the target that accounts fbr the largest
jnaccuracy. In this exper1ment the target thickness was determined by
" means of an independent measurement of the Rutherford scattering of a
6 MeV 4He-beam using a single silicon counter set at 20°, 40° and 60°
respectively.' It was possible in this way to resolve the target
constltuents. The same geometry for the beam, the target and the counter
slits was used as in the pick-up measurements, so that no additional

systematic errors were introduced in the absolute differential cross-

section calculation.

Al.2 Formalism of Rutherford Scattering

The differential cross-section for the Rutherford scattering

" of a charged particle by a nucleus is, in the centre of mass system (G8):
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. ] '2 ' .
do ('Z-ﬁg—)z sin”? (%) where

= 'd_‘s' -

js the charge of the incident particle,
is the charge of the nucleus,

is the energy of the incident particle in the C.M.

'is the angle of deflection of the inéident particle in the C.M.

If the number of incident particles is N, and the number scattered into.

a solid anglé (de) subtended by the detector is Ndet then the expression

for the target thickness is given by,

T

‘N AJ
det where

N NA o (dQ)

js the atomic weight of the scatterer,

is the target thickness in ug/cmz,‘

" is Avogadro's number.

is the,factbr for conversion from laboratory to C.M. coordinates.
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