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Addenda

p.37 Table 3.1 lower part: There is no 0+ (sd) cluster state in l 8F.

p.41 Second sentence: in particular changes by a factor 2 in 
spectroscopic factor can occur.

p.52 Subsequent analyses showed that the proton and deuteron decays 
arise from background states.

Fig.3.9 The J 71" = 5+ and 7+ theoretically calculated correlations are
incorrectly plotted: the correct curves show a shift in symmetry 
axis towards larger angles for lower spin assignments.

p.73 Although it is true that the total cross-section only differs 
Tab.4.3 by 5.8%, this is not relevant to the experiment where angular 
Fig.4.6 distributions over a limited angular range have been measured. 

In table 4.3 a 12% discrepancy exists for da(20°), and from 
Fig.4.6 it is clear that the comparison between post and prior 
calculations is most favourable at 20 compared to other angles 
in the range 10° - 40° for which data exist.

p.102 End of first paragraph: high spin assignments give a displacement
of the symmetry axis towards smaller angles than low spin assignments
(e.g. 9 = 45° for 3/2+ states and 0 = 15°for 15/2+ states). & cms cms

p.112 A.1.8(b) should be m   + m   = mT ,
S jC -L

References:

p.3 Delete ART71, ART74 and ART75.

p.34 Delete f (as found by Buck and Tomusiak (BUC74))'.

p.43 Delete ART71

p.57 BUC77b should be BUC77a.

p.69 KUB71 should be KUB72.

p.87 BIN71 should be BIN73 (twice)

p.135 Delete BUN64.

p.144 Add RAE76: W.D.M. Rae D.Phil Thesis, Oxford 1976, unpublished
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ABSTRACT

In this thesis, particle- particle angular correlations for 

reactions in non-zero degree geometry and with non-zero spin nuclei are 

performed and found to be a valuable tool for spin determination, (d-ot) 

angular correlations in the reaction process 14N(°Li,d) F (a) N are
I O C

measured for three high excited states in x F with a Li beam of 36MeV. 

Spins and parities for two of the observed states are determined, and in 

agreement with theoretical predictions, these states are suggested as 

members of the 1^=1 a-rotational band. The three analysed 9.58MeV 6 , 

11.2MeV, 14.1MeV 8* states are found to undergo a predominant a-particle 

decay to the ground state of N. Gamow unbound formalism is carried 

out for the state descriptions. Angular distributions are measured and 

analysed under Hauser Feshbach and exact finite range DWBA formalisms. 

Spectroscopic factors are extracted and compared to shell model 

predictions, showing a reasonable agreement.

(He-a) and (t-ct) angular correlations for the reaction processes 

14N(6Li, 3He) 170* (a) 13C and 14N( 6Li,t) 17F* (a) 13N respectively are 

measured at 36MeV of Li. High selectivity is observed for the three 

particle transfer processes and percentages of the different particle 

decays for the high populated states are presented. Structureless 

angular correlations hinder definite spin and parity assignements, but 

the displacement of the preferred direction observed in the pattern 

decay gives some information on the range of plausible angular momenta. 

Shell model calculations are performed for comparison with the



experimental data, and this allows tentative spin identifications. EFR 

EWEA calculations are carried out, providing some confirmation on the 

spin suggestions. Useful nuclear structure information is obtained for 

the mass 17 and 18 nuclear states.

The particle-particle angular correlation expression for a process 

where a direct reaction mechanism is involved is reviewed, programmed 

and used for obtaining the theoretical predictions to be compared to the 

experimental results.



ACKNOWLEDGEMENTS

I would like to express my gratitude to all the people who have 

helped in the work for this thesis and who have supported me throughout 

my stay as a postgraduate at Oxford. In particular I am indebted to the 

following:

Professor K.W.Alien (former Head of the Laboratory) and Professor 

D.H.Perkins for allowing me the use of the facilities at the Nuclear 

Physics Laboratory.

My supervisor, Dr D.Sinclair for his help and always valuable 

advice throughout this research and for being an almost endless source 

of new ideas for improving the conditions of the experiment and the data 

acquisition methods. Dr B.E.Cooke for his constant interest and 

guidance on experimental design and data analysis during the first year 

of my stay in Oxford. Mr M.Mineter for his help in preliminary runs and 

for providing a VAX working version of STATIS. Mr A.Etchegoyen and Mr 

E.Belmont-Moreno for their valuable help in the definitory and almost 

interminable runs. Dr N.Godwin who tought me the techniques of gas cell 

making and the first steps in handling DWBA and shell model codes. Mr 

C.Graham and his group of experts for their assistance in manufacturing 

innumerable pieces of equipment. Mr T.W.Thacker for his help and 

patience with my computational work. Mr R.Hunt who constructed 

indispensable CAMAC equipment. Mr R.Evans and the machine operators for 

their expert assistance in running the experiments.



Drs B.A.Brown, M.Kawai, K.I.Kubo and P.Grossraan for very helpful 

discussions on shell model, DWBA theories and statistics. Dr B.Buck and 

Dr K.Snover for their patience, interest and help in decay and angular 

correlation theories.

I would like to thank specially my husband, Alberto, who has been 

undoubtly a permanent source of support and help in running experiments 

and in theoretical discussions. The Comision Nacional de Energia 

Atomica for allowing me to come to Oxford and for the financial support 

troughout these years. In particular Dr E.Maqueda, Dr G.Dussel, Dr 

D.Bes and Dr O.Dragun for their trust, support, and endless efforts on 

helping their graduates.

My brother and systers in law, Ramon, Laura and Alicia for their 

patient encouragement, and Julian and Lucia for their help. Finally and 

with special gratitude, my parents for their trust and love throughout 

my career.





Contents

CHAPTER 1 Introduction 1

CHAPTER 2 Experimental Techniques and Apparatus

2.1 Introduction 7

2.2 The Scattering Chamber 8

2.3 The Gas Target and the Detector Collimation System 10

2.4 Energy Identification and Resolution 12

2.5 Particle Detection 17

2.6 Angular Distribution Experiments

2.6.1 Experimental Set up and Electronics 20

2.6.2 Experimental Cross Sections and Errors 21 

2.7 Angular Correlation Experiments

2.7.1 Experimental Set up and Electronics 25

2.7.2 Data Collection and Reduction 28

18 CHAPTER 3 States in F: Angular Correlation Measurements

3.1 Int roduct ion 31

3.2 Cluster State Description 33

3.3 The 14N( 6Li,d) 18F a-Transfer Reaction 36

3.4 The 18F~>14N+a Decay 41

3.5 The Experiment 45

3.6 The 9.58 MeV State in 18F 51

3.7 The 11.2 MeV State in 18F 54

3.8 The 14.1 MeV State in 18F 55

3.9 Discussion 57



CHAPTER 4 14N( 6Li,d) 18F. The Reaction Mechanism.

4.1 Introduction 59

4.2 The Experiment 61

4.3 Optical Potentials 62

4.4 Compound Nuclear Calculations 66

4.5 EWBA Calculations

4.5.1 Generalities 68

4.5.2 Post-Prior Equivalence 71

4.5.3 Form Factors 75

4.5.4 Spectroscopic Factors 78

4.6 Comparison of the DWBA Predictions with the Experiment 83

4.7 Conclusions 86

CHAPTER 5 Three Particle Transfer Reactions on TJ

5.1 Introduction 87

5.2 The 14N(6Li,t) 17F and 14N( 6Li, 3He) 170 Reactions 89

5.3 The Experiment: Angular Distributions and Angular Correlations 94

5.4 DWBA Analysis 97

5.5 Angular Correlations and Conclusions 102

CONCLUSIONS 104

APPENDIX A

A.I Radioactive Decay of a Nucleus 107 

A.2 Magnetic Substate Population of the Recoil Nucleus 116 

A.3 The S*,, Decay Matrix 122



APPENDIX B Application of the EWBA Theory to Cluster Transfer

Reactions 128

APPENDIX C Unbound State

C.I Gamow Functions and Cross Sections 135

C.2 Convergence of the EWBA Calculations for Unbound States 139

REFERENCES 142



CHAPTER 1

Introduction

Multinucleon transfer reactions induced by high energy heavy ions 

have proved to be a useful tool for studying the structure of light 

nuclei. The high selectivity in the types of nuclear configurations 

that are populated in these reactions is one of the most striking 

features. Particle-hole configurations and clustering phenomena in the 

final states can be disclosed when comparing the predictions of 

microscopic and macroscopic collective models to the experimental data.

Several investigations on four and three particle cluster structure

6 7 have been performed lately, a-transfer reactions as ( Li,d) and ( Li,t)

for example have shown almost invariably a high selectivity in the final 

state population of light nuclei [MID68, MEI68,COB76, CUN81]. Some
fi CO

three particle transfer reactions (°Li,t) and (Li, He) indicated

[BIN73] a high selectivity as well, produced by a predominant three

nucleon transfer mechanism. This provides a very important tool foe

studying states of prevailing three-nucleon configurations. With the

experimental evidence of substantial three and four particle clustering

in the sd-shell nuclei, many rotational bands with J(J+1) energy

dependence have been identified and many different models have been

suggested to describe these cluster states. They range from the shell

model with SU(3) configurations to simple cluster models as the folded

potential model introduced by Buck Dover and Vary (BDV) [BUC75].

However, the description of the structure of the states and of the

processes involved in terms of theoretical models is in many cases
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hindered by the lack of definite spin-parity assignments.

Some a-transfer experiments on TSI, performed at Harwell [BRA77]

with 13C(105MeV) and 1:LB(115MeV) incident beams, had shown strong
i ft population of i0F states between 9 and 16 MeV of excitation energy.

Very similar spectra were obtained with the two reactions. Two new 

states were identified at 14.18MeV and 15.8MeV, but no detailed study of 

these states was possible and further experimental as well as 

theoretical work on a-transfer on 14N was suggested. Four and three 

nucleon transfer reactions on N were performed in preliminary runs at 

24MeV, SOMeV and 36MeV of 6Li incident ion with the Oxford Folded Tandem 

accelerator. A highly selective behaviour was found for the three 

analysed transfer reactions ( 6Li,d), (6Li,t) and (6Li, 3He). For the

alpha transfer, four highly populated states were identified. The

lowest at 6.56MeV is the already known 5 member of the K^l"1" band in
18F. Two other states, 9.58MeV and 11.2MeV show very good agreement

with the energy values predicted by Buck et al. [BUC77] for the 6+ and 

7+ members of the same rotational band. A fourth strong populated state 

appears at 14.1MeV of excitation energy. The fairly high counting rate 

observed for the peaks of interest, suggests particle - particle angular 

correlations as a plausible method for spin determination. Angular 

correlations are indeed a well established method for spin assignment. 

In an early work by Litherland and Ferguson [LIT61] it was shown that 

for reactions when all nuclei but the recoil nucleus have spin zero and 

the ejectile is detected in the beam direction, the particle-ejectile 

angular correlation is independent of the reaction mechanism and 

characteristic of the recoil nucleus spin. The choice of spinless
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particles and of a zero-degree geometry allows only m=0 magnetic 

substates of the intermediate states to be populated, and under these

conditions, the decay of a J spin state in the recoil nucleus has a

2simple 1PT (9)| angular correlation shape. Further studies on particle

- particle correlations free from Litherland's restrictions have proved 

that non-zero degree geometries with non-zero spin projectile and 

ejectile provide substantial information on the reaction mechanism 

involved as well as spin assignments. Predominant population of the m=0 

magnetic substate for example can also be achieved in a-transfer 

reactions where the incident projectile has non-zero spin, and the 

ejectile is detected away from zero-degrees, provided that the rest of 

the projectile behaves as a simple spectator. Thus reducing the problem 

to one of having a beam of alpha particles impinging on the target in 

the recoil direction.

The non-zero degree geometry (depicted in figure 1.1) has been
r 7

extensively used with (°Li,d) and ('Li,t) reactions to determine spins 

of 160 and 20Ne states [ART71, PAN74, ART74, AVR75, ART75]. For all 16O

and Tfe levels analysed in the literature, a simple |P (9)| 2 dependence\j

is assumed for the angular correlations, since the theoretical 

expressions are greatly simplified by the use of zero-spin target and 

daughter nuclei. The simplicity of the experimental techniques required 

when detecting away from the beam direction (conventional AE-E 

telescopes can be used) shows a clear advantage of the non-zero degree 

geometry. Even more, the study of the displacement of the symmetry axis 

for the sequential decay from the recoil direction provides in some 

cases [LAM71] the necessary information to select the reaction mechanism



Detector

Detector
Figure 1.1 Particle-particle angular correlation in the non-zero degree 

geometry
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involved.

To our knowledge, all previous experimental analyses of particle - 

particle angular correlations are restricted to zero spin target and 

daughter nuclei, and assume for the theoretical angular correlation a 

simple dependence on Legendre polyomiaLs. Unbound states are 

fictitiously bound to small binding energies when transition amplitudes 

are required for estimating magnetic substate populations. It has been 

one of the aims of this thesis work to study angular correlations 

without any of the above mentioned restrictions.

When the spins of target, projectile, ejectile and daughter nuclei

are different from zero, the theoretical expression for the angular

2correlation is not a simple |P,(6) | , but for many cases a structure

characteristic of the spin of the recoil nucleus is observed, and this 

can be used for spin determination.

Our experimental work is centred on ( 6Li,d), ( 6Li,t), ( 6Li, 3He) 

reactions on N gas targets. The particle decay of the highly 

populated states in the recoil nucleus is observed aiming at spin and 

parity assignments. Itie angular distributions for the primary reactions 

are studied as well, for adding completeness to the suggested 

assignments.

The work is organized as follows: in Chapter two, a description of 

experimental apparatus and techniques employed in angular distribution 

and angular correlation measurements is given. Particle identification, 

coincidence electronic circuits and the effect of the geometry of the 

detection system as well as the working conditions of the gas target in



- 5 -

the energy resolution are described.

18 In Chapter three, the decay of excited states in F is studied.

Considering that the main reaction mechanism involved is the direct 

mode, theoretical angular correlations for the alpha decay of the recoil 

nucleus are estimated. Calculations are performed for different natural
r)

and unnatural parity states and the results compared in a ^ analysis to 

the experimental angular correlations. Percentages of alpha, proton and
i q

deuteron emission are quoted for each of the analyzed AOF states.

In Chapter four, the experimental angular distributions and the 

theoretical compound nucleus and direct transfer predictions are shown.
 i o

The cr-unbound F states are described in terms of Gamow wave functions, 

since simplified prescriptions for such states do not seem to be 

satisfactory for use in the distorted wave Born approximation (EWBA). 

Four nucleon spectroscopic factors are calculated by overlapp*^ shell 

model wave functions to those of SU3 states, and compared to the 

experimentally deduced spectroscopic information. The shell model 

calculations are performed with a closed ^C core and active pl/2, d5/2 

and sl/2 shells, and the DWBA calculations are carried out using an 

exact finite range code. All nuclear and Coulomb interaction terms, 

usually neglected for one particle transfer calculations, are included 

in the estimation of transition amplitudes.

In Chapter five, the work on three nucleon transfer into mass 17 is 

presented. ( Li,t) and ( Li, He) reactions to mirror levels in * F and 

170 show large cross sections for states between 8 and 15 MeV of 

excitation. Experimental angular correlations are compared to DWBA
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predictions. The particle decay from the high populated states is 

followed, and alpha - angular correlation data obtained. For the 

theoretical calculation of the decay pattern, the complexity in the 

description of the intermediate states in the recoil nucleus (three 

cluster angular momenta to be considered for each recoil nucleus spin), 

makes indispensable the information on spectroscopic amplitudes. Shell 

model wave functions are calculated, the overlaps with SU(3) states are 

performed, and spectroscopic amplitudes estimated. EFR-CWBA 

calculations containing the theoretical spectroscopic information are 

compared to the experimental angular distributions and the relevant 

normalization factors presented. Theoretical angular correlations based 

on a predominant direct three nucleon transfer mechanism are calculated 

and compared to the experimental angular correlations.

Finally the conclusions are presented. Computational codes were 

written in order to account for a general angular correlation expression 

where non-zero degree geometry as well as non-zero spin particles can be 

considered. The unbound state treatment for the recoil nucleus is 

explicitly taken into account by including Gamow wave functions in the 

form factor of DWBA calculations, and therefore very realistic reduced 

amplitudes are used in the theoretical estimation of angular 

correlations. The theoretical expressions from which the programs were 

derived are deduced in this Appendix.

Appendix B gives highlights of the theory of cluster transfer in 

EWBA calculations, and Appendix C shows details of the use of Gamow 

unbound states in the EWBA transition amplitude formalism.



CHAPTER 2

Experimental Techniques and Apparatus

2.1 Introduction

The experiments analysed in this thesis work were performed at the 

Oxford Nuclear Physics Laboratory using the Folded Tandem accelerator 

with 36 MeV Li ion beams and typical currents of 150-400 nAmps. 

Ejectiles and decay particles resulting from different reactions were 

detected in fully depleted silicon surface barrier detectors. Angular 

distributions as well as angular correlations were measured with two 

different experimental techniques: a) for detecting the ejectiles in 

angular distributions measurements, a standard particle identification 

technique based in a "telescope" assembly of two solid state silicon 

surface barrier counters was used and b) for the angular correlation 

measurements, a particle-particle coincidence technique between the 

light reaction product detected in the telescope with a subsequent decay 

particle from the recoil nucleus detected in any out of five single 

silicon surface barrier counters was used.

The design of the detection systems, description of the 

experimental lay-outs, apparatus, techniques and energy resolution are 

given in the following sections.
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2.2 The Scattering Chamber

A schematic arrangement of the scattering chamber is shown in 

figure 2.1. A spherical scattering chamber with an internal diameter of 

1.0 meter was used, with a gas cell situated at the centre and connected 

to the external gas handling system. A rotary pump and two nitrogen 

cooled cold traps were used to reach the starting pressure conditions 

required by a turbo pump, which, coupled to the already mentioned rotary 

pump would maintain an average operating pressure of 10 torr. The size 

and direction of the incident beam was defined byal.5mm x 4mm 

collimation system. In order to minimize the beam spreading across the 

target, an attachment for the already existent sliding collimator 

mounting was designed, which allowed the collimator slits to be placed 

as close as possible to the gas cell entrance window. The beam 

collimation system, the gas target position, and the detection 

collimation systems were optically aligned with the use of a theodolite. 

The scattering chamber has a horizontal rotating plate which allows to 

position detectors as far as 36 cm from its geometrical centre. In 

order to have independent movements for the different detection systems 

in the reaction plane to be commanded externally , a new rotatory 

hanging detector support was designed and coupled to an absolute shaft 

encoder for the angle reading. The already existent rotating plate as 

well as the new implemented supporting arm were remotely controlled by a 

VAX 11 computer and, with the use of the encoder, the angle was
o

determined within 0.02 .
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The undeflected particles were collected in a 1.2 meter long 

Faraday cup whose entrance was situated at 1.8 meters from the centre of 

the chamber and the current striking the cup was integrated by an Ortec 

current digitizer. Since at the beam energies used in these experiments 

the ions were fully stripped of their electrons after passing through 

the target [MAR68] the incident beam exposure was calculated directly 

from the total charge collected in the Faraday cup. Due to the big 

length of the Faraday cup, and its position far away from the chamber 

centre, no suppression grid voltage was necessary in order to ensure 

collection of electrons inside the Faraday cup, and rejection of 

electrons produced in the target. An estimation of the effects of using 

suppression voltages ranging from 150V to 750V on this line, was 

performed recently [W0081] and it showed less than 4% deviation in the 

integrated beam current.

Although a monitor detector with a single collimator would not have 

viewed the same region of gas target as seen, for example, by the 

telescope detector, they were used in elastic scattering measurements to 

give dead time corrections, and as an independent check of the Faraday 

cup beam current at different beam intensities in order to obtain the 

linearity in the Faraday cup response before each angular correlation 

experiment.
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2.3 The Gas Target and the Detector Collimation System

For both angular correlations and angular distributions one gas 

cell design was used and it is illustrated in fig. 2.2. It consists of 

a cylindrical aluminium base with a top lid to which the gas connector 

is fixed. It is sealed with an Oring. The gas cell has an internal 

diameter of 6 cm, a small rectangular aperture of 1.2 on x 1.3 cm as 

entrance window and a wide exit side window of 1.2 cm x 7.2 cm. The 

apertures subtend angles of 24°49' and 137°30', respectively allowing a 

wide range of detection angles. The cylindrical entrance and exit 

windows consisted of thin aluminium foils 5 pm thick which for the

incident Li ion beam and the outgoing particles deuterons, tritons, He

4 and He do not affect the total energy resolution as the straggling in

the windows is low. On the other hand, this 5 ym Al foils, bonded to

the gas cell with Araldite, can withstand differential pressures of 100

to 150 torr. During the runs the gas cell pressure was monitored

continously with a closed circuit television camera set on a standard 0

to 760 torr pressure gauge. The detector collimation system for gas

cells consist schematically of three collimators. The front collimator

(closest to the exit gas cell window) and back collimators (closest to

the particle detectors) define the region of the gas cell under

observation (i.e the actual target) while the middle collimator screens

the detectors from particles originating on the gas cell windows. A gas

cell with large radius (as the one used in the present experiments)

would allow particle detection at very forward laboratory angles (~ 8°)

with no significant scattered particles from the window entering a
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detector. The position and slit sizes of the front and back collimator 

as well as the working gas pressure must be carefully selected with a 

compromise between counting rate and energy resolution. Wide collimator 

slits and higher gas pressures would increase the counting rate at the 

expenses of the loss of energy resolution by kinematical broadening 

(dependance of the ejectile energy with its detection angle), 

differences in path lengths within the gas cell resulting in different 

energy losses and straggling in the gas. Positions and slit widths for 

the collimators were obtained using this criteria and estimating the 

total energy resolution for different values.
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2.4 Energy Identification and Resolution

In its path across both the gas and the gas cell metal windows the 

incident 36 MeV Li beam loses energy. Reactions taking place at 

different points in the line BC shown in fig. 2.2 would have different 

average incident energy for the Li ions. A kinematical calculation 

should take into account such variations in order to give more accurate 

energy estimations for the outgoing particles. At the same time, the 

different particles resulting from the reaction have to cross certain 

portion of the gas cell in order to reach the detectors. In order to 

identify the actual excitation energy of a recoil nucleus associated to 

the energy left by the ejectile in the detection system, all these 

energy losses have to be considered. Figure 2.2 shows a diagram of the 

two extreme paths defined by the collimation system in the gas cell. 

The two extreme trajectories followed by beam and emerging particles can 

be geometrically estimated with the gas cell radius and position and 

width of the collimation slits:

xx = R + dfxcos(e) - XF + Wfxsin(0)/2 (2.1)

x2 = R + dfx cos(Q) - YF - Wfxsin(©)/2 (2.2)

dl = d£l " <xl " R) xcos(01) (2.3)

d2 = d&2 + (R ~ x2)xcos(02) (2.4)

Y = arctg (. Wf + Wb } (2<5) 
2(db - df)

with

QX = 0 + Y (2.6)

02 = 0 - Y (2.7) 

XF = (dfxsin(O) - Wfxcos^/^xsinOr-O-/sin) (2.8)
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YF = (dfxsin(0) + Wfxcos(0)/2) xsin(TT-02)/sin(02 ) (2.9)

d 0 , = (R2 - ((Xl - RJxsin^)) 2) 3* (2.10) 
X-L 1 l

The different energy losses along paths x, and x2 can be estimated 

with the semi-empirical Bethe-Bloch formula. This calculation would 

then give the energy of the beam at the points A and D (see fig. 2.2) 

which can be, in turn, used to estimate the energy on reaching the 

detector of particles scattered through 0, and 02 . It is very important 

to evaluate the energy spread in an effort to optimise the compromise 

between energy resolution and counting rate (i.e., the choice of 

acceptable collimation parameters). The contributions to the energy 

resolution are:

i) energy spread of the beam,
ii) energy straggling in windows and gas,
iii) energy spread due to the reaction taking place in different

positions within the gas cell, 
iv) kinematical broadening, 
v) energy resolution of the detectors,

and

vi) energy resolution on the electronics.

Contribution ii), iii) and iv) can be estimated from the characteristics

of the materials employed for the entrance and exit windows, the

geometry of the collimation system and the working conditions of the gas

cell. The energy spread due to differences in paths and kinematical

broadening can be immediately obtained calculating the energy losses

across gas and windows. The energy spread due to straggling in windows

can be expressed as [HAM76]:
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= 0.811 z r w (MeV) (2.12) 
^A sina'

where PW and AW are the density (in gr/cm3 ) and the atomic weight of the 

material of the windows, £ is the path length (in cm) of the ion through 

the window, a is the angle of incidence to the window and z, Z the 

charges of the ion and window material, respectively. The energy 

straggling in the gas was estimated with [HAM76]:

rg = 3.248*10~3 z rZ m P *J* (MeV) - (2.13)

where m is the number of atoms per molecule, P is the pressure in Torr 

and T is the absolute temperature of the gas.

In order to perform the calculations labelled ii), iii) and iv) a 

computer code was written. This computer code also enables one to 

calculate with considerable accuracy the expected ejectile energies for 

different excited states of the recoil nucleus and to work backwards to 

the energy levels of the heavy products of the reactions based on the 

spectra of the outgoing ejectiles. The program uses an already 

available subroutine [RAE76] to integrate the Bethe-Bloch equation.

Due to the characteristics of the reactions studied in this thesis

(light-heavy projectiles, light reaction products and maximum gas

pressures of ~ 150 torr) the most important contributions to the loss of

energy resolution are: kinematical broadening and energy losses due to

different paths. Table 2.1 shows some energy spread values obtained for
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the 14N(6Li,d) 18F* reaction, populating a 18F excited state at 11.2 MeV 

and under different experimental conditions. The values which have been 

kept fixed in the different calculations are the distances of front and 

back collimator from the target centre (3.3 cm and 29.2 cm), the gas 

cell radius (3 cm), gas temperature (20°C) and characterist'-CC.'* figures 

for Aluminium windows 5 urn thick. The angle of detection is given in 

the laboratory frame and the incident energy of the Li beam is 36 MeV. 

It can be clearly seen that the poorest resolutions arise for small 

laboratory angles and therefore these angles will set the limit in the 

energy resolution. For all cases the kinematical broadening and the 

path difference spread are seen to be the most important sources of loss 

of energy resolution.
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2.5 Particle Detection

In the coincidence experiments as for the angular distribution 

measurements as well, a AE-E telescope detector was used in order to 

identify the eject iles of the different nuclear reactions that were 

present. This particle identification technique is based on the energy 

lost by an ion passing through fully depleted silicon surface barrier 

detectors. When an ion transits a thin AE detector followed by a thick 

E detector (where it is completely stopped) , each counter produces 

signals proportional to the energy lost by the charged particle. The 

addition of the two gives the total energy carried by the ion when 

entering the telescope system. The technique followed is based in the 

empirical relationship [APM69] between the ion energy, E. . and its 

range R in a given material:

A
R =    _ (2.14) 

M*-1 Z2

where A is a characteristic constant of the stopping material, M and Z 

are the mass and the charge of the particle, respectively, k is a 

constant taken as 1.68 for all the ions (deuterons to Li). Let us now 

assume that the ion being detected loses AE MeV in the first detector 

which has a thickness R.. and that the remaining residual energy E, is 

lost in the second detector. We define the particle identification 

signal (PI) as:
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k"1 2
PI - (AE + E) k - Ek = M" Z (R + R ) - M" Z R

A -1 Z A Z

M^~-L *?*•
= M———?_ R (2-15)

The AE detector thickness must be carefully selected thin enough to 

allow the heavier particles of interest to pass through yet thick enough 

to allow the lighter particles to lose a considerable amount of energy 

compatible with the lower discriminator levels of the electronic 

circuit. The E detector has to be thick enough as to be able to stop 

the lightest particles of interest. Therefore, kinematical calculations 

for the reactions involved have to be performed and the range of 

expected energies for the different outgoing particles estimated. When 

measuring elastic scattering, where Li ions have to be detected, a 

special set of AE-E detectors was used in order to improve the detection 

conditions: a thin 73.2 ym AE detector and a thick 2.2 nm E detector. 

The angular distributions and the angular correlations measurements were 

performed with another telescope assembly. For these measurements the 

aim was to detect light ejectiles and therefore a 200 ym thick AE 

detector and 4. 1mm thick E detector were used. The AE detector would 

completely stop the elastically scattered particles.

o yi i
An anular a source of Am placed between the two detectors was 

used for checking the detector depletion voltages and for calibration 

purposes. Obviously, as a coincidence between the AE and E detector was 

required, this ot signals did not introduce spurious pulses. The above 

mentioned coincidence signals were processed on-line and stored on
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magnetic tape for a further and more detailed off-line analysis. In 

particular, a spectrum of the previously defined PI signal is shown in 

fig. 2.3.
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2.6 Angular Distribution Experiments

2.6.1 Experimental Set up and Electronics

The typical experimental arrangement consisted in a telescope 

detector situated on the rotating plate of the scattering chamber/ a 

collimation system of front, middle and back tantalum collimators of 

0.2 cm slit width at 5 cm, 10 cm and 25 cm from the target centre, 

respectively. The gas cell, 3 cm in radius and with 5 urn thick 

aluminium windows, was operated at 100 torr. The gas was % 99.5% 

purity. The telescope was placed at 8°, 9°, 11°, 12°, 14°, 16°, 18°, 

20°, 23° and 26° from the beam direction in the laboratory system. The 

beam intensity was 60 - 80 nftmp. The electronic circuit used is shown 

in fig. 2.4. The timing was set up with a precision pulser. The gains 

in the AE and E detector were fix to matching values which allowed the 

expected energy range of the different particles to fit in 2048 

channels. Ifte pulses from the AE and E detectors were amplified and 

directly sent to fast Silena analog to digital converters (ADCs). The 

logic signals obtained from pulses above noise level were sent to a 

coincidence box and the output signals obtained when this requirement 

was fulfilled gated the ADCs in a delayed coincidence mode. The dead 

time corrections were carried out with the use of a precision pulser 

triggered externally by the output signal of the Faraday cup current 

digitizer (lower part of fig. 2.4). The number of counts in the pulser 

peak obtained in the spectra was compared to the number of events 

registered in the dual sealer and this relationship gave the dead time
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correction. Data were recorded event by event on magnetic tape, and at 

the same time, on-line analysis was carried out. The set up of windows 

in the PI spectra allowed to observe different particle spectra during 

the experiment.

2.6.2 Experimental Cross Section and Errors

The differential cross section for a nuclear reaction in a gas 

target [BRA77] is similar to the expression for a thin solid target, and 

can be written as:

= 266.0 MI GS (nib/sr) (2.16)
Qt

where:

M. = number of detected particles,

C a charge state of beam s

A = molecular weight in grammes divided by the number of interacting 
atoms per molecule,

 9
Q. = integrated beam current in units of 10 Coulombs (it is assumed

that the loss of beam flux in the exit window and gas is 
negligible)

and

I = JA P A« (X) . cm dxIgp a^ (x ) ___^m_ dX (2.17)

\ab
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with

x = distance from the centre of the gas target along the beam direction 
(for the integration limits D and A see fig. 2.2)

p = density of the gas in vig/cnr*,

= laboratory solid angle subs tended by the detection system at 
point x in the gas (in sr),

and   cm ^s defined from the relationship between an angle 0 expressed

in the centre of mass and laboratory frames:

where

0cm = 0L + arcsin <Y sin0L) (2.18)

T = ( Ma b/(l + (1 + -5) Q-/5 (2.19) 
MA MB MA Ei

for a reaction A(a,b)B, with Q-value Q and incident energy E..

The above mentioned integral "I" can be evaluated with the use of 

simple trigonometry making the following assumptions:

a) the detection collimation system is geometrically aligned with the 

gas target centre,

b) the thickness of the collimators are negligible,

c) the finite beam spot is also negligible,

d) cm is independent of x and

e) P is constant throughout the gas.
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As the gas is heated during the experiment by the energy loss of the 

beam in windows and gas, assumption (e) can be argued. In order to 

estimate this effect different runs with different beam currents have 

been performed and they showed agreement within 10-20%. With all these 

assumptions the calculation of "I" reduces to finding a expression for

Aft^x) which will depend on the area of the detector seen from a point x 

within the segment AD. Two different expressions result [BRA77] since 

for points x within segments AD but outside segment BC and for points x 

within BC (see fig. 2.2) different collimator slits limit the "area" of 

the detector seen from x.

When calculating the experimental cross section statistical and 

systematic errors combine to give the final uncertainty. The total 

number of counts in each peak studied was obtained by a peak fitting 

routine which fits gaussian distributions with parabolic or linear 

backgrounds to the experimental data. As the number of counts (N) in 

each peak is supposed to follow a Poisson distribution in time, the 

statistical errors associated are proportional to the square root of N, 

to the contribution of the background counts and to contributions of 

nearby overlapping peaks. This statistical errors which are given by 

the fitting routine are the ones shown in this thesis work for the 

experimental cross sections. Actually, the Faraday cup read out and the 

number of monitor pulses introduce contributions to the statistical 

uncertainties. The systematical errors are less important, since they 

will affect only the absolute cross sections. They can arise from: 

i) measurement of the collimator slit sizes and distances from the gas

cell centre,
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ii) uncertainties in the gas density and in its density distribution,
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2.7 Angular Correlation Experiments

2.7.1 Experimental Set up and Electronics

For the detection of ejectiles coming from the initial transfer 

reaction a telescope AE-E detector assembly situated at 10° from the 

beam direction in the laboratory frame was employed. The AE counter 

consiting in a thin 200 ym solid state silicon surface barrier detector 

and the E counter a thick 4.1mmone. A typical gas target collimation 

system was used with tantalum collimators of 0.2 cm slit width and with 

front and back collimators positioned at 3.3 cm and 29.2 cm from the 

centre of the 3 cm radius gas target. The AE and E detectors, the a 

source for calibration, and the three detection collimators were mounted 

on the rotatory hanging arm described in section 1 of this chapter.

Decay particles from the recoil nucleus were detected with five 

single silicon surface barrier detectors. These detectors were spaced 

15° from each other and on the opposite side of the chamber (with 

respect to the beam direction) to the telescope as shown in figs. 2.5 

and 2.6. One set of data was taken with the first of these five 

detectors at 20° and a second set at 30° making a total of ten different 

data points for the angular correlations. The collimation system for 

the decay particles detection was very carefully selected in order to 

have each detector looking at the same active region defined by the 

telescope collimation system in the gas cell. This is shown in fig. 2.5 

wherealso the limiting trajectories for the screening effect of the 

front collimators have been drawn. It was concluded that the best
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geometry is with the beam collimator as close as possible to the 

entrance gas cell window so as to have no scattered particles in the 

frame of the beam collimator entering one of the five detectors. It can 

also be seen that the scattering in the entrance and exit windows does 

not affect the detection of the decay particles. In figure 2.5 it is 

seen that the position of back and front collimators for each angle was 

chosen to be different. Table 2.2 shows the distances at which front 

and back collimators were placed at different detection angles in order 

to have the same region of the gas cell as actual target. The telescope 

was collimated with a 1 mm wide slit while the other detectors had a 

2 mm wide slit. The front collimator of the telescope has a very narrow 

frame so as not to intercept the unscattered beam on its way to the 

Faraday cup. In order to increase the beam intensity gradual changes in
c.

the gas cell design had to be performed and finally 400-450 nAmps of °Li 

were used without burning the aluminium window's adhesive.

The electronic circuit employed for coincidence measurements is 

displayed in fig. 2.7. Fast Silena ADCs were used for the AE and E 

signals gated in prompt mode. The square pulses generated in the 

constant fraction discriminators by the timing signals from each 

detector were used for the slow part of the coincidences while the 

prompt pulses from the constant fraction discriminators were used for 

the fast coincidence circuit.

A standard slow coincidence box was used for the AE-E coincidence 

while for the signals from the five detectors a coincidence/or box was 

used. This box was employed to produce an output signal when there was 

a coincidence between the AE, E, time to amplitude converter (TAG)
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= preamplifier MA = main amplifier Coin. =coincidencQ box

CFD=constant fraction discriminator TF = timing filter amplifier 

G&D = gate and delay generator ADC = analog to digital converter 

TAC=time to amplitude converter Coi/0r = coincidence & or box 

Int.Enc.= Interrupt encoder DeU delay OR = fast or box

Figure 2.7 Electronic arrangement for the angular correlation experiment.
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pulses and at least one signal from any of the five detectors. Only one 

TAG was used since a fast OR box generated the stop signal with any of 

the five (negative) input pulses. The box labelled interrupt encoder, 

developed in this laboratory, has eight different inputs. Each input 

socket has a priority according to its place, the uppermost having the 

lowest priority. When more than one input pulse reach the encoder, only 

the one with higher priority is processed. If singles events are not 

required, the corresponding two inputs in the interrupt encoder can be 

disabled, thus reducing the dead time and securing that only coincidence 

events are written onto magnetic tape. This CAMAC box transfers to the 

FDP11/60 computer the information on the particular detector (route) 

which generated the signal. Typically, short runs were performed in 

order to identify peaks of single events so as to set the relevant 

windows and then long runs with the requirement of telescope - detector 

coincidence events were carried out. Single event runs were also 

periodically performed as a check of a possible gain shift. The timing 

of the circuit was carried out before the runs with the aid of a 

precision pulser. TAG resolutions of " 3, 4 nsec were obtained with 

this procedure.

2.7.2 Data Collection and Reduction

The data were recorc^cJ on magnetic tape event by event for a later 

off line analysis and also sorted on line. Windows were set in the 

particle identification spectrum (obtained as explained with the signals
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from the telescope), TAG, router and particle spectra. These windows 

would then identify the particle, discard events which did not satisfy 

the TAG coincidence, identify the detector and the particular energy 

level of the recoil nucleus, respectively. As single counters were used 

for the residual nucleus decay detection, the corresponding particle 

identification was obtained from the kinematics. Some off line sorting 

was carried out with the energy level window set on different peaks so 

as to study all possible states populated in any particular recoil 

nucleus. Other sortings had a window off the TAG peak in order to study 

the random contributions.

The experimental cross sections were estimated with a similar 

expression as that used for the angular distributions assuming that the 

distance travelled by the recoil nucleus in the gas before particle 

decaying was negligible. Since the general theoretical expressions for 

the angular correlations are given in the centre of mass system of the 

recoil nucleus, the change to this new frame will now be introduced. 

Let us start by considering the kinematical relationships. Let V be the 

velocity of the recoil nucleus(in the laboratory system) before the 

break up, v and v the velocities of one of the resulting particles in 

the laboratory and centre of mass system, respectively, and 0 (0 ) the

angle of emission in the laboratory (centre of mass) frame. The vector
->-> ->  

addition v = V + v is represented in fig. 2.8.
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V

Figure 2.8 Vector addition diagram,

Ihe relation between 0 and 0 is [LAN5Q]:

COS0 = - Y_ sin20 + cos0 t (l - ̂ L_
v { '

(2.20)

and therefore;

O _ -I- 1 - YL_ sin2© 35 + V2= 2 JL_ cos0 + (1 - j:_ sin 
dcos0 v^ ..2 ,,2

2
COS 0

vQ (1 -
.(2.21)



CHAPTER 3

•I Q

States in •LOF; Angular Correlation Measurements

3.1 Introduction

Exploratory runs for alpha-transfer reaction with Li incident ions
14 on N gas targets were performed at a bombarding energy of 36 MeV.

They showed deuteron spectra of striking selectivity (fig 3.1) and 

strong population mainly between 5 and 15 MeV of excitation energy, 

following closely the pattern found by Cobern and Parker [COB77] in the

N( Li,t) F reaction. Some of the low lying levels observed here were 

seen by Rolfs et al. [ROL73] in their work on 14N(a,Y) 18F, and 

identified as members of a K1^!"1" 4p-2h rotational band. The cluster 

model [BUC77b] has suggested as well the existence of a K^l* band in

F based on N + a cluster configurations and predicted the excitation 

energies for some of its members. Tests could be performed on the 

ability of the cluster, shell and rotational models in predicting 

experimental results, if the higher spin states of this band were 

identified. The strong population of levels above 5 MeV, the fact that 

these states are unbound to a-decay and the knowledge that transfer 

reactions induced by heavy ions do not normally have angular 

distribution shapes strongly dependent on the spin of the final state, 

led us to study the possibility of spin determination by 

particle-particle (d-°0 angular correlation measurements.
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Compound nucleus and direct ot-transfer theoretical cross-sections 

were calculated and compared to the relevant experimental angular 

distributions, in an effort to decide on the reaction mechanism. Based 

on the measured cross sections it was found that the reaction proceeds 

through a direct ct-cluster mode. The theoretical angular correlations 

for the alpha decay were calculated for all possible spins in the recoil 

nucleus considering that the main reaction mechanism involved was the 

direct ot-transfer. This studies showed that, when the outgoing ejectile 

(deuteron) was detected at fairly forward angles, the population of 

states of natural parity gives characteristic ondulatory angular 

correlations allowing spin assignments. On the other hand, population 

of unnatural parity states gives rise to washed out angular correlation 

functions, making impossible the spin identification. Two out of the 

three unknown spin states observed in the (^-transfer reaction showed 

strongly oscillating correlations, and subsequently, spin assignments 

were made.
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3.2 Cluster State Description

It is well known that relatively few states of the final nucleus 

are populated in multiparticle transfer reactions induced by heavy ions. 

This selectivity is the result of the detailed structure of the final 

and initial states. Buck Dover and Vary [BUC75] have developed a simple 

potential model which decribes very successfully different properties of 

these states, such as energy levels, r.m.s. radii, decay widths, and 

transition probabilities. Fairly good agreement with the experimental 

data has been found for 4He, 3He, and 3H cluster description of states 

in 19F, 19Ne, 20Ne , 160, 180, arri 18F.

A clear advantage of a model in which the cluster is regarded as a 

single particle orbiting around a core (only mass, charge and spin of 

the cluster are considered) is that a small set of states of a 

particularly simple structure will replace the large basis of a 

shell-model description. Ihe cluster states can be described then in 

terms of bound states and single particle resonances, solutions of a 

single particle potential

V(r) =VQ f(r) + VSQ (r) WCQul (r) (3.1)

where the central cluster-core potential VQ f (r) is obtained by folding 

the cluster and core mass densities (PC ,PA):

*j frrt *•• ^ *r^ • r^ *^ |% '•% * *+ *\ *

f(r) = -27rn /dr' PA (r-r') P (r ) (3.2) 
y
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and y is the reduced mass. The coulomb potential V , corresponds to a 

spherical charge distribution with radius R :

Rc = r+A > (3 ' 3)

and the derivative spin-orbit term Vgo ( r) i s introduced by the authors
O

for triton and °He cluster states:

(3.4)
r dr

Buck and Pilt suggested lately an alternative parametrization of 

the nuclear cluster-core potential which gives a very similar shape to 

that obtained with the folding model and with the advantage of being 

very convenient for numerical calculation:

f (r) = 1 + cosh(fi/a) (3>5j 
cosh(r/a) + cosh(R/a)

often called Symmetrized Woods-Saxon potential. There is a feature that 

clearly adds an advantage to the use of the folded potential over the 

common Woods-Saxon shape. It has been shown that the folded potential 

gives rise to L-states of energy spacing very close to those of a 

rotational (L(L+1)) band [ROW77, BUC77a] . Ihe symmetrized Woods-Saxon 

potential can then generate a wide variety of spectra with the use of 

small to large diffuseness parameter values; from mainly degenerate 

L-states, to rotational bands characteristic of pure Gaussian shapes (as 

found by Buck and Tomusiak [BUC74]).
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In order to include the most obvious requirements of the Pauli 

principle to the model, we have to consider the structure ie-o£>cluster in 

its relative motion around the core; the cluster is viewed as a single 

particle in an orbit characterized by a certain number of nodes N and an 

angular momentum L. Ihese N and L values are related to the individual 

quantum numbers n. and 1. of the nucleons which conform the cluster, by

the relation:
v

2 N + L = £ (2xn . + 1.) (3.6) 
i x x

(where v is the total number of nucleons in the cluster). Then, in a 

manner compatible with the simple shell-model, the Pauli exclusion 

principle which requires the nucleons to fill single particle levels 

different from those occupied by the core nucleons, is included. The n. 

and 1. values are chosen so as not to have two particles in the same 

state.
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3.3 Ihe 14N(6Li,d) 18F ex-Transfer Reaction

In order to have a direct ot-transfer mechanism, we expect for both, 

the light: and heavy systems to have a fairly high degree of alpha 

clustering in their structure.

Cobern and Parker [COB77] studied the 14N(7Li,t) 18F a-transfer
"j 

reaction at 36 MeV of Li and found a striking selectivity for members

of the K1^!"1" band of predominantly 4p-2h description. The 1+ , 2+ , 3+ , 

4 , and 5+ already identified members of the K"=!+ rotational band 

(Rolfs et al.[ROL73]) were observed, and two other states of strong 

population and unknown spin and parity were formed at 9.58 and 

11.22 MeV, which made them think of higher members of the above 

mentioned bard. The reaction 14N( 6Li,d) 18F performed at 36 MeV of 6Li 

gave a pattern very similar to that found by Cobern and Parker. This 

suggested that the selectively populated states also found in our 

( Li,d) reaction were mainly of a 4p-2h description, which can be

translated into characteristic N and L values. In the case of having
4

the four particles transferred to the sd-shell, 2 N + L = z(2 xni+i i )
i

= 8, therefore only even values of L are allowed. In order to cover a

wider range of possibilities, states arising from the transfer of three 

particles to the sd-shell and one to the p-shell, as well as three 

particles to the sd-shell and one to the fp-shell were considered, 

giving 2 N + L = 7 and 9 respectively (only odd values of L would be 

allowed) . The possible spins, parities, N and L values for each of the 

three 2 N + L bands included are shown in table 3.1.



- 37 -

Table 3.1

Four Particle Cluster States in 18F

2N+L = 7 H p)

2N+L = 8 = (3d)

J"( 18F

0"
1~

2" '

3"

4" <
5""

6" <

7"
8"

0+

1+ '

2+

3+ •

4+

+5
6+

7+ -

8+
9+

)

t

t

k

k

f

f

N

3
3
3

2
2
2

1
1
1

0
0
0

4
4

3
3
3

2
2
2

1
1
1

0
0
0

L

1
1
1

3
3
3

5
5
5 ,

7
7
7

0
0

2
2
2

4
4
4

6
6
6

8
8
8

J

1
1
1

3
3
3

5
5
5

7
7
7

0
0

2
2
2

4
4
4

6
6
6

8
8
8
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Table 3.1 

(cont.)

2N+L = 9 = ((sd) J fp)

JU ( 18F

0"

r
2" '

3"

4" •

5"

6" <

7"

8" <
9"

10"

)

'

'

k

N

4
4
4

3
3
3

2
2
2

1
1
1

0
0
0

L

1
1
1

3
3
3

5
5
5

7
7
7

9
9
9

J

1
1
1

3
3
3

5
5
5

7
7
7

9
9
9
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In order to obtain a good theoretical prediction for the angular 

particle-particle correlation, it is necessary to know the magnetic 

substate populations in the residual nucleus (Appendix A). The 

m-populations will depend on the reaction mechanism involved in the 

transfer process to the residual state, and for that reason, 

experimental angular distributions were measured and theoretically 

calculated for the spins of interest within the framework of direct and 

Hauser and Feshbach formalisms. Obviously, apart from the direct 

cc-transfer, the other contribution which should be taken into account 

(as studied for ( Li,d) reactions in neighbouring nuclei and at somewhat 

lower incident energies [MEI68, DaS76]) is the compound nucleus mode.

Li + % elastic scattering was measured at several different

angles. Other optical potentials as well as level density parameters

for the Hauser Feshbach and EWBA calculations were obtained from

references (see Chapter 4). The results obtained for the already known

members of the KU=1+ band, as well as for the unknown spin states showed

a compound nucleus contribution of less than 10% for all cases. The

attention was focused then to the direct process, and computational

programs were developed in order to read the transition amplitudes from

DWBA codes, to calculate the theoretical angular correlation functions

and to evaluate the displacement of the angular correlation symmetry

axis. The three unknown spin states at 9.58, 11.2 and 14.1 MeV were

studied for all the possible relevant values of spin and parity given in

Table 3.1. For some spin assumptions, the theoretical predictions were

structureless, while for some others a very strong oscillatory behaviour

characteristic of the spin of the recoil nucleus was found. For many of
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these oscillatory cases, the strong structure vanished as the angle of 

the detected ejectile increased. This effect gave a limit for the 

detection angle of the ejectile, in order to have an oscillatory 

o-angular correlation function which would enable us to «u  >--:-
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3.4 The 18F >14N+ct decay.

18 All states in F at excitation energies above 4.4159 MeV are alpha

unbound. It has been shown [BRA77] that simplified prescriptions for 

describing those unbound states are not satisfactory for use in DWBA 

calculations; hence the wave functions for the F levels have been 

represented by Gamow states. Within this formalism, the unbound states 

are treated as spectroscopically equivalent to bound states (Appendix 

C). The code "GAMOV" has been used to calculate these wave functions.

The possible orbital angular momenta of the alpha cluster with 

respect to the core are given by the triangular rule:

|I f - I"| < La< i'+ I" (3.7)

where I 1 stands for the initial spin of the decaying nucleus and I" is 

the spin of the daughter nucleus formed in the a-decay. When the parity 

of parent and final states are the same, only even values of L^ are 

permitted. On the other hand, when the above mentioned parities are 

opposite, only odd values of La are allowed. In the cases studied in 

this chapter, only the decays to the ground state of the daughter 

nucleus are considered, since these correspond to the peaks strongly 

populated in the decay spectra.

Applying the selection rules for the alpha decay of excited states

in 18F to the ground state of 14N (J^l"*", T=0) it can be seen that the

18 possible L orbital angular momenta allowed for all F spins taken into
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account in 2N+I> 7, 8, and 9 configurations are the ones shown in Table 

3.1.

The following step for the o-angular correlation study, will be 

then to compare the experimental values obtained for the different 

states with the theoretical ones given by formula A.I. 7 of Appendix A. 

The first noticeable difficulty for this o-decay analysis is that for 

several final spin values, two possible orbital angular momenta are

allowed, and therefore, the spectroscopic coefficients A . and thexsj
ji

decay matrices S   have to be known in order to perform thes ,La

theoretical calculation. When parentage amplitudes were available from 

shell model calculations, these were used in obtaining the spectroscopic 

coefficients A« . . For the rest, a study on the variation of the 

resultant angular correlation for different relative values of the 

spectroscopic factors was performed. At the same time, the influence of
Tl

using different decay S   matrices in expression (A. 1.7 ) was
s ,b0

investigated (as explained in Appendix A part 3) for different matrix
•*• i *\ T i f\

value combinations in I Si,, T r + |S^ n T 1-1 and phases determineds ,L s ,

by e with <H), V2, * and 3^/2. The theoretical angular correlations 

obtained for the different sets of values A^. and s|n L were compared
fy

to experimental ones with a x test in order to find the best fit.

Figure 3.2 shows a typical analysis for fixed spectroscopic
Tl

amplitudes and different combinations of the decay S^,, L matrices with 

an assumed J^S" for the 14.1 MeV state in 18F. For every combination

o
of A . values, a x pl°t li^e the one mentioned was obtained and the 

xsj
minimum value resultant from these systematic analyses was used in the 

final chi-square comparison for spin assignment. When spin and parity
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Figure 3.2 x comparison between the exgerimental angular correlation 
for the 14.1MeV state in F and the theoretical ,estiiTut ion 
for a supposed 8 . Different combinations of S^,, »„ values 
have been considered. Ttie ^Boli.d lines join points toe vhi^n 

r chase convention has be-^a aci.pr.e^i.
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assumptions allowed only one La contribution, the analysis was simpler 

since only one A^. and S*,, L value intervenes in the theoretical 

expression for the angular correlation, and both can be taken as 

constant multiplicative factors which will not affect the angular

correlation shape. For all the states with two L , the minima of thect f

chi-square values have been used. Each minimum is obtained by 

calculating the x value for different combinations of the two 

S-matr ices.

Another feature that has to be considered when comparing

theoretical and experimental angular correlations, is the well known

displacement of the symmetry axis when detecting the outgoing ejectile

(deuteron in our case) at a laboratory angle away from 0 or 180 degrees.

In general, reactions of the type A(a,b)B ->C(c) (where B is formed in a

state of well defined spin and parity) a symmetry axis for the

sequential decay of B is exhibited [LAM71, ART71, LAN72, EIC73, PAN74,

AVR75 and ART76]. When calculating a stripping process where the

asymptotic interactions in the inital and final channels are neglected

(as it is done in the Plane Wave Born Approximation) the direction of

the linear momentum transfer, which equals the recoil direction of the

residual nucleus, is the symmetry axis for the decay pattern.

Distortion of the plane waves in the incident and exit channels has been

extensively studied by Satchler [SAT60] and shows the effect of rotating

the symmetry axis for the decay away from the recoil direction, and

sometimes of even destroying this symmetry.
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The advantage of alpha transfer using a Li beam is that due to the 

very weak coupling between the deuteron and the oc-particle in this 

projectile (1.4735 MeV), during the process it is assumed that the 

deuteron acts as an observer, reducing the problem to that of having a 

beam of alpha particles impinging on the target along the linear 

momentum transfer direction.
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3.5 The Experiment.

The reaction 14N(6Li,d) 18F >14N(a) was studied with a 36 MeV 6Li 

beam from the Folded Tandem accelerator at Oxford. The target, 14N 

99.5% purity was contained in a thin window gas cell of 3 cm radius (see 

Chapter 2). The deuterons were registered by a (AE-E) counter 

'telescope 1 consisting of a thin (200 ym) and a thick (4.1 mm) silicon 

detectors. The telescope was placed at 10° to the beam direction. For 

the decay alpha particles, five silicon detectors with thickness ranging 

between 1500 m to 2000 pm were used, placed 15° apart from each other. 

Ten data points were obtained at laboratory angles between 20 and 90 

degrees. For each of the final measurements, three day runs at 

approximately 400 nAmps. of Li beam were performed.

According to the electronic circuit described in Chapter 2, 

coincidences between signals from the deuteron telescope and signals 

from each of the a-particle counters were recorded. The o-collimation 

system was arranged in order to look at the same active region of the 

gas cell as the telescope collimation system was subtending. Thus 

collimation distances from the gas cell centre were different for each

a-detector and carefully considered in further calculations for the

i ft 
number of coincidence counts per sterradian. i0F states analysed in

coincidence with decay particles had typical total cross sections of 2-6 

microbarns. Tten different data points were obtained for each angular 

correlation.
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18 Though F states with excitation energy above 4.4159 MeV are

o-unstable, only those with excitation energy higher than ~ 7 MeV can be 

studied under our experimental conditions. The alpha particles have to 

be ejected with high enough energies as to pass the 5 ym thick aluminium 

windows and yet, at laboratory angles of 60 to 90 degrees, have residual 

energies on entering the detector sufficiently above noise level. 

According to this limitation, the first excited state in 18F which can 

be studied with this particle - particle angular correlation method is 

(fig 3.1) the one at 9.58 MeV. Typical kinematics for an alpha particle 

decaying from fictitious 7 to 9 MeV states in 18F to 14N ground state, 

after the ejected deuteron has been measured at 10° and under the 

experimental conditions given above, are shown in fig 3.3.

i ftAOF excited states above 5.606 and 7.526 MeV are unstable under

proton and deuteron emission respectively. For that reason, the proton 

and deuteron kinematics were also studied and their expected energies 

identified in the different decay spectra. For the alpha decay of 18F, 

kinematical behaviour of the emitted 4He was studied for the cases in 

which the residual nucleus Ttf was left either in its ground state 

(J1^!4", T=0) or in its second excited state (J^l"1", T=0, 3.9478 MeV) 

omitting the isospin forbidden a-decay to the 2.3129 MeV first excited 

state in 14N (J =0+ , T=l). For the proton emission of 18F, decays to 

the ground state of 170 (5/2+) and to its first two excited states (1/2"1" 

at 0.8708 MeV and 1/2" at 3.0552 MeV) were kinematically followed, and
1 c.

for the deuteron emission, only the decay to the 0 ground state was 

theoretically analysed since its high lying first excited state 

(6.049 MeV) was already too high in excitation energy for allowing 18F
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deuteron emission.

As a typical example the kinematical behaviour of alpha particles,

protons and deuterons resulting from the decay of the 11.2 MeV state in

18 F is given in figure 3.4. It can be seen that from 0° to

approximately 70° in the laboratory system the alpha emission to the 

ground state of % gives the higher energies, and then, no interference 

with any other decay is observed. Within the angular range of 

detection, deuteron and proton emissions are separated 'Q/ at least 500

KeV, allowing good identification in the decay spectra. For the three
18 high excited states in F, the coincidence spectra showed a very strong

alpha emission leading to the ground state of 14N, and a light 

contribution of deuteron and proton decay leading also to zero 

excitation energy on their correspondent residual nuclei. No particle 

emission for excited states of the daughter nuclei was observed in any 

of the decay spectra at the detector positions described in Chapter 2. 

The kinematical crossings of alpha particles and protons for the three 

18F states (9.58, 11.2 and 14.1 MeV) lay at approximately 70 degrees, 

and this value determined the angular separation for the detectors to be 

positioned in this region. A typical decay spectrum at 45° laboratory
I O

angle recorded for coincidences with the state at 11.2 MeV in F is 

shown in figure 3.5.

Percentages of the different decays are given for each of the 

analysed states, as a result of integrating the number of coincidence 

counts/str. for the ten different angles. As can be seen in figure 

3.1, there is a large continuous background at higher excitation. This 

is a very typical feature of the 6Li spectra. It is commonly assumed
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Figure 3.4 Kinematics for different decay particles from the 11.2MeV 
state in F. Decays to the ground state of the daughter 
nucleus are plotted with solid lines, while decays leading 
to excited states are shown in dashed lines.
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that this background is the result of the break-up of the lithium in the 

Coulomb field of the target nucleus. It is important then to consider 

the contribution of that background to the coincidence spectra and to 

study whether real break-up (d-a) coincidences could add to the total 

number of counts for any of the decay detectors, jeopardizing the 

reliability of the experimental angular correlation data for certain 

angles of measurement. In 6Li ground state, the deuteron and the alpha 

particle are bound by 1.4735 MeV, from its first excited state (3+ at 

2.185 MeV) onwards, Li is then deuteron and alpha unstable. Using this 

first excited state (r=26 KeV) for the kinematical analysis of the 

break-up under a simple picture, the Li nucleus will travel for at most 

an average distance of 8.2 10 mm before decaying. This will give no 

alteration to the trajectories in the collimation system, thus in 

calculating the reaction kinematics we can safely ignore the distance 

travelled by the Li before its decay.

In the laboratory system, for a definite angle of Li emission, the 

alpha and deuteron dissociations will constrain their movements within a 

cone whose axis will lay along the Li direction of motion, and whose 

maximum apex angle will be different for deuterons and alpha particles 

and given by:
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6 * 
E(°Li

(3.8)

& * 
E( 6Li ) ma

where Qeff =-1.4735 MeV + 2.185 MeV = 0.7115 MeV, and due to the mass 

factors, the limit angle for the alphas will be smaller than the one for 

the deuterons. For deuterons detected at a fixed angle, there will be a 

range of Li directions of motion within limit angles, which may 

contribute to that deuteron angle of detection. Subsequently, the angle 

range for the dissociated alpha particles can be obtained. Figure 3.6 

shows the limit angles in the reaction plane for the a-emission from Li 

break-up, in comparison with the experimental lay out. The Li limit 

angles are shown as well, and as can be noticed, there is no symmetry 

around the deuteron detection direction for the Li and alpha extreme

angles, since for larger angles of the 6Li ejectile the kinematical

g behaviour will give smaller E( Li*) energies and this value will affect

the angle estimation. It can be seen that for the 10° deuteron 

detection, the limit a-particle break-up angle in the laboratory system 

(7.8°) is substantially smaller than the one chosen for the first decay 

detector (20°), eliminating then the possibility of including break-up 

coincidences for any of the decay detector positions. Carefull analyses 

of coincidences setting windows on the background around the peaks of 

interest were carried out, giving no significant contribution, which
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consisted in very few counts scattered homogeneously along the spectra 

and some counts from fictitious coincidences with the calibration source 

a-partides. Fig 3.7 shows a comparison between coincidence and single 

spectra for the deuterons, which pictures a drastic background reduction 

for the first one at high excitation energies where the breakup effect 

of the projectile seems to be most important.
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3.6 The 9.58 MeV State in 18F

Spectra for particle decay from this state were obtained during on 

and off-line analyses asking for a coincidence requirement between the 

9.58 MeV excited state in the deuteron spectrum and the five alpha 

counters. As far as different particle emission is concern, out of the 

ten angles measured, proton and deuteron decays were observed at a lower 

rate compared to the alpha one. These particle emissions were 

identified by their kinematical behaviour. Noticeably, all decays 

observed were leading to the ground state of the daughter nucleus. The 

correspondlna percentages for the different decays are given in Table

3.2 being the alpha the predominant one. The number of <*-d coincidences

18
for this state were the lowest of the three levels analysed in F.

Even so, the correlation observed showed a clear and smooth ondulatory 

behaviour as can be seen in figure 3.8. The errors pictured in the 

experimental correlation are statistical only.

Gamow functions were obtained to represent the unbound 9.58 MeV 

state for each spin examined, and coupled to a EWBA code to describe the 

heavy system. Ihe calculated reduced amplitudes were then used as input 

for an angular correlation computing code. The theoretical results were 

compared to the experimental values obtained (figures 3.8 and 3.9) and 

the chi-square test was performed. These latter results are shown in 

figure 3.10. All states with two La contributions gave structureless 

correlation functions. As explained before, for these states, a 

comparison was carried out in order to obtain the best A^ . ana 3 matrix 

mixing. The displacement of the symmetry axis for the theoretical
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Table 3.2

Particle Decay in xop

alpha-decay

proton-decay

deut. -decay

9.58 MeV

87 % ± 12

7 % ± 3

6 % ± 3

11.2 MeV

88 % ± 9

5.5 % ± 2

6.5 % ± 2

14.1 MeV

90 % ± 7

6 % ± 2

4 % ± 1



60 80 100 120

Figure 3.8 (a-d) angular correlation for the 9.58MeV state in 18F. 
The three different fits are applied to the same data.
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Figure 3.10 x values obtained in fitting different theoretical 
predictions to the (<*-d) angular correlation data of the 
9.58MeV state in F. Hie lines are for guiding the eye 
in identifying each particular 2N+L band.
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angular correlation predictions showed maximum values for low spins and 

a continuous decrease towards high spin values.

The x analysis shows a clear preference for 6* spin and parity 

assignme^r. The x -test gives a probability for the 6* assigmoeojo of 

at least a factor of 7 larger than for the other spins, thus stressing 

the statement given above. In figure 3.8, different fits to correlation 

functions for even spins in the 2N+L=8 band are exhibited. Figure 3.9 

shows similar comparisons with odd spin angular correlations. Further 

studies on the displacement of the symmetry axis were carried out since 

Jir=6+ had been assigned. In figure 3.11 a plot of angular correlations 

in one degree steps for the centre of mass angle of the outgoing 

deuteron, shows a gradual loss of structure, as well as a shift of the 

maxima towards increasing angle values. The effect of using bound 

states for describing the heavy system on the displacement of the 

symmetry axis is displayed in figure 3.12. The measured preferred axis 

as well as the recoil and unbound state predictions are shown, and as 

can be seen a better agreement with the experimental value is found by 

the unbound description. The angular distribution analysis performed 

for this state is studied in Chapter 4.
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Figure 3.12 Displacement of the preferred axis as a function of the 
deuteron angle of detection for the 9.58MeV 6 state.
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3.7 The 11.2 MeV State in 18F.

The number of <*-d coincidences registered for this state was higher 

than the observed for 9.58 MeV by a factor of " 2 (fig 3.7). Proton and 

deuteron decays to the ground state of their corresponding daughter 

nuclei were also detected, and the relative percentages given in Table 

3.2. For the o-emission which was by far the predominant one, the 

experimental angular correlation shows a typical pattern found for 

states in which mixing of two L-values takes place (figures 3.13 and 

3.14).

Several theoretical correlation functions can be regarded as good 

fits for the experimental data for different allowed spin values 

(figures 3.13 and 3.14). The results for these comparisons are shown in 

figure 3.15. The best chi-square values are obtained alternatively for 

odd spins with positive parities and even spins with negative parities 

in a range of angular momenta between 6 and 9. For the 2N+L=8 band, the 

X2 comparison shows a favoured 7"1" over the 9+ assignment, while 2N-HX7 

and 9 bands give almost indistinct preference to 6~ and 8~ spins.

In spite of the suggestive 2N+L=8 band structure which may be 

expected for alpha transfer reactions on %, no spin assignment can be 

made, due to the lack of characteristic angular momentum shape.
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3.8 The 14.1 MeV State in 18F.

The number of a-d coincidences for this state was larger than the 

one observed for 9.58 MeV \>y a factor of ~ 3. Since the 14.1 MeV state 

\ -'-s on a high part of the continuous deuteron background, a larger 

random contribution was expected for this level than for the previously 

mentioned one. Careful studies of coincidences with neighbouring zones 

to the peak of interest were performed in order to estimate their 

contribution to the different spectra. Proton, deuteron and alpha 

decays were recorded, all leading to the ground state of the resultant 

nucleus. The percentages for the integrated contributions along the ten 

angles measured are shown in table 3.2

The experimental ct-angular correlation obtained is pictured in 

figures 3.16 and 3.17. It shows a strongly ondulatory behaviour which 

matches preferably the theoretical correlation for the J =8* (2N+L=8). 

Again, odd spin with positive parity states, as well as the even spin 

with negative parity ones gave flat angular correlation predictions, as 

showed for some cases in figure 3.17. The different values obtained 

from x2 comparisons with all the spin possibilities considered (2N+L=7, 

8 and 9) (figure 3.18) indicate clearly that the J =8+ assignment is the 

favoured one. The X2-test gives a probability for an 8+ assignement of 

at least a factor of 20 larger than for the other spin assignements. 

All the procedure for obtaining the different angular correlations is 

similar to that described for the 9.58 MeV level, starting with a Gamow 

unbound wave function of the alpha particle. The DWBA parameters used 

are presented in Chapter 4.
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With the final spin assignment, a study of the displacement of the 

symmetry axis was performed. Figure 3.19 shows this effect for ejectile 

(deuteron) angles varying up to 20 degrees in the centre of mass system. 

Again, recoil and DWBA predictions can be compared to the actual 

experimental shift (figure 3.20) and a better agreement with the unbound 

state description is found.
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Figure 3.20 Displacement of the preferred axis as a function of the 
deuteron angle of detection for the 14.1MeV 8 state.
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3.9 Discussion

Ihe idea of using the a-cluster model to describe certain states in 

F with the structure of an alpha particle coupled to a 14N core has 

been supported by experimental evidence on the study of four nucleon 

transfer reactions on 14N. Middleton et al. [MID68] performed the 

T¥( Li,t) F reaction at 15 MeV of 7Li and found a particularly strong 

population of 18F states at 1.7, 2.10, 2.52, 3.36, 5.3, and 6.56 MeV. 

Cobern and Parker followed with the same experiment at a higher 

bombarding energy (E( Li) =36.0 MeV) and found that the selective 

population was taking place also for states between 6.5 and 15 MeV. 

Bradlow [BFA77] who studied the 14N( 11B, 7Li) 18F and 14N( 13C, 9Be) 18F 

alpha transfer reactions at 115 MeV of nB and 105 MeV of 13C found 

strong excitations corresponding to levels at 5.3, 6.56, 9.58, 11.2 and 

14.18 MeV. Buck, Friedrich and Pilt [BUC77b] applied the cluster model 

to F and predicted the existence of two bands: (i) K^l"1" with J* 

running from 1+ to 9+ , and (ii) K =0+ with J progression I"1", 3"1", 5+ ,

Experimental evidence for the existence of that K =1"1" band is found 

in the literature. Rolfs et al. [ROL73] carried out the identification 

of the first five members of such band (1+ (1.701 MeV), 2+ (2.523 MeV), 

3+ (3. 358 MeV), 4+ (5. 298 MeV), 5+ (6. 567 MeV)) and predicted the 

location of the next member ^=6* at "9.2 MeV. Out of their 

experimental measurements, Middleton et al. suggested that the 9.58 and 

11.2 MeV states populated could be regarded as candidates for the 6+ and 

7+ members of such a K^l4" band.
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The results of the angular correlations performed in this thesis 

work gave definite parity and spin assignments to two of the high lying 

states (6+ (9.58 MeV) and 8+ (14.1 MeV)), while due to the structureless 

correlations of the 11.2 MeV state the parity and spin indetermination 

remains. An energy scheme for the 1+ to 8+ can be drawn (figure 3.21) 

assuming the 11.2 MeV state to be the 7+ member of the band. A good 

agreement between the measured excitation energies and the patterns 

expected for the highest members of this band is shown here. On the 

other hand, as it will be seen in chapter 4, theoretical angular 

distributions for a supposed 7+ state are found to give a fairly good 

fit in shape and magnitude to the 11.2 MeV experimental points. Further 

definite spin and parity identification for this level remains to be 

done.
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CHAPTER 4

T*( Li,d) F. The Reaction Mechanism.

4.1 Introduct ion

The reaction T*( 6Li,d) F at bombarding energies high above the 

Coulomb barrier (Ecoul = 5.11 MeV) is expected to be predominantly 

direct. Even so, reaction mechanism studies of ( Li,d) reactions on 

neighbouring nuclei have shown for some cases (i.e. 12C( 6Li,d) 16O at 

20 MeV of °Li [MEI68]) an important contribution of the compound nucleus 

mode.

The 14C( 6Li,d) 180 reaction studied by Cunsolo et al. [CUN81] at 

34 MeV beam showed that the compound nucleus contribution accounts only 

for approximately 10% of all the experimental cross sections. 

Anantaraman et al. in their work on 160( 6Li,d) 20Ne [ANA78] found an 

appreciable compound cross section at 20 MeV of Li and negligible 

contributions at 38 MeV of bombarding energies.

To assess the importance of compound nucleus mechanism in our 

reaction, Hauser Feshbach calculations have been performed. For 

obtaining direct reaction contributions, distorted wave Born 

approximation (DWBA) codes are commonly used. In heavy ion induced 

multinucleon transfer reactions, the zero range and no-recoil 

approximations are not appropiate for calculating the EWBA transition 

amplitude, and an exact finite-range EWBA (EFR-EWBA) calculation with 

inclusion of recoil effects should be performed. In this thesis, all
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the theoretical estimations for direct transfer contributions have been 

calculated with a modified [BRA77] version of the exact finite range 

computer code LOIA [DeV73]. In this version, cluster model wave 

functions can be obtained to calculate form factors. For the unbound 

states, Gamow functions can be read externally and extra terms for 

describing the interaction potential can be included.
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4.2 The Experiment

A beam of 36 MeV Li ions from the folded Tandem at Oxford was used 

to bombard 14N gas targets enriched to 99.5%. Typical pressures of 

100 Torr. were used in a thin aluminium window gas cell.

Angular distributions for stripping reactions as well as for 

elastic scattering were taken with slightly different detector 

arrangements. For the stripping reactions, a AE-E telescope 

semiconductor detector with AE component of 200 urn and the E one of 

4.1 mm was used. This detector choice was important in order to get 

considerable ammount of energy for the AE signal of light particles to 

be processed in the PI calculation (Chapter 2), as well as to Suppress 

elastically scattered Li from being recorded in coincidence with E 

signals. The detector system was positioned at 8, 9, 11, 12, 14, 16, 

18, 20, 23 and 26 degrees from the beam axis in the laboratory.

Very clear PI spectrum allowed good mass and charge separation. A 

typical deuteron spectrum taken at 16° is shown in figure 4.1. Overall 

energy resolution of about 250 kev was obtained.

For the elastic scattering, another AE-E telescope semiconductor 

detector was used; the AE component of 73.2 ym and the E one 2.2 mm 

thick. The laboratory angle was varied from 8 to 35 degrees.

Data were recorded event by event on magnetic tape and analysed 

on-line with a POP 11/60 computer system (Chapter 2).
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4.3 Optical Potentials

Typical optical potentials for the different channels involved are 

required for both, the compound nucleus and the direct transfer 

calculations. Optical potentials for the entrance channel have been 

obtained by fitting optical model predictions to the elastic scattering 

data collected using the experimental arrangement specified in 

Chapter 2.

The elastic scattering of a 36 MeV 6Li beam off a 14N gas target 

between 8 and 35 degrees in the laboratory system was measured. The 

angular distributions obtained as well as the optical model fits are

shown in figure 4.2, with the correspond''-^ parameters given in Table«j
4.1. The search on the parameters was performed with the code DWAVF 

which uses a modified version [RAE77] of the distorted wave routine used 

in the EWBA code MARS [TAM74].

The choice of optical potentials for the exit channels was more 

complex, since: (i) the optical potential which describes the ground 

state elastic scattering is not necessarily the appropriate prediction

for an excited state in the residual nucleus and (ii) no data is
18 available for elastic scattering of deuterons on the beta unstable F.

On the other hand, a wide range of optical potentials can be obtained

from the literature for elastic scattering of deuterons on neighbouring
2 nuclei [PER76], hence, sets of parameters which describe H scattering

over similar mass and charge ranges as well as equivalent centre of mass 

kinetic energies were sought. The final choice of potential parameters
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Figure 4.2 Angular distribution measured for bLi elastic scattering on
N at 36MeV bombarding energy. The theoretical curves are 

the optical rrodel fits using potentials 1 and 2 of Table 4.1
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TABLE 4.1

Optical Potentials used in EFR-CWBA calculations

Channel

VQ (MeV)

'ov^

av (fm)

WQ (MeV)

r ( fin)

^w (fro)

r (fin)

Reference

Number

1 Inc. Energy

6Li+14N

147.63

0.971

0.543

39.01

0.504

1.273

0.971

this work

1

36 MeV

6Li+14N

195.45

0.782

0.653

14.09

1.106

0.878

0.782

this work

2

36 MeV

d+18F

94.30

1.027

0.806

7.49

2.175

0.560

1.30

[DEH70]

3

15 MeV

t+17F

120.0

1.15

0.70

44.0

1.15

0.70

1.15

[R0065]

4

6.8 MeV

*>*

128.09

1.00

0.697

4.995~

1.946

0.856

1.30

this work 
& [FIT67]

5

11.8 MeV

The optical potentials are given by U(r)=-Vofv (r /Rv/ av)-iWofw (r / Rw ,aw)4-V(,(r),

where fv (r,Rv ,av)={l4exp[(r-I } , and similarly for

Vc< r) = for r > R.

= ZpZT
2R

(3 - JL.) for r < R

and R =
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and the corresponding references are quoted in Table 4.1. The 

interaction potentials that have to be considered in the calculation of 

the transition amplitude are presented as well in Table 4.1, and the 

choice of the appropriate parameters found in the literature will be 

discussed later.

The compound nucleus calculation requires also the use of optical 

potentials for each of the intervenient channels. Their characteristic 

parameters, as well as the references where they were obtained from are 

quoted in Table 4.2.
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TABLE 4.2

tevel Density and Optical Model parameters used in HF calculations

Channel

sen,*-1 )
A (MeV)

Number of
discrete
levels

(a)
V(MeV)

av (fm)
V

W(MeV)

Rw (fm)

Rc (fm)

vso (MeV)

R ^(fm)vso v

Wfm)
Reference

6Li+14N

3.3

0.0

12

195.45

3.3

0.653
(a)

14.09

4.67

0.878

3.3

this work

n+19Ne

3.3

2.25

19

48.45

3.2

0.71
(b)

7.06

3.2

1.0

3.34

5.0

3.2

0.71

[LOT63]

P+19F

3.3

2.25

14

50.6

2.855

0.74
(b)

7.10

3.41

0.7

3.2

8.0

2.908

0.74

[SWI73]

d+18F

3.3

0.0

12

94.3

2.69

0.806
(a)

7.49

5.7

0.56

3.47

-

_

-

[DEH70]

3He+170

3.3

2.25

20

146.1

3.54

0.638
(b)

22.08

3.499

0.636

3.214

_

—

[HAN68]

a+160

3.3

4.5

15

125.0

4.96

0.50
(b)

5.0

4.96

0.50

3.527

-

_

—

[DAV63]

——— > woods-Saxon (as in Table 4.1)

——— > woods-Saxon derivative W

5 ——— > Level density parameter 

A ——— > Pairing parameter 

The radii follow the definition given in Table 4.1
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4.4 Compound Nuclear Calculations

Analyses of ( Li,d) reactions in nearby nuclei at bombarding 

energies ranging between 20 to 38 MeV have shown considerable compound 

nucleus contribution for energies around the lower limit, to almost 

negligible effect at energies close to the upper limit.

Hauser-Feshbach calculations have been performed with the code 

STATES [STO72] in order to estimate the importance of compound nucleus 

mechanism in our reaction. Six open channels including the elastic, 

protons, neutrons, deuterons, a-particles and He channels were 

considered, following closely the pattern of references [DaS76, ANA79, 

and CUN81]. The optical parameters used are reported in Table 4.2. The 

comparison with experimental results are shown in figures 4.3 and 4.4. 

For the three highest energy levels analysed, several compound nucleus 

estimations are observed, since in principle these calculations were 

done for different possible spin values of these three states. As can 

be clearly seen, even the largest estimations for the compound nucleus 

mechanism do not seem to play any significant role for the final cross 

sections, in any of the levels studied here. It is well knwon that the 

magnitude of the cross section depends strongly on the level density 

parameter. All compound nucleus calculations shown in this chapter were 

carried out with level density parameters obtained from the literature 

for ^Li,d reactions at similar bombarding energies to the one used in 

our experiments and for neighbouring targets and residual nuclei.

Changes to a typical level density parameter suggested by Stokstad
1 

[STO72] for the s-d shell (a=2.88 MeV~ ) gave variations up to 30% which
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would nevertheless produce a small contribution to the present studies.
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4.5 DWBA Calculations

4.5.1 Generalities

Quantitative analyses of the direct process contribution to the 

reaction dynamics have been performed by using the distorted wave Born 

approximation (DWBA) . The first order DWBA theory has been treated 

extensively in the literature [AUS64, AUS70] . Two basic assumptions are 

made in this theory; (i) the transition between different mass 

partitions is weak compared to the elastic process and then first order 

treatment is allowed, and (ii) the coupling between inelastic or 

different mass partition channels is relatively weak, so the transfer 

from entrance to exit channels is performed by only one step. 

Highlights of the DWBA theory for cluster transfer reactions are shown 

in Appendix B. Briefly, the transition amplitude for the reaction 

A(a,b)B is written as [AUS64] :

where YD , 1 , ^A , Y are the internal wave functions for nuclei B, b, A D D A a
and a respectively, xi and x are &\e distorted waves for the exit 

and entrance channels and AV is the interaction responsible for the

transition.

The interaction AV can either be written in the post or in the 

prior representation as:
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(Post) AV "V^Wirf-DtB (4.2) 

(Prior) AV '+v-U (4.3)

where VbA rePresents the interaction between b and A, Vbx and V^ are 

the potentials used to bind the cluster x to b and A respectively, and

^B ^uaA^ is the distorting potential for the exit (entrance) channel. 

Post prior equivalence should be obtained if all the (correct) 

interaction potentials are used in order to calculate the form-factor.

Zero range and no-recoil approximations commonly used in light ion 

works for estimating the EWBA transition amplitude are not appropr-oir^ 

for the quantitative analysis of heavy ion transfer reactions. For that 

reason, recoil and exact finite range EWBA calculations have to be 

performed. Even more, all interaction potentials which are usually 

supposed to cancel, should be included in the transition amplitude in 

order to achieve post-prior agreement (this will be discussed in section 

5.2).

An extension of the BDV model for the a-cluster unbound states in 

^F is used to calculate the wave functions in terms of Gamow states. 

Here, the parameterised form of the folding potential has been used to 

generate the radial wave functions of the relative cluster core motion. 

For the projectile description, the work of Kubo and Hirata [KUB71] for 

the 6Li = d+ot was followed.

As already mentioned the EFR-DWBA calculations were performed with 

the compute code GAMOV and a modified version [BRA77] of the computing 

code LOLA. These DWBA calculations are very time consuming, mainly for 

large orbital angular momentum considered. Some typical values of the
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parameters involved in the time dependence of the code are shown below.

For these figures, the accuracy of the calculations remains

5%.

lower and upper cut-off radius =0.0 and 18.0 fm

lowest and highest partial waves = 0 and 40 h

mesh size for the form factor integration = 0.2 fm

mesh size for the distorted wave calculation = 0.1 fm and the average

running times on a VAX/11 system are:

L-transfer run time

4 43m

6 Ih24m

8 2hl2m
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4.5.2 Post-Prior Equivalence

In the expression of the transition amplitude for the reaction 

A(a,b)B where a cluster x is transferred,

~
*B ' AVl * + (?a> V (4 ' 4)

the potential responsible for the interaction (AV) can be expressed in 

either the post or the prior form.

(post) Ta3 = <x <-> (f3)^|vrU 3 lx < 0> V

(4.5) 

(prior) Ta3 = < X H <?3 ) V VoTuJxi+) (?a> V

where Ua (U«) is the optical model distorting potential in the entrance 

(exit) a+A (b+B) channel; and x£^ and xa""^ the solutions of the 

optical potential equations:
""* = 0

(4.6)

(T -i-n -E >Y= 0 1 a a a j ^-a

It has been shown [COT76] that ignoring non-orthogonality 

contributions between entrance and exit mass partitions, the post-prior 

equivalence in the calculation of Tag is only dependent on the correct 

choice of the interaction potentials. If all interaction terms are 

included, similar cross sections should be obtained from the 

calculations. In general, for stripping reactions, it is customary to
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use the post form and the interaction potential is approximated by V. ,

AV(post) = Vbx (4.7)

the real potential which describes the cluster x bound to the core b, 

under the assumption that V^ and UbB of equation (4.2) cancel each 

other. In this Chapter, stripping reactions to unbound states of 18F 

are studied, and as it is shown in Appendix C, these cases need the use 

of prior form in the calculation of the transition amplitudes. It is 

very important then to obtain post-prior agreement.

It has been shown by De Vries [DeV75] that in multinucleon heavy 

ion transfer reactions, post-prior discrepancies indicate that the 

interaction terms V^-u^ or V^-U^ usually neglected should be 

considered in the calculations. Coulomb parts for each of them have to 

be included as well, and he suggests for that the usual form of a 

uniform spherical charge.

V, and V- are the real potentials used to calculate the

cluster-core wave functions for a and B respectively, and U^ and 

are the optical potentials used for the exit and entrance channels. For 

the potential V, a model has to be given; De Vries suggests that 

since in heavy ion reactions the two cores never get too close, an 

optical potential description is an appropriate one, following the ideas 

of Tobocman [TOB73] and Smith [SMI71] .
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We have included in this work, all the interaction terms. 

Potential V^ 14N was approximated by a potential that fits the elastic 

scattering of deuterons off ^ at a bombarding energy ~ E(^Li) x (mass 

deut./mass 6Li) ~ 12 MeV. Data were found in the literature for d+14N 

at 11.8 MeV [FIT67]. Ihe potentials obtained by Fitz et al. included 

spin-orbit terms, and as in the present code at Oxford there is no such 

possibility, a new optical potential was searched in order to fit their 

data. The results are shown in figure 4.5 and the parameters given in 

Table 4.1.

For testing the post-prior equivalence and the influence of 

including all the interaction terms, a bound state in 18F (2+ at 

2.524 MeV) was used. The results obtained using post and prior forms 

with only the V, and VA potentials respectively, the inclusion of theOX AX

Coulomb terms and the VbA, U^ and U^ potentials are shown in figure 

4.6. As expected, there was a strong discrepancy in the resultant cross 

sections for the post and prior forms with the omission of V, ,-U. The 

Coulomb potentials do not appreciably change the calculated cross 

sections, but when considering the two terms V, and U a noticeable 

decreasing effect was observed for the prior form, reducing the 

discrepancies in the total cross sections to a 5.8%. This is a very 

encouraging and important result. The total cross sections for the six 

cases mentioned are shown in Table 4.3. The normalisation factors for 

all the cross sections shown in figure 4.6, were taken equal to one.
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TABLE 4.3

Effect of Extra Interaction Terms in the Cross Section

Case

PR

PRC

PRT

PO

POC

POT

da/dn(0cm=20o) 
(arb. units)

0.953 E+00

0.941 E+00

0.388 E-01

0.422 E-01

0.395 E-01

0.442 E-01

a total 
(arb. units)

0.246 E-fOO

0.243 E+00

0.573 E-02

0.590 E-02

0.561 E-02 ~

0.608 E-02
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Figure 4.6 Effect of interaction terms in CWBA calculations for 
14N( bLi,d) F (2 at 2.524MeV). All calculations have 
normalization factor 1.
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4.5.3 Form Factors

It has been seen in Chapter 3 that the simple BDV cluster model 

gives a fairly good description of a-cluster states, and therefore this 

formalism has been used in the calculation of the unbound Gamow wave 

functions to describe the states populated in 18F. The alternative form 

of the cluster core potential given in Chapter 3 has been used 

throughout. Typical radius and diffuseness parameters have been taken 

from reference [BUC77]. The depths of the potentials were adjusted to 

fit the 'binding 1 energy of each state in the numerical calculations and 

are shown in Table 4.4 where also the single particle widths extracted 

from the complex part of the energy eigenvalue of the unbound states are 

shown.

The Gamow wave functions obtained were used in the DWBA code for 

the calculation of the transition amplitudes. The square of the 

absolute values for the real and imaginary parts of these Gamow state 

wave functions are plotted in figures 4.7, 4.8 and 4.9. For comparison 

the bound state solutions obtained with the EWBA code for the same 

parameterized cluster-core potential and using a fictitious binding 

energy of -0.1 MeV are also displayed. They show different asymptotic 

behaviour since for the unbound description the probability of finding 

the ot-cluster at larger radii will be higher than for the bound model.

The potential obtained by Kubo and Hirata was chosen for the 

lighter system (<*+<3) potential. They postulated a very simple form of

the V „ interaction which gives a very good agreement in the shape of ad
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TABLE 4.4

States in 18F

1 1

Ex.E 
(MeV)

5.3

6.5

9.58

11.2

14.1

——— 

J

4+

i_5+

gT~

[

(7 )

i

8

i —— i 

L

4

4

6

6

6

8

8

i —— 
N

2

2

1

1

1

0

0

2N+L

8

8

8

8

8

8

8

Vdepth(-Vo) 
(MeV)

175.5

170.5

188.8

178.7

172.6

196.8

188.9

i * 
rasp(MeV) ! r (MeV)

calculated j expe r iment .

i 
0.372 E-07| 0.212 E-07

i
0.580 E-03J

! 0.800 E-03
0.636 E-06|

{
0.527 E-02J 0.550 E-01ii
0.503 E-Olj

i _
0.707 E-04|

ii
0.321 E-02|

Pot. Type

cosh

cosh

cosh

cosh

cosh

cosh

cosh

(*) from [AJZ78]

The potential for the <*-cluster is given by

V(r) = VQ f(r) + Vc (r)

with f(r) = 1 + cosh (R/a)
cosh ( r/a) +cosh (R/a)

(cosh type)

a = 0.8 fm rQ = 0.555 fm

and V (r) the potential due to a charged sphere of radius R

= 0.764 fm

for R = + A*/3 ) = 2.25 fm

and Re = "oc = 3.1fm



- 77 -

the potential as well as in the wave function, with the predictions of 

Hasegawa and Nagata [HAS67] for the two clusters in the Li ground 

state, with exchange effects exactly treated. Kubo and Hirata assume a 

Woods-Saxon shape for the effective interaction, with radius parameter 

R = 1.9 fm and diffuseness a = 0.65 fm. With these parameters and the 

requirements of one node and L=0 for the relative motion of the 

clusters, the potential depth was adjusted by the program in order to 

give a separation energy of 1.473 MeV.
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4.5.4 Spectroscopic Factors

In the expression for the differential cross section of a cluster 

transfer reaction A(a,b)B, the spectroscopic amplitudes for the 

dissociation of nucleus B into A and the cluster x, as well as of a into 

b and x f have to be explicitly taken into account. If we consider the 

cluster as formed by x particles in their lowest state of internal 

motion (relative S-state), and with its centre of mass carrying all the 

orbital angular momentum, the spectroscopic amplitude for the breakup of 

nucleus B into A and the cluster is given by the definition:

0(L,s T ,j) = CP<» " itv <*x *NL> ] > (4 - 8)
A A AD rt. A L\u

presented by Anyas-Weiss et al. [ANY74] as a generalization of the one 

given by Ichimura et al. [ICH73] for a-particle clusters. *»,*« and *
A 15 X

are the antisymmetrised internal wave functions of the nuclei A, B and 

x, and $> describes the motion of the cluster x around A. The nuclear 

states of A and B are commonly described by the shell model in terms of 

harmonic oscillator radial wave functions YA, YB . Ihe x nucleons of the 

transferred cluster will occupy single particle orbits characterised by 

the quantum numbers ft.=2n.+l., and the wave function which describes the 

x particles of the cluster in the nucleus B will be identified by ¥ 

With these conventions, and making use of the Talmi-Moshinsky 

transformation, the spectroscopic amplitude is written:

0(L,SX ,TX ,J) = Dl {VYc^ <V«.l*c> < 4 ' 9 > 
x A A
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where Q=£ ft.=2N+L.

It is convenient to label the ^ wave functions with Elliot's SU(3) 

scheme quantum numbers for calculating the second overlap in equation 

(4.9), since this representation has close connections with the cluster 

model [BAy58], ^ has SU(3) quantum numbers (Q,0)L; $x and $NL have 

SU(3) labels (0,0)0 and (Q,0)L respectively. Our cluster picture 

assumed the nucleons of the cluster to be in an internal S-state and its 

centre of mass carrying all the quanta.

Including coefficients for symmetrisation of * r the second overlap 

in (4.9) becomes:

n.,
(4.10) 

h

where x.., x~,...x correspond to the number of cluster nucleons 

transferred to different orbits.

For a direct four-nucleon transfer where a cluster with T=0, is 

considered, the description of its internal structure as an ct-particle

is the most likely one. In the 14N( 6Li,d) 18F reaction, where states of
1 ft a 4p-2h rotational band in °F are strongly populated, the cluster

picture gives total quantum number Q=8=(sd) . The function V of 

equation (4.9) will carry SU(3) labels (8,0)L with L=8,6,4,2,0, and this 

description gives for equation (4.10) the value 0.196.
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The quantity in curly bracks (equation (4.9)) was calculated for 

all the cases considered in this chapter (light as well as heavy system) 

by the Oxford shell model code [GOD79]. As predominantly 4p-2h 

structure was expected for the resultant 18F states, and dominated by 

the (sd) 4 configuration, shell model calculations were performed for a 

12C core and six particles allowed in the Opl/2, Od5/2 and lsl/2 orbits, 

and with the Reehal and Wildenthal [REE73] interaction. The members of
IT -f.

the K =1 band strongly populated in this transfer reaction were 

searched. The resultant energies, percentage of 4p-2h and 2p-0h 

configurations for the different spins are shown in Table 4.5. The 

energies of several experimental states are very well matched, although 

the basis used is obviously largely truncated. The overlaps between the 

states obtained with this shell model description, and the (sd) cluster 

states were calculated (expression in curly bracl^ecs in equation (4.9)) 

and the values obtained also shown in Table 4.5. It can be seen that 

the highest amplitudes are the ones predicted for the states strongly 

populated in the reaction, and these were then used for the theoretical 

spectroscopic factors.

A similar analysis was performed for the lighter system,

Li gs =ot-H3, and values for the contribution of different relative L

values were obtained. Ihey showed 91.78% of L=0, 0.58% of L=l and

7.64 % of L=2, with values for the overlaps of 0.958, 0.076 and -0.276

respectively.

The study performed for both, heavier and lighter system would in 

principle allow estimations for the absolute theoretical 

spectroscopic factors, but some considerations on this respect have to



TABLE 4.5

Four nucleon parentage amplitudes for X u(8,0) transfer on TJ

states

11

1*

2+ 
\.
2l&

3+

32

3+
^

i

£*

0
1

g+

2

61

g+

2

7+'l

i

Ex.E(MeV) 
(theoretical)

0.0

1.879

3.03

3.65

0.314

3.12

4.07

5.56

6.07

0.77

5.69

8.54

9.71

9.22

13.84

Ex.E(MeV) 
experimental

0.0

1.7

2.52

3.06

0.937

3.35

4.119

4.65

5.298

1.12

6.56

9.58

(11.22)

14.18

% of 4p-2h

31.2

95.0

64.1

73.1

27.0

94.9

47.5

46.8

78.5

29.0

96.1

35.6

89.8

96.3

93.6

% of 2p-Oh|LiREWIL Inter. 
! | overlap

J0| -0.078
64.4 ! !

|2| 0.0002
i ii i
|0| -0.528

0.20 j i
|2| 0.041

27.6 !2| 0.455
i i

24.6 !2| 0.651
i ii i
|2| -0.023

69.4 ! !
J4j -0.036
i i
!2| 0.651

1.40 j !
J4| -0.018
i i
i2| 0.166

31.0 i !
|4| 0.257
i i
|4i -0.340

!4| 0.726

|4| -0.010
67.1 i !

|6| 0.072
i ii i
|4j -0.826

0.60 i !
|6| -0.014
i i
!6| -0.009
i ii i
|6| -0.844
i ii i
J6! 0.912

— i i
|8! 0.031
i i
|8| 0.967
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be pointed out.

In theory, the radial wave function <^L which describes the 

relative motion between B and x has to be the same as that used in the 

description for the cluster state in the form factor, where a fairly 

realistic wave function is generated by the cluster-core potential of 

the BDV model . For the direct transfer reactions, the wave function 

that describes the cluster core system must have a realistic shape at 

the nuclear surface, since most of the transfer takes place at this 

region and therefore, the use of harmonic oscillator wave functions is 

not recomendeed On the contrary, when calculating the second overlap in 

equation (4.9), harmonic oscillator wave functions were assumed for 

simplicity and this introduces errors in the spectroscopic amplitude. 

It will be more realistic then, when comparing theoretical calculations 

with the experimental data for the angular distributions, to consider 

relative theoretical to experimental spectroscopic factors, rather than 

their absolute values.



- 83 -

4.6 Comparison of the CWBA Predictions with the Experiment

The experimental cross sections obtained in the 14N( 6Li,d) 18F 

reaction and the best normalisations for the DWBA calculations are shown 

in figures 4.10 and 4.11. The coefficients used for normalising the 

theoretical EWBA predictions and the spectroscopic factors calculated as 

studied in the previous section, are shown in Table 4.6. Fairly good 

agreement in shape and magnitude is observed for the five states. Even 

the attempted 7+ calculation for the 11.2 MeV state seems to reproduce 

the experimental shape.

It has been pointed out that due to the use of harmonic oscillator 

wave functions for the theoretical spectroscopic factor calculation, 

attention should be focused to their relative values rather than to the 

absolute ones. Other ambiguities strengthen this view: possible errors 

in the two body interaction, ambiguities in the optical and bound state 

parameters, and approximations performed by the EWBA theory.

Very good agreement between experimental and relative spectroscopic 

factors is found for the 4* at 5.3 MeV and the identified 6* and 8* 

states (at 9.58 and 14.1 MeV). Fairly good agreement is found for the 

6.5 and 11.2 MeV states which show normalisation values that differ b^ 

approximately 35% from the relative spectroscopic factors. As explained 

in previous sections, for the odd spin states, two L contributions have 

to be considered L=J-1 and J+l. The 5+ and 7+ cross sections will arise 

from an incoherent sum of L=4 and 6 and L=6 and 8 DWBA calculations 

respectively. For those cases, the theoretical parentage amplitude
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Figure 4.10 14N( 6Li rdl 18F at 36MeV, Angular distributions for the 
5.3MeV 4 , 9.58MeV 6 and 14.lMeV 8 states. The solid curves are normalized DWBA predictions.



14N( 6Li.d) 18 F

ID' 1

JQ

6.56 MeV5*

10C

10"

10-2

11.2 MeV

10. 20. 30. 40

Figure 4.11 14N( 6Li,d)^ F at 36MeV. Angular distributions for the 
6.56MeV 5"*" and 11.2MeV states. The solid curves are 
normalized CWBA predictions for the final spins shown in 
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TABLE 4.6

Normalisation factors and spectroscopic factors 

for the 14N(6Li,d) 18F reaction

Ex.E(MeV)

5.3

6.5

9.58

11.2

14.1

5+

(7+)

8+

N

2

2

1

1

1

0

0

L

4

4

6

6

g

8

8

2N+L

8

8

8

8

8

8

8

iP cN

0.164

0.272

0.190

0.172

0.268

SDWBA

0.159

0.263

0.184

0.167

0.260

Stheor

0.152

0.196

0.54E-4

0.204

0.232

0 . 28E-3

0.268

Srel

0.147

0.190

0.198

0.225

0.260

is the ratio of the experimental cross section to the EWBA calculations

2 * ^
f.

where S is the calculated spectroscopic factor for Li = 1.032
c

and C and C,, are the isospin Clebsch-Gordan coefficients for the projectile 
P K

and residual nucleus respectively.

S , = relative theoretical spectroscopic factor normalised to the 8 state, rel
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estimation showed particular strength for the low L values (Table 4.5) 

and as far as agreement in shape and normalisation, our data seems to 

confirm the predictions. Figure 4.12 shows the theoretical calculations 

for the different intervening L values, superimposed on the experimental

data, as well as the normalisation coefficients required for the best
o

fit, out of a x test.

The relative agreement found between spectroscopic strengths for 

the analysed states, is consistent with identifying them as members of 

the same rotational band. Despite of the small discrepancies found in 

the comparison of the spectroscopic factors for the odd spin states, it 

is beL'e^dL that they are not inconsistent with a direct alpha transfer 

mechanism and with their identification as members of the 1+ band.

Considering the light system, for the Li projectile the angular 

momentum coupling allows relative L values 0, 1 and 2; only the L=0 

state will have importance as shown in previous sections, and no 

appreciable contribution to incoherent addition of cross sections will 

be introduced by the projectile system.
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4.7 Conclusions

From the comparison between the EWBA calculations and the 

experimental data, the states strongly populated in the four nucleon 

transfer reaction on 14N may be seen as resulting from a direct cluster 

transfer mechanism. Prior and post agreement was obtained. The even 

spin states showed to be in accordance with theoretical predictions in 

both magnitude and shape, and, as a result of the analysis of relative 

spectroscopic factors, should be regarded as members of the same 

rotational band. Ihe EWBA study for the 9.58 and 14.1 MeV states 

complements the spin assignments performed in Chapter 3. Cross section 

for the odd spin states seems to be fairly well described by DWBA 

calculations as far as shape is concern, and despite some small 

discrepancies in the spectroscopic factors, the direct transfer analysis 

appears to be successful. Despite the fact that no spin assignment has 

been made for the 11.2 MeV state, the data are consistent with the J =7+ 

assignment .

It can be concluded that a fairly good description of the structure 

of the analysed states, as well as the reaction mechanism involved has 

been completed.



CHAPTER 5

Three Particle Transfer Reactions on 14N

5.1 Introduction

The highly selective behaviour of ( 6Li, 3He) and ( 6Li,t) has been 

observed by different authors [BIN71, MAR78, CUNSla] since studies 

showing substantial 3He + t clustering in the 6Li ground state [YOU70] 

attracted interest on three nucleon transfer reactions induced by 6Li 

ions. Ignoring Coulomb and binding energy effects, ( 6Li, 3He) and 

( Li,t) are expected to be similar, and consequently mirror states in 

the final nuclei are supposed to be populated in a rather similar way. 

Bingham et al. [BIN71] found this feature clearly in the 14N(6Li,t) 17F 

and 14N(6Li, 3He) 170 reactions with an 18 MeV 6Li beam. Large cross 

sections were observed for the 3.85 MeV and the 5.22 MeV levels in both 

residual nuclei, and these strong transitions seemed to proceed via a 

direct three-nucleon transfer mechanism. The same reaction performed at 

a higher bombarding energy of 46 MeV [MAR78] showed a predominant 

excitation of three mirror states in mass 17: 8.4 MeV, 10.7 MeV and

14.8 MeV. By analogy with the pattern of the strong three particle
19 19 transfers observed in mass 19 ( Ne and F), the author suggested spin

and parity assigments of 11/2+ and 15/2+ for the 10.7 MeV and 14.8 MeV 

states, which with the already known 7/2"1" at 8.4 MeV would probably be 

the L=2, 4 and 6 members of the 3 particles-2 holes (3p-2h) cluster 

rotational band in 170 and F. In this thesis work the same reaction 

on 14N but at 36 MeV of Li beam showed very similar triton and He 

spectra and a high degree of selectivity. The 10.7 MeV and 14.8 MeV
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peaks predominate by far and some excitation is found on levels at 

7.47 MeV, 8.4 MeV, 12.0 MeV and 13.5 MeV. Theoretical angular 

correlations for cr-decay were obtained for the different plausible final 

spins showing a fairly structureless result. In accord with the 

theoretical expectation, the experimental angular correlations showed no 

strong structure and therefore no spin assignment was possible in this 

fashion. Nevertheless, the study of the displacement of the symmetry 

axis of the decay pattern allowed to establish some preferences for 

final spin assign meat.

Shell model spectroscopic factors were obtained and several DWBA 

analyses were performed for some suggested spin assignment-. Relative 

normalization factors have been compared.
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5.2 -Uie 14N( 6Li,t) 17F and 14N( 6Li, 3He) 170 Reactions

Several three particle transfer reactions into mass 17 induced by 

6Li beams at bombarding energies ranging from 18 MeV to 46 MeV have been 

performed recently [BIN73 ,MAR78 ,CUN81a]. The strong selectivity 

observed even at 18 MeV of incident 6Li suggests a predominantly direct 

reaction mechanism. In ^ C(6Li,t) 170 at 34 MeV of 6Li, Cunsolo et al. 

[CUNSla] performed very complete Hauser and Feshbach calculations, based 

in the very weakly populated 5.22 MeV state, assuming its spin and 

parity to be 9/2". The theoretical prediction for this state showed 

good agreement with the measured angular distributions. Further tests 

on the goodness of the parameters chosen were performed with the 

C( Li, He) % reaction at the same incident energy. The final Hauser 

Feshbach calculations showed, that the strongly populated states in 

14C(6Li,t) 170 have not a significant contribution (at most 10%) of the 

compound nucleus mechanism. Therefore, our study of mass 17 was carried 

out within the framework of the EWBA formalism.

The reaction studied, leading to states in 17F and 170, showed 

significant excitation of states between 8.4 MeV and 14.86 MeV. Within 

this range of excitation energies, both nuclei can either proton or 

alpha decay. Table 5.1 shows binding energies and Q-values for the 

relevant particle decays in 17F and 170. Although the higher excited 

state (14.86 MeV) could decay by deuteron emission (the deuteron binding 

energy being approximately 14 MeV) no such a process is expected to be 

recorded because of the low energy of the ejected deuterons.
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TABLE 5.1

Q-values for the three particle transfer reactions, 

Binding energies in mass 17 nuclei

Reaction

Q-value

r • • 
14N( 6Li / t) 17F

0.0491 MeV

14N( 6Li, 3He) 170

2.8293 MeV

Nucleus 17T 170

p-binding energy 

a-binding energy 

t-binding energy 

He-binding energy 

d-binding energy 

n-binding energy

-0.6004 MeV

-5.8189 MeV

-21.0066 MeV

-15.8431 MeV

-14.0396 MeV

-16.8123 MeV

-13.7805 MeV

-6.3599 MeV

-18.6233 MeV

-18.7611 MeV

-14.0473 MeV

-4.1420 MeV
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A three particle cluster orbiting around a 14N, 1+ core to form 

states in mass 17, can have a maximum of three total angular momentum 

values resulting from the coupling of the three nucleon cluster to the 

1 spin of the core. These values as well as the cluster orbital 

angular momentum values are displayed in Table 5.2 for several final 

spins in mass 17. All the latter states will have positive parity 

consistently with a s-d cluster wave function. It is seen that for most 

of the recoil nucleus spins, three cluster total angular momenta have to 

be included in order to either predict the angular distribution or the 

angular correlation. On the other hand, the a particle from the decay 

of the recoil nucleus will only have one posible angular momentum. 

These latter values are tabulated in Table 5.2 for a decay processes to 

either T* or C, ground states. This is a very important feature for 

the angular correlation calculation, because there is going to be only
Tl

one decay matrix S ,, ,,, (Appendix A) which can therefore be treated ass ,1
an overall normalization.

The decay from ^O can take place through an alpha emission (ground 

state binding energy of -6.35 MeV), a neutron emission (-4.142 MeV) or 

through a proton emission (-13.78 MeV). Alpha decays to excited states 

in 13C can also occur. As mentioned in chapter two, the decay particles 

are identified by their kinematical behaviour. Fig. 5.la) shows the 

kinematical behaviour of a-particle and proton decays from the 14.88 MeV 

state leading to 13C ground state, excited 3.089 MeV, 3.684 MeV and 

3.854 MeV levels and to 16N ground state, respectively. The a-decay to 

13C ground state has very distinct energies from the other possible 

candidates and its corresponding peak can be clearly identified. The
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TABLE 5,2

Three particle cluster states in mass 17 nuclei

Recoil nucleus 
spin & parity

1/2+

3/2+

5/2*

7/2+

9/2+

11/2+

13/2+

15/2+

Jc

1/2
3/2

1/2
3/2
5/2

3/2
5/2
7/2

5/2
7/2
9/2

7/2
9/2

11/2

9/2
11/2
13/2

11/2
13/2

13/2

i Lc

0
2

0
2
2

2
2
4

2
4
4

4
4
6

4
6
6

6
6

6

La

1

1

3

3

5

5

7

7

J = total anqular momentum of the cluster.
c ^
L a= relative orbital momentum of the cluster.
x*

L = relative orbital momentum of the alpha particle,
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proton decay, on the other hand, presents a crossing point with the 

a-decay leading to the 6.86 MeV excited state in 13C, and this has to be 

carefully considered. The other mass 17 nucleus of interest, 17F, has a 

proton binding energy of -0.60 MeV and an alpha binding energy of 

-5.82MeV (for all residual nuclei in their ground state) and again 

possible excited states in 160 and 13N have to be taken into account for 

kinematical identification. Fig. 5.1b) shows a and proton kinematical 

behaviours for the decay fo the 14.84 MeV state in 17F. Particle 

emissions leading to 13N ground state and 160 ground state and 6.05 MeV, 

6.13 MeV and 6.92 MeV excited levels have to be considered under the 

actual experimental conditions. Obviously proton decays to the 6.05 MeV

and 6.13 MeV states in 0 would not be resolved by the experiment. No
16 interference between the proton decay to 0 ground state and the alpha

decay is present. The crossing point at " 55° and " 70° will not hinder 

the particle identification because of the laboratory angles at which we 

measured.



- 94 -

5.3 The Experiment: Angular Distributions and Angular Correlations

The experimental set up and working conditions, the data processing 

technique and analysis were described in chapters 2, 3 and 4. The

particle identification spectrum (PI) allowed us to obtain triton and
3 ? 1He spectra by setting up windows in the H and He groups respectively.

Typical spectra for these two particle groups are shown in figs. 5.2 and 

5.3. Two states show a striking strength in both cases, the 10.7 and 

14.8 MeV excited states. Four other states follow in importance at 7.4, 

8.4, 12.0 and 13.5 MeV. The 7.47 MeV state which is clearly seen in the 

triton spectrum, is found to be a broad peak in the 14N( 6Li, 3He) 170 

reaction, probably due to an admixture of unresolved states. The 

reactions have an overall energy resolution of approximately 220 KeV. 

The data obtained for the already mentioned states at different angles 

of detection are shown and compared to theoretical DWBA calculations in 

following sections. In addition to the window in the PI spectrum, 

coincidence requirements with the side detectors were imposed for the 

angular correlation analyses. The coincidence counting rate was lower
•I O

than that observed for F. Typical single and coincidence spectra for 

triton and 3He are shown in figs. 5.4 and 5.5. The most highly 

populated states can be clearly observed in the coincidence spectra, 

where the 10.7 MeV and 14.8 MeV levels predominate. Proton and a decays 

were observed from 170 and 17F excited states which showed as for 18F a 

predominance for the a emission. Decay to the first excited states of 

some of the resultant residual nuclei ( C, 0) were also recorded. 

Percentages for the different decays are shown in tables 5.3a) and 5.3b)
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TABLE 5.3 a)

Particle decay in F

Nucleus

\

1?

State

10.7

11.9

13.51

14.84

a-decay

69% ± 9

66% ± 10

70% ± 10

65% ± 9

p-decay

31% ± 7

34% ± 7

30% ± 7

35% ± 7

% p-decay 
to g.s.

67 %

83 %

85 %

88 %

% p-decay 
to 6.05

33 %

17 %

15 %

12 %

TABLE 5.3 b)

Particle decay in 0

Nucleus

170

State

10.7

12.0 

13.53

14.88

p-decay

"~

6% ± 2

a-decay

100 %

100 % 

100 %

94% ± 8

" -—

% a-decay 
to g.s.

98 %

92 % 

91 %

66 %

% a-decay 
to 3.08

2 %

6 % 

6 %

18 %

% a-decay 
to 3.6,3.8

-

2 % 

3 %

16 %
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18 where, as done for the F decay in chapter 3, the decays are averaged

over the ten angles measured. It can be seen that for F, the 

intensity of the proton decay leading to the 6.05 MeV excited state in

0 decreases as the excitation energies in 17F increase, and that no
13 a-decay leading to excited states in N is observed. Alpha decay to

13 N, ground state predominates over proton decay although the latter

shows a much favourable binding energy (-0.60 MeV) than the former
17 

(-5.82 MeV). Kinematical effects for the decays from 0 have to be

considered. Alpha decays to excited states in C (3.08, 3.68, 3.85 and 

3.86 MeV) will lead at some detection angles to emerging a-partides of 

very low kinetic energy after leaving the gas cell, preventing them to

pass the electronic circuit lower level discriminators. Proton decay is
17 only observed for the 14.85 MeV state in 0 (proton binding energy of

-13.78 MeV) and its detection at backward angles is hindered by the 

electronics. Typical decay spectra in coincidence with the 14.8 MeV 

state in ^F and 0 are shown in figs. 5.6a) and 5.6b) respectively, 

where peaks corresponding to ex-particles and protons leading to ground 

and excited states in the residual nuclei have been identified.
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5.4 EWBA Analysis

As the angular correlation analysis for 17F and 170 decays did not 

show an oscillatory shape characteristic of the spin of the parent 

nuclei, shell model calculations were performed in an effort to find 

some guidance in assigning spins to some states. EWBA cross section 

would then be predicted in order to compare them with the experimental 

cross sections as a further test of the spins suggested. Mass 17 

positive parity states shell model wave functions, ranging from l/2+ to

15/2"1", were computed with a model space consisting in the pl/2, d5/2 and

12 sl/2 orbits around a C inert core and using the Reehal-Wildenthal two

body interaction [REE73]. The SU3 interaction was used to generate 

three-particle cluster spectroscopic amplitudes. Clear preference (i.e, 

large spectroscopic factors) was found for some 7/2+, 9/2+ , ll/2+ , 13/2"1" 

and 15/2"1" levels. Comparisons with the highly selective spectra (see 

fig.5.7) allowed preliminary spin assignments. It is also noted that 

our spins suggestions are in agreement with those proposed by Martz 

[MAR78]. Table 5.4 shows the parentage amplitudes found and the 

contribution of 3p-2h configurations for each state.

DWBA analyses were performed on the basis of these spin 

assignments. The optical potentials used are displayed in table 4.1. 

For the entrance channel (pot. 2) the optical potential was obtained by 

fitting elastic scattering data obtained during the runs. For the exit 

channel (pot. 4) an optical potential from the literature [RQO65] was 

employed. The theoretical predictions obtained with the above mentioned 

potentials and those obtained with the optical potential parameters
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- 98 -

TABLE 5.4

Three nucleon parentage amplitudes for X p(6,0)transfer on mass 17 nuclei

Mass 17 
state

7/2+

11/2+

7/2+

9/2+

15/2+

Ex.E(MeV) 
(theoretical)

8.409

9.815

10.279

10.822

12.713

Ex.E(Me^ 
"F

8.48

10.7

11.9

13.51

14.84

n (exp) 
170

8.43

10.7

12.0

13.53

14.88

% of 3p-2h

90.6

96.4

87.3

80.7

97.3

Jc

5/2 
7/2 
9/2

9/2 
11/2 
13/2

5/2 
7/2 
9/2

7/2 
9/2 
11/2

13/2

REWIL Inter, 
overlap

-0.7526 
-0.0032 
0.0239

0.8901 
0.0230 

-0.0162

-0,0187 
-0.0283 
0.7544

0.1339 
0.6938 

-0.0092

0.9864
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proposed by Glover and Jones for elastic scattering of tritons off 160 

[GD065 ,CUN81a] were compared. Both gave almost identical normalization 

factors and shapes. Nevertheless, a slightly better fit to the 8.4 MeV 

state was obtained with potential 4 and therefore, this potential was 

chosen for the final analyses. The radial bound state wave function in 

F and 0 were generated from a BDV model potential. The parameters

R, a and V were obtained from reference [BUC77]: r = r = 0.505 fm, so o co
a = 1.3 fm, VSQ = 2.5 MeV and the potential depth was adjusted for each 

state so as to bind the 3He (or triton) to the experimental binding 

energy.

The radial wave functions in the projectile Li were obtained 

assuming that the 3He-t relative motion was a pure s-wave, as suggested 

by Bachelier et al. [BAC68], and the wave function having 1 node. The 

potential that binds the He and triton together was taken to have a 

Woods-Saxon shape with the following parameters: r = r = 1.73 fm and
\^\J O

diffuseness a = 0.45 fm. As usual, the separation energy prescription 

was used to obtain this radial wave function, the separation energy for 

the 3He-t system being -15.79 MeV. These potential parameters are from 

the literature [TH067] and were obtained from elastic scattering of 

3He-3He. For most of the states in mass 17, there can be three possible 

contributions as seen in table 5.2. These three cross section were 

added incoherently, weighted by the corresponding spectroscopic factors 

and then compared with the experimental angular distribution, as seen in 

figs. 5.8 and 5.9. The normalization factors are displayed in 

table 5.5. Fairly good agreement in shape is found for all the mass 17 

states. The analysis of relative normalization factors, on the other
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TABLE 5.5

Normalisation factors for the three particle transfer reactions

Residual 
nucleus

17P

170

Ex.E(MeV)

8.43

10.7

11.9

13.51

14.84

8.48

10.7

12.0

13.53

14.88

J¥

7/2+

(11/2+)

(15/2"*")

7/2*

(7/2 i

(15/2+)

N 
x 102

1.530

0.773

0.779

0.844

0.821

1.502

0.776

0.824

0.875

0.938

Nrel

1.812

0.916

0.923

1.0

0.973

1.716

0.886

0.942

1.0

1.072

N - ratio of experimental cross section to EWBA calculations. For the theoretical estimations, all factors except the parentage amplitudes for 
the projectile system have been included.

N = relative N-factors normalised to the 13.5 MeV state, rel
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hand, shows that for both F and 0, the four highest energy states 

give relative values in agreement with each other within 8.5% and 11%, 

respectively. The 8.4 MeV state does not give such an striking 

agreement and the normalization factor differs by factors of 1.81 ( F) 

and 1.72 ( 0). Nevertheless, this sort of disagreement is commonly 

found even in one particle transfer reactions and it is believed that 

the results suggest that the spin assignments, spectroscopic amplitudes 

and the direct three particle transfer mechanism are consistent with 

the experimental data. It is nevertheless emphasised that the present 

spin assigr.o\eats are, as already mentioned, preliminary in nature. In 

particular, the cross sections obtained for cases in which the relative 

orbital angular momentum of the cluster is the same, are very similar, 

thus reducing the confidence in the spin assignments.
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5.5 Angular Correlations and Conclusions

Although fairly structureless angular correlations were found both 

theoretically as well as experimentally, some information can be drawn 

by following the displacement of the angular correlation symmetry axis. 

In all the mass 17 experimental data, the very low statistics for the

coincidence events introduced large errors which at a time allowed good

2 • 9
X fittings for many angular correlations, and no valuable x analysis

could be performed, but it is interesting to observe if the spin 

predictions for the mass 17 states give a reasonable agreement between 

the theoretical and experimental angular correlations. This study would 

add completeness to the identifications which have been suggested. In 

fig. 5.10 calculated and experimental angular correlations are shown. 

Normalization factors have been chosen to give the best fits. The 

theoretical calculations for the angular correlations displayed, 

involved the use of the parentage amplitudes obtained from the shell

model for each (L ,S_,JJ set. The overall experimental data are well
c c c

described by the theoretical angular correlations and the different 

symmetry axis displacements are fairly well represented.

It is concluded that both the DWBA and angular correlation analyses 

support the spin and state identifications made, although no definite 

assignment is made. Agreement with the predictions made by Martz 

[MAR78] of 8.4 MeV, 10.7 MeV and 14.8 MeV energy levels as 7/2+ , 11/2* 

and 15/2* representing the LC = 2,4 and 6 members of a 3p-2h rotational 

band, is clearly found.
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Figure 5.10 Theoretical and experimental angular correlations for 70 
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calculated with the spins and parentage amplitudes shown in 
Table 5.4.
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Predominant contributions of 5/2 (L = 2), 9/2 (L = 4) and 13/2c c
(L = 6) are obtained for the states at 8.4 MeV, 10.7 MeV and 14.8 MeV,
C

respectively, in accordance with Martz's predictions. Two other 

tentative spins are suggested (7/2+ for the state at 12.0 MeV and 9/2* 

for the state at 13.5 MeV) and a description of their probable structure 

has been given. The DWBA description for the three particle transfers 

seems to be adequate adding information on the reaction mechanims 

involved.



CONCLUSIONS

The particle - particle angular correlation analysis free from 

Litherland's [L1T61] restrictions has been used by many authors as a 

method for spin determination and reaction mechanism interpretation. 

Most of the experimental research found in the literature has been 

restricted to zero-spin targets, and decay reactions leading to 

zero-spin- daughter nuclei. We have found that a remarkable richness of 

angular correlation structure characteristic of the recoil nucleus spin 

is also observed when target and daughter nuclei have non-zero spins, 

and therefore making possible spin determination. Ihe oscillating 

structure of the angular correlations is preserved when the ejectile 

from the primary reaction is detected at forward angles, and shows a 

gradually loss of structure for increasing scattering angles. The 

displacement of the preferred direction in the angular correlation 

pattern seems to depend also on the angular momentum of the recoil 

nucleus, and even for structureless angular correlations, it can be 

considered as a valuable tool for rejecting or reinforcing spin 

assignments. The dependence of the angular correlation on the reaction 

mechanism forwards this method as useful for studying the process 

involved in the reaction.

For the 18F states populated by a-transfer on N, our angular 

correlation analyses assign J^e"1" to the 9.58MeV level and J^S* for the 

14.1MeV state. These two states seem to be a natural extension of the 

4p-2h Kir=l"1" band starting at 1.7MeV. The unbound description of these 

states seems to give good account o^ the displacement of the preferred 

direction. On the other hand, the 11.2MeV energy level does not show a
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(d-a) angular correlation characteristic of its angular momentum.
o

Nevertheless, the x comparison limits the possible spins and parities

to 6~, 7 and 8". In addition, the energy dependence on J(J+1) for the 

rotational K7T=l"f band seems to be in accordance with the identification 

of the 11.2MeV state as the 7+ member of the band.

A direct cluster transfer process seems to be responsible for the 

selectivity observed in the population of the recoil nucleus states, and 

the theoretical angular correlations obtained under this assumption give 

relatively good agreement with the experimental data. Compound nucleus 

calculations, on the other hand, show angular distribution contributions 

of at most 10%, while the DWBA analyses give good account of the 

experimental cross sections. The spectroscopic factors deduced from the 

experimental data are in agreement with the shell model predictions and 

although some deviations are observed for the odd spin states, the 

direct transfer analysis seems to be successful. The results indicate 

that the (sd) 4 configurations are very important in the description of 

the states, and that the a-cluster transfer is a good model for this 

reaction.

For the mass 17 nuclei, the lack of structure in the angular 

correlations, as well as the complexity in the description of each state 

(several cluster angular momenta contribute to the final spin) hinder 

the spin identification. The large statistical errors due to the low 

counting rate of the experiment, and the inclusion of different angular 

momenta in the theoretical angular correlation, make impossible the spin 

assignment based on the displacement of the preferred axis. The spin 

suggestions for 17F and 170 are based on the results of shell model
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calculations. The shell model states showing a strong parentage with
3(sd) cluster wave functions have been compared to the experimental

results, and the relevant spin suggestions have been made. Th«£c. 

suggestions agree with the predictions made by Martz for members of a 

3p-2h rotational band (8.4MeV 1/2+, 10.7MeV 11/2"1", 14.8MeV 15/2+). In 

accordance w^bh the shell model estimations, two other spin suggestions 

are made: 1/2* for the 12.0MeV and 9/2+ for the 13.5MeV excited states. 

The DWBA predictions for the tentative spins show very reasonable 

agreement with the experimental angular distributions. The 

normalization factors obtained by the cross section comparisons of the 

highest states, give certain degree of confidence in the spin 

suggestions, the calculated spectroscopic factors and the selection of 

the direct process as the prevalent reaction mechanism. The angular 

correlation comparisons seem to support the spin suggestions. 

Nevertheless, it is pointed out that the spin suggestions in mass 17 are 

tentative in nature and further definite assignments remain to be done.



APPENDIX A

A.I Radioactive Decay of a Nucleus

Direct reactions as knock-on, stripping, or inelastic scattering 
can lead to orientation effects in the residual nucleus [TOB61]. When 
these polarization effects take place, a correlation between the 
direction of the outgoing ejectile and the direction of the emission of 
any radiation or particle subsequently emitted by the residual nucleus 
can be observed. We shall consider here a sequential process in which 
after a direct transfer reaction, the emission of a particle from the 
recoil nucleus occurs. The whole process is summarized in fig A.1.1

I m; I

Figure A.I.I Scheme of a transfer and decay process.
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where:

i, n^ are the spin and its z-projection for the incident particle.

I, m spin and its z-projection for the target nucleus.

I\ nij, spin and its z-projection for the recoil nucleus.

i 1 , m^, spin and its z-projection for the ejectile.

I", m-j.,, spin and its z-projection for the residual nucleus.

i"» m^i spin and its z-projection for the decay particle.

The scattering angle 6-j^ is measured in the total center of mass 

frame whereas the disintegration angle is measured in the recoil nucleus 

center of mass frame, and they are both defined relative to the beam 

direction. Tr and Td identify the transition amplitudes for the 

transfer and the decay processes respectively. From now on and for the 

sake of simplicity, only the submagnetic quantum numbers will be 

explicitly shown in the reaction amplitude Tr (mimI ,mi imI i ;^) and in the 

decay amplitude Tdtnu, fm.,,min ;^2) • ^e probability of having the decay 

particle emerging in the ^2 direction after the ejectile has been 

emitted in the B, direction will be given by the correlation function

2,ft2 ) a E | E Tr(mimI ,mi ,mI ,;B-L ) * Td (m-j- , ,mi,,m][n ; «2) I (A. 1.1) 
- n>£ m, mn

m. i m.^mjii

assuming that the ejectile has no influence on the recoil nucleus 

disintegration process. Giving the normalization constant N and 

developing the square of the absolute value in equation (A. 1.1):
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m, ffli i i i m_,
*

Tr(mimI/ mi ,mI ,;Q1 )

H.«

, mi ,,m T ..;fl9 ) A a. ^

Td(mr fm^mj,;

= NZ £ E z Tr

*!• mi ml

Tr (mimI ,mi ,mI , ^

x Td (mI ,,mi ,,m][M ;n 2) x Td(mI i ,mi ,,mIn; (A. 1.2)

This form leads to the well known expression in terms of the

statistical matrices [TOB61] :

using the identities:

P.m , , ' m..
«,.

= E Tr 
mi

(A. 1.4)

Tr

When studying reactions in which the involved colliding nuclei or

their products have intrinsic spins, it is often inconvenient to treat

the process in terms of the z-pr ejections of the spins, since these

values depend on the choice of the z-direction. Clearly, the dynamics

of the collision can not depend on the choice of the coordinate system.

It is useful in general to work in the so called channel spin

representation for both the transfer and decay processes ilustrated in

Figure (A. 1.1). The system before the collision will be defined by the

type of incoming particles, the channel spin s, and the orbital angular

momentum i (in the centre of mass system) [BLA52] and can be summarized

in the following scheme:
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A(a, b) B——(c) C
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Figure A. 1.2 Angular momentum notation for a transfer-decay process in
the channel spin representation.

The channel spin s is the total spin in the incident channel, 

formed by vector addition of the spin of the projectile (i) and the spin 

of the target (I). This spin s and the relative orbital momentum X, add 

together to give the total angular momentum J of the system. This total 

J must be preserved in the collision process and as a result of this, 

the exit channel spin s 1 (formed by vector addition of spins of the 

ejectile (i 1 ) and recoil nucleus (I 1 )) added to the relative orbital 

momentum V, give the same total J. A similar channel spin 

representation is given in figure (A.1.2) for the decay process: the 

channel spin s" (formed by vector addition of the spins of the decay
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particle (in ) and the residual nucleus (I 11 )) and the relative orbital 

momentum a" combine to give the spin of the recoil nucleus (I 1 ). When 

the phenomenological description of the reaction process is done in the 

scattering matrix formalism [WIG47, BLA52] a very general treatment is 

enabled. In this "black box" description only the asymptotic wave 

functions for the entrance and exit channels are treated explicitly. 

Ihe relation between these outgoing and incoming waves gives the 

scattering matrix which contains all the physical information about the 

process. The asymptotic form of the reaction wave function in the exit 

channel can be given eguivalently in terms of the scattering matrix as 

well as in terms of the reaction amplitudes, and the relation between 

the two is given by [BIA52]:

Tr(mimI/mi ,mI ,;^1 ) = I I (2£+l)^(IimImi lsms ) x(£sOms |Jmj)
s s'J It'

T £'
x (A I s f mj,'me. l |Jm-r)x(i l i'mT ,m1-i|s l mc, 1 ) * S^, v<. z x y^f(n,) (A.I.5)

^ O w «L A, O O O ^

(where SJ , , is given by the mechanism of the reaction) . In a similar
S *» S Xf

way Da Silveira [DAS76] treats the decay process in the channel spin 

representation, expressing the decay amplitude in terms of the
•rl

disintegration matrix elements S,,:

^ Z (I"i"mr,mi ,,ls"m ,,) x (s"«'"ms,,mr ll'
a* I*

i n»fl"
x S*,'x YS (ft) (A.I. 6),
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A very general expression for the correlation function is obtained 

replacing the transition amplitudes given above into equation (A.1.1). 

The W(ft,,^2) function would then describe behaviours as displacement 

from zero degrees of the symmetry axis for the decay , and any analysis 

of particular features like this one could be carried out. For

computational reasons, since 'reduced amplitudes' (3^ ) were obtainedm* 

from EWBA codes, the transition amplitude for the reaction process was

replaced by the form given in equation (A.2.5) (Appendix Apart 2), 

resulting the following expression:

W(fllr n2) = N £ | E { E Atej(-l) (Ijmjmj ll'nij,) x (temping I jmj)

Z Z (I n in mInnij_n|s'l insii)x 
l" s"

• m.n o
? (A.1.7)

with £ s and j defined in equation (A. 2. 2) of Appendix A part 2 and 

where the sum rules for the z-pr ejections of the spin in the channel 

spin representation must be verified

(a) 11^,,+ m-j.,^ msn

(b) ms ,,+ mln- m-j-n (A. 1.8)

(c) ,.|i-

Some authors [PAN74,DaS76] express the angular correlation in terms

of the magnetic substate populations of the recoil nucleus for the

primary reaction. The magnetic substate population is defined as:
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(A.I. 9) 
I

in terms of the transition amplitudes. A plane wave view is generally 

adopted. Under this assumption, the interaction in both the initial and 

the final channels is neglected reducing the problem to the one of 

having a beam of clusters (to be transferred) impinging on the target 

along the momentum transfer direction. This simplified view will show 

an angular correlation with axial symmetry about the recoil direction. 

The process will present a similar geometry to that studied by 

Litherland and Ferguson [LIT61] for angular correlation functions at 0 

or 180 degrees, where simple relationships between the spin projections 

will enable equation (A. 1.2) to be written as:

W(a,,fl 2) = N 1 I Pm (6^ Z | rM(mI ,,mi,,mI,,;"2 ) | 2 (A.I. 10)
nij, I 1 i«j^ 

nun

In this expression P represent the magnetic substate populations inmji
the recoil direction. Inserting expression (A. 1.6) for the decay 

amplitude into equation (A. 1.10):

Pm (9-^ I £ Sg WJl ii(I n i n mInminlsIl ins ii) x
I 1 s" "s" A

. „ »s. „ n»«

(A. 1.11)

It is interesting to compare the angular correlations obtained under 

these assumptions with those given by the general expression (A. 1.7) . 

For that reason, computational programs were developed for both 

expressions and simultaneous analyses were carried out. The final
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angular correlations obtained for the two different approaches were 

similar in shape (with the angular correlations obtained by the 

simplified analysis shifted in angle) , and as the general expression 

(A. 1.7) included features like the displacements from the recoil 

direction, this was used for the final comparisons.

In the case of the emission of an alpha-particle, i"=0, m.,,=o and 

s" = I" + i" = I" (s" unique) then equation (A. 1.11) can be written:

= N ' Z Pm 1
V I 1 fm^

v m n
I 2 (A.I. 12)

The first Clebsch-Gordan in equation (A. 1.12) gives a delta 

function 6m ,,m n for any I" value, then, the correlation function 

becomes :

m , n»j» i"j i JL £ m j. *

(A. 1.13)

This is the expression for the alpha-decay of the state I'. All 

the different *" contributions to the correlation function have to be 

included though the decay matrix S^', ri . Some particular cases can be 

derived when *" is unique, since the correlation function reduces to:

W(fllr n9) = N' |
ni, iti, I'
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z (A.I.14)

For this particular case equation (A.1.14) shows clearly that the 

decay mechanism (contained in the S-matrix) does not affect the shape of 

the angular correlation, acting only as part of the normalization 

coefficient.
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A.2 Magnetic Substate Population of the Recoil Nucleus,

As mentioned before (Appendix A, part 1) orientation effects in the 

recoil nucleus can be expected as result of direct reactions. These 

polarization effects would be shown if we expressed the population of 

the different magnetic-substates of the recoil nucleus in terms of the 

reaction amplitude given by any direct reaction model:

P (6,) « I |Tr(m,mT,m 4 ,mT ,;n,)| 2 (A.2.1)mi' •"• mi m AJ.J.X j.
* I

Dll 9

The DWBA code "LOEA" was used in our case as source for the 

intermediate output to feed the reaction amplitudes into a secondary 

code. "EXDLA" was initially developed by De Vries [DeV73], and follows 

the work by Austern et al. [AUS64] for a DWBA theory which includes 

recoil. Considering for example a stripping reaction given by: 

A(a,b)B, where a particle x is transferred from a=b+x (x bound to the 

core b with orbital angular momentum "^"Jto the core A=B-x (with 

orbital angular momentum "*2")' we find that following the spin notation 

given in Appendix A part 1, the sum rules for the reaction are 

summarized in:

J - f - f • t = v t2
1 (A.2.2)

+ tt, t - t 4. i s = i - i 3 - * -i- s

With this notation, the multipole expansion for the matrix element 

in the reaction amplitude Tr (see Appen. B) leads to a differential

cross-section given in terms of the reduced amplitudes e* ( Q ) (also
i

called "partial amplitudes").
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2j u^Uo k,, OTI^I A. -I o o dq = Q p_ 0 21 +1 £ J_£sj £ ig* /m I*
dfl (2nh 2 ) 2 k Q 21+1 i s (2i+l) BI mi

j

(6)| (A.2.3)m

where ua (u e ) is the reduced mass in the entrance (exit) channel a,A 

(b,B) and A£ . the spectroscopic coefficient, defined by ([KAM69])

Here J is the Jacobian of the coordinate transformation, 8, and 92 

the real spectroscopic amplitudes for the cluster x in nuclei a and B 

respectively, s the spin of the transferred cluster, Ji = *i+s and 

J 2=* 2+s , and W the Racah coefficient for the specified quantities. On 

the other hand, the transition amplitude can be written in terms of

B* (8) [TAM74]: 
I

Tr(8) = z (2£+l) 1* A . (-) * (Ijnyn. ll'mj.) (£sm £ms |jnu) x 
i • j

x (ii'm.t-m-.JIsm ) 0* (9) (A.2.5) 11 s m£

The DWBA program "LOLA" calculates only one set s £ j at a time and 

in the formalism chooses the z-axis along the ^ direction, the y axis

along S x£ rt and 8 the angle between £„ and fc ft in the center of mass a B ap
frame. The intermediate outputs 3* (e) were obtained from it and fed

£ 
into another program which calculates the magnetic substate populations.

Replacing Tr(8) of equation (A.2.5) into (A.2.1) we have:

v il ~rni'/T- 
(8) « Z | Z (2£-H)^ A . (-) (iDnijmj jl'mj.) (£sm £ms | jitij) x
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) 3* (6) | 2 (A.2.6a) 
x

When only one set x s j intervenes, P (9) reduces to:

2 M i '~mi l rm

mi mi * J I ' * s j

x (ii'm.(-m )|sm ) 3* (6)| 2 (A.2.6b) 11 s mx

Where clearly, the spectroscopic coefficient will not affect the 

relative magnetic substate populations, being only a normalization 

factor and substantially simplifying the problem, since no information 

on the spectroscopic amplitudes needs to be introduced. Expression 

(A. 2.6a) will give the magnetic substate population of the recoil 

nucleus in the beam direction and for the centre of mass angle 6; so if 

we want the nu., populations in the recoil direction for example, a 

rotation of the coordinate system towards the recoil direction has to be 

applied. If we obtain a set of axes (x',y',z') by rotating the original 

set (x,y,z) through a specific R-rotation, then the eigenstates |J,Nj>«

of J , (eigenfunctions of the square of the total angular momentum J2 ) 
z

are given by rotating the corresponding eigenstates |J,Mj> of J with 

the axis rotation R [BRI67]

'M^D N (R) (A.2.7) 

For the conjugate states '<J,Nj| we have:

Mj
(DMN >*<J ' Mjl (A - 2 - 8)
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Since we want to express the transition amplitude Tr in the new 

coordinate system, let us write this distorted wave amplitude in the 

explicit form of the angular momenta involved:

= Jdra

^,ra) (A.2.9)

where x^ and X g are the distorted wave functions for the entrance 

and exit channels respectively, and V is the interaction whose 

off-diagonal matrix elements are responsible for the transition. If we 

call \ij the projections of the J value on the new set of axis, the 

population of the magnetic substates y_, can be written as:

m 1
I 1 u i Vi I

z Jd? /dfxi^N) (D f (R))*(D ' (R))*xJ

V.,

| 2 =

vivl
[ E 
«!»! 
"l1 *!•

X
"li ,H i ,

in*

(A.2.10)
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We can use the sum rule for the D matrices (A. 2. 11) which will 

reduce (A. 2. 10) to a more compact form (A. 2.12)

ra'

?a Jd?g Jdf-

V
>*

m

(D ' (R)) * Trfa.m.m,;)! 2 (A.2.12)
'm m m u

1 I ^ ' T ' T
m^i

Following Brink's definition for the rotation matrix elements,

(A.2.13)

d 11 , (B) = d3 , (-3) mm 1 v ; m'm v '

and choosing for the rotation R from z = beam direction to z 1 = recoil 

direction, a set of Euler angles ct=K=0 and 3=9recoil/ we have:

I * ro. nu nu i I I
B»J i
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In the centre of mass frame 6^ = TH^ which will finally give:

S I E <3m 2 
iRj nij nij t I I

Tr ^^^^3-, ; fll ) | (A.2.15)

V
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Tl

A.3 The S\, 0 ,, Decay Matrix
S At

As seen in Appendix A part 1, for evaluating the theoretical 

expression for the angular correlation (equations (A. 1.7 ) and (A. 1.11))
" T 1

when more than one a value intervenes the matrix elements S ,, » have to
S x,

be given as input data. It is important then to give a model from which 

their values could be obtained or at least their range of variation 

could be estimated. For all alpha decay analyses performed in this

thesis, the cluster model picture has been followed, and according to
H

that at most two different I values will contribute to the theoretical

expression for the angular correlation, as it is the case for certain

18 + total angular momentum values in F leading to the ground state (1 ) of

the daughter nucleus ( N) . On the other hand, the alpha emission of

high 17F excited states to the ground state (1/2") of 13N leads to only

one £" contribution for any spin and parity allowed in the parent
18nucleus. Following the cluster model picture, each of the states in A F

with two allowed £" may be written as a linear combination: 

| 18F J* ,T=0> = Z Cjn | 14N 1+ ,T=0> 0

of states obtained from coupling the 14N G.S. core to the a-particle 

orbiting around with certain V and Ja orbital and total angular 

momenta. With the restriction of only two *" contributing, the 

coefficients of fractional parentage C^,, have to satisfy:

", | 2 = 1 (A.3.2) 
2
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These coefficients are closely related to the spectroscopic 

amplitudes [ANY74, KUR75] through coefficients that depend on the masses 

of cluster and core, and which are characteristic of the shell where 

each nucleon of the cluster is transferred.

S^M =MCjw (A. 3.3)
n

For each 2N+fc value considered in the cluster state description this 

coefficient M is then a constant. On the other hand, following the

rstudy of Arima and Yoshida [ARI72] for narrow resonances ( SP « 1) a
Eres

simple expression for the spectroscopic factor can be obtained:

(A-3>4)
ra
sp,i

Where the spectroscopic factor equals the partial width of the resonance 

divided by the sir.cjle particle width of the <*-unbound state. This last 

quantity estimates the width of the state for a particular £"-value and 

at a specified separation energy, treated as having a pure single 

particle structure. It is obtained from the imaginary part of the 

scattering amplitude [ARI72] in potential scattering calculations. In 

this thesis, the single particle widths are calculated in an analogous 

manner, from the complex part of the energy eigenvalue in the solution 

of the Gamow states (Appendix C) . A final relation between the 

coefficients of fractional parentage and the partial width can then be 

established:



- 124 -

Hie double differential cross-section for coincidences between the 

ejectile and the decay particle will be proportional to:

(A.3.6)

the angular correlation defined in Appendix A part 1 as the probability 

that the alpha particle should emerge in direction &2 after the ejectile 

(deuteron) has come out in direction fl. On the other hand, if we

integrate —— ± _ £_ over all n, and &0 values, we will obtain: 
dJ d«

rda(Qi ,fto) «aj——-1 2 dfl, d^9 =ai (formation) r . (A.3.7)
d^d«2 rtot

the product of the total cross-section for the formation of the state in
i ft F times the probability for that state to decay by alpha emission,

given by the ratio between the alpha decay width over the total decay 

width of the state. Recalling the most general form of W^,^) given 

in equation (A. 1.1),

j, ^..m-p;^) | 2 (A.3.8)
mi

where Tr is the reaction amplitude and Td is expressed in terms of the
Tl

decay matrix S,i n ,
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* 8

o 9"" x (n > (A. 3. 9)s"t

The integral of the double differential cross-section over n, and ^2 can 

be written as:

ni mi
2 z Z (s"£>sM mJlM |l I mI ,)(s'l IM ms ,,ni z ,1 |I l mII ) (I"i M mI ,,min |s lt msM )x 

"i* »i«
*" 8 " " -

» T» *

* _ 
Tr (m.in-r rHijim-ri ?"i) Tr (m-flu,in- iiflji J^T) (A.3.10)

Making use of the orthogonality property of the spherical 

harmonics,

m n «* m on

and considering that for the alpha decay i M =TniM =0, the integral can be 

reduced to:

I Jdft, 2 5 (s M i"msM m£ ,,|I l mI i) (s"Jl"ms..mJl n|I l mI i)6s ,, I ,,6- ^ ^ 
m, mT imi«SI . s" I" 

1 *" 8 ' i-
m » B

6 ,, T n 6 sL!«,,*sL f -Tr ( m ;m T ,m i ,mT ,;i7 1 )Tr(mimI ,mil mI ,;^ l ) (A.3.12)
SI IH ,|inT n S* S* Ilia. -L AJ.J.J. a. 

o J-

where the Clebsch-Gordan coefficients (I"OmII,0|s M ms ,,) and
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(I"OmT ,,0|s"nL,,) have introduced the factors 6 6 and <$-„_„. 13 si ms ,,mj M si
6m m respectively. Using the orthogonality property for the

Q ft "*T ft

Clebsch-Gordan coefficients,

=6 (A.3.13)

the integral can be expressed in a very simple form:

* Ifli

j «

(A.3.14)

where the expression in curly brackets is proportional to the

differential cross-section da (ft ,)/d^ for the formation of the state in
18F. Then, grouping all the real and positive normalisation constants

into Y (YeR>0) , replacing (A.3.14) into (A. 3. 7) we obtain:

I

Ss"Jt"' x o1 ( formation) = (formation) r
rtot

(A. 3,

which gives:

2 „

tot tot

(A.3.16)

For the case in which only one £" contributes, substituting (A.3.5) into 

(A.3.16) we can express the decay matrix in terms of the coefficients of 

fractional parentage and the single particle widths
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( ra )*t* /-.a I * en P " '= M Y C£lt . —— §24* ————— (A. 3. 17)£
(r v tot

where e carries a phase. When two *" values are considered, we can

* njsee from eq. A.3.16 that the S* n matrix must satisfy

I I———s"*" | 2 = 1 (A.3.18) 
*" ~ i

XI— is a real factor common to all *" contributions, it will not 
rtot

affect the structure of the angular correlation function W(fl. Q 2), 

acting only as a normalisation constant. It will be possible then to 

estimate how different complex S^ll£l, values which comply with the 

requirement

(A.3.19)

influence in the final angular correlation shape. In this thesis, when

two orbital angular momenta i n are required for a theoretical
ji 

calculation, different values of sS H£»i have been used in the range given

by equation (A.3.19), and with phases given by <fr=0, ir/2, it and 3n/2. 

The theoretical angular correlations have been compared to the 

experimental data with a x 2 test, and the values for the best fit used 

in the final chi-square comparison.



APPENDIX B

Application of the DWBA Theory to Cluster Transfer Reactions

The distorted wave Born approximation (DWBA) gives a general and 

simple quantum mechanical approach for describing direct reaction 

processes. It provides approximate methods to obtain the wave function 

which describes the relative motion of two interacting nuclear systems. 

The basic direct reaction models start formulating the Schroedinger 

equation for the stationary-state wave function that describes the 

intervening nuclei in the asymptotic region [AUS70] . This 

stationary-state wave function is expressed as a linear combination of 

channel wave functions obtained by considering all possible relevant 

break up modes of the system into two separated nuclei.
H Y"1" = E y"1" (B.I) 

with:

where * and *~, describes the internal wave functions of the 
CY CY

participating nuclei (thus depending only on internal coordinates n ) 

and £ the wave function of the relative motion between the two nuclei c

and C in a particular channel Y (thus depending on the displacement
+ 

between the centres of mass of c and C: r^). Equation (B.I) is

projected onto the internal wave function in channel B (* ) (with mass 

partition b and B) , a local distorting potential (^(r^)) is introduced, 

and by using Green's function techniques [AUS70] the transition 

amplitude for the scattering from channel a (entrance channel) to 

channel S (exit channel) can be obtained.
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( =r ' > <B - 3)
(-0 

where xg is the elastic scattering wave function governed by the

potential U^ and V^ represents the two body interactions in channel 3 

(not internal to nuclei b or B) . Equation (B.3) is known as the post 

form of the reaction amplitude because it is based on the interaction in 

the exit channel. The distorted wave Born approximation emphasizes the 

role played by the entrance channel Y=a, and splits equation (B.3) into 

two parts:

» CT»CY CY (rY )> (B.4)

The second term on the right hand side is neglected in the DWBA under 

the assumption that the coupling for the incident channel is greater 

than for the rest of the channels, and equation (B.4) reduces to:

TaB - ^"''VVVVVa'V* <B' 5> 

Here the DWBA introduces approximate methods for obtaining the relative

wave function 5 . It approximates 5 a (ra ) by the distorted wave function

X ^ (r ) calculated from an optical potential (U ) . a a' a

Ta3 =<XB"3) ll'3l V3-U0 l Vaa) > <B « 6 > 

This optical potential is chosen so as to reproduce the elastic

scattering in the entrance channel, and in general is a simple function 

of the relative distance between the centres of the colliding pair, 

containing no reference to internal degrees of freedom. It could be 

argued that this simple dependence is unreasonable for two heavy ions, 

since when the ions overlap the true wave functions would present a much 

more complicated many body problem with obvious dependence on internal 

coordinates. Due to strong absorption and Coulomb repulsion the direct
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reactions tend to be peripheral, thus taking place while the ions do not 

significantly overlap, and in this region the optical potentials give 

good account of the wave function of relative motion. The optical 

potential is complex, its imaginary part C-'^-^spoodi, (2/any loss of flux 

from the elastic channel.

(Xit of the two assumptions made by the DWBA, the use of the

distorted x (r ) function for representing r ("r ) is the most accurate a 01 a a
one. The two wave functions may differ inside the nucleus (uncertaint«.e:- 

in details of the optical potentials) but they must be identical in the 

external region since they describe the same elastic scattering in 

channel a. Neglecting the second term on the right hand side of 

equation (B.4) is a more drastic assumption which implies that the 

transfer must go directly from the entrance to the exit channel in one 

step. The accuracy of the DWBA treatment will then be determined by the 

strength of the elastic channel relative to the other open channels.

It is important to obtain numerical evaluations of equation (B.6) 

in order to compare the predictions of the DWBA theory with the 

experimental cross sections. Expression (B.6) involves integration over

the space of r and rfl , and this implies the evaluation of a six^ ap

dimensional integral. Zero range or no-recoil approximations are often 

employed in order to reduce the numerical complexities of the six 

dimensional integration to a three dimensional integral. When heavy 

ions are involved in a reaction, neither zero range nor no-recoil 

approximations are valid and finite range treatment including recoil 

have to be carried out.



- 131 -

let us picture our cluster (x) transfer A(a,b)B reaction with heavy 

ions by the diagram showed in figure B.I. With this coordinate system, 

the CWBA transition amplitude can be expressed with the integration over 

the spacial coordinates displayed:

where Ja ^ is the Jacobean of the transformation from the coordinates r g ,

to V V AV=ve3')~u 6) and < *B*b |AV| *aV involves 

integrals over coordinates independent of r , r g . If the spins of the

participating particles in the reaction are designated J_, s , s^ and J« 

with projections M^, m , m. and M^ respectively, the AV matrix element 

of equation (B.7) can be written:

<»B *b l W| *a »ft> = ^Vb'V W| WaV (B>8)

It is very common [AUS64] to express the matrix element in a 

multipole expansion, where each term corresponds to the transfer to the 

target nucleus of an angular momentum 3, composed of a spin s and an

orbital part t, according to the vector coupling:
-»•-»• -»• +-»• ->• ++ +3 • JB - JA • s = sa - sb ' i = 4 + s (B ' 9)

The matrix element of equation (B.8) then becomes [AUS64] :

<JBMBsbrab lAV|jAMAsama> =

.-*

x <sasbma ( ~mb) ' s(ma"mb)> < *sm (ma~mb) ' J^B^A^ (B.10)
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where m=MT,+mv-MR-nu and G« • can be written as a product of twoD D <> a JvOj ,H1 *•

factors, a spectroscopic coefficient A. . and a form factor f .

Replacing equation (B.10) into equation (B.7), the transition amplitude 

is written as a sum over multipole contributions:

=

-mb) I j(n^-n^+ma ) ><sasbma (-n^JIs (ma-mb)> B*m (0) (B.ll)

where the reduced amplitude 3 m has been introduced,S J

V

The expression for the differential cross section in terms of the 

reduced amplitudes is [AUS64]:

_
(2irh2 ) 2 ka 2J +1 i s j 2s +1 m

,2

where Pa and p g are the reduced masses of the pairs (a,A) and (b,B) 

respectively. The finite range calculation consists then in evaluating 

the reduced amplitudes of equation (B.12). For that purpose, the 

distorted waves x a and x$ are expressed in partial-wave expansions, and
A A

fa . written in terms of spherical harmonics of r_ and r ft . Theu p



- 133 -

reduced amplitude 3 gm is transfonned finally by a partial wave 

expansion:

L +L -ft a 3

* ((L&-m)!/(L0 -»-m)!} J5 P?V (0) I; T '3 LaL3 (B.14)

The radial integral I T , is:

' LaL3

(B.15)

and the two dimensional form factor F« T , is [DeV73]

L +A +X -A 
P

x [(2Aa+l)

< (VA l )X 200|Aa 0>< (*2~X 2 )X l°0lA 3 0> W(LaLB AaA 3 ;£K) x

2X:
;

-?) J

(B.16)

with ) defined in terms of radial wave functions by:
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9K (r8 ,r ) = / du PK (U) UI(CI) AV "^ (B .17)

and u=cos(*) where * is the angle between ra and r g . Following figure 

B.I, r, and r 2 are obtained,

r l = s i*a +t l^ft
+ l V ! (B-18)
r 2 = S2ra + fc 2r B

where sl = 6, tj= -$Y, s2 = 6e, t 2= -5, and for the reaction A(a,b)B 

where a cluster x is transferred, 6 = (aB/( (A+a)x) , Y = b/a, e = A/B. 

The sunviQtions in equation (B.16) are limited by the following angular 

momentum inequalities:

A(La Aa K) A(AQ (trXl ) X 2 ) A(L$ A & K) 

A(* La LB ) AU A! t2 > A ^ Aa V

Although expression (B.16) looks rather complicated, it is

relatively easy to evaluate numerically, since the form factor

calculation has been reduced to an integration over an angular variable

(see B.17). Expressions (B.14), (B.15) and (B.16) are evaluated by the

computer code LOLA, which first computes the bound state functions

(U,(ri) and U2 (r 2)) and then integrates them in the kernel calculation

of equation (B.17). When unbound state wave functions are required,

Gamow states are read from disk for the kernel computation.



APPENDIX C

Unbound States

C.I Gamow Functions and Cross Sections

As a result of a transfer reaction, bound states formed in the 

final nucleus appear as peaks in the energy spectrum of the outgoing 

ejectile. Long lived resonant states of the final nucleus which are 

unstable with respect to the decay of the transferred cluster x, are 

also seen as peaks in the outgoing ejectile spectrum. Many of the 

states observed in the transfer spectra presented in this thesis are 

resonant 'quasi-bound 1 states. In order to understand how these states 

arise, let us consider a typical radial form of a nuclear + Coulomb 

a- Tl potential for an I = 8 state as shown in figure C.I. If the 

energy of the cluster relative to the core (E) is negative, we are 

facing typical cases of bound states, where a finite number of energy 

eigenvalues will be allowed. In the case in which E falls between 0 and 

ED (the highest value of the barrier) we will still have a finite number
o

of allowed eigenstates, but these states will be unstable against 

emission of the transferred cluster (x). These are the 'quasi-bound 1 

states we have referred to.

Many authors have given different approaches to how to treat these 

particular states. The normalization of the resonant wave function and 

subsequently the convergency of the CWBA transition amplitude for the 

transfer reaction involved have been object of numerous studies [COK73, 

BUN64, VIN70, COK73a, BER68, BAN69 GYA70, BER72]. In order to represent 

the unbound state wave function, the simplest approach very commonly



4 6

Radius (fm)

Figure C.I Radial dependence of a nuclear plus Coulomb a-14N potential 
for an 1*8 cluster state.
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used is to treat the state as 'slightly bound 1 , and then to use a small 

(~-0.1MeV) binding energy. A more elaborated approach presented by 

Coker and Hoffmann [COK73] using Gamow functions to describe the unbound 

state in the residual nucleus, has been followed in this thesis. The 

advantage of this method is that the unbound state can be treated 

spectroscopically in a similar way as it is done for the bound state 

cases. This fact will be shown in the following discussion, where the 

notation of Coker and Hoffmann is used.

The Gamow functions are obtained solving the eigenvalue problem for
M»

complex energy (E)

[ (-4i2/2p) (d2/dr 2 -£U+l)/r 2)- E + U£j (r) ] g £J (r) = 0 (C.I.I) 

of a system of reduced mass y and with boundary condition at infinity of 

purely outgoing waves:

g^(r) — > [2yF/h2k] J5 {G£ (r,k)+ i FA (r,k)} (C.I. 2) 

where G- and F» are the regular and irregular Coulomb functions 

respectively, and r stands for the imaginary part of the complex energy

E = E - i F/2 (C.I. 3)

and k is the complex wave number given by:

k = [ 2y(E-ir/2)/h2 ]* (C.I. 4)

The Gamow state is defined as [COK73a]

g£j (r,k) = (ur/ elT1 O^UA) (c.i. 5)
where n is the so called 'background 1 phase shift and O . is theXJ
solution of the Schroedinger equation for E and which correspond to a 

purely outgoing wave at infinity. Coker and Hoffmann have shown that 

these complex energy wave functions have normalization and orthogonality 

properties similar to those for bound states and that they may be used
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as part of the eigenstate expansion of a complete basis set for the 

unbound system.

The cross section for a stripping process in which a cluster x is 

transferred to an unstable state (with respect to x) in the residual 

nucleus, at an energy between E and E-K3E is (as given in Appendix B) :

d2 a , 2
2 k (2J +1) isj 2s +1 m J ot A a

for the reaction A(a,b)B with B=A+x and a=b+x. The expression for the 

reduced amplitudes 3*1!1 (see Appendix B) involves radial overlap 

integrals which include the relative wave function between A and x. 

Near a resonance, this scattering state wave function is given by 

[COK73a]:

i(a£+2n) ,r/o\ ~ MR
X H (r,k) = - e____ll!Z2}n .(r,k) + X^(r,k) (C.I.7)

J /i? i? \ Li r/o •"'J JV Cl"~1-*r>J Tl 1 /^

fljp ~
where a is the Coulomb phase shift and XjTar/k) is the non resonant wave 

function. With the assumption that near a resonance, x^ can be 

neglected since the (a,xb) breakup reaction contribution is 

approximately subtracted in the data analysis, it is possible to express 

X • in terms of the Gamow functions by introducing the factor

XM (r,k) = - e____HV^J g..(r,k) (C.I.8; 
**! (E-Ej^J+ir/2 *-->

The differential cross section of equation (C.I.6) can then be written:
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where now the reduced amplitudes &f;m contain overlap integrals identicalSJ

a <2JA+l)Uj

f;m 
SJ

to the ones defined for the EWBA, but with Gamow wave functions for the 

unbound state. In order to perform the integral on E we can consider 

that g^. and the distorted waves involved in 3^m vary very slow with the 

energy E, in the small interval 2A around EL. Then, the only factor 

with a clear strong energy dependence that will determine the integral 

on E is the one in square brackets in equation (C.I. 9). The integral to 

be calculated is then:

(E-ER) +i(r/2)
= (r/2ir) dE

= JL 2 arctg(_) |pR+J» 1 arctg (_ A_) (C.1.10) 
2ir r (F/2) bR"A TT (F/2)

The energy range 2A will be given [COK73] by the addition of the single 

particle width of the resonance (T) and the energy resolution of the 

detection system (D)

A= ( r + D )/2 (C.I. 11)

and then, assuming that r « D, since we are suppose to be dealing with 

narrow resonances, arctg(V( r/2)) in (C.I. 11) is approximately ir/2. The 

integral will be then equal to unity, and the cross section of equation 

(C.I. 6) will show identical form to the usual EWBA estimation, with the 

only exception that the resonant state in the form factor is described 

by a Gamow function.
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C.2 Convergence of the DWBA Calculations for Unbound States

It is well known that Gamow states diverge exponentially with the 

radius (eTr when r — > « ) [COK73] . The use of Gamow states in the 

transition amplitude calculation have originated different approaches in

order to obtain convergence of the DWBA integrals. Coker [COK73a] and
2 

Bang [BAN69] for example, had to weight by a Gaussian factor (e"ar ) the

Gamow functions in the zero range (ZR) CWBA integrals, and then require 

a — > 0 in order to get the searched convergence. In exact finite range 

(EFR) EWBA calculations such procedure is not necessary since the 

interaction potentials included in the form factor integrals can assure 

the convergence. This was found by Bukanov [BUK70] who overcame the 

problem transforming the integral on the cluster-core wave function to 

the prior form. In the following, the conditions for radial convergence 

of the EFR-DWBA transition amplitudes will be discussed.

It has been shown in Appendix B that the radial dependence of the

form factor F OT r (r ,r J of equation (B.16) is contained in theL a 3
factors:

(sr) X2 (tr) VX2 9 (r ' r >2a 23 K 3'a
where the kernel 9K (r g ,r a) is given by an integral on the radial wave 

functions U-^r^ and U2 (r2 )

U, (r,) U0 (r 0 ) 
du P

With the definition given for r^ and r2 in terms of ra and r & in
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equation (B.18), we can see that the multiplicative terms of (C.2.1)

will cancel under the effect of r~ l and r~* 2 in g~(r 0 ,r ). The radial
& P a

dependence that remains to be examined for convergence appears on the 
.*

factor ^(r^ AV U2 (r 2 ) when U^r-j^ is a Gamow state (residual nucleus), 

U2 (r2) is a bound state (projectile), and where for simplicity the 

nuclear potential AV is considered as having an exponential asymptotic 

behaviour. The asymptotic dependence of a Gamow state has been given by 

Coker and Hoffmann [COK73] as:

9 Zj(r,k) —— >> exp(i(kr- nln ( 2kr ) -l+5) (C.2.3)
<f£

which can be expressed asymptotically as approximately proportional to 

e i where K =(pr/h ) . In a similar way we can express the asymptotic 

behaviour of the bound state as

U2 (r2 ) —— ̂  exp(-K2r2 ) (C.2.4)

where K,)=(2vE/h ) , being E the separation energy of the cluster x in 

the projectile and v the reduced mass for the x+b system. When using 

post representation and for large values of r, and r 2 , the term

U1 (r1)v|DX (r2)U2 (r2) will be proportional to:
^K r -wr -K r lr> ~ c « e i 1 e 2622 (C.2.5)

where W gives the asymptotic behaviour of Vbx (r 2). As r^^ and r 2 are 

independent vectors, we can consider large values for r a and r fi where r-i 

increases but not r2 . This will cause expression (C.2.5) to diverge for 

unbound residual states. On the other hand, if we use the prior form in 

gK (rg ,r ), and consider all the interaction terms as well (V^, V^ and

have: 

Ul (r l) VAx< rl) U2( r2) —— > e (K i"X)r i e"K 2r 2

U2 (r2 ) —— > eK i r i e^^i"^ 1 e"K2r 2 (C.2.6)
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\ »» / va) U2 (r 2)
K r -z I r -kr I -K r\. —.** L ** I *- — J" I ^» *» JL> 6llG l 2 e 2

which clearly will converge if x,y and z > K. . in the case of a 

Woods-Saxon potential the factors w, x y and z which give the asymptotic 

dependence of the potentials are the inverse of the diffuseness, and 

this will give figures typically of the order of one fm or bigger. On 

the other hand, the K-, value for resonances and for the upper limit of 4 

for an alpha reduced mass, is 0.33 fm . As no resonance wider than or 

even as wide as 1 MeV is analyzed in this thesis, the nuclear 

interaction terms will converge for the prior representation.
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