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4 ABSTRACT

The techniques of charged particle_spectroscoéy were utilized+in studying

the low-lying states of 13éLa. Two proton transfer reactions were carried out

on iSOtopicaliy enriched targets of 135Ba. Sixty-four energy levels of 136La

13 3%

5Ba(SHe,d)1 La and,

3

were observed up to an excitation of 1.8 MeV from

1353a(q,t)136La réactions. Two methods were used td determine the f£-values

for some of the states whose cross—-sections could easily be obtained. One of
the methods was to utilize the ratio of (3He,d) and (u,t) cross-section as an

indicator of f2-values.. The f-values yere also obtained from the angular dis-

-

tribution of the cross—sections of some of the multiplets.
- .The fore hand ﬁnowledge of the spin of the;ground state made it possible
to immediately assign spins to the first two éxcited states. Spins have also

been assigned tentatively to a few other states using the 2J+1 rule.

13

1h the process of this work, the relative Q-values for the aBa(a,t)IBSLa,

13 137

133 a(a,t)l36La and

6Ba(a,t) La reactions were also measured.~7$he results

show that the presently accepted prbton separation energies for Jieseilanthanum

. « e
isotopes are considerably in error. R T

. S 144
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Introduction

-

sThe microscopic models of nuclear structure asgume that all the n;clei
are composed of neutrons and protons, and the.properties 8f the nuclel can
only be understood in terms of Fhe interactions between nucleoné. To under—:f“
stand the nuz%ggr structure one attempts to represent these inter-nucleon
1ntgractions.by a pote;tial. In spite of the intensive work done in the f}eld
of nuclear forces, almost nothing is known about the strength of the thred-
body .or many-body gomponentf of nuclear fo}ceg'exéept that they are weak.

Bethe (1953) estiFated tﬁat in the previous 25 years, more man-hours of
work had been devoted to the pr&blem of nuclear force than to any other
sclentific problem in the history of mankind. _ Even until the early sixties
much confusion and conflict existed in the nature of nuclear force.

Since tben, considerqblg success has been achieved in obtaining an average
potential on which a nuciear structure model can be based. One of the most
popular models is called the shell model. Tﬁe concept of the shell model h;s
been borrowed from atomic physics and carried over into nuclear physics. At
present this model has a phenomenal success in exﬁlaining and predicting a
vgst alount of nuclear data. |

—

This work is a humble attempt in investigatihg certain aspects of. the

nucleus 136La in the guiding light of the shell model. 136La has 57 protons

and 79 neutrons. It is an odd-odd nucleus. Within the framework of the shell
model one would attempt to §tudy the interactions between the (2-50) protons

and (N-82) neutrons, i.e. 7 protons and 3 neutro% holes. . This.is a rather

-

complex system with a natural‘half—life of approximately 9 minutes. In spite .

>

of the fact that in the last decade or so, a considerable amount of work has |

been done on odd-odd nuclei in this mass region, no studies of 136La have been

made. Islam (1975) has studied the low=lying levels of 138La and improved on,

1
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pre—~existing experimental data of other researchers. The fundamental .

» 2

d;fference between the structures of the two nuclei is the number of the

%alence neutron holes. In the case of 138La there is only one hole which can

ﬁé in 2d3/2 and 351/; orbits, whereas in 136La there are three holes to be

accommodated in the same most likely orbits. The nature of this interaction

.

v

between these holes and the seven protons beyond the .shell closure at 50

would be manifested in terms~of,ihe energy levels with definite spins aﬁd,

) 136

parities. It is-ekpected that La is a sphericai nucleus and hejce, the

. - . .
. shell model can successfully describe the low-lying states in a rellatively

small configufatibn space.

[y - .

The stud& of odd~odd nuclei is considerably more difficult than\other

nuclei. Experimentally, there are several reasons.. Often the mass $f a

-« 'particulay odd-odd nucleus is greater than that of both its neighbouring
v . 4 *

¢

even-even isobars, which makes it impossible to observe levels in the odd-odd

nucleus by y-ray andB -ray spectroscopy of the radioactive decay. In situa-

'S}Ohs wheréﬂlevels in ap odd-odd nucleus can be populated by beta decay the

~ A}

daughter nucleus itself is oféen‘dnstable; this demands stringent experimental

“r

2

techniques. Also, the decay occurs from zero spip and pasitive parity, there-

fore, onl& states with small spins will be observed!
. [ Q

The reaction spectrosgopy lets us observe more states in odd-odd. nuclei

a 1 ~

‘but in our” mags réglon the density of levels 1is very high. Also, the.,

>
<

resolution.is much poorer than in gamma-ray studies.

The simple phanomenolééical models do not describe the low-energy spectra

adequately. The nature of the neutron-proton residual interaction strongly

. affects the ordeiing of thg levels in the multiplets which arise from a specific
. \ . . s.*u. . d

5 ! . : . - .
neutron and protion configuration. This very effect of the residual interaction

136 ’

makes.the study of La'sé”imporéanqu The detailed level structure giveg.the

»
[
. ~
‘ .
v

Y

%
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information about the interaction.

In this present work the charged particle spectroscopy technique was used
+ ){» .
to get the information about the low;lying levels. The proton transfer reactions
- ' 3 : X ' 135
were carried out using "He and @ beams of 24 and 27 MeV, respectively, on Ba
. : ’ +
targets. The ground state spin and parity of the target nucleus is 3/2 which

13 35La

is due to the neutron hole in the 2d orbit. The proton in SBa(3He,d)l

3/2
135 \136
and Ba(a,t) La reactions, can be transferred to the 2d5/2 or lg7/2 state. The
shell model systematics of the neighbouring nuclei suggest that the low~lying
states of 136La would be due to, the coupling of the neutron hole in 2d3/2 or
t N ¢ L .
331/2 to the transferred proton in 2d5/2 or lg7/2 At higher excitations the

group of negative parity states arising from the coupling of the d3/2 neutron

hole to a proton in h

11/2 have been identified. The first negative parity
state in 136La.was found to be at an excitation of 1005 keV which'is‘the same
location of state in 13_7La. Further comparisons with other neighbouring nuclef

would indicate that 136La does conform to the norms o}‘shell models.

Chapter I containé the theoret{fiiaﬁi;ké;ound pertinent to the clear com-

prehension of the present work. The main purpose of Chapter I was not only to
«7

discuss basic theory, but also to show the underlying approximations and
assumptions which are crucial to the interpretation of the results. In

Chapter II the details of experimental technique and the results are presented.

B

Interpretation follows in Chaﬁter 11T,

’
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Chapter 1 . <

~ }

. .
THEORETICAL PRELIMINARIES- IN NUCLEAR PHYSICS

-

I.1 A Brief Historical Sketch . :

A

The studies in so-called modern Physics sta;ted very 1a£e in tHe
nineteenth century. The discovery of cont inuous X-rays by~5?entgen, 1895,
created extreme interest among the physicists an& prepared the ground for
Becquerel'é observation in 1896 of ‘the radio-activitz}pf-granium. Within
a ye;r the electron was identif&ed as a fundamental particle by J.J. Thomson,
followed by the discovery of polonium and radium as new radicactive elements

AN
. by Pierre and Marie Curie. At the tufn of the century two important events
took place: Ermest Rutherford observed the exponential decay of thoron gas
and Max Planck put forward his quantum hypothesis; In 1903 Rutherford and

¢

Soddy proposed the transformation theory of alpha- and beta-decay.

In 1908 Rutherford and Geiger were'able to measure the charge of the
a—particlé to be twice that of the electron and the following year Rutherford
and Royds identified it to be a helium ion by detecting the Selium gas
evolved from radoé. Marsden and Geiger carried out a-particle scattering
experiments of paramount importance,,which_led Ruthérford to postulate tﬁe
nuclear atom in 191%. * Neils Bohr worked outlthe theory of the nuclear-atom
model which solved many problems in atomic séectrOScopy. In ;he same year
i.e. 1913, Moseley derived thg atomic numbers Z from the characteristic

x-ray spectra. In 1914 Rutherford and Robinson found the mass of

’
-

a-particle to be four times the proton mass.

.

In later yeays Rutherford, Marsden and others observed the first nuclear

reaction initiated by a-particle. Within these twenty-five years so many
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experimental discoveries were made, that obviously the next phase was the

v

era of great theoretical advancement consolidated by the experimentalists.
T

De Broglie proposed the theory of matter waves in 19%4; two years later
& L
'Schradinger evolved hié&have equation. In 1927 Germek, Davisson and

G.P. Thompson observed the diffraction of electrons.} In the same yea%

Heisenberg proposed his celebrated unbestimmtheits prinzip. The following

year Gamow, Gurney and Coﬁdon publishgd the Theory of Potential Barrier
Penetration, the fact that quantum mechanics allowed a barrier to be
penetrated led to a phase of remarkable progress in devising artificial
means of accelerat%ng sub-atomic particles. The cyclotron of Lawrence and

. *
the electrostatic accelerator of Van de Graaff were devised in 1932. 1In

the same year, two very important evemts took place; Cockroft and Walton

observed the first artificially induced nuclear reaction and Chadwick

identified the neutron. Tremendeus technological development took place
z

which made vacuum pumps, eiectronic counters and new and sophisticated

. y .
detecting devices available.

Shell Model and Nuclear Structure

"For atoms a planetary picture existed e.g. our solar system, with the
sun beilng the center or one of the focli of the circular or elliptical

orbits of the planets revolving around it. The idea of nuclear matter was
.

realized by Helsenberg and Majorana in their first papers of nyclear

structure. 1In 1933, Majorana says: "One finds at the center of the atom
¢ .
a sort of matter which has the same property of uniform density as ordinary

matter."

The most significant and fascinating property of finite nuﬁlei is the

-

fact that their radii are proportional to the cube ropt of their masses:

S
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R = ro Al/B,ro being the constant of proportionality. Probably this
relation.was suggested by Gamow!

The first’ neutron-proton nuclear model was proposed by Iwanenko and
Heisenberg. In 1932 Bartlett made the first suggestion of neutron-proton
shell structure anaIOgo;s to the electron shells of the atoms and two years
later Gamow (1934) observed that the plot of (A-Z)/Z against A for stable
nuclei has the form of a band with a somewhat irregular pefiodiéity and
suggested a Correlation between the windings and a ppésible shell structure.
Magic numbers Z=50, 82 and 126 were observed by Elsasser (1934). He
published a paper and showed that thesq\?umbers can be correlated with
clgseg shellg in a model of non-interacting nucleons occupying the energy
levels generated by a potential well with a central elevation called wine-
bottle pdtential. ) ‘

The concept of shell structure was overéhadowed by the conconmitant
development of important idea; on charge-independent nuclear forces.
However, ié many calcula;ions nuclear wave functions constructed from
Heﬁerminanté of single—particle'ofbitals were used which suggested the
admitkance of shell structure. Thesecalculations and experimental evidence
suggested the inclusion of"Z and N=2, 8 and 20 among the magic numbers,

Breit, Inglis ané Dancoff, and Furry attempted to include spin-orbit
coupling in the then—ex{sting shell model. In Qhe same period another
remarkable and simple approach to nuclear structure was developed from the
possibility of consideging the a-particle as a unit in the structure of
light nuclides such as aHe, 120{ 160, etc. :

The idea of & compund nucleus (proposed by N. Bohr) and resonance for-

malism had overwhélming success in the field of nuclear reactions. As an

unfortunate consehuence the relevant work on shell structure practically

O
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stopped. For a decade or so the shell model fell intolobliVion. Then
aéter World War II a review by Mayer (1949) revived the intgrest in shell
structure. In 1949, the magic numbers were explained independently in
term; of single-particle orbits by Mayer (1949) and Jeﬁsen (1949). The
crucial point was the inclusion 6f.spin—orbit forces which are essential

-

for an understanding of the closed shells at magic numbers 50, 82 and 126.

Obviously, to understand the structure of complex nuclei one must
resort to approximations, such as to assume that from the standpoint of
any nucleon, the forces exerted on it by all the other mnucleons in the
nucleus can be represented by a potential well or shell theory potential.
There were some conceptual problems in accepting the fact that nucleons
travel in orbits without colliding with‘each other in spite of tﬁg exis~
tence ofAstrogg forces acting between them. ?rueckéer and collabbrator§
succeeded In developing approximate solutions to tbe many-body problem,
The explanation can only bé due to the fact that a nucleus ig not a clas-
sical,systeﬁ‘where numerous nucleons confined to such a small space moving
with high velocity would have endless numbe;é’of collisions. But it is
a quantum system in which the nucleons are restricted to a very few
allowed orbits. The furtger restriction from the Pauli exclusion principle
severely limits the possibilities\for collisions,
) In a nuclear shell model attempts are made to explain shell clésure
property and predict electromagnetic and nuclear groud-state properties of
the nucleus in terms of the uncorrelated motion of simple particles in the
given mean potential. .

As mentioned earlier to explain the wagic numbers 28, 50, 82 and 126,
a spin-orbit potential is added to the centrally symmetric potential which

«

causes the splitting of j = £+1/21levels. With the introduction of the
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the spin-orbit force, the model has been very successful in predcting

the gggpnd state spins of a large number of odd-A nuclei. Paull's wxclusion

principle dictates that each orbit can contain a maximum number of 2]
protons and 2j + I neutrons eagh with a different m quantum number. Eac
pair of like nucleons couple their j-values to give a total of zero i.e.

the aﬁgular momentum is determined by the last unpaired nucleon. An

evident consequence is that all even-even nuclei should have ground state

.
-

spin zero, which dis ind?ed the case. The shell model 1is not equipped to
make predictions concerning the odd-odd nuclei since the model does not
describe how the last neutron and the proton .couple their j'g. Th;s
extreme single particle model cannot be truly realistic, but it does lead

to the conclusion that a closed shell forms an inert core and the proper-

ties of a nucleus are attributed to the extra-core nucleons. An equivalent

°

'situation exists when, instead of a nucleon beyond a closed shell, there

Al

is 4 hole, i.e. a deficiency of ; nucleon in a closed shel%. Racah (1942)
studied the hole-nucleon interaction by utilising the techniques of tensor
algebra. Pandya (1956) used an alternate approach for éhe }3-coupling case -
which is based on the property that the coefficients of fractional paren-
tage connecting the states of one~ and two-hole systems have a particmlarly
s%yplggiﬁélytical form. From this approach the energy levels of a
particle~hole system can directly be obtained in terms of th; energy levels
of the corresponding particle-particle system, This theorem can be applied
to any pairs of odd-odd nuclel consisting of nucleon-nucleon and nucleon-

H

hole systems as long as the validity of the j~j coupling is reasonably

assured and experimental values of the energy levels are available.
The understanding of the structure of nuclei includes all aspects of
' W

the dynamics df intra-nuclear nucleons: the energies binding them to each

v
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other, the  Coulomb forces (in cases of pqg}pns),'their momenta and the :
- v
correlation between them. The true ;ota; wave function of the nucleus \\J

’ PR N
contains the complete descriptiom of nuclear structure. But it would bﬁ (}:\\

a formidable task to determine the behaviour of all the degrees of freedym
Q

of a dynamihh}_systéﬁ such as a moderately.heavy nucleus. Therefore, ohe

must resort to approximations and agsumptions. One of the assumptions is

that the many-body interactions are atively weak and only two-body

A ) ~.
interactions are impg;kznt_ It gives se to the reduced Hamiltonian of the
system, conéisting of the kinetic enérgy operator and the inter-nucleon

potenti&i vij which in turn is used to calculate the wave-functions for
r. -

each nucleon. The many-body eigenfunctions are represented by the anti- \\\\

’

symmetrlzed product of siﬁgle particle wave-functions of the Hartree-Fock

»

potential. K The Hartree-Fock method is a éy;temgcig method of seeking \;“////
approximate solutions to ghe many-body éroblem. As, far as the nucleus is
concerned the nature of‘two~b$dy interactions is sueh that cven with the
.rather dras;ic assumptions underlying the HF method, che pr;blem is still
Qer& difficult. Therefore, further'approximati;ns are made and various
types of HF calculaéions are being carried out by different .groups. The
self-consistent symmetries of the HF solution aré.such that if once they
are present at any stage éf interaction they remain so throughout all
subsequent interactions. These symmetry prgpercies can be 1mposed on the
HF wave-function by'introducing'external constraints. A typical censtraint
is the 1inert core which is assuﬁed to be invariant under the variations

. implicit in the HF method. If this~is the case then the self-consistency
problem need be solved orly for the "loosg" or extra-core nucleons.

The main justification of all assumptions is that they make the calcu-

lations very much easier and faster. But to obtain a better microscopic
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agreement between the theory and the experiment one 1s 5qrced to consider

the presence of a suitable residual interaction betwedn loose nucleons.

The problem of many strongly fnteracting particles is very difficult and

a simﬁlified model: is not expected to render a complete description of

the nuclear phenomena. The use of a simple schematic interaction permits

a simple and fruitful search for new phenomena in the nuclear.structure

and understanding of qualitative features of nuclear states, but no

~

detailed quantitative description can be expected. There are mbre sophis-

ticated theories where so many assumptions are made that it is impossible

~

L4 *

to make any predictions.

Green and Moszkowski (1965) introduced .a very simple interaction -

it is a generaliza&ion of a pairing force. The calculations of Brueckner

and collaborators suggested that the pairing energy would be of the order’
of 100 keV in thé nuclear matteér. But the empirical pairing energies
(1-2 MeV) are due to interactions at th ear surface. Therefore, they '

drew the conclusicn that most of the inferactions take .place at the nuclear
R 1 -

. surface i.e. the nucleons move independeRtly inside the nuclear interior

and collide only when they are on the nuclear surface. The kind of agree-

ment one obtains with experiment, at least in some cases, is‘bf the s;me

ord€r Ws that which results when a much more realistic interaction is used
iamada Johnst&n) instead of the so-called surface delta interaction (SDI).

Hence, it can be asserted that SDI contains some of the essential features
b
of 7the’ shell-model calculations, Therefore, one is justified in using such

a simple two~body interaction to study the shell-model techniques. This

interaction is defined as,

Vpr (1) = = 4map 6(8,) 6(5-R) &(ry~R) :

where {1 is,thé angular coordinate between the interacting particles i

i]

J
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and j and R is the nuclear radius. AT = AO or Al for T=0 or T=1, where
T=1 1is the isbgpin state in which two protons or two neutrons can _only
interact, but a neutron-proton pair can be formed in both the isospin

states, T=l and T=0. Therefore, Al and AO are the only parameters that

entetr the expression of the two-body matrix elements.

The strengths Al and Ao are determined, from shell-model baléulations

for the theoretical energies, in such a way that the best fit of the
calculated energies to the empirical ones renders the suitable vaiues for
AO and Al. The application of SDI met with considerable success in

describing the properties of the odd-even and the even-even nuclei (Green

v,

and Moszkowski, 1965). oo '
Glaudémanéi Brussaard and Wildenthal (1967) modified the SDI by

adding a T-dépendent, but J-independent, term to th§ SDI potential =
i
Vij a - 4q Ar G(Qij) d(ri-R) éfrj—R?{+ B, .

The term BT'is added to the diagonal matrix elements only and the two

parameters Bl and BO are independent of J but they affect the energy sﬁacing

between the groups of T=T, and T=T, states. The N=82 nuclei were extensively

1 2
studied both experimentally and theoretically by Wildenthal (1969, 1971).

.Hussein (1973) showed that such an interaction can also give a good descrip-

tion of the.odd-odd nucleus 142Pr.

Nuclear Reactions

Compound Reactions

Although this work exclusively depends on the presumption that the

reactions 135Ba(SHe,d)l‘%La and 135Ba(a,t5136La are direct, it would be more
than appropriate to take a look at the class of reactions called compound-

nucleus reactions. This concept of nuclear reactions was presented by

»

{
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Niel’'s Bohr in 1936:. A compound nucleus can be formed by. bom? ding a
nucleus A with a "particle" a. The nucleus A and the partiﬁle a amalga-
mate to form the compound nucleus C*. Since thi; is a system of strongly
interacting particles the incident particle has a ver9 short mean free
path for interaction with other nucleons and, as a result, its energy is
very quickly shared aﬁodg all the other nucleons. The compound nucleus
decays to the final product when sufficient energy is again associated with
one particle so that it can emerge. If the inicial kinetic.energy of the ‘
incident particle is small this may take a very long time, therefore, the
decay lifetime may be of the order of \10_14 sec., which 1s certainly
very long compared to the traversal time of “&0_21 sec.. Hence, it is
assumed that the mode of decay of the compo;nd nucleus is indeﬁendent of
its mode of formation, except for thegrequirements of the various 2onser-
vation laws. In simple words once a compound nucleus is formed all the
information regarding its formation is lost. The decay process can be-

s,

treated statistically on the assumption that the probability of decay by
the emission of different kinds-of particles such as a, p, n, etc., 1is
the same. The validity of Bohr's hypothesis of the compound nucleus has
been confirmed by seQeral experiments. One such experiment was perfo;med
by Ghoshal (1950) 1in wﬁich he produced the same cowpound nucleus 6I‘Zn*

60Ni by a particles and gjdu by protons.

28 9

If the energy of the incident particle is relatively low, the spacings

with the bombardment of

.of the levels are greater than the widths of the levels'exc1Ced; con-
sequently the decay of the level will take place from a well-defined state
of the compound nucleus i.e. the reaction is essentially an isolated
resonance process. In the c;se of higher emergies the excited levels

may overlap and the lifetime of the cémpOund nucleus may be comparable

X

A
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.with the traversal time of 10 sec., hence, a departure from the conm-

pound nucleus behaviour 1is expected!

Direct Reactions

The class of reactions which includes inelastic nuclear collisions,
stripping, and its inverse, the pick-up reactlon, 1s called direct reactions.
A direct reaction proceeds without the férmation of a compound nucleus,
because the time during which the incident and target nuclei interact is
very much shorter than the 1life of a correqundin# compaund nucleus. At
low energiles, the compound-nucleus reaction is more favoured, whereas at
higher energies, the direct reaction mechanisa will prevail.

The direct reactions are ideally suited to studying low-lying excited
states that are characterized by simple elementary excitations. Usually
there ié a very specific connection becweeﬂ'a given type of level and the
direct reaction by which it isjEtrongly populated.

In most of the direct reactions 1t is possible to write a differential

reaction cross-section as a product of two factors,

do
10 S o (B)

wﬁere S determines the absolute magnitude of the cross-section, while

0 {(8) describes the shape of the angular distribution as a function of
scattering angle 8. The shape function is not very sensitive to the details
of nuclear structure but the magnitude factor céntains the structure
information about the initial' and final states. Hence, the magnitude

factor S is called. the spectroscopic factor. The structure information

is extracted from absolute differential cross-section measurements by
calculating the angular distribution 0(8) in & suitable approximation

and then the factor S is determined by normalization to the experimental
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data ;nd compared with values calculated from appropriate nuclear
models., . ‘ ‘ -
We will only consider the direct reactions of the type A(a,b)B with
two nuclei in the initial state and two nuclei in the final state. Also
we will consider only one-particle Fransfer reactioms in which the particles

a and b differ by one nucleon. If a is heavier than b then it 1is a stripping

reaction. If b is heavier than a then it 1s a pick-up reaction.

I.3c Tﬁe Distorted-Wave Born Approximation

The most widely used suitable approximation is -the distorj%d—wave
Born approximation (DWBA). The DWBA treats the incident and emitted
particles as moyiﬁg\under the influence of the long range Coulomb and short
range nuclear force.\ DWBA assumes that elastic scattering is the major

component of the reaction process and reactions may be treated by utilizing

the well-known techniques of perturbation theory. Among many others,

hler (1964, 1965) has given a lucid and profound explanation of the
rlying mechanisms of DWBA. '

The elastic scattering is realized {n terms of a phenomenological

twol body potential, the so-called optical potential. The optical potential
parameters are obtained from fitting the experimental data of elastic
scattering exberiments.

A DWBA calculation invqlves the matrix elements which contain the
elastic scattering wave functions generated by the optical potentials.
These calculations are extensive and can only be done with computers, but
the result is a detalled prediction of the“ross-section as a function of
angle. Sometimes a zero~range approximatign assumes that the outgoing

particle is ejected from the same point where the incident particle is

~ -
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absorbed. From the DWBA calculations it can be determined that the
4, .
reactions occur in the regionm of rv8 fermi although' there are contributions

from a wide range of radii. These calculations give not only the angulaé

A
distributions but also the absolute cross-sections, (S%QDWBA, under the

assumption that during and after the reaction the changes in the nuclear

H

structure follow some simple model. In general the model is that the

transferred particle enters one of the orbitals without otherwise dis-

4

turbing the nucleus. That is why it was possible to write the differential

cfbss—section as a product of the spectroscopic fagtor S and the theore-
(do DWBA
dga

tical cross-section ,» in the last sub-section:

@

dg do, DWBA
o =S ( .

hean}

In stripping, a particle can be transferred into the nLj shell of the
N A

target nucleus to form the residual nucleus - them the observed differ-

ential cross-section is related to the DWBA cross-section by ' - 3

2JB+1 I

dO)er N  do.DWBA 2 g
2JA+1 J T}

=) c. |

(& /ney - 2j+1 GPney  Cr

()]

where N 1s the normalization constant and depends on the type of reaction,

Ci accounts for the isospin coupling and JA and JB are the spins of the

target and final febidual nuclel,ﬁrespectively. The angular momenta JA

1

and JB are related to each other through the spin of the transferred

particle obeying the vector—sum rule:

b
Ny - 3] <35 < J, +

~

where J = 2+1/2. The sum rule often helps in ascertéining the single
particle aspects of the final states in the residual nucleus.
_(ZJB+1)
The spectroscoplc strength is denhoted by«(EEXII) Snﬂj(JB>' The facFor‘

(ZJB+1), called amplitude factor, appears in theoretical calculations and
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in general it is not known. In fact it is one of the objectives of stripping-

-
-

bl

reactions studies to detetmine J

1 do DWBA
. The quantity 2341 Q)nlg

©

has been taken out of the summation, because

LY
- o

.it counts the cross~sectdon per magnetic substate . The angular distri-

~
’ 3

do DWBA peak in a relatively'more'forward direction for lower

—values.‘ This can bé clearly seen from fig. II:2. The'shapes\of the

angular distributions are characteristic of the £-value of the transferred

- " s $

nucléon, whereas»the j dependence 1s relatively small. In odd-odd nuclei

a state of given J may be populated by .more than one Z-value. For
135

example, in the Ba( He,d) Ha and }3 Ba«z,t) La reactions the proton

states can be populated by ZP = 0 + 2 or lp = 2 + 4 or even zp =0+ 2+ 4.

*

In such a ‘case the shape and magnitude of the differential cross-sections

are quite different. One would dttempt to deeermine thE’degree of admixture,

if it is possible at all.

-~

The.DwBA,célculgtfons for 13SBa(§He,d)136La and l3)Ba(a,t)136La show'

yet another interesting feature — the cross-sections for (3He,d) reaction
. - 1] f o ’ -
increase with the increasing excitation enexgy while for (a,t)_ they

decrease. See fig. II.5! This very .feature and the fact that different

t-values are favoured in the above reagtions offer an alternative method
* %

" of obtaining £-values. For exémple, the ratio of the cross-—sections for

-~

the above reactions depends on the, appropriate £-values and the excitation

-~

epergies and is.independent of the spectroscopic strength and the target

spin. By comparing tﬂe e&perimental ratlio for-a giveﬁ level with those

>

C {omputed for different 2-values, one can bbtain the 2-value for that level.

SIt is difficult to estimate how- good the basic DWBA assumption is.

-

However, the use of DWBA calculacions has developed into an extensive and

. highly SOphisticated techhology

—
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Chapter 11
r—

N (3]

PROTON TRANSFER EXPERIMENTS
§
Introduction

In the framework of the nuclear shell model there is comsiderable eviéence
that systems of N=82 and Z=50 nucleons are tigh;1§ bound agg%egates, and they
form stable systems; in other words, both 82 and S0 are good closed shells.

The properties of low-lying states of a system which has few extra particles
or holes beyond the closed shells can be explainea in terms of the configura-

tions arising from the (Z2-50) protons and (N-82) neutrons.

136

In the case of La there are three neutron holes Qbich are occupying-

the orbits 351/2, 2d3'/2 and lh1172 and seven protons distributed over 2d5/2

and 137/2 orbits.
In the lowest seniority scheme, levels of 136La should arise from the
various possible couplingg‘of the odd proton and the single neutron hole.

\)
From j-j eoupling scheme, where ]jpfjn|§_J g_jp+jn holds true, the spins

of the low-lying levels can be obtained. , Following are the positive parity
. ' o

“
levels:

("stfzf“ngiz) S AN

(rlegppoadyyy o+ 253N 40T

(n2d5/2,v351}2) N

(nigypov3ssy) v 3 .

The negative parity states involving the lh11/2 orbit are:

-1
3/2)
)

("¥h11/

(nlh

2,v2d

¥
v
-
o
-

,\)3&3—1
11/2 1/2
1 - e e e e e e -

(nlgy,, VINYy ) > . 27,37, 47,57,6,7,8,9

\ -1 ‘
(n2dg,,, VIN] ) > 3, 47,5 ,6,7,8.
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Since 135Ba has a d3/2 neutron hole in its ‘ground state, the proton transfer

" \
experiments will readily populate the first two groups of positive parity levels.
However, due¢to configuration mixing one could possibly see all twelve positive

parity states involving the neutron hole in the 3s orbit as well.

1/2

The negative parity states due to wlh are expected to be found at higher

11/2

excitations, and at even higher excitations one would expect to observe the

proton states of 2d and 3s along with the neutron hole states 2d5/2 and

3/2 1/2

18772
To estimate the locations of proton states in 136La, one is inclined to

take a look at the odd lanthanum isotoﬁes e.g. 139La, 137La and 135La. The -

ground state of 139La has J" = 7/2+, the first excited state (v166 keV) has

137L

v

+
J" = 5/2 and the 7lh state is located at 1420 keV. In the case of a, the

1/2
groppd state has J" = 7/2+, first excited state,CMId keV) has J" = 5/2+ and the

mlh state is located at 1005 keV. The trend continues - the ground state

11/2
¢ N
of 135La has J" = 5/2+, the first excited state (1120 keV) has J" = 7/2+ and
the wlh is located around 786 keV, As one considers the more neutron

11/2

deficient lanthanum isotopes the energy levels get more compressed, but the

+ . '
interesting feature is the moving of the 7/2 state todwards higher excitations.

From 139La to 135La this level, which is populated by Rp=4, has shifted approx~

. + ‘
imately 285 keV with respect to the 5/2 state populated by 2p=2.

The ground state of 138La is populated by £p=4 and tﬁe first four excited

-

states are admixtures of 2p=2 and 4. This is quite according to the expecta-

tions. Now the interesting question arises about the ordering and locations

of the states populated by 2p=2, 4, 5 in 136La. The encouraging'factor is the

fact that the ground state. of 136

'

From the above information one.yould expeet the lowest-lylng states of

La is populated by 2p=2.

136La to be pépulated by 2p=2, the stapeb populated by £p=4 to iie around 160 keV
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and the proton negative parity states to be located around 1000 keV.
X .
Similarly, one can also obtain some knowledge about the location of the

~

neutron hole state from the neigﬁbouring odd-A (79 neutrons) nuclei i.e.
N -

135Ba and 137Ce. In 135Ba the neutron hole state (lh;ilz

whereas in 137Ce an fsomeric state due to the (lhliIZ) neutron is located at

) is located 268 keV,

254 keV. Hence, in 136La one would expect the location ofsthis state to be

-~

1/2

135Ba and at 160 keV in 137Ce. In 136La one might find this state to be around

136

around 260 keV. Again, the s neutron states are located at 221 keV in

200 keV. See Table III.1 for a comparison of La with its ne;gﬂbouring odd~A

nuclei.

It is unfortunate. that no other single par&icle transfer teactions could

also be carried out. In the neighbourhood of 136La\there is only one other

138

stable isotope. This is La, suitagle for (p,t) reaction. However, it is
less than 0,17 in natural isotopic abundance which makes the availability
difficult and very costly.

Ly

* A combination of (3He,d) and (a,g) reactions provide a more profound
understanding of the low-lying states. The'(3He,d) reaction was chosen for
angular distribution purposes despite.the fact that the resolution is not as
good as in the (a,t) reaction: % typical resolution in the (3He,d) react;on‘was
18 keV. There are two reasons for this cholce (i) the (3He,d) re;ction cross-
section is about 5 times larger than the (a,t) cross~sestion -at 27 MeV, and
(ii) the diffraction patterns for angular momentum transfers of 2=0, 2, 4 and
5 have prominent features.

There were three main reasons to perform the (a,t)-reaction: (i) the
'outgoing tripon has ;p;roximately half. of the energy of the deuteron (from the

(3He,d)‘reaction), hence the resolution was much better in this reaction

{12 keV at the FWH&); (ii) to obtain values from the ratios of (BHe,d) to
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(ast) cross-sections, as the dependence of the cross-sections on £ is different

in these reactions, and (iii) to measure the differences in Q-values for

13433(“;(’-)135143, 13538(0,t)136La and 13‘6Ba(ﬂ,t)137La.
These reactions will be discussed in some detail in the subsequenc‘sub_
sections. . _

II.1 Experimental Prerequisites and Procedures

An undertaking such as ours has certain definite. requirements: there

are not many nuclear physics research laboratories in the world where one
can carry out experiments of this nature. Following are the most important

requirements: .
i) A well defineq monoenergetic beam of projectiles ‘of suitable energy apd
current.
i1) A target fulfilling the requirements of stability, enrichment and
. uniformity.
1ii) An analyzing instrument assuring a maximum degree of resolution.
iv) A device to detect the scattered charged particles.
v) Reliable computer progr;ms and large computers to facilitate the final
analysis of data in a reasonable length of time,

I would like to briefly describe the facilities provided by the

Physics Department of McMaster University.

I1.1a The FN Tandem Van de Graaff
- " 2

The FN Tandem Van de Graaff accelerator, rated at 7.5 million volts

on the terminal, manufactured by High Voltage Efigineering Corporation is
a suitable machine for providing high energy projectiles. Thanks to the

technical staff of the Tandem Accelerator Laboratory, the terminal voltage

can be maintained at 9 million volts, which is highly desirable in some of
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the reaction exp;riments.-

An lon source produces negative ioﬁs e.g. H_, D-, 3He—, 4He_ etc.
which are passed through a magnetic field to select the desired ions.
These negative ions accelerate towards the high voltage terminal which’is
positive with respect to the ground and located inside a large tank which
is pressurized by SF6 gas, (the use of SF6 gas 1s the main reason the
McMaster Tandem can be operated at 9 mill%on volts). At the cérminal a
thin carbon foil (a gas strigper is also used) strips a number of electrons
from the negatively charged ions. Thus the ions experiencé a repelling-
electric force which prov;des more kinetic energy for thew. The maximum
energies one can get are proton and deuteron béams of 18 MeV and 3He and
AHe beams of 27 MeV, :They are focused through a set of object slits. An
analyzing magnet selects the ions of right energy by deflecting them through

90°.

Part of the analyzed beam hits the image slits which being transmitted
. through it. A feedback system controls the stabilization of the terminal
voltage. Then the beam is directed to the desired experimental set up by

a switching magngt. A well focused beam on the target is highly desirable.'

II.1b The Target

In our proton transfer experiments only barium targers wcre used.
Oak Ridge National Laboratory provided the enriched barium isotopes in the
form of nitrate. Thebisotopic enrichment of 135Ba was more than 93%, see
Table I1.1. As most of the alkaline earths are quickly oxidized, it was

necessary to use Ba0 as the target material. Hence Ba(NO was converted

3)2
Ingo BaO by heating it up to 800°C. The Ba) was heated under vacuum and ]
evaporated on a thin(30 ugm/cmz) carbon coating on a glass slide. These

cormerclally prepared glass slides were treated with ajzniue and then
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coated with carbon. Various thicknesses of Ba0 were deposited on the carbon,
ranging from 30 to 50 ugm/cmz. Later on, these carbon folls were floated

on water and mounted on aluminum frames. During the whole procedure of
target preparation one has to be careful to avoid contaminating the target,
It is unfoltunate that self-supporting targets of Ba0 could not be prepared

as 1t would have improved the resolution and we would not have to worry

1
about the impurity peaks due to 3C in the o and t spectra.

v

Il.1c The Split-pole Enge Spectrograph -

LAY

This magnetic spectrograph is described in detall by Enge and Spencer

" (1967). The main features of thé spectrograph are the following: split-
poles are used to achieve two—direcgional fo;using with minimum aberrations
(particles are suézeésively é;;sed through two magnetic wedges'giving four
fringe fields which contribute to the vertical component of the force), a
large solid angle of acceptance, secund orderx focysing over large momentum
range and ; kinematic shift adjustment to compensate for the kinematic

broadening (Enge 1958). The spectrograph can be rotated (w%th respect to

the beam direction) over a wide range of angles.

II.1d Charged Particle Detecting Devices

In the focal plane of the Enge spectrograph there is provision for

using position sensitive detectors, a proportional counter or photographic

p emulsion. In this work phatographic pi;tes were used exclusively; to date
at the McMaster Laboratory this method of detection offers the best

: resolution. These photographic pkgkes (supplied by Kodak) have a 30 micran

thick emulsion.’ They are 25 cm long and 5 cm wide’; the width enables
one to have two exposures on the same plate: The charged particles, which
arrive at 45° to the plane of the emulsion, leave tr%cks which are counted

i .
§



Isotopic Composition of the Target Materials

‘Table II.1

Abundance of Isotope 7%

130, 132, 134, 135, 136, 137, 138,
1345, — — 81.4 -3.71  2.18 =-2.36  10.3 /
~133g, A= === 0.36 93.6  1.61  0.87  3.56 _
1385, - — . am - 0.20  99.80

Isotopes of less

than 0.1% of abundance are not shown.
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I1.2 Experimental Procedure
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in 0.25 mm strips under a microscope.

Data Handling Analysis

In most of the éxperimenté we used a PDP-9 computer on line to collect
the data from a surface-barrier éi(Li) deteptor which monitored the
elastically scattered particles from the target. The PDP-15 computer is
uged to obtain the areas under the elastic peaks and to get the specific

reaction information from a program called Maggie. For the programs which

. Tequired a much larger memory we used the CDC 6400 at the McMaster Computer

Center.

Connected with this work two programs were used: the University of
Colorado d;SCOrted—wave code DWUCK % written by Kunz (1969) and the program
called SPECTR (O'Neil 197/). DWUCK 4 calculates the reaction (;lastic and
inelastic) cross—sectioﬂg? using appropriate optical model parameters.
'SPECTR finds the centroids, hence the energy, of the peaks (which repre-
sent energy levels in the deuteron or triton spectra) and extracts the
areas of the peaks after subtracting a specified background. It fits all
the peaks of the spectrum with a standard shape and performs a non-linear

A}

least squares fit to a skewed gaussian function.

AX]l the experiments were carried out in the Enge spectrograph scatter-
ing chamber. The beam passes through the thin target and stops in a

A
Faraday cup, depositing its charge. A current digikizer;measures the

.

charge and converts it into electronic pulses which can be registered on

a scaler. In addition to the Faraday cup, a Si(Li) surface barrier detec-
tor wvas used at an angle of 30° .subtending a solid angle of 0.08 msr.
3 ) .
The purpose of using the Si(Li) detector was to detect the elastically

scattered particles and thus to normalize the spectra in determining the
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absolute cross-section. A suitable spectrograph solid angle was chusen to be
1.3 msr; this was reduced to 0.026 msr for elastic exposures.

In the case of the Ba(3He,d)La exposures the Kodak NTB-50 photo-

) )

graphic plates were covereh with 0.84 mm thick aluminum absorbers to stop
the particles heavier than the deuterons. In the (a,t) exposures the
aluminum absorber thickness was reduced to ~0.1 mm to allow the tritons
toﬂfeach the emulsion. All the elastic exposures were taken without any
absorbers. ‘

"The absolute cross-sections were calculated in two different ways:
(1) determining the area of the elastic peak from the $i(Li) monitor and
(11) taking short elastic exposures and relating them to the Faraday cup .
counts.

Using the first method the normalization constant K 1s defined to bé

AQ
M ¥
K = (do(Q)) (— ) x Y X L (correction due to the
13Y; NE T.P.
SP impurities)
where (do(e)) is the differential cross-sectinon for elastic scatcaring,'

dg E

AQM

) is the ratio of the solid angles subtended by the monitor and the

P

spectrograph, N_. is the numbexr of elastically scattered particles in the

E

mohitor and T.P. is the target isotopic abundance percentage. Also,

. since the monitor dves not have very good resolution, it might count the

elastically scattered particles from heavy impurities such as Ta, etc.
from the evaporator. To overcome thls difficulty, short elastic expusures

were taken and related to the counts in the monitor. Hence,

AQ
(dO(Q)) {/ﬂx-\umanyéhQEF ex ,/)Jf/p_ ’
p.

is the ratio of the caunts in the moxitor and in the

mon
where (N )shor: exp.

-
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spectrograph for the short exposure andﬂsa— is the ratfo of the solid angles
sp
in the two exposures. However, this correction was approximately 2%. HNow

the differential cross-section for the reaction is

dg(8) -
( daa )R Nsp x K

Ay
v

where Nsp is the number of the scattered particles detected by the spectro-
' graph. ’ -
\ By the second method the differential cross—section is given by the

following expression:

(dogei) ) (doie)) ) Neo § 89 . (B.1.) g L2
dq R dQ E N an (B.H.) T.P.
E sp R
dg (8) do (8)
where (-55__)R and ( 40 )E have been defined earlier, NSP and NE are the
counts in the spectrograph and in the elastic peak (exposure taken at 30°)
LIt (B.H.
. —— 1s the ratio of the solid -angles in the two exposures; —r———v—~_1s

AQSP . (B.H.)R ~

the ratio of the Brookhaven (Faraday cup) counts in the two exposures and

f

T.P. 1s the isotoplc percentage of the target.

. {
Both methods of normalization agreed with ea€h other within 4Z. In

<

general the relative cross-sections at different angles shauld be accurate

<

within 15%, but the abgolute values determined by either of the methods may

be in error by as much as 30%.

I1.3 The 135Ba(slle,d)l36La Reaction

A beam of 3He particles at 24 MeV was used to carry out the experiments.
: a
The beam current depended on the condition of the jon source, "and at times

. Ay
the current was over 2 microamperes. The entrance slit to the sciattering

thamber was 1/2 mm in earlier experiments. Since that caused background

problems, later on it was changed to 1 mm. Experiments were performed over
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a range of angles from 7.5° to 60°. The forward angles were taken in steps
of 2.5° angles due to the impurity peaks masking the low-lying states of
the spectrum. The impurity peak at forward angles in the low-lying region,
is due to the presence of l3FC which is only 1.11% of natur;i carbon. The

13..3

. 14
C("Heé,d) N reaction has a very large cross-section, therefore, even

suchja small quantity’of 13C produces large peaks. From 25° to 50° the
expgsures were taken in steps of S:T It was noticed that the resolution
at ck angles was not as good as at, say, 25°. Therefore, the deuteron
spectrum 3t 25° was chosen to be shown in figure II.l; The resolution in
this spectfum is ~15 keV, whereas, the typlical resolution is ~18 keV.

The spectra were analyzed up to the excitation energy of 1500 keV.
It was practically impossible to go ahy further due to the high level densfty.

However, 1t was possible to obtaZn the energies and cross-sections for seven

prominent states beyond 1500 keV. Besides impurity peaks, we were able to

139

pick out the 137La and La level's in our spectra.

From all the (3He,d) expogyres, the excitation energies were obtained

[

and average values were calculated. The energy of an excited state can
<

vary from spectruﬁ to spectrum, due to the variations in the resolution or
poor statistics or not being able to obtaln proper peak-shape parameters
for the program-SPECTR. It 1s known that the uncertainties in energy

increase with the increasing distance on the plate. There are variations

of 4 or 5 keV in some of the energies. See Table III.2.

.

The Angular Distributions

It has been mentioned earlier that the t-values for some of the energy
136 ) ) : 3
IQVels of La were obtained by measuring theratios of ("He,d) to (a,t)
cross-sections. This method 1s discussed at the end of this chapter. Now,

it would only be natural to determine the f£-values from the angular

r3



high level density above 1 MeV excitation.
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a¥

Fig. II.1

. 1
Deuteron gpectrum from 3513:3(3He,d)136l,,a reaction. Notice

%4

the
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Fig. I1.2. The optical model parameters are given in Table II.2
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kS

, A '
distributions’ and compare the results with the ratio technique. The
rd - .

‘
3

angular Histributions permit the evaluation of f-values quite reliably.

As tentioned éarlier, there are many levels in (3He,d) spectra - over
S .

SOI!evels up to the excitations of 1.6 MeV. Sometimes a specific peak
» |

has shoulders on both sides and from angle to angle the tenter of gravity
changes considerably. Due to this high level density, it was possible to
deduce-anétlar distribdlions gnly for the multiplets. If these multiplets
are populated by the same ¢ transfers then one should get better results
due to better statistics. But if two levels are ihdependently popul ated
by totally different 2=-values then the reeults would be erroneous.

The gheoretical curvgz/¥;; 2= 0, 2, 4 end 5 for the reaction

135 3 136 S .
Ba{ He,d) La, were obtained from thé DWBA calculations and. shown in

(Ishimatsu 1969). Therexperimentally determined results were best fitted
tothese curves. The angular distributions were plotted for the 12 states

or groupings of states shown in Fig. II.3. The groupings are labelled

with energies of the states which form the"groups. ) .

The angular ‘distributions for the g{Ound state and the first two

show that these States are populated by 2p=2. The next three states 140,

. 159 and 173 keV form a triplet whpse angular distrihution suggests that

they may be populated by fp=4. It was necessary to plot the angular dis-
tribution for the triplet as a whole rather than individual states due to
poor resolution and statistits. The angular distribution for the state at
257 keV strongly shggests that it is populated by fp=2. Similarly, the

state at 403 keV seems to be populated by 2p=2.- The angular disﬁriburions

for the state at 626 keV and the triplet, consisting of levels at 704, 716

and 726 keV, suggest that ‘they may be populated by 2p=2, but there could

be admixtures of other f2-values. Some of the data polnts are'missing at

the forward angles, this is due to the presence of 13C impurity pedk. 'Tﬁe

angular distribution for the triplet which has a centre of gravity just
!
{

his
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over 1000 keV suggests £p=5. Due to the high level density and relatively

4 .. ’ low créss:section for Zp=§ in the (3He,d) reaction,'the aégular distribu-
tion technique did not give satisfaégor§ results for all'the states popu-
%ated by 2p=5. The next set of data points for, the triplet consisting of '

. the energy states at 1Q72, 1115 and 1122 keV clearly shows that at least
one of the states in the triplet is.not popdlated by £p=5. The angular

distributions for the next two trip

s strongly suggest the presence of

the states populated by 2p=0. See Table III.2 for the %-values which are

-

1 -

determined through other means, as well.

II.5 The 135Ba(g,t)136La Reaction ' -

It took a few attempts to ‘collect reasénably good data for the (a,t)
w5 reactions. One 1s not always successful in getting a beam of 1-2 pamps
for a considerable length of time from the McMaster University FN tandem

Van de Graaff accelerator. " This is the main reason that forced us to
. : , . <
perform (3Hegd) reactions before the (a,t). However, (a,t) reactions

~? were also carried out on enriched 1343a and 1383a targets.
///1 The choice of the angles was very limited mainly due to 13C impurity -
only 50° was reasonably clean (up to 1.5 MeV). However, spectra were also

taken at 35°, in spite of the impurity peak from 400 to 700-keV. Of course,

13

. this carbon peak was also present (at‘35°) in the éBa(u,t)l35La and

l38Ba(a,t2139La reactions. The resolhtion was approximately 12 keV in the

il

- l3SBa(a,t)l36La reaction.‘ See Fig. II.4 for the triton spectrum taken at

50°. Also see Table II1.2 for the energy levels observed in this reaction.

E
o
’

It is the characteristic of (a,t) reactions that the cfoss-secpions

? for lpwo, 2} 4, 5 transfers fall with excitation energy. For example ét‘
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Fig. II1.2

AN
.

The angular distributions calculated from DWBA for

El

fed

13

’Ba(CHe,d) 0La.
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Table II.2 -

3

Optical Model Parameters for the 1 5Ba(3He,d)l36La Reaction

Particle v r T a "W W . r' a' \Y Non-local
MeV) Gy (em)  (fm) (MSV) (MDV) (6a)  (fm) Seor Correction
n e e n ac Parameter
3He -172.0 1,40 1.14 0.70 -16.0 0 0.25
d -101.4 1.30 1.085 0.857 0 61.0 0.54
P * 1.20  1.20 0.65 0 0 0 0 8.0 0.85
f
X -1 x' -1 d x' -1
U(r) UC(r) + V(e™ + 1) + iws(e + 1) + iWD I (e” + 1) 7, where
x = (r - r°A1/3)/a and x' = (r - ro'Al/S)/a'. Uc(r) corresponds to the potential due to
a uniformly charged sphere, radius rocAl/j, charge ZAe.

Finite range correction parameter = 0.770.
No radial cut-off was employed.

*Adjusted to reproduce separation energy.

—

(43



- 33 -

wy,

Fig. I11.3

Experimental deuteron angular distributions from the 135Ba(BHe,d)BGLa.
The solid curves are given by the DWBA calculations. They represent pure

o

s zp =0,2,4 and5 transfers best fitted to the data.
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The triton spectrum from

Fig. I1.4

135Ba(oz,t:)l36La reaction.

it
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Fig. II.5

The theoretical cross-sectinons for Od = 45° and Gt = 50°
obtained from®the DWBA calculations. The right hand side scaie
(1-10-100) is for the (a,t) reaction and the left hand side is
for (3Hg,d). Alsa the magnitude of the £=0 curve for (a,t) is

smaller by a factor of 10. The.Q-value is for the (JHe,d) reaction.
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Table I1.3 -

Optical Model Parameters for the 135Ba(d,t)136 La Reaction

i

Particle v r r a w W r' a’ v Non-local
i~ 0 S D ° S0 Correction
¢ (MeV)  (fm) (fm) (fm) (MeV) (MeV) (fm) r(‘fm)‘ factor o o oeter
a -200 1.30 1.40 0.60 -20 1,40 0.60 0 0.20
t =200 1.30 1.40 0.60 =50 1.40 0.60 "0 0.25
p * 1.25 1.25 Q.65 0 0] 0 0 0 0.85

"The expression for the potential 1s the same as that used for (3He,d) reactions.

No radial cut-off or finite range correction was employed.

* Adjusted to reproduce sepzration energy.

9¢
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excltation energy 1.7 MeV the cross-sections for 2p=2, 4 and 5 fall by a

factor of "2, whereas 1p=0 cross-section falls byva factor of ~5 (com-
pared to the cross-sections at zero excitation energy). Consequently

there are no states of considerable intensity, populated by 2p=0 at

Y

higher excitation energles. Fig. I1.5 clearly manifests th behaviour of
(a,t) reactions. a

In (3He,d) reactions the trend is just the opposite i.e. the cross-
sections for all & transfers increase with the increasing excitation
energy. We did not use the (a,t) reaction to get the angular distributions.
?here are two reasons for this:
(1) the Coulomb barrier for the outgoing triton is ~10 MeV and'thg Q-value
for the reaction is ~-14.5 MeV, therefore, it was necessary to use particles
of 27 MeV i.e. the tandem terminal voltage must be maintained‘at 9 million
volts for very long periods, and,
(11) the DWBA calculations show rather featureless angular distribu;ions

for (a,t) reactions at this energy.

, B

Accurate Measurements of the Relative Q-values

During our work we observed the state of affairs of the ¢~ value of the

135 6

: 2 3 37
following reactions: 13['B:;:.(gt,c)l“SLa, Ba(a,t)13 La and ! GBa(u,t)IB La,

as glven in the Atomic and Nuclear Data Tables (Gove and Wapstra 1972).

Islad'(l975) was the first one to determine the relative Q-value

for l36Ba(u,t)137La which wasg known‘previously only from systematics. She
138 139
measured the Q-value in terms of the known Q-value of ~“Ba(a,t) La and

137Ba(G,t)138La. All the masses of the stable barium isotopes have been

measured by mass spectrometric methods. The mass of 138La has been

3
determined from the positron end-point energy in the decay of ) 8La -+ 13883
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-

with an uncertainty of 14 keV. JIt.sbould be possible to det'ermine the

I3

.nuclear masses accurately from nuclear reaction data.
\ *
According to H. Enge: "At presedt, the masses measured by means of
nucledr reaction data do not -appear to be quite as accurate as the most

exact mass spectrometer data. This is not because the method is inherently

. 7/
inferior, but because no concentrated effort has latsly been exerted toward

<

reducing these uncertainties éignificantly.” ’
1
A target enriched in 34Ba was used (see Table II.1 for the isotopic

composiéion) and the exposure was taken at 35° for pefe than eight hours.

The projectiles were a particles of 27 MeV and the current was V1.5 micro-

amps. The nmr frequency was chosen to be such that the ground stateﬂof

139La was focused at V6 cm from the edge of the photographic plate. The

- -

1
ground state of 37Lq was around 10 cm on the plate and the ground state

Y

and the first excited state of 135La were found to be in the middle of the

plate immediately followed by’ the V1420 keV level of 139La. With this

arrangement it was just possibie to get the 786 level of 135La on the end

of the plate. The peak areas and their respective energies were obtained

from SPECTR. The counts in 139La and 134La peaks were 'more than 2,500,

F
‘hence, the statistical error was minimized and the centroids of the peaks .

were obtained very accurately. The position of the ground state’ peak of

135La was measured ‘with respect to the ground state of 139La and then with

v

respect to the 1420 keV excjted state. ) ‘ .

Similar measurements were carried out at another angle, 50°, to
ensure the reproducibility, and then the whole procedure was repeated to
. e

determine the relative szalue for ‘the reaction 136Ba(a,t)137La and the

S

. L}
)

* Introduction to Nuclear ;hysics, by H. Enge 1966. Addison-@ésley, p.. 102 .

y
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results were compared with Islam's measurements. Islam reported that
; ’

difference in thﬁldes for the two reactions 138Ba(a,t)l39ia and

136 137 o .
Ba(a,t) La to be 0.713 + 0.003 MeV. Our result is 0.711 + 0.003 MeV.

The absolute Q-values measured in this méﬁner would probably have an

uhcertainty of 15 keV, but the differences have uncertainties 3-4,keV.

Burke and Balogh (1975) discuss the possible errors in detail.

The' evaluation of the relative Q-value for 136Ba(a,t)l37La allowed

- 135 136

.,

the determination of the relative Q-value for the reaction, Ba(a,t) La,

as the ground state and excited ‘states of 137La and l39La are present in

all the spectra, see Fig. II.4, the result is ~14.465 + 0.015 MeV.
138 139, '
The Q-value for the reaction Ba(a,t) La is given by Gove and
ngstra (1972) to be -13,614 + 0.014 MeV. From this value we have determined

relative Q-values which have an uncertainty of 15keV. Whenever the mass

of 139La is accurately measured, all these Q-values will be known. Until

then -they have an uncertainty of 15 keV.
“’Since the mﬁsses of the light_nuclei are known with negligible

unceaninty, one can obtain the Q-value for (?He,d) reaction if the Q-value,

of (a,t) reaction is known. The proton separation energies for 139La are

<

given by S(P) = Q(a,t).+ 19815 keV and
S(P) = Q(He,d) + 5494 kev.
~Q(a,t) - QChe,d) = 5494-19815 kev B
‘= —14321.keV.
We received the :latest issue of Atomfﬁ and Nuclear Datd Tables YOl. f§,
No. 3, 1977,-w1th néw Q-values, while this work was in the process oggbeing
completed. It wés decided that.the'results from the present work should be

-

compared with the‘most recent Q~values for the reactions See Table II.4,

In terms of the new Q-value for the reaction 138 Ba(a, t) 9La, one méy give\

the relative Q-value for the reaction 135 136

Ba(a,t) La to be 14.418 + 0.007 MeV.

L]
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The uncertainties in the masses of 139La and 138La are due to the uncertainty

“1n the g~ end-point energy of l39Ba decay, 5 keV. Also, the uécentainty

\\\\\\ in the mass of 135La‘is drastically reduced from 120 keV to 11 keV. It
,
j
(

, 1s not known yet how the uncertainties have been reduced.

11.7 .(3He,d)/(a,t) Cross-section Ratios

The (a,t)-reaction cross-sections, gt 57 MeV,| are an order of magnitude
smaller than the (3He,d) crose—sections, at 24 MeV. Also the cross-sections
"are functions of the b—values or the excitation energ;es. The interesting
and useful feature of these reactions is that theytfavoﬁr different f£-values.
The (a,t) reaction cross-section is largest for £=5 and 4, whereas tﬁe (3ﬁe,d)
reaction is biased in populating £=0 and 2. This 15 due to the large '
difference between the angular momentum carrie@ by‘the ineoming a particle
and-the ,outgoing triton. \ .

Exploiting the above properties of these proton txansfer reactions,
one is tempted to take the ratio of ( He,d) to (a,t) cross- sections,
theoretically calculated by using the'code DWUCK 4 (the optical model pgra—.
meters are given in Tables }1.2 and II.3) end generate a set of._curves for
£2=0, 2, 4 and 5 by plotting the'ratios’of the crodg-sections aga;netythe
Q-values of the reections. The Optical'model.parameters for {(a,t)
reactian are given by Burke and Waddington, 1972. One spectrum of each
reaction is required - the angles do not have to be the same\igxboth the
reactioes. The ( He d) and (a,t) reactions have to be normalized suitably
before the ratios of the peak areas can be plotted against°the appropriate
excltation energy. This sﬂould, in principle, immediately‘indicate the
g2-value for that state.

» ]

This method of obtaining g-values would be fine where the proton is

¢



Table II.4

The measured differences in Q-values

——
. Q-values (keV) Q-value differences* (keV)
Reaction Gove & Wapstra Wapstra & Bos Gove & Wapstra  Wapstra & Bos Islam . This Work
B2, 0) PLa ~13614(14) ~13567(5)
137500, 0)38a0®)  _13780¢14) ~13734(5) 166 167 178(2) -
136, 7 137 (b ~
3B‘a(a,t) La® -14190(syst) -14294(syst) 5 727 713(3) "911(3)
At
15 ha(e, 032 -14360(70) ~14364(70) 746 797 —— 857 (4)
1343a(a,t)135La(d) ~14660(20) -14822(11) 1046 1255 -—- 1268(3)

* These valuesrepfesenttﬁe Q-value for 138

* The sources from which the lanthanum masses were taken:

(a)
(b)
(c)
(d)

Chidley (1958)
Systematics

Girgis (1959)

Morinobu (1965)

Wapstra and Gove (1971)

-

[y

-

Ba(a,t)l39La minus the Q-value for the stated reaction.

Wapstra and Bos (1977) give the Q-values for (a,t) reactions on La isotopes in terms of the

proton separation energy (Sp).

v
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transferred to an even-even target to-form an odd-A residual nucleus,
because, the conservation of angular-momentum and parity require a single

g2-value contribution (Lu and Alford 1971). But complications arise when

this technique is applied to odd-odd nuclei, such as 136La, due to the

fact that the same state can be populated by two g-values via g=0+2 or
2=2+4. The regions between 2=4 and g=2 or 2=2 and ¢=0 are highly non-

linear, because, the cross-section is much larger for a lower % then for

a higher one. Therefore, a small admixture 2=2 in £=4 would move the

position of the point away from =4 curve. The same thing is true when

there is £=0 present in 2=2. Macphai{mgpd Summers-Gill (1976) were the
53

first ones to appl} this method successfully to the odd-odd nucleus

144Pm.

.

Some nuclear physicists are reluctant to accept’results obtained in
this fashion. This technique would have to provide the accurate determin-
ation of admixtures of different g-values and give unambiguous results to

prove its validity, at least as far as the odd-odd nuclei are concerned.

Nevertheless, this method is so simple and attractive that one is encouraged

to explore the possibilities.

3 ' .
In the same experiment, "He and o -beams were used on three barium

isotopes, keeping all the experimental conditions the same. 134Ba, 135Ba_

138
and Ba targets were used to obtain deuteron spectra at 45° and triton

spectra at 50°. The choice of the angles was based on the foilowiﬁg
eriteria:

(1) minimum interferénce from the light impurities,

(11)- the crosé—section should not var&‘rapidly, and

(1i1) the cross-section should not be small.

The %-values of certain strongly populated states in 135La and 139La

-

<
.
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are known from previous works. Six levels from La and three from
3
1 5La were chosen - not all the levels were strongly populated in both
the reactions, The ratios of the cross-sections for these nine states
of known g-values were obtained and the family of curves which were
generated by calculating the ratio of the theoretical cross;séctinns was
best fitted to them. Unfortunately, the ground state of l39La which is
populated by £p=4 lies closer to the curve g2=5 than to £=4. The ratios
of the cross-sections for twenty-four states of 136La were obtained and are
plotted against their excitation energies in Fig. II.6. The ratio for the
139 ’ 136
La state at 1420 keV which is present in the La spectra, did not
coincide with the ratio which was measured separately. Therefore, all the

135

ratios obtained with ‘the Ba target were multiplied by a factor (~0.77)

to make those two points coincide. i

Due to insufficient resolution in (3He,d) spectrum, it was not possible
to extract peak areas accuratéiy. As a result, many ratios seem to lie
in the region betweqn £=4 ar 2=5. Obviously, they are either £=4 or =5,
because these f%-values cannot mix.

As mentioned earlier, the ground state of 136La is populated by £p°2
and so are the first two excited states; The next tripletlfrom 140 keV
to 173 keV 1is populated by 2;=4‘ Again, the 257 keV state 1is populated by
2p=2. The next state 303 is believed to be populated by 2p=4. From here
‘on up until excitation of ~800 keV all the states (10 in all) are populated
by zpﬂf, 2+4 or 42, we havenno way of being quantitative in our analysis
from the ratio method. Then we have a state at 972 keV which is probably
2p=4, also the next state (1006 keV) has zpns. The cross-section of the

next state (1028 keV) could not be obtained from the (3He,d) spectrum,

which is also populated by 2p=5. The next two states are £p=5 at excitation



- 44 -
energles of 1076 and 1114 keV. For the rest of the states, not much can
be said. Table II1.2 lists all the lp values obtained either in this way

or from the (3He,d) angular distributions.

A remark should be made conce;ning the determination of the z-values'
of the states which are populated by &p=5; it is evident that none of the )
methods, the angular distributions and the (BHe,d)/(a,t) cross~-section
ratios, give satisfactory results: This is mainly due to the fact thét
both techniques involve the (BHe,d) reaction which has,_ considerably higher
_cross-sections for &p=2 or &gz? than for 2p=5. The higher level density
beyond excitation energies of i MeV makes ‘it difficult to obtain the
cross—-sections for the states populated by 2p=5. Fortunately a vefy
favourable situation exists in the &x,t5 reaction where the cross-section
for £p=5 is considerably higher than other § transfers, which provides an

opportunity to confirm the experimentally determined rusults and tenta-

tively assign L p=5 values. One may refer to Fig. II.5.

p el
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J
Fig.'II.6
The (3He,d)/(u,t) cross-section ratios. The cross-sections for the
,deuteron spectrum are taken at 45° while those for the triton are measured
at 50°. The solid curves are generated by using the DWBA calculations for
a number of Q-values. They are renormalized as a family to fit the ;atio&

of the nine states of known f-values, Six of these states belong to 139La

and the remaining three to 135La.
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Chapter 1II

DISCUSSION AND INTERPRETATION OF THE RESULTS

Introduction

In the previous chapter we presented the experimental data and d}scussed

the ;roblems encountered in extracting conclusive information. The main
problems were the high level density, the poor resolution and the background.
However, f%-values have been determined for at least half of the levels. Both
of thé methods, ;he (3H§,d) angular distributicns and the (3He,d)/(a,t) ratios,
‘were useful in determining some of the Rp—values, but they had their limitations.
In the case of the angular distributions, it was very difficult to get the cross-
sections for the same states at many angles. In the ratio method, the (a,t)
- cross—sections of the levels beyond 1200 keV fall very rapidly.

' In this chapter we attempt to justify the tentative spin assignménts for
both the positive and negative parity states. This has been done on the basfé
of the ;mplitUQe factor (2JB+1).-A comparison of 136La with its neigh?ouring

nuclei is also made, to show how much our expectations came true. In conclusion,

the presence of an isomer is discussed and a few speculations are made.

ITI.1 Provisional Spin Assignments

-

IIT.la The Low-lying Positive Parity States

It is expected that the simple shell model should adequately describe

the low-1lying levels. Although there should be 12 positive parity states only 8

N

of them would be populated in the proton transfer reaction in the absence
of configuration mixing among the levels.

The ground state spin has been determined from B+decay (Girgls et al.,

1959) and it was found to be 1+. On the basis of (2JB+1) the first and
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4
second excited states appear to be 2 aund 3+ respectively. We think that
the third, fourth and fifth excited states are populated by 2p=4. From

their intensities in the (a,t) reaction, we tentatively assign 3+, 5+ and

~

2+ to be their spins and parities, respectively.
There are two 4+ states still to be accou;ted for. We:know that the
level at 257 keV is populated by £ -2, teferefore it is the most likely
candidate for spin 4+. Its strength is only 67% of what it should be
leaviﬁg the remaining 33% to be accounted for. There is no single state
that can carry ail this ;eft over strength. The other 4+ state arising
from (nLg7/2;v 2d;}2) configuration is at 304 keV. Again it carries little
more than 40% of the strength - the state at 972 keV carries slightly less

than 50%Z of the strength. We cannot say anything about the rest of the

strength., This accounts for all the J = l+, 2+, 3+, 4*, 5+ arising from

f

-

-1
’ ” ” D F: Y-
the configurations (nstlz,v Zd3/2) and (n1g7/2,v‘d3/2) and the config

uration mixings involving vBSI;Z.

- -

III.1b The Negative Parity States

We wauld expect toobserve four strongly populated negative parity

states formed by the coupling of a h

11/2 proton to the d3/2 neutron hole
giving J=4", 5, 6 and 7. It is very difficult to assign the spins for
such high spin states on the basis of the amplit;de factor, Because their
statistical weights are in the proportion of 9:11:13:15 which means that
only a 15% chénge in ;ntensiCy changes the gpin. ' -

The first nega&ive parlty state is encountered at an excitation energy
of 1006 keV, There seems to be two more levels right after the first one
at excitation energies of 1016 keV and 1028 keV. 1t is hard to judge

- whether there are actually two states or just one, but the progrém SPECTR

is treating it as two, It makes more sense to treat them as one peak with
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both the intensities addéd together, The mext state has energy 1076 keV
and it has the least intensity of cpe four. The last state is the
strongest of all and itg energy is 1114 keV. |

Considering the strengths of the last two states one is tempted to
assign the spins 4" to the ievel with energy 1076 keV and 7 to the state
of excitation energy 1114 keV. 1If the adding of the intensities of the
two levels, 1016“keV ‘and 1028 keV, 1s correct then one might assign the
spin to be 6 . Then the 1006 keV state would have a 5 spin.

These spin assignments have a wore qualita({ve basis than quanti-
tative one. All the spin assignments of the negative parity states are
to be taken as suggestive. To be certain about the spins of these states,
one requires better experimental data. Of course, the information from

ather experiments would also be valuable. See Table ITT.2.

136La and the Neighbouring Odd-A Nuclei

On comparing the structure of 136La with its neighbouring odd-A La

isotopes 1i.e. ]BSLa and l3714:1, we can say that the low-lying states are

more like 135La epd the negative parity proton states (h

137La.

11/2) are located

at similar excitation energies as in the case of

1‘95 expected, the ground state is populated by £p=2 and so are the

13

first and second excited states. SLa has a state at 120 keV populated

by 2p=4;'in 136La the strong 2p=4 states are found at excitation energies

from ~140 to ~173 keV. One more interesting cowparison shows that .in

13SLa. a state (300 keV) has ambiguous spin 172" or 327 and, in 136, = &

state (v333 keV) is believed to be populated by £p=0+2.

Also, the location of the proton h state in l37La is very similar

11/2

to the first proton negative parity state, in fact within experimental
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uncertainty they have the same energy.

From 1358a and 137Ce, which have (1lh

-1
11/2

and 254 keV, nespectively, we &ggbsed the location of the neutron hole
<

) neutron stdte at 268 keV

>

1 / N

states in 36La to be around 260 keV. The existence of an 1somer (discussed
in the next sub-section) strongly suggests the presence of the negative
parity neutron hole states in the very low-lying region. The comparison

is summarized in Table TII.1.

o

The Presence of an Isomer in 136La

Now we discuss the possibility of the presence of a negative parity
state in the deep low-lying energy region.

It has been mentioned 4n thg»introduccion that y-spectrogcopy yilelds
much better resolution which is highly desirable in the studies of odd-odd
nuclei e.g. 136La. Therefore, 13688(p,ny)136La experiments have been carried
out at various proton bombarding energies ranging from 7.5 to 4.2 MeV. ‘Iwo
Ce(Li) detectors, 50 c.v. and 14 c.c. were used to detect the v's from
136La in beam. These were singles experiments. It has been decided that
coincidence experiments should be performed in the foreseeable future. An
isomer of l36mLa has been reported by Gritsyna et al, (1966). They measured
the half-1life of the isomer to be ~110 usec }ud the energy of the isomeric
state to be 170 keV which decays to the ground state through a level
A100 keV. H

The Yy spectrum of 136La shows two lines A2 keV apart; one at 96 keV
and the other at 198 keV. The analysis of these (p,ny) experiménts has
not been completed yet. Recently pulsed beam (p,ny) experiments have been
carried out and it has been ascertaihed that the 96 keV line is due to the

isomer. In an old experiment with a steady beam of llB on natural Te target,

Summers-Gill (1975) observed a line at 96 keV. Again in a subsequent



Table III.1

A comparison between 136La and its neighbouriné odd-A nuclei

0dd Proton 0dd Neutron
E_ keV . E keV E keV
x x x
Configuration 139La 137La l35La Configuration 136La Configuration 1358a 137Ce
iy 166 10 0 n2d, ., ,v2do> (0) v2dl: 0 0
5/2 . 5/2'°773/2 ) 3/2
-1
0 .
nlg, ), 0 .120 nlgy ), ,v2d5,, - (140)
n2d, . ,v3s s v3s ) 221 160
5/2°°771/2 1/2 .
\ -1 -1
”ZdS/Z’vlhll/Z, vlhll/2 268 254
-1
1rllr1n/2 1418 1005 786 “1h11/2’v2d3/2 (1006)
- 136 . . ’
The excitation enerxgies of La (shown in parentheses) are the energies of the first member

of the particular configuration.

0s
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1, 130, .
B on 3 Te target, 10 pséc on and 10 usec

&

experiment with a pulsed beam of 1

~ .

off , they observed: a line.at 96.3 keV. i
1t seems that there ére two lines very close together both very intense

in (p,ny) reaction so they are transitions between low-lying levels but it °

is not necessary that they are decaying to the same state. One of them

is the 96 keV line which is due to the above mentioned ¥somer.’

The half-life suggests it is an,M2 transition which involves the decay of

-1
11/2

populated in the proton transfer réaction. However, the presence of the

a negative parity state-presumably a h neutron state which would not be

2

neutron hole state, around such low excitation epergies is still a mystery.

9

We think tRat the isomer is decaying from a 1level at ~140 keV to

3

the state at ~45 keV. Thét would account for the 96 kév.iines in y-ray

studies. But the observed 140 keV state is populated by 2§=4 and the parity is

’

positive: We are looking for a high spin state of negative parity ~ we

N
I3

know where.the proton negatibe parity states are -~ hence, it has to be a
. 7 -~ LI ~i .
neutron hole negative parity spate which lies around “140 keV that we can-

not observe. But as mentioned earlier we would expect these states to be

.« f

around 260 keV.

Another possibility seems to be plausible; there is a state very close

to 140 keV which is fed by the isomer, which decays to the level at 45 keV.

. Further ‘coincidence experiments are required to solve this mystery.

> »

~

“
.



-5

Table 1

2 -

I1.2 °

’ 4
Energies and cross-sections for levels observed in the

>

13SBa§3He,d)_136La and 13SBa(a,t)l36La reactions
Excitation Energy (keV) Differenciaf\Cross-seption (ub/sr)
(3He,d) . (o,t) 2p 3? 250 (3ae3d) 58 (a,t)
- 0sl 01 2 1 61.0£3.2  22.2:1.0
22 1 22 1 2 O 94.4 4.0 34.1 1.0
45 2 451 2 3t 151.0 5.0  48.7 1.2
140 4 140 1 4 (§i+ 23.7 2.0 21.6 1.T
159" 159 1 - (%) (s 27.1 2.1 33.7 1.5
17374 173 2 4 (2;+ 13.0 1.5  16.4 1.3
241 5 " |
257 2 257 1 4 2 (@t 172.0 5.4 44.6 1.2
3033 304 2 ‘ b ON 11.6 1.4 11.1 0.5
323 3 ) | | 10.9 1.4
333 3 333 2 (0+2) | 32.4 2.3, 11.7 1.0
o342 4 342 3 ‘ ! 7.6 1.1 4.4 0.6
403 3 403 2 (2) f 34.2 2.4 3.1 0.5,
423 6. 418 2% (2) |
436 4 436 2 ’ (4) f b4 0.9 2.50.4
459 & f T 42 0.8
484 4 484 2 (2) 22.3:2.0 3.9 0.4
500 5 9.8 1.3
t 543 3%
' 594 6 594 3 1.8 0.4
608 4 605 3 7.9 1.2
617 3 2.3 0.4
626 3 629 3 (2) 31.4 2.3 6.2 0.6
646 3 643.3 7.5 1.1 1.2 0.4
704 § 704 3 10.8 1.4° 2.1 0.4 ,
7166 - 716 3 (2) 10.3 1.3 1.3 0.4
726 6 726 3 ’ ") 2.8 0.7 1.1 0.4
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Table III1.2 (continued)

—

Excitation Energy (keVy

Differential Cross~section (ub/sr)

CHe,d) . (a,t) b " 25°CYHe,d)  50%(a,r)
75434 (2) 0.6:0.2
774%5 77424 (2) 8.4£1.2 1.5:0.3
798 5 798 3. (2) 15.4 1.6 2.8 0.3
832 5 832 3 14.5 1.6 2.2 0.4
880 5 9.7 1.3
907 6 906 3 17.7 1.7 2.0 0.4
966 5 972 2 4 @w? 38.5 2.5 12.8 2.0
988 8 999 3 25.5 2.1 10.1 2.1
1006 4 1006 2 5 (5)" 56.5 3.1 36.6 2.8
1016 2 (5) )" ' 18.0 2.4
1027 5 1028 2 5 36.6 2.4 19.9 2.4
1047 4 1042 4 (0) 3.8 2.4 6.0 3.0
1072 6 1076 3 (5) . %) 47.6 2.8 32.2 1.5
1115 5 1114 3 (5) (7')G 61.2 3.3 43.2 2.0
1122 5 25.3 2.1
1148 6 1155 4 32.2 2.3 5.2 1.2
1165 4 1165 4 (0+2) 38.7 2.5 2.2 0.5
“1180 4 1180 4 47.1 2.8 3.7 0.4
1207 6 1200 5 23.6 2.0 1.3 0.3
1220 7 11.5 1.4
1244 5 1247 6 ‘ 11.5 1.4 1.4 0.3
1255 7 1257 6 . (0+2) 18.7 1.8 2.2 0.4
1270 5 6.7 1.1
1300 8 ' : 16.4 1.6
1320 6 11.0 1.4
1345 6 v 34.8 2.4
1362 6 30.1 2.3
1375 6 * 36.1 2.5
1404 6 16.4 1.7
1424 6 ' 11.9 1.4
1446 § : 21.2 1.9

* - .
.a N .

S arapar
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Table 111.2 (continued)

Excitation Energy (keV) Differential Cross-section (ub/sr)

Chie,d) (0,8) 2 I 25° (Cme,d)  50° (a,t)
145845 ' , 25.242.1

1471 5 10.6 1.3

1500 5 20.7 1.9 .
1557 5 32.6 2.3

1570 4 43.0 2.7

1593 5 ’ 15.8 1.6

1644 6 . 25.5 2.1

1686 6 26.7 2.1

1707 3 . 31.7 2.3

1745 4 ) 22.0 1.9

L

a) Most probably these levels are due to 135La;
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* SUMMARY

The properties of some of the low-lying states of 136La have been'studied.AW,~

It has been ascertained that simple shell. model configurations can account fok

some of the experimentaliy investigated levels. At present, no other information

136L

is available concerning the structure of a. The y-ray studies are being

carried out, which will complement this work and provide better understanding

of the structure of 136La.

?he (BH;,d) reaction was utilized to determine some of the z—vqlués from
the angular distribution analysis in terms of DWBA calculations. An alternate
technique was utilized to obtain the %-values from the ratios of (BHe,d) to
(a,t) cross—sections. The applicability of this technique might prove to be
useful for other odd-odd nuclei.

fhe forehand knowledge of the J" of the ground state of l36La and the
determination of the 2-~values from either one of the above mentioned methods
provided the opportunity to tentatively assign spins to the first eight reason-
ably strongly populated states on the basis of 2J+1 rule:r Also, the proton
negative parity states were easiiy recognized from the (a,t) reaction. «

The pulsed beaﬁ (p,ny) and (llB,gny) experiments have confirmed the exis-—
tence of an isomeric state (Néé keV) due to én M2 transition involving a
negative parity staté due to a neutron hole configuration.

The (a,t) reactions on mixtures of barium isotope targets were %ieful in

making accurate determination of differences of Q-valuessfor the 13Z’Ba(on,t:):ﬁsLa,

13 13

5Ba(a,t)l36La and 5Ba(a,t)137L-a reactions in terms of the known Q-value of

the reaction 138Ba.(a,t)139La.

(



~- 56 =

REFERENCES -

Bartlett, J.H. 1932. Phys. Rev. 41, 370.

Bunting, R.L. 1975. Nuclear Data Sheets Eé! 3.

/Burke, D.G. and Balogh, J.M. 1975. Can. J. Phys. 53, 10,

Burke, D.G. and Waddington, J.C. 1972. Nucl. Phys. Al93, 271.
Chidley, B.G., Katz, L. and Kowalski, S. 1958. Can. J: Phys. 36, 4.
Enge, H.A. 1258. Rev. Sci. Instr. 29, 885.

Elsasser, W. 1934. J. de Phys. et Rad. 5, 389.

Gamow, G. 1934. Zeits f. Physik 89, 572,

Choshal, S.N. 1950. Phys. Rev. 80, 939.

Girgis, R.D., Van Lieshout, R. 1959. Nucl. Phys. 12, 204,

Glaudemans, P.W.M,, Brussaard, P.J. and Wildenthal, B.H. 1967. Nucl,
Phys. AlQ2, 593.

Gove, N.B. and Wapstra, A.H. 1972. Nucl. Data Tables 11, 127.
Green, I.M. and Moszkowski, S.A. 1965. Phys. Rev. 139, B790.

Gritsyna, V.T., Klyucharev, A.P. and Remaev, V.V. 1966. J. Nucl. Phys.
(USSR) 3, 993, .
Hussein, S.G. 1973. Ph.D. Thesis, McMaster University.

Ishimatsu, T., Ohmura, H., Awaya, T., Nakagawa, T., Orihara, H. and Yagi, K.
1969. J. Phys. Soc. Japan 27, 504.

Islam, A. 1975. Ph.D. Thesis, McMaster University.

Jensen, J.H.D., Hax;l, 0. and Suess, H.E. 1949. Phys. Rev. 73, 1766.
Kunz, PtD,' 1969. Computer Code DWUCK, University of Colorado.

Lu, M.T. and Alford, W.P. 1971. Phys. Rev. 923 1243.

Macphail, M.R. and Summers-Gill, R.G.‘ 1976. Nucl. Phys. é&ééz 12,
Mayer, M.G. 1949. Phys. Rev. ig, 1969.

Morinobu, S., Hirose, T. and Hisatake, K. 1965. 'Nucl. Phys. 61, 613,



- - 57 -

O'Neil, R.A. 1972. Ph.D. Thesis, McMaster University.
Pandya, S.P. 1956. Phys. Rev. 103, 956,
Racah, G. 1942, Phys. Rev. 62, 438.

Satchler, G.R. 1964, Nucl. Phys. 53, 1.

Satchler, G.R. 1965. "Lectures in Theoretical Physics”, vol. VIII C,

ed. Kunz, P.D., Lind, D.A. and Britton, W.T. University of Colorado
Press, Boulder. ’

Spencer, J.E. and Enge, H.A. 1967. Nucl. Instr. aﬁd Methods 49, 181.
Summers-Gill, R.G. 1975. Private communication.

Wapstra, A.H. and Bos, K. 1977; Nucl. Data Tables 19, 3.

Wapstra, A.H. and Gove, N.B. 1971. Nucl. Data Tables 9, 265, 303.
Wildenthal, B.H. 1969. Phys. Rev. Lett. 22, 1118.

Wildenthal, B,H., Newman, E. and Auble, R.L. 1971. Phys., Rev., C3, 1199.





