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ABSTRACT

The 94,96,98,100Mo(3He’d)95,97,99,101Tc and

79’8lBr(d,p)80’82Br reactions are investigated with an

18 MeV 3He beam and a 12 MeV deuteron beam, respectively,
from tandem accelerators. Measurements are performed
using A E-E silicon detector telescopes and Enge split-
pole magnetic spectrograph. For the detector telescope
method, techniques of trange-energy' electronlc charged
particle identification are employed. A total of 198
low-~lying states in 95’97’99’101Tc and 80’825r are
ijdentified. Most of these states are observed for the
first time, The differential cross section angular
distributions of 127 of the observed states are analysed
with the DWBA theory; the ,e ~-transfer values, spectro-
scopic factors and spin-parity assignments for the levels
are deduced, The results are interpreted in terms of the
shell model using the spectroscopic sum rules. The
observed nuclear systematics and the deduced target

nucleus configurational structure are discussed.
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CHAPTER I

INTRODUCTION

The studies of nuclear reactions involving a beam
of projectiles imping ing upon atarget nucleus can ylield
information on the nuclear interactlions, reaction mech-
anisns, and the structural properties of the nuclear
system, There are two Basio nuclear reaction mechanisms
known to-date: the compound nucleus reaction and direct
reaction (Austern 1969), A reaction is said to proceeq
via the compound nucleus process when it involves a
complicated excitation of many degrees of freedom in the
whole nuclear system, It occurs if thé incident projec~

tlile enters the target nucleus, distributes its energy to
many nucleons through multiple internal collisions and
finally loses its identity to form a compound systen,
This inte%mediate state decays subsequently, independent
of 1ts modé of formation, via as many channels as there
are available, in the emission of one or more particles
or radiations. A reaction is sald to proceed through the
direct reaction process when it involves the excltation of
only a few degrees of freedom of tﬁe nuclear many body
system and the other parts of the nuclear system remain
effectively passive, This process occurs quickly (~10~ 22sec.)

with a minimum of rearrangement of the internal structure
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of the colliding particles. Since there are no intermediate
states formed, the direct reaction provides é close

6verlap betﬁeen the target sﬁate and résidua} nuclear state,
leading to interesting information on the properties of

the states involved. There 1s no clear=-cut division
between these direct reactions and those processes which
proceed through 1ntermediate'compound nucleus formation,

The general guldellne is that if the incldent projectliles

pass through the region of jinteraction in @ time ﬁhich is short
compared to the Fourierperiod of the nuclear wavefunction,the
induced reaction will proceed via the direct mechanlism.
and, otherwise, the reaction will proceed by the compound
mode., However,.direc? reactions have been observed to
occur at a falrly ‘low incident projectlle energy (few
MeV). These reactions most probably arise from'direct
interactions near theltarget nuclear surface reglon Where
the nucleon density 1s relatively low.

In the class of direct reactlons, the single-
nucleon transfer reactlons are the ones which have been
receiving the gregtest theoretical and experimental
attention, They constitute a major source of nuclear
spectroscopic information over the past two decades, The
single nucleon transfer reactlions are subdivided into the
stripping feactions, wherein a proton (neveron) 1is captured
fvom the incident pro jectile by the target nucleus, and

the pick-up reactions, whérein a proton (neutron) 1s
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captured from the incident projectile by the target
.nucleus, and tﬁé pick-up réactions, whefein a proton
(neutron) is 'snatched' away by the projectile from the
target nucleus. Thg'y can‘be' symbolically represented in
the following man.ne:r.' If 'T' denotes t.hé target nuoleus,
'a' the incoming particle (projectile), 'R* the residual -’
nucleus, 'b* the outgoling particle and 'x' the transferred
nucleon, the reaction a 4 T=>Db -+ R, abbreviated as
| 'T(a,b)R, has the relations: a=b+x, R=T+ X for
stripping reactions and b = a + X, T = R + X for pick-up
reactions. |

Extensive studies of single-nucleon”transfer
reactions's"car’ced about two decades ago with deuteron
stripping reactions, .I'Burrow ('1950) ansl Holt (1950) were
anong the first to qbserve the angular distributlions of
the out'going protons in thelr study of the (d,p) reactions
in light nuclel, These angular diséributions exhibited a
pronounced oscillat_dry structure. | It triggered a furor of
experimental and theoretical reseaxch activities on the
study of stripping and pick-up feactiohs 'in the years to
follow. In the Butler ' theory. (1951), the incoming anci the
outgoing projectiles are described by plane waves so
that the transition aml;litﬁde is the Fourier transform of the bound
st;ate wavefunction. The theory enjoyed a reasonable success
in predicting the shape-of the angular distribution of the

outgoing particles, but failed to predict the magnitude of
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the differential cross sectlons. Nevertheless, it set-
the early stage of development in the theoretical
interpretation of single-nucleon transfer reactions
(Lene 1953, Satchler 1954, Auerbach and French 1955,
French and Raz 1956).

The potential usefulness of the single-nucleon
transfer reactions was not realized until the early 60's
when good energy resolution detectors, electronics
systems, and high energy, good resolution particle
accelerators became available, rendering the properties
of the individual nuclear states susceptible to detailed
investigations, With the:advent of large digital computers,
the theory of direct reaction for the single-nucleon
reactions had been ref&héd to a state where useful
nuclear spectroscopic information could be extracted from
experimental data. .The theory which is commonly used for.,
the analysis of the direct single-nucleon transfer
reactions is called the distorted wave Born approximation
(DWBA), Many excellent review articles have been written

on this subject (for examples: Tobocman 1961, Satchler

‘and Tobocman 1960, Satchler 1964 and 1965, Glendenning

1963, Bassel et al. 1962, Austern et al, 1964, Austern 1963
and 1969). In this theory, the incident waves are

first permitted to interact with the nuclear fileld as

a whole, inflicting a distortion in the otherwlse plane

waves, A nucleon is then transferred to (from) a specific



orbital of the target nucleus from (to)the incldent
particle, and the outgoing particle again suffers a
.distortion upon its leaving the nuclear fleld. The
target and residual nuclear fields are represented by
absorptive potentials, called optical potentials, to
account for the loss of particles to the other reaction
channels., |

The basic information that is obtalnable from
the single-nucleon transfer reactions may be inferred from
the conservation laws.Since the final products are in two
separate pieces and the lighter one (the outgoing
particle) such as proton, deuteron ete., usually has no
excited bound stata. A measurement of the energles of the
outgoing particle groﬁpsvwill give direct information
about the Q-values.of the reaction leading to the various
states in the residual nucleus. From the angular
distribution of the outgoling particles, the orbital
angular momentum,,é?, of the transferred nucleon can be
" deduced, hence its total angular momentum § = Z_-_t 1/2.
If the initial and final nuélear states are chéracterized
by the spin-parity J?i and J?%, respectively, the relations
l Iy =3 |_<_ Je < J; +j, 7;;7;;: (_,),6 are provided by the
conservation of angular momentum and parity.

The differential cross secti&n as given by the

DWBA theory for the transition from an initial state to a

final state with the transfer of a hucleon to or from a
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specific single particle orbital (42,3) may be written as

g%(,éf;') < S(é’;)f"/ﬂ) .(1-1)

where S(Je,j) is called the spectroscopic factor as
defined by MacFarlane and French (1960) and 0‘(9) is the
transition gmplitude. The quantity %(6) determines the
angular distribution of the differential cross sectlons
and it is a measure of the probability of forming a single
particle (for stripping) or a single hole (for pick=-up)
state characterized by (Je,j). The quantity S(l?,j) is a
measure of the transition strength reflecting the proba-
bility of finding the target in such a state that when 1t
combines with the orbital (42,3) will produce the final
state, Thus, 5(4?,3) measures the degree of overlap to
which the passive nucleons occupy the same configuration
in the initial and final states of the reaction, and it
determines directly the single particle or single hole
component in the final nuclear state. Therefore, the
spectroscopic factors determined experimentally for all
the excited states of the residual nucleus will yield
information about the distribution and fragmentation of
each single particle and single hole étate. Furthermore,
by examining the sum of the spectroscoplc factors of all
the states to which a given (Ag,j) orbital contributes,

one can obtain information on the occupation and unocu-



pation probablilities of the single particle or hole state

_in the target., Indeed, the spectroscoplc factor carries

thg dynamical properties of the nuclear states involved,
and it reflects directly the validity of the wave
functions of the states predicted by different nuclear

model calculations.

This dissertation describes the results of a

95,97,99,101

study of the 91*’96'98’10%{0(3He,d) Tc and

: 0,82
79’81Br(d,p)8 '"“Br reactions:

There is much physics to'be learned from a study
of the (BHe,d) reactions in the targets of Mo-94,96,98 and
100, Nuclel in the mass region of A~ 90’which are
characterized by the closure of N = 50 neutron shell,
have been extensively studied both exﬁerimentally and
theoretically in the past few years. The low-lying states
of these nuclel have been shown to subscribe reasonably
well to the description within the context of spherical
shell model (Talmi and Unna 1960, Bhatt and Ball 1965,
Auerbach and Talmi 1965, Vervier 196 , Cohen et al. 1964),
Recently, experimental evidence. obtained from nuclel in |
the mass regilon of A ?’ 100 . pevealed the rotational-
1ike behavior in the structure of the very neutron rich
even-even Zr, Mo, Ru and Pd lsotopes (Cheifetz gﬁlél.
1970, Castern et al. 1972), in accordance with the

prediction of a new region of stable deformation existing
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in the region of 28<2< 50 and 50<I\}<82 (Johanssen
1965, Arseniev‘gﬁ al. 1969). The nuclei in the neighbor=
. hood of A = 100, therefore, may exhlbit a transitional
character in their structure varying frdm near spherical
shape to dgformed shape.,

the 22197999:10100 nyclet fall within this
reglon, Therefore, it has been chosen in this work to
investigate the structural properties of the low=-lying
states of these nuclei through the (3He,d) reactions in
the 94’96’98’1001\60 nuclei, In this:study,'the results
will not only lead té information about the Tc nuclei, but
also provides valuable knowledge about the ground state

92Mo(BHe,d)

properties of the Mo tgrget nuclei. Since thé
93Tc reaction has been studied by Picard and Bassani(1969)
and Kozub and Youngblqod (1971), the present work will
complete a systematic investigation of the odd mass Te
isotopes using the (3He,d) reactions in all even mass Mo
isotopes. : | :

The present study of the 79’81Br(d,p)80’8213r
reactions has been undertaken to obtain information én
the proton and neutron configurations which participate in

805y and By

the formation of the various states of the

nuclel, and the orbital distribution of the neutrons in the
81

ground states of ?9Br and  Br. Since the (d,p) reactions

select preferentially those final states assoclated with
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configurations of a single neutron coupled with the target
nucleus, the results of the present measurements should

be complimentary to those obtained from the (p,n) reactions
by Finckh et al., (1970), which are most likely proceeded
via the compound nuclear reactions. The 798y and 81Br
nuclei consist of 35 protons and 44 and 46 neutrons,
respectively. From the nucleon orbital filling of the
shell model, the lowest-lying states to be observed in the.
present study are expected to arise from the coupling 6f
thq 139/2 and 2p1/2 neutrons with the 2p3/2 protons,
Therefore, with the use of the sum rules, angular
distribution patterns and the 2J+41 dependence of the
spectroscoplc strength one may be able to make spin-
parity J7p assignments to the levels. These results
should be comparable with those obtained experimentally

in the neighboring nuclel,



CHAPTER II
EXPERIMENTAL TECHNIQUES AND APPARATUS

2.1 Preamble

To study the structure of medium mass nuclel
such as technetium and bromine Ey means of proton or
neutron stripping reactions, a particle beam of good
energy resolution and high intensity is needed because
of their relatively hlgh energy level density. 1In
addition, the particle energy should be sufficiently
high to overcome the Q-valuebof the reaction and the
Coulomb barrier of the nucleus under study. The 12 MeV
deuteron beam and the 18 MeV helium-3 beam from the EN
tandem Van de Graaff accelerator at the Laboratoire de
Physique Nuclealre, Université de Montréal, and the 18
MeV helium-3 beam from the FN tandem Van de Graaff
accelerator at McMaster University meet the above
criteria and are réadily accessible to the Nuclear
Physics Group at MeG11ll University. This thesls describes
the results of a study on the structure of 798> and 81Br

80 95

using the (d,p) reactions on Br and 828r, and of

Tc,
97Tc,.99Tc and 101Tc through the (3He,d) reactions on
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Mo, Mo and Mo. All experiments, except the
98Mo(3He,d)99Tc reaction, were performed at the Université
de Montréal using either the 12 MeV deuteron beam or the
18 MeV helium-3 beam from the EN tandem accelerator. The
measurement on the 98Mo(3He,d)99Tc reaction was performed
at McMaster University using the 18 MeV helium-3 beam
from the FN tandem accelerator and the Enge-type broad
range magnetic spectrograph.

One of the ma jor difficulties which is normally
encountered in such experiments is the detection and
1dentificaﬁ10n of the desired product particles in the
presence of a large flux of the incident particles
(scattered) and other reaction product partlcles, With
the use of a magnetlc spectrograph this difficulty 1is not
a problem because normally the kinematlcs of the reaction
and the particle magnetic rigidity permlt the selection
of a particular type of charged particles with a given
momentum range. On the other hand, with the use of a
conventional solid state detector system without any
pre-selection of particles, which 1is how the measurements
were performed at the University of Montreal, a scheme
must be adopted to identify and select the desired
reaction products.

The method commonly used for charged particle

jdentification is based on the range-energy relatlionship
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of the particle passing through matter coupled with the
use of a transmission-plus~total absorption (AE-E)
detector telescope system. Such a system has been
adopted for the present work and will be described in
detall in sectlon 2.4 of this chapter. For reasons of
good energy resolution and ease in handling, solid state
silicon detectors have been chosen for the experiments
described here. Furthermore, because of the particular
range-energy relationship for charged particles, such as
proton, deuteron, triton, 3He and alpha, passing through
silicon, this cholce of detectors facilitates the deslgn
of a high speed electronic circuit to perform the
particle jdentification.

The second problem lies in the accelerator beam
time required to carry out the reactions on all desired
targets (79’81Br and 9LI"96’98’1001\'10). The maximum
differential cross section for the (d,p) and (jHe,d)
reactions in these nuclel haes been estimated to be of the
order of one millibarn, To attain good angular resolution
and a statistically significant number of events in the
various peaks of the excltation spectrum, a sufficlently
long counting period per angle 1s necessary. One must not
use too thick a target since the variation in the energy
degradation of the charged particles in the target signif-
1cantly affects the experimental energy resolution. One

must also pay speclal attention to the instantaneous



count rates in the detectors so that deterioration in
energy resolutlon due to pulse pile-up will not be an
important factor and counting losses due to electronlcs
deadtime will not be intolerable.

After optimizing the various factors mentioned
above, the average counting time per angle setting 1s
about 8 hours for an incident beam of about 1012 to 1013
particles per second., There are about 15 angles per
angular distribution for each target. If employing only
one detection system, each target would require five 24—
hour days to complete all the measurements. To this
time one must also add 25 to 30% time 1ost due to
accelerator, electronics and detector breakdownsS. This
would amount to about six and one=half 24=hour days per
target and six targets‘would require about thirty-nine
2Lh-hour days accelerator beam time, putting a severe
strain on the manpower fo trun® the experiments. To
minimize this problem, 1t has been declded to use two
detector telescope gystems set at two different angles
gimultaneously. Because of the difference in differential
cross section at the two different angles and the necessity
to normalize the detection efficliency of the two detector
gystems, the two~-telescope arrangement will not reduce the
beam time requirement by a factor of 2, but should be

somewhere between 1.5 and 2,
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In general the experimental techniques involved
in the measurements of the two types of reactlons, (BHe,d)
and (d,p), are fairly stralght forward and they will be
desceribed in the subsequent sections of this chapter.,
Since most of the experimental work was conducted at the
University of Montreal more attention will be devoted to

that part of the work,

2,2 Scattering Chamber and Detection System

There ﬁere two basic experimental set-ups used
in this work: one at 1'Université de Montréal for the

96,100
measurements of the 79’81,Br(d,p)80’82Br s 75 Mo

and
(3He,d) 95497510105 and the other at McMaster University
for the measurements of the 98Mo (3He,d) 99Tc reaction.

The set~up at the Unive?sity of Montreal is housed 1in the
+45° beam line employing a conventional scattering chamber
and solid state silicon detector AE-E telescope systems.
The layout of this beam line, including its vacuum systems,
beam transport and closed circuit television facilitles,
has been described elsewhere (Rabin, 1971). The detalls of
the scattering chamber assembly have been presented by
Brien (1971)., It 1s a general purpose charged particle

seattering chamber of 28 inches in dlameter and 8 inches

in depth made of aluminium. Inside the chamber there are
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two independently rotatable aluminium plates, one in the
top and the other in the bottom, whose angular positions
can be manipulated from outslde., The detector systems
were mounted on these plates so that their angular
positions could be changed without disturbing the
vacuum system of the chamber. The target holder assembly,
which can house four targets at a time in a vertical
column, is mounted from outside at the bottom of the
chamber so that the target can be inserted into the
center of the chamber through a vacuum gate, The target
holder is rotatable to permit the change of the angle
between the target and the incldent beam. A 2 mm
diameter beam collimator made of tantalum 1s placed at
the entrance port of the chamber and the unscattered
beam is received by a Faraday cup connected to the exit
port of the chamber, During the experiments, the entire
chamber assembly was kept under vacuum of about 10"6

mm Hg.

To reduce the beam time requirement in the
present work, two AE-E detector telescope systems were
used simultaneously. For the measurements of the
(3He,d) reaction, the A E detectors used were totally
depleted diffused jJunction silicon detectors of thickness
100 pm and area 100 mm2 supplied by Simtec Ltd. of

Montreal, while for the measurements of the (d,p)
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reaction they were surface barrier silicon detectors of
thickness 200 #m and area 50 mm2 supplied by Ortec, U.S.A.
In both cases the E detectors employed were partially
depleted surface barrier sllicon detectors of thlickness
2000‘/£m and area 50 mm2 supplied by Ortec. The thickness
of the AE detectors, in each case, was chosen so that
the most energetic charged particle of interest will
induce no more than 20% fluctuation (Landau 1944) in its
energy loss when traversing them, The thickness of the E
detectors was selected to stop completely the most
energetic reaction products of interest in both cases,

Each detector telescope system was aligned so
that its axls intersected the incident particle beam at
the target center, The solid angle AJS2 of each detector
system subtended at the target was defined by a collimator
of circular aperture., The solid angle used for each
detector system varied from target to target and lts
value will be given later in the sections describing the
experimental procedures for the diffefent reactions, To
avold detecﬁing the high flux of delta rays ejected from
the target by the incident beam, a small magnet was
installed at the entrance of each telescope,

The measurements on the 98Mo(3He,d)99To reaction
were performed at McMaster Unlverslity using the -450 beam

1ine which was equipped with an Enge split-pole magnetic
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spectrograph coupled to a scattering chamber through a
rotating seal (windowless coupling). The chamber was
about 12 inches in diameter and 6 inches in depth. The
target was placed at the center of the chamber and the
incident beam intensity was monitored by a silicon
detector placed at 90o to the beam direction and cali-
brated against the elastic scattering events from the
target. At each angle setting the magnetic field of
the spectrograph, which was regulated by a nuclear
magnetic resonance system (NMR), was ad justed to select
deuterons of a given momentum band. These outgoing
deuterons were focused and momentum analysed by the
spectrograph and recorded in a set of nuclear emulsion
plates placed at the focal plane, The emusion plates
were covered with thin sheets of aluminium of thickness
ranging from 8 to 20 mils. The purpose of this shield
was to prevent heavy charged particles such as alpha
particles of the same maghetic rigidity as the desired
deuterons fromstriking the emulsion plates. Aftgr
processing, the plates were scanned with a microscope
in quarter millimeter swaths across the width of each
plate and the number of deuteron tracks were recorded,
The structure of the type of spectrograph used
has ﬁeen deséribed by Enge and Smith (1966) in detail, The

Instrument conslsts of two separate pole pleces enveloped
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by a single coil. The split between these poles provides
a second order double focusing over a wlde range of
energles, Usling the fringing field associated with four
pole boundaries, two dimensional focusing can be obtained.
The advantage of this type spectrograph over the others ls
the high resolving power obtainable with a large accep-
tance solid angle while the Doppler broading (kinematic
broadening} can be corrected for at the same time, The
entire assemvly 1s mounted so that 1t can rotate about an
axls through the position of the target.,

The performance of a split-pole magnetic spec-~
trograph for nuclear reactlon gtudies 1s superlor to that
of AE-E detector telescopes 1ln many respects: (1) the
outstanding energy resolution; (2) no dead time loss and
pile-up problems involved so that high beam current and
large solid angle can be employed (3) measurements gt
small forward scattering angles may be performed with a
small scattering chamber which otherwise would be
prohibited with the use of solid state detectors; and
(4) the momentum selection in the magnetic fields gives
the particle jdentification without further electronlc
processing, However, mos?t spectrographs suffer the
drawbacks in that the events are recorded in a set of
photo emulslon plates, no jnstant display can be obtained

and the time information of individual reaction evente 1ls
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also lost. A detector placed at fixed position relative

to the target is necessary to monltor the beam current,

2.3 Target Preparation

Thin film targets were prepared by the tech-
nigues of evaporation in high vacuum, Target materials
which are isotopically enriched were obtained from the
Oak Ridge National Laboratories. The isotopic composition
of the molydenum and bromine are listed in table 1, as
provided by the supplier. The bromine isotopes were
procured in the form of NaBr compound., which has an
evaporation temperature of 800° ¢ (Arnison 1967). This
compound was selected for target material over pure
bromine because the latter is 1in liquld form at roonm
temperature and has a boillng point 58.78° C, and a pure
bromine target would disintegrate under the bombardment of
a few hundred nanoamperes of deuteron beam, The presence
of the sodium isotopes in the bromine targets does not
jnterfere with the present measurements because thelr
effects are easlly recognlzable. The proton spectrum
resulting from the (d,p) reactions in the sodium isotopes
is quite different from that of the bromine isotopes and
it has a remarkable kinematic shift from one angle to
another,

_The molydenum lsotopes were purchased in the form
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of pure metal. Since molydenum metal has a high melting
point 2610° Cy 1t was decided to cbnvert all isotopically
enriched molydenum metals, except 98Mo, into oxides of
the form MoOx with x = 2 and 3, The MoO3 has a evap-
oration temperature of 1000° C (Arnison 1967) and thus
can be vaporized in a moderate power vacuum evaporator,
The oxidation proceéses were carried out in the Chemistry
Department, McGill Unliversity. Like the sodium in the
bromine targets, the presence of the oxygen in the
molydenum targets does not cause any problem in the
present measurements, because of the difference in Q-
value and kinematic shift of the (3He,d) reactions in
the two elements,

The targets of NaBr enriched in 79Br and 81.Br

96Mo and lo_oMo were fabrlcated in a

and of oxides of
vacuum evaporator manufactured by Mikros Inc., Model
VE-10. This apparatus was equipped with a continuously
controllable 1 kW AC power supply. The target material
to be evaporated was contained in a tantalum dimple boat
connected between the two output terminals of the power
supply inside a vacuum belt-jar, The tantalum was chosen
as the refractory material for the boat because it is
ductile, and can be spot welded and also it has an
evaporation temperature of 2800° C, a value which is
substantially higher than that for either NaBr or MoO

However, recently the laboratory installed a new vacuum



evaporator equipped with a 2 kW electron gun suppllied by

Varien Inc., Model 980-0001. The o

Mo oxide target and
the 98Mo pure metal target were fabricated in thlis new
instrument, In thls case the material to be vaporized by
the beam from the electron gun was contained in a highly
thermo-conductive metallic crucible.

The target material for each isotope was
evaporated onto a thin carbon backing for mechanical
strength, The carbon foils used were YISSUM type of
S-20 and S-30, supplied by Yissum Research Development
Co., Israel, of thlckness 20 and 30,ug/cm2, respectively.
These carbon backlings were prepared by sublimation of
carbon onto glass slldes, treated with teepol,
which acts as a release agent in water, The carbon=-
coated glass slide was placed a few inches above the
evaporation point. In order for vapor molecules to reach
the carbon substrate, 1t was found that the evaporation
chamber must be held at pressure of about 10~ =5 to 107 6
Hg, After evaporation, the thin f11m of target together
with the carbon backing was stripped off by slowly
submerging the glasse glide into a dish of clean water at
an angle about 40° to the surface, Before the strippling,
the foll on the glass slide was cut into 3 or 4 pleces
about 1" x 1", The floating folls were then mounted on a

metallic target frame with a hole in the center. Thils

was done by slowly ralsing the mounting frame held with a
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pair of forceps from under the water, plcking up almost
at right angle to the water surface. The excess water
was then removed from the film by carefully blotting with
a very soft filter paper. Another method which was used
on several occasions was to float the carbon backing in
water ahd ﬁdunt it on a target frame, In this case, a
prepared substrate consisting of several target frames
mounted with carbon folls was placed directly above the

. crucible at the desired distance. It was found that to
make a target of thickness 1oo/apg/om2, about 16 mg of
molydenum oxide was required, if the distancé between the
substrate and the crucible was about 2 inches, It was
also found that theﬂphysical strength of the target
depends on its condensation conditions, Targets prepared
at an approximately constant rate of condensation and
high substrate temperature aie more durable than others
under the bombardment of particle beans.

The thickness of the targets was measured with
two different techniques: the attenuation method using
a calibrated alpha source, and the on-line elastic scat-
tering method, comparing the differential cross sectlons
With the values computed from the optical model. The
latter method actually glves the measure of the product of

target thickness and the solid angle subtended at the
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target by the detector, Although most btargets used are
of thickness of the order of 100/4g/cm2, they varied
substantially from one to another. Detalls of the
target thickness measurements are given in the section
describing.the experimental procedures in the next two
chapters. . .

Tt should be pointed out that the carbon
backings do not interfere with the present measurements
on either the (d,p) or (BHe,d) reaction for the same

reasons as those glven above‘for the sodium and oxygen

isotopes in the targets.

2.4 Charged Particle Identification

The study of nuclear reactlions 1nduced by
charged particle beanms often requires the identification
of the nature of the product particle detected, For
example, a beam of 18 MeV helium-3 particles bombarding a
target of moly bdenum can produce a variety of product
particles from the snducing nuclear reaction, such as
(3He 3ge), (3He, 3He'), (3He,p), ( He,d), (3He d) and
others. To study a given reaction, it 1is necessary to
jdentify and select the appropriate product particles.

There are several types of charged particle
jdentification systems which are commonly used in nuclear

reaction experiments, Most of them are based on one of



2l

the following methods:: (1) electromégnetic deflection,
(2) time of flight and total energy measurements, (3)

the rate of energy loss in traversing a thin slab of
detecting material (the detector) and the total energy

of the particle and (4) the range-energy relationship

of the particle in the detecting méteriél. The first one
is equivalent to a measurement of either ﬁhe charge to
mass ratio of the particle in an electrostatic fieid or
the magnetic rigidity of the particle in a magnetic field,
‘while the second one is equivalent to a determinatlion of
the product of the particle kinetic energy and the

square of the flight time over a fixed flight path,

These two methods form the basis for part of the classlcal
nuclear physics technlques.

The third method is based on the non-rela-
tivistic Bethe equation for the rate of energy loss,
dE/dx, of a particlé of energy 'E', mass 'M' and charge
'Z' passing through a slab of materlal of thlckness X,
This equation may be writtven as,

E(AE/dx) o< Z2M 1n (CE/M) (2.4=1)
where C is a constant depending on the material, Since |
the factor 1n (CE/M) is a slowly varying function of E,
over a finlte energy range it may be considered as a
constant, whence E (dE/dx) e< ZzM. This implies that if

one detects the particles with a system conslisting of a
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thin detector of thilckness Ax (transmission detector)
in front of another detector which is sufficlently thick
to stop the particle (total absorption detector), the
sum of the energy signals from the two detectors will
provide the total energy signal, which when multiplied by
the energy signal from the transmisslon detector would
generate a quantity proportional to ZZM. To compensate
for the energy dependence of the 1n (CE/M) factor, &
product functlon of the form (dE/dx)(E+K(dE/dx)+Eo),
where K and E  are constants, has been commonly used in
particle jdentifiers using this method. A study of

this method for charged particle jdentificatlon and the
assoclated electronic circuits for the generatlon of the
product function have been presented by several authors
(Mark and Moore 1966, Legg 1963, Griffiths et al. 1962,
Wahlin 1961, Deb and Sen 1961, Glannetic and Stranchi
1960, Stokes et al. 1958, Wolfe et al. 1955) «

The above method has been found to work well for
the ldentificatlon of singly charged and doubly charged
particles over & dynamlec energy range of a factor of 5
(Maxk and Moore 1966), provided that the thickness, & X,
of transmission detector (called AE detector) 1s properly
chosen to simulate a differential quantity. But it 1is
aifficult to choose a thickness for the AE detector that
cults both the simply and doubly charged particles

because thelr stopplng power, dg/dx, in matter differs
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substantially (about one order of magnitude)., This leads
to the proposal of method 4 by Goulding et al. (1964) .

It is a well known fact that the range ‘R' of a particle'
of total energy 'Eo' may be represented by the empirical
relationship, R = a Eg (Willamson and Boujot, 1962) over a
finite energy reglon, where *a' is a constant depending

on the particle and 'n' is a constant depending on the
material., For slllicon (Goulding et al. 1964, Williamson
et al. 1966):

n=1.73

a = 32.2 X 107 gag/cm.z)(MeV)-l"?3 for proton
= 19.1 x 103 for deuteron
- 14.2 x 107 for triton
= 3.54% x 107 for helium-3
- 2.95 x 107 for alpha,

With these numerilcal values, the empirical range-energy
relation fits the experimeﬁtal data remarkably well over
the energy region from about 10 MeV to 200 MeV for all
singly and doubly charged particles.

This range=-energy relationship has been exploited
for the purpose of particle jdentification, Consider &
two-detector telescope system -- a transmission followed
by a total absorption detector, if the thickness of the

transmission detector 1s Ax, it is easy to show that
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Ax = (E+AE)" - E” (2.4-2)
where A E and Eaére the energles deposited in the trans-
mission and total absorption detectors, For a given A X,
the left hand side of the equatlon i1s a constant depending
only on the particle. Therefore, generatlon of the
function on the right hand side of the above equation
based on the energy signals from the two detectors
identifies the particle detected. An electronics circult
for the generation of this function has been designed and
constructed by Goulding et gl.'(196#) using the logarithm
current-voltage characteristics of the emitter~base
Jjunction of a transistor. In their design the power 'n'
is ad justable so as to sult a wvarlety of detectors. A
circult based on their design 1s now manufactured by |
Ortec Ltd., U.S.A, The method has been found to work very
well (Goulding et al. 1964) for a variety of particles
over a wide range of energy within the validity of the
empirical relationship., Indeed, the limitation has been

\found to come more often from the electronics than from

the basic method itself, In the Goulding et al. design,

the electronics circult is very. complicated and difficult

to ad just though it has flexibiafty. The transistors they
used for the generation of the logarithmic and anti-
logarithmic functions have to be carefully selected.

The time required by the circult to perform one computation is

large -~ 10 to 15;Ls, For these reasons, a much simpler
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oircult for the generation of equation (2.4 = 2) has
been designed and constructed for the present work.
This oircuit 1s based on the ldea of Mark and Standing
(1965) and Fisher et al. (1967) using a field effect
transistor (FET). It is only good for silicoh detectors.
If one examines the draln current 'Id' of an
FET as a function of the gate voltage ‘Vg' and draln
voltage 'Vd' below the pinching point, one can represent
Iq by the followling equation (Lindmayer and Wrigley 1965)
Ig = A Vg - B [(vg N AR vgl'f’] (2.4-3)
where A and B are constants of the FET, The term inside
the square bracket is very similar to the right hand slde
of equation (2.4-2), except that the value for n is 1.73
for silicon detectors instead of 1.5; However, the |
difference between the two is very small over a dynanmic
energy range of; say, 7 if VS and Vd are taken to be E
and AE, Moreover; most FET+s have a power law of about
1,6 rather than 1.5. Thus, & function which is a falrly
good approximation to equation (2,4~2) can be readlly
generated 1f a circult is designed around an FET such
that the energy slgnal 'E' from the absorption detector
(called E detector) is applied to the gate and the AE
energy signal 1is applied to the drain, a current I
will be induced in the FET. When a current proportlonal
to AE (the term AVy4 in equation 2,4-3) 1s subtracted

from 14, the resultant current 1s then approximately the



same as represented by the right hand side of equation
(2,4=2), It has been found that the power law of 1.5 in an
FET rather than the 1.73 as requlred can be partially
compensated by varylng the subtraction of the current
proportional to AE, and by adding to I4 a component of
current proportional to E. These compensations were found
necessary 1f the generated functién is to approximate
equation (2,4-2) over a dynamic energy range of 10, iheA
circuit used in this work which incorporated all these
features 1s presented in figure 1,

The clrcult is baslically divided into two
parts: the summing part which produces an output voltage
signal proportional to the total energy (E4AE) of the
particle and the identification part which generates a
voltage signal directly proportional to the right hand
side of equation (2.4-2)., The circuit takes two simul-
faneous positive, flat-top voltage pulses input derived
from the two detectors AE and E, respectively. For
convenience, these pulses are also called AE and E,

The 100 {2 variable resistor, called AE gain, is used

to control the voltage at point B so that the voltages at
point A from the E input and point B from the A E input
will have the same energy proportlonality constants,

The suvmming circuit, consisting of two operational
smplifiers formed by transitors (Ti, T2) and (T3,T4),

derives 1lts inputs from points A and B, The identification
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circult is centered around the field effect transistor,
Q, whose terminals are labelled as S, G, D (S8 = source,
G = gate, D =draln). The E input, after having past through
a phase inverting operational amplifier (T5 and T6),
is applied to Q at the gate G. The A E input is fed to a
non-phase-inverting operational amplifier consisting of
transistors 17, T8, T9 and T1O connected in a common mode
configuration, and the output at the emitter of T9 is’
applied to the drain D of Qe

When the A E and E signals are applied to D and
G of Q, the current Ij induced in Q will flow through T9
and emplified in the form of a voltage pulse across |
the collector load of T9, This pulse is then mixed with a
quantity which is proportional'UDLSE:(derived from the
emitters of T7 and T8 through a variable resistor "funce
tion") in the operational adder (711 and T10) to obtain
a pulse proportional to Ig - AVy in equation (2.4-3).
To make thils pulse approximate the function in the right-
hand side of equation 2.4-2, a small component of current
proportional to E is added to Id by means of feeding a
portion of the E signal into the base of T10 through a
variable "compensatlion" (comp.) resistor, Transistors T13
and T14 constitute the output stage operational amplifier
with a2 low output impedance. The circult was designed to
accept inputs of maxlmum amplitude 10 volts. The

resistors Ry R, and R3 were chosen so that 5000/R1:=
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R,/(RyHR4), depending on the dynamic range of the FET,
Q. For the circuit used, R1= 15 kn, R2==5 k2, and

R3 = 10 kN . This circuit has been tested both off-line
and on-line and was found to perform satisfactorily for.
the present work.

In the off-line test, the particle energy
signals from the two detectors were simulated by a pulser.
The electronics used for’this purpose is shown in figure 2,
Apart from the particle identifier, all electronics
units were commercially made and thelr suppllers and model
numbers are listed in the figure caption. The output
of the pulser was fed to the dual decade attenuator whose
two outputs, called A E and E, were connected %o the test
inputs‘of the respective preamplifiers. The slow~-decaylng
pulsés from each preamplifier were fed to an amplifier,
which gave unipolar and bipolar outputs. The unipolar
pulses from the amplifiers were directed to the two
linear gate / stretcher circults, which supplied positive,
flat-top pulses to the particle ldentifier, whlle the
bipolar pulses were connected to the two timing single
channel analysers (TSCA), whose outputs were fed to the
fast coincidence .circuit. The coincidence signals
operated the two linear gate / stretcher units.

The voltage pulses at the E and A E inputs of‘
the particle identifier (with " A E Gain" control set at

maximum) were ad justed so that both inputs have a voltage-
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energy equivalence of 1.0 volts= 30 MeV, The energy for
E input and that for the A E input were computed from

the range-energy table of Williamson and Boujot (1962)
for all singly and doubly charged particles by assuming
the thickness of the AE detector to be 100 pn and of E
detector 2000/&n1sllicon and the maximum partlcle energy
to be 30 MeV. The *'tuning' of the particle identifiler
circuit was especially simple., First set the "compen-
sation" control to zero and vary the "functlon" control
to obtain an optimum separation. Then increase the
compensation control until a best separation is attalned
for the entire energy range, The result of this test lis
shown in figure 3. It can be seen that the particles are
clearly separated.

An on-line test of the circult was also
conducted., The source of signals was two detectors AE
and E; the AE detector' was a 100 mn diffused Jjunction
silicon detector supplied by Simtec Ltd., and the E
detector was a surface barrier sillcon detector obtalned
from Ortec Inc, The electronics system used is given in
figure 2. To match the energy scale in both the E and A E
channels, an 2hlpn alpha source was used, First the AE
- input to the particle identifler was disconnected, the
amplifier in the E channel was ad justed to glve approx-
jmately 10 volts = 30 MeV at the input of the identifler,

The alpha particle pulses appearing at the sum energy



output of the identifler were recorded in a multi-channel
pulse helght analyser. After having done this, the A E
channel was then connected and the E channel disconnected.
The A E channel amplifier and the " A E Gain" control of
the identifier were varied until the alpha particle peak
in the analyser matched that of the E channel, It was
found advisable to have the A E amplifier operate at
maximum gain within its 1inear range so that the smallest
sighal (highest energy proton) could trigger the TSCA,
The fast coincidence unit was set at a resolving time of
50 nanoseconds.

The particle beam used was the 18 MeV JHe beam
from the EN tandem accelerator at 1'Université de Montréal.
The mass output of the identiflier was fed to a 512~
channel Nuclear Data analyser. The ' tuning' procedure
for the identifier was the same as that described above
for the pulser. The charged particle mass spectra
obtained for 9Be and 94Mo targets are displayed in figures
‘4 and 5, respectively. The spectrum for the 9Be target
exhibits a much better particle separation than that for
the 94Mo because the former was obtained at a count rate of
about 4,000 per sec. in each detector and the latter was
at about 15,000 per sec. in each detector, hence more
plle-up pulses.

The performance of the particle ldentlifler was

remarkable., Three identlfiers of this type have been
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bullt and each one is housed in a single-width NIM

module, Throughout the work described in this thesis,

not & failure of these circuits was encountered. However,
1t must be pointed out that the FET 1is a temperature
gsensitive device, if the amblent temperature changes

more than 5° C, its characteristlics change 31gn1ficant1y.
Since those circuits were used in the superbly temperature
régulated control room of the Nuclear Physics Laboratory
at the University of Montreal, such a change was never

observed during any measurement.

2.5 Electronics and Data Acqulisition

The block diagram of the electronics system
used in conjunction with each detector telescope is
shown in figure 6. The electronics units were procured
commercially, except the particle identifier, and their
origins are specified in the figure caption., Aslide from
a few additions, the basic arrangement of the systen
and its ad justment were simllar to those of the system
used for testing the particle identifier.  The particle
identifying signals (mass output) were fed simultaneously
to a series of timing single channel analysers (Tsca),
one for each type of charged particle, and the sum energy
signals were fed to a series of delayed amplifiers, each

one being followed by a gated biased amplificr., Each
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delayed amplifier - goted biased amplifier combination was
operated by a TSCA whose "window" was set on the deslred
mass signals. Throughout this work, two types of charged
particles were selected in each measurement although only
the results of the (3He,d) and (d,p) reactions are
presented here, |

The particle ehergy spectrum output from each

gated biased amplifler was fed to a Northern Scientific
Multiplexer (Model NS 414) which was interfaced with a 8
K-memory Northern Scientific Analyser (Model NS 624),
The latter was operated in a 4 x 2048 channel mode with
the output recorded by an AmpeXx Magnetic Tape Unit. The
data were subsequently analysed 1n the CDC 6400 computer
at the Centre de Calcul, de 1'Université de Montréal,

The gated blased ampliflers were ad justed to
give spectra with a gain of about 5 to 10 keV per channel
and only those portions of the spectra of interest were
allowed to reglster in the analyser., Since all logilc
electronics circults have deadtimes, it is imperative
to know what fraction of the events were detected and
1ost due to this cause. This loss of events due to
electronics deadtimes in the varlous units 1ls particularly
severe if the beam intensity, hence the count rate in each
detector fluctuates., To obtain information on this regard,
a pulser was used to generate a signal to simulate a glven

type of particle. The pulser was triggered by a signal
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derived from the output of the amplifier in the E channel
and fed to a dual decade attenuator, whose AE and E
outputs were connected to the test inputs of the pream=-
plifiers. In thls manner, the sampling pulse rate from
the pulser 1s proportional to the count rate in the E
detector, hence to the instantaneous bean ihtensity.

By comparing the number of pulses in the pulser peak In
the spectrum to the number of pulses from the pulser
registered by the fast séaler, the fractional loss of the
events registered in the spectrum was deduced.,

The beam current of the unscattered beam was
monitored by a Faraday cup connected at the exit port of
the scattering chamber. The output of the Faraday cup
was fed to an ORTEC Current Digltizer (Model 439), which
in turn drove an ORTEC Scaler (Model 430). |

The electronics system used for the 98Mo(3He,d)99Tc
measurements at McMaster Unlversity was very simple,

Apart from the power supply and its NMR regulator for the
spectrograph, there was only the electronics for the one
monitor silicon detector. The detector output was connected
to an ORTEC preamplifier (Model 109A), thence to an ORTEC
amplifier (Model 451) and ORTEC single channel analyser
(Model 420A). The events from the last unit were recorded
in an ORTEC scaler (Model 430).



TABLE 1

Isotopic Composition of the Mol¥bdenum and
Bromine Isotopes in the Targets

The content values (in percentage)‘are
taken from the data supplied by Oak Ridge

Laboratories,



CONTENTS

92Mo 9Lpl"lo 95Mo 96Mo 97Mo 98Mo 100Mo
TARGETS
o 0.83 93.9 2.85 1.04 0.40 0.75 0.22
%o 0.18 0.18 0.9% 96.8 0.96 0.82 0.10
PBio 0.10 0.07 0.16 0.23 0.33 98.8 0.33
100
Mo 0.60 0.23 0.40 0.81 0.36 1.69 95.9
CONTENTS
"5 Slpe
TARGETS
(& 95.0 5.0
8l 04 99.6
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FIGURE 1

Charged Particle Identifier Circult

Q: FET (p=-channel) 2N3436
J: Diode IDQ10~500

7+ 6 Volt Silicon Zener Diode

Rl: 15 kQ
R2: 5 kil
R3: 10 kQ

T1, ™4, T5, T7, T9, T10, T1l, T1k:
NPN Transistor 2N3904
T2, T3, T6, T8, T12:

PNP Transistor 2N3906
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.. FIGURE 2

Electronics Block Diagram for Testing the

Charged Particle Identifler

Electronics Units:=-
Preamplifier
Dual Decade Atfenuator
Amplifier
TSCA
Fast Coincidence
Gate Stretcher

Pulser

TC 136
ORTEC 422
ORTEC 451
ORTEC 420A
ORTEC 414A
ORTEC 442
ORTEC 448
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FIGURE 3

Simulated Mass Outputs of Charged Particle
Identifier

Energy-voltage scale for each channel, 10

volt =30 MeV
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FIGURE 4

Mass Spectrum from Charged Particle Identifier

Detectors: AE 1004mn
E 20004 m
pParticle Source: 18 MeV 3He beam on 9Be target,

detected at 30°
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FIGURE 5

Mass Spectrum from Charged Particle

Tdentifier

Detectors: & E 100 um
E 2000 gm
Particle Source: 18 MeV 3He beam on 94Mo

target, detected at 80°
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FIGURE 6

Block Dlagram of the Electronlcs System

Assoclated with.each Detector Telescope

Electronics Unlts:

Preamp, TC 136
Amp, | ORTEC 451
TSCA ORTEC 420A
Fast Coinc, ORTEC 414A
Linear Gate ORTEC 442
Delay Amp, ORTEC 427
Biased Amp. ORTEC 444
SCA ORTEC 406A
Pulser BNC BH=-1
Dual Attenuator ORTEC 422

Fast Scaler ORTEC 715
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CHAPTER IIT
THE (3He,d) REACTIONS IN Mo-94,96,98 AND 100

3.1 Experimental Procedure

(1) The 9Lp’gé’lool\’lo(3He,d)95’97’10:"'1‘0 Reactions:

These reactions were studied using the 18
MeV 3He beams from the University of Montreal
tandem accelerator, Deuterons from these reactions
were detected by two AE-E silicon solid state
detector telescopes as described in the precedlng
chapter, Prior to data collection, the detectors
and the electronics assoclated with each telescope were
energy calibrated and ad justed so as to give a pfoper
jdentification of differently charged particles and a
correct energy range for each spectrum, An Ortec research
bulser (Model 448) was used in conjunctlon with an 2L”‘Am
alpha particle source to calibrate the particle energy
response of each set of detectors and preamplifilers.,
The detectors were placed inslde the scattering chamber
under vacuum (10-5 to 10"6 Torr). The output signals
from each preamplifier induced by the alpha partiéles'

were then matched with the pulses generated by the Orteé
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pulser, which were fed to the input of the preamplifier.
The pulser output was normalized so that its dial scale
provided a direct reading in energy. After having
calibrated the detector-preamplifier sets and the energy
scale in the Ortec pulser for each set, the energy
resolution of each detector was examined by'observing
the line width of the alpha particles from the znlAm
source, It was found that all detectors used in thils
experiment have an energ& resolution in the range

from about 15 keV to 22 keV, This was acceptable for
the present work,

Two detector telescopes were then assembled
and mounted on the top rotatable plate of the scattering
chamber with the axis of each telescope aligned to
intercept the target at the point of 1incldence of the
beam, Telescopes were placed 10° apart., For the
measurements of the reactlons 1in 96Mo and 100Mo, the
solid angles subtended by the two telescopes at the
target were ldentical and equal to 0;225 m sr. However,
it was found possible to use larger solid angles for
the telescopes without decreasing the energy resolution,
and also it was found more advantageous to make the
solid angle larger for the telescope poéitioned at
larger scattering angle than that for the telescope at
smaller angle because of the difference in cross sectlons,

It was, therefore, decided to use 0.548 m sr. for the
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larger angle telescope for the measurements on the 91l'Mo
target.

The electronics system for each telescope was
set up according to the diagram in figure 6 of the
preceding chapter., Each charged particle identifier
wag first 'tuned up' using pulses from a puiser to
simulate the different types of particles and according
to the procedures described 1in section 2.4, chapter 2.
After having obtained a satisfactory particle separatlion
with the pulses, the energy calibrated Ortec pulser
was used to calibrate the energy in the AE and E
channel and match their 'gain' accurately. The
biased amplifier, which feeds the sum energy (E+AE) to
the ADC of the analyser, was adjusted so the deuterons
with maximum possible energy were registered at about
channel 2000 and the spectrum had an energy scale of
about 5 to 10 keV/channel., The energy scale in the
analyser was calibrated with the pulser,

The pulser used for deadtime correction (see
figure 6) was ad justed to simulate“a deuteron of an
energy Jjust a little higher than the highest energy
possible for deuterons coming from the reaction under
study. This provides a pulser pulse-peak near the end
of the deuteron energy spectrum, The fast colncldence
unit and the two TSCA units were also aligned and

ad justed with the pulser. The time resolution of the
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system used in this experiment was about 80 ns.
Because of the difference in the charge collection
times of the A E and E detectors, the coincidence
alignment must be done in-beam and the pulses can only
provide an approximate alignment,

After the alignment and calibratlion of the
electronics system and data acquisition system were
completed, the targets were then fastened onto theilr
holder and inserted into.the center of the scattering
chamber, which was normally operated at a pressufe of
10"6 Torr., Usually three targets plus a quartz were
placed in the holder, The latter was for closed circult
TV viewing of the beam spot during beam alignment.

The helium-3 beam was sent through the beamline
and focussed at the center of the scattering chamber with
a beam spot about 2 mm in diameter. Several TV cameras
were used to monitor the beam at different locations along
the beamline. With a 2 mm-diameter collimator at the
entrance'ﬁort of the scattering chamber, a beam current
transmission of 85% passing through the target and onto
the Faraday cup at the exit port of the chamber was
usually obtained, With the beam bombarding the
target, the detector telescopes were counting real
events and a final adjustment on the fast coincidence of

each system was made, The "mass output" of the particle

identifier was fed to a 512-channel analyser and some flne
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ad justments on the "function" and "compensation"

controls were made %o obtain the best particle separation.
The TSCA's, which were fed by the mass output of the
jdentifier, were then carefully set to select the

desired particles. 1In this experiment, both the deuterons
and alpha partlcles were selected and thelr spectra were
accumulated although only the results for the (BHe,d)
reactions are presented here.

The deuteron spectra from the reactlons were
accumulated with the two telescope systems simultaneously.
Each molydenum target was positioned with its normal at
30 degrees to the beam direction and remained unchanged
during measurements at all scattering angles for the
isotopes. Deuterons were detected only at angles in the
forward hemisphere because of the low reaction differential
cross sections at large angles. For each lsotope,
épectra were recorded for angles from 10 degrees to about
90 degrees in steps of 5 degrees, A low beam current
waé used for the measurements at small angles (¢ 200)
to reduce pulse plle-up rates in the detectors and
electronics to less than 5%, At angles larger than 20°,
these pile-up rates were negligibly small even if a beam
of 500 na was used. Tn general, the beam current was
ad justed to keep the count rates in all the detectors
1ess than 15,000 counts per second. In most of the

measurements, a stable He=3 bean current of about 500 na
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on target was obtalined.

Sﬁectra were acquired at fourteen different
angles for the 9“’I’Io(3He,d)95'l‘c reaction, each corres-
ponding to an integrated incident beam of about 4000
' Coulomb, Measurements at seventeen different angles
were taken for the 96Mo(3He,d)97Tc reaction at about
6000 M Coulomb per angle. For the reaction of
100Mo(BHe,d)lolTo, spectra for sixteen different
angles were recorded, wlfh an average bombarding charge
of about 10,000 /«« Coulomb per angle.

The thickness measurements for each target
were performed on-line with the 18 MeV 3He beam by
recording the elastic scattering events at five different
seattering angles ranging from 30 to 70 degrees. The
results of these measurements will be presented in the

next section of this chapter.
(11) The 98Mo(>He,d)??Tc Reaction:

Measurement of this reactlon was performed at
McMaster University using the 18 MeV 3He beam from an FN
tardem accelerator., Emerging deuterons from the reactlion
were detected on nuclear emulsion plates placed in the
focal plane of an Enge split pole spectrograph with the
magnet slits adjusted to provide an acceptance solid

angle of 1,82 m sr, subtended to the center of the target,
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The target was placed at the center of the scattering
chamber making an angle of 9.58 degrees with the bean
direction} The monitoring sllicon surface barrler
detector was placed at 30 degrees in the scattering
chamber to measure the elastic scattering events.

Prior to data accumulation, this detector was callibrated
against a Faraday cup SO that the relationshilp between
the number of elastic evgnts and the amount of integrated
charge in the cup was established.

The thickness of the ysotoplically enriched 98Mo
target was measured off-line in a well=-calibrated chamber
(Burke and Tippett 1968), designed especlally for this
purpose. The apparatus consisted of a 2 mm 2b’lAm alpha
particle source covered with collimator of that diameter,
The elastically scattered (Rutherford gcattering) alpha
particles were measured by an annular silicon detector, .
which was located behind the target foil whose thickness
was to be measured., The circuitry used to analyse the
pulses from the detector consisted of a preamplifier,
amplifier, single channel analyser and a scaler, The
observed total elastlc scattering cross sectlon was then
compared with the calculated Rutherford scattering cross
section., This measurement ylelded a thickness 6f L3
/n.g/cmz for the target used.

At each scattering angle, the magnet current

and the NMR system of the spectrograph were set to select



deuterons of a particular momentum range, taking into
consideration the kinematic shifts of the deuterons from
the reaction. Thirteen deuteron spectra were recorded at
scattering angles ranging from 8 degrees to 70 degrees.,
Each spectrum was exposed for an integrated incldent
beam of about 2000‘/w Coulomb., The nuclear emulsion
plates which recorded the deuteron events were subsequently
developed and scanned in 1/4 mm swaths across the plates,
One deuteron spectrum with high statistlics was also
acquired at bombarding energy 24 MeV, This spectrum

was used for the determination of the precise energies of

the various deuteron groups.

3.2 Data Reduction

9“’,96,100Mo( BHe,d)gs’g? 9101Tc=

(1) BReactions
The spectra obtained for these reactlons were

stored on magnetic tapes and were subsequently analysed
with a CDC 6400 computer using a curve-fltting program
GFITT (Zurstadt 1968). In this program, deuteron sﬁectra
in the form of multichannel data were analyzed by fitting
the deuteron pegks with Gaussian curves. In each spectrum
closely spaced (or unresolved) peaks up to a number of ten
could be unfolded along with a polynomial or exponential

type of background using the non~linear least squares
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regression techniques. Centroid positlons of all the
peaks 1n one spectrum obtained from the fitting process
were checked against those in the other spectra obtained
at different angles for consistancy in kinematic shifts.
Weak peaks appearing only in one spectrum and not in the
others'were discarded. Contaminant deuteron peaks
resulting from reactions in the other isotopes in the
target were recognized easily from their kinematic

shifts and thelr reactlon Q-values (Wepstra €& 21. 1971).

12c, 13¢, 16O ond 18,

They are mainly from reactions 1in
which were known to be present 1n the target. Contaminant
peaks due to other molydenum isotopes 1n each target
were not observed, However, since the Q-values of the
(3ge,d) reactions in 3¢ ana 180 are quite close to those
of the molydenum lsotopes, at some angles, the weak peaks
in the reglon of interest in the spectra were partially
or fully obscured by the contaminant peaks and were not
resolvable., In those cases the obscured peaks in those
measurements were ignored.

The areas of peaks in the spectra obtalned at
different angles were evaluated and converted into the
experimental cross sections in the laboratory system,

which may be expressed as

A0

e?Z, M, cosb,
=~ N

Q M pt ok

(303-1)



where N : number of events in a given peak leading to
the final state in the residual nucleus,
Q@ ¢ total integrated charge of the ilncident
particles,
eZq number of electric charges carried by the
incident particle,
N, ¢ Avogadro's number,
Mo, 1+ mass of the target nuclel,
/Ot :+ effective target thickness,
GT ¢+ the angle between the incldent beam and the

normal to the target, and

AR

solid angle subtended by the detector at_the
target center,
Since there were some real events lost due to the deadtimes
in the electronics, the number of pulses in the pulser
peak in each spectrum must be evaluated and compared wlth .
the number of pulser pulses fed into the electronlcs
gystem in order to compute the fractional loss of events
in the spectrum, The correction for this fractional
loss must be applied to N in the calculation for the
differential cross sectlon,

The target thickness, P t, was calculated from
the results of elastic scattering measurements., At

each elastic scattering, the number of events, N and
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the corresponding incident charge Q were measured, The

optical model was used to calculate the differential

cross section, A& /df2, and then Pt was extracted from

equation (3.2-1). If the experimental conditions

used in the measurements of the elastic scatterling

were the same as those employed in the reactlon exper-

iment, as in the present case, the product of Afland
f’t for the reactlon, could be directly deduced.

The optical model calculation was performed
by the computer code DWUCK (Kunz 1969) and the optical
potential parameters employed in this calculation
are those used for the incident channel in the DWBA
calculations for the (3He,d) angular distributions,
These parameters were taken from the work of Plcard
and Bassani (1969) in the study of (3He,d) reactions
on the lsotopes of 883r, 907 and 92Mo, at the same
incident energy as used in the present work. They
are given in section 3.4, thls chapter,

Tt is interesting to see the variation of
the elastic scattering cross sectlons with scattering
angles and the quality of the agreement between the
predictions of the optical model and the experiment,

Fig. 7 shows the calculated elastic cross sections for
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9“Mo expressed 1in terms of the Rutherford cross sectlons
using the optical parameters mentioned above, It can
be seen that nuclear potential plays a significant role
in those events which are scattered through an angle
larger than 20 degrees. The dots on the figure
represent the experimental values, which have been
normalized to the theoretical curve. While the fit
between the optical model calculatlions and experiment 1s
not excellent, it 1s believed that the elastic scattering
differential cross sectlons computed from the model are
accurate to + 154. This error will appear as a
systematlc error in absolute values of the (3He,d)
reaction differential cross sections. Using these
theoretically calculated differential cross sections and
the geometrical solid angle values the target thickness
for the different molydenum'targets were estimated. The
values of 98 /,dg/cmz, 103 /ag/cmz and 51/& g;/cm2 were
obtained for the Mo-94, 96 and 100 targets, respectively.
The numerical computation for the (BHe,d) differential
cross sectlons were performed using the computer code
KINX (Zurstadt 1969).

The total error of the experlmental differ-
entlal cross sections can be consldered as a sum of two
parts: the uncertainties in the relative cross sectlons,
which effect the shape of the angular distributions and

the uncertainties in the absolute cYoss sections which
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influence the absolute transition strengths. .The ma jor
contribution to the relatlive errors comes mainly from
the uncertainty of peak area extraction, which included
the statistical fluctuation of the number of events 1in
the. peaks, the uncertainties in the unfolding of
closely spaced peaks and the background subtractions.
Other minor contributions to the relative errors wére
those coming from the uncertainties in the relative
efficiency of .the two detector telescopes and the
electronics dead time corrections. However, the relatlive
solid angles of the two telescopes were determined
experimentally by repeating the elastic scattering
measurements for each of the telescopes at the same

angular position.

.- The ratio of number of
elastic scattering events for the same amount of
accumulated charge’gave the relative values. In all cases,
the experimentally measured values agreed with the values
calculated from the geometry to within 2%.

For the systematlic error, most of the
contributions came from the uncertainty of the absolute
target thickness and the solid angle deterﬁinations, as
well as the accuracy of the beam current monitoring
system, 1In the present casé, the error in the product

of the solld ahgle and target thickness dependent on the



accuracy of the theoretically calculated elastic
scattering differential cross section mentioned above.
Taking all these factors into account, the total sys-
tematic error in the absolute cross sectlons ls
estimated to be less than 20%., Finally, absolute
accuracy for all angle measurements 1s believed to be
better than 0.2 degreee:

The preclise energles of the deuteron peaks
were determined using.the known energies of the deuteron
peaks arising from the (3He,d) reaction 1in 160, which
was present in the target. The Q-value for the (BHe,d5
reaction in 160 was taken from Wapstra and Gove (1971)
and the energles of the various deuteron peaks observed
in this reaction were taken from those compiled by
AjZenberg-Selove (1970). After compensating for the
kinematic shifts 1in the various deuteron peaks, the
energles of the states in the technetium isotopes
observed in the (3He,d) reactions were determined by a
1inear fitting to the centroid positions of the deuteron
peaks.

The method for determining the energles of the
states in the technetium nuclei come from the determination
of the peak centroids and the uncertainties in the energles
of the deuteron peaks from the (BHe,d) reaction in 160
which included the errors in the corrections due To the

kinematic shifts, It is belleved that the overall
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uncertainty in the technetium energy level determination

was about 2.5 to 3 keV per 1 MeV exciltatlon energy

difference.
(11) Reaction >oto(He,a)??ros

The nuclear emulsion plates, which recorded all
the deuteron events, were scanned with a microscope in
1/4 mm swaths across each plate for all plates, The
resulting number of events in each swath was plotted as a
function of position in each set of plates to obtaln
the deuteron spectrum for that particular scattering
angle. The areas of the various deuteron peaks were
evaluated and converted into differential cross sectlons
according to equation (3.3-1).

In the measurements for this reaction, most of
the relative errors arlse from the uncertainties in the
statistical fluctuation in the number of events
registered in the deuteron peaks and in the photographlc
plate readings, which was about * 5%

The systematic errors for the measurements
were mainly due to the inaccuracy in the target thickness
measurement, current monltoring, detector calibration,
and solid angle determinations., The target thickness
was obtained from the measurement on the Rutherford

ascattering of alpha particles from a 2"‘L]‘Am source and the



accuracy of this measurement was estimated to be 1120%.
The beam current monitoring system 1s believed to be
calibrated to accuracy of - 3% and the solid anglé
measurement carried an accuracy of ﬂ:z%. A combined
systematic error of + 254 has been estimated for all
measurements on the differential cross sections of the
(BHe,d) reaction on the 98Mo target.

The energles of the various deuteron peaks
leading to the excitation of the levels 1in 99Tc were
determined from the high statistics deuteron spectrum
obtained with a 24 MeV 3He beam, The position of some of
the deuteron peaks was correlated with the corresponding
known levels in 99Tc observed in the beta decay of M0
(Cook et al. 1969), A linear extrapolation of these
peaks of known energles was made for all the other peaks.
The level energy of 99Tc determined this way is belleved

to be better than 2 keV per 1 MeV excitation energy.
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3.3 Experimental Results

Fig. 8 presents the deuteron spectrum from
the reaction of 94Mo(BHe,d)gsTc obtained at 60° (lab,).
The overall energy resolution is about 40 keV full width
at half maximum (FWHM)., The dead-time correction pulser
peak haé a FWHM of about 25 keV, which represents the
energy resolution of the electronics system, This
1mplies that the detector intrinsic energy resolution
and the fluctuation in the energy degrédation in the
target accountéd'for the remaining energy spread observed.
The peaks corresponding to the excitation of the variéus
levels in 95Tc and their assoclated differentlal cross
sections have been analyzed up to an excltatlon energy 
of 4.709 MeV, A total of 38 levels in each of the
spectra obtained at different angles have been studiled.,
The density of levels populated in this reaction has
been observed to increase rapidly with excltation energy
and reliable analysis of levels at excitatlon energy
higher than 4,7 MeV could not be obtalﬁed.

The results obtained for the excitation energles
and the differential cross sectlons for the varlous
levels in 957¢ are listed in table 2, The differential
cross sections and their assoclated relative errors, are
given in the center of mass system, The total relative

error in each differential cross section measurement and
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the uncertailnty in each level energy determination are
also listed in the table. The 1listing format adopted
was to give the error for each value directly under the
value itself with the significance of 1ts digits having
a one to one correspondence with those in the mean
value., It is understood that all errors carry a + sign
with them, The total systematic error in each differ-
ential cross sectlon measurement, as discussed in the
preceding sectlion, was20%. The blank entries in thé
table indicated that the deuteron peaks corresponding
to the states were elther unresolved from the neighboring
peaks, or obscured by contaminant peaks, OIr poor statistics,
The doublets observed at 2,257, 2.3083 4,381,
4, 4285 4,489 and 4.528 MeV could not be resolved
reliably. Only thelr combined differentlal cross
sections have been extracted., Graphs displaying the
angular distributions for the excitatlion of the varlous
states in 95Tc will be presented 1in the next section
together with the results of an analysis of the reaction.
A typical deuteron spectrum of the 96Mo(3He,d)
971¢ reaction obtalned at 50° (lab.) is shown in fig. 9.
The energy resolution of the experiment ls the same as
that stated above for the 9“Mo(3ﬁe,d)95Tc reaction,
Deuteron peaks corresponding to the excitation of
thirty~-two states in 97Tc have been analysed. The high

level density above 3 MeV excltation energy rendered data
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extracﬁion on levels lying higher than this energy
impossible, Table 3 presents the numerlecal results of
the excitation energles and differential cross sectlions
for the various levels in 97Tc. The entry format for
this table is the same as that used for table 2, As
can be seen in figure 9, the peaks corresponding to
states at 2,878 and 2.908 MeV were not well resolved in
the present experiment, consequently, only thelr
combined differential cross sections are given in table 3,
A graphical display of the angular distributions for
the varlous excited states will be presented together
with the results of a theoretical analyslis in the next
sectlon,

The total systematic error for the differentlal
cross sectlon measurements was + 20%.

The measurements of the 98Mo(3He,d)99Tc
reaction were performed with the magnetic spectrograph.
As a result, the overall experimental energy resolution
is better than the other described in this thesis; a
resolntion of about 18 keV (FWHM) was obtalned. A
complete angular distribution for the outgoing deuterons
was measured with an 18 MeV He-3 beam, and & typlecal
deuteron spectrum obtain at 30° (1ab,.) is shown in
figure 10, One spectrum with much better statistics was
accumulated at 50° (1lab.) using a 24 MeV He-3 beam and it

is shown in figures 11 and 12 (two parts). To determine
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the energles of the various deuteron peaks, the spectrum
obtained at 2l MeV incldent energy was used, In these
gspectra, the deuteron peaks are 1abelled by their
corresponding level excltation energles in 99re., As
can be seen in figure 12; the density of levels populated
in this reaction snereases rapldly with excitation énergy.
Consequently, for the set of data obtained at 18 MeV
incident energy, only deuteron peaks corresponding to
excitation energy below about 2.7 MeV have been analysed.
The excitation energles of the levels 1n 997c and their
assoclated differential cross sections in the c.M, system
are listed in table Ly, together with their total relatlve
errors. The entry format for this table is the same as
that used for tables 2 and 3. As discussed previously
(section 3,2), the total systematic error for the
differential cross sectlion measurements in this
experiment was + 25%.

For the tdouble! deuteron peaks corresponding
to excitatlion energies 1,803, 1,8253 1.982, 2,000;
2,160, 2.1763 2,396, 2.4143 2466, 2.4865 2,653,
2,675 MeV, only the combined differentlal cross sections
for each palr are given in table 4. States in 99Tc
1ying above excitation energy 2.7 MeV observed in the
deuteron spectrum at 24 MeV jncident energy are also
1isted in table 4, but no differential cross sections

were extracted from the data obtained at 18 MeV incident
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energy.

A graphical display of the angular distributions
for the various states in 99Tc will be presented 1in
the next section together with the results of a
theoretical calculatlion.

The experiment on the 1OOMo(BHe,d)loch
reaction was performed under a set of experimental
conditions similar to that used for the study of
94Mo(3He,d)95Tc and 96Mo(BHe,d)97Tc reactions. As a
result, the experimental energy resolution and systematlc
error are the same as those given for the two reactions
described previously. A typilcal deuteron energy
spectrum obtained at 50° (lab,.) is shown in figure 13,
In this spectrum it is seen that the level density 1n
1Och js relatively high, and only prominant deuteron
peaks corresponding to excitation energy below about
1.7 MeV in 101Tc could be studied in the present work.
The excltation energles of these levels and the differ-
eﬁtial cross sections for theilr excitation are presented
in table 5, together with the relative measurement
errors. The entry format for the numericel values in
this table is the same as the one employed for the
other tables (2,3,4). The deuteron peaks corresponding
to excitation energles at 1,280 and 1,319 MeV were not
resolved in this experiment, consequently, only thelir

combined differential cross sections are glven in table 5.
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From the deuteron energy spectra, it 1s apparent
that the energy level density of the four odd-mass Tc
isotopes is relatively high. Many deuteron peaks
appeared to be multiplets. In such cases, although the
computer program GFITT (Gausslan curve fitting) was
used to effect the ipdividual peak aresa separation, the
differential cross sectlons for the excitation of the
corresponding states involved always carried a relatively
large error, Since some of the states in each Tc
jsotope studied were more strongly excited in the reaction
than the others, it is concelvable that some of the
weakly exclted states were masked by the strongly
excited neilghboring states. This possibility is partié-
ularly 1ikely in the measurements for the 95pc, I7Te
and 101’1‘0 nuclei where the experimental energy resolution
was relatively pooTr.

The present deuteron energy measurements can
also yleld the Q=-values corresponding to ground state
transitions obtained from this work, These values have
been compared with the values given by Maples et al.
(1966) and by Wapstra and GOVe (1971), which are also
given in table 6., In general, the agreement 1s fairly

good .
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3.4 Data Interpretation and Discussion

(1) Distorted Wave Born Approximation Calculations:

The (Bﬁe,d) reactions at an incident energy
higher than thé Coulomb barrier of the incident particle
take place primarily vié the direct reaction mechanism
(Austern 1969). That is, they proceed on a very short
time scale, and involve only a few internal degrees of
freedom of the colliding systems without the formation of
compound nuclear systems (target nucleus plus pro jectile)
as intermediate states. In such a reaction, the incident
3He particle, which may be considered to be composed of a
'deuteron' and a *proton', approaches a target nucleus,
losing tﬁe proton to the latter and emerges as a
deuteron. This reaction 1s a very useful spectroscopic
tool because it can be viewed as the transfer of a
proton into a definite single particle orbital in the
target nucleus without the excitation of other degrees of
freedom, In additlon, the angular distribution of the
outgoing deuterons reflects the properties of the single
particle orbital and the wave functions of the initial and
final nuclear states.

The direct reaction theory that is commonly used
for the analysis of the (’He,d) reaction is called the

distorted wave Born approximatlion (DWBA) theory for single
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nucleon transfer reactions, The formal derivatioh of the
DWBA theory and the approximations involved in its
calculations have been discussed in many review articles
(Tobocman 1961, Satchler and Tobocman 1960, Satchler 1964
and 1965, Glendenning 1963, Bassel et al., 1962, Austern
et al, 1964, Austern 1963 and 1969). 1In this theory, the
3He incident particles are first elastically scattered by
an absorptive optical potentlal of the target nucleus,

3

distorting the otherwise plane waves of “He, These

distorted 3He waves then interact with the target so that

a proton in the 3

He is captured by the target to form the
final nuclear state, and the remaining n 4+ p system of
the 3He emerges from the interaction as a deuteron. Thus,
the interaction responsible for the translition from the
initial nuclear state to the final nuclear state is
primarily the interaction that binds the transferred
proton to the deuteron to form the 3He particle, Upon
leaving the final nucleus the deuteron waves suffer a
distorting elastlc scattering in the absorptive optical
potential of the latter., The transition in the stripping
reaction, therefore, 1s one between the elastic scattering
states, |

From the DWBA theory, the differential cross
section for the reaction A(BHe,d)B, for the unpolarized
projectile and targeﬁ nucleus, can be expressed in the

form (Glendenning 1963),
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where:
7]

% and % are the incident and outgolng
distorted waves of the 3He (subseript h) and
deuteron (subscript da), respectively, with wave
number kh and kd and with reduced masses/&h and
/66(1, rp and rdp are the coordinated of the
transferred proton relative to the C«M. of the

initial nucleus A, and relative to the C.M, of the
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deuterons MA, MB Mh and Md are the masses of the
initial nucleus, final nucleus, 3He particle and
deuteron;s S;i?kégv is the orbital part of the single
particle spin-orbit wave function gzéfé?of the
captured proton in the final nucleus characterized
by the orbital quantum numbers (nf3); ¢6(,}:” fd)
and.Qé{[zf)are the internal wave functions of the
3He and deuteron, with Sd representing the
relative coordinate of the n-p system formlng a
tvirtual deuteron' in the 3He which eventually
becomes the outgoing deuterons Vdp(rdp) is the
interaction of the transferring proton with the
'virtual deuteron' forming the -He; Eg?YZ)and
w (4#s) ere the initial and final nucﬁg"ar state
wave T"f“unctions, each characterized by the isospin T
and total spin J. S(,é?,j) is the spectroscopilc
factor defined by MacFarlane and French (1960) and
1s equal to (A4 1) the nucleon numbers (or the
equivalent nucleon numbers) of the final nucleus
times the square of the corresponding fractional
parentage coefficient; C = (T1 Tpys 1/2 -1/2' Te Tzf)
i1s the Clebsh-Gordan coefficient for the coupling of
the initial state isospin to the captured proton to
form the isospin of the final nuclear state.

To evaluate the amplitude B?‘ (equation 3.4=2),

several simplifying assumptions must be made as some of the
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guantities involved are not very well known. The
interaction Vg, and the internal wave functionﬁ#h of

3He are not well known although the deuteron internal

~ wave function Qbh is better known (Bassel 1966). For the
present calculation it has been assumed that the inter-
action has zero range. Hence, the factor in equation

(3.4-2) may be written (Bassel ek al. 1962),

fqu(}‘;) Lé/’?f,)%(’:/:iz)dﬁt =0, 3() (3.4-5)

where Do 1g a constant, The validity of the zero-range
approximation has been discussed by Satchler (1964) and he
concluded that it is a falirly good approximation for

1ight ion (A € 4) induced nucleon transfer reactions at
incident energles substantially higher than the Q=-values
of the reactions and that finlte range effects are
important when the momentum transfer in the reactlon 1s

large. The differential cross section of equation (3.4-1)

can be reduced to

L 2L+ cA5Up) oy
m/l;/— /sz;n Py Oorvan 7 (3.4-6)

where

. .
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Towea (47)= o ; /F:%I (3.4-7)
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and N =(3/2) Dg X 10"“’= 4,42 is the normalization constant
for the (3He,d) reaction taken from the work of Bassel
(1966) .

For even-even targets, as in the present study,
the ground state spin J4 = 0, and therefore, the final

state spin Jo = j. Thus, equation (3.4-6) reduces to
de /1, 2 : :

To evaluate S(ZJ) it requires a detailed knowledge of the
jnitial and final state nuclear wavefunctlons which 1is
often not available. Moreover, 1in a proton stripping
reaction, there are two possible values for the lsospln

Ty of the final state: Tg = T>='1‘ + 1/2 and T, = T, -1/2,
For T, = Ty C§= 1/(N=Z41), and for Tp = Te o Ci =
(N=Z)/(N=-Z+1). It is customary to extract an experimental
value for the ¢- (£ ,3) by computing the quantity O pusa
(.ZJ) in equation 3.4=9 for‘ each transition -and comparing
the result with the experimental gg_ ., For the low=lying
states encountered in the present work, Te is most

properly equal to T "

in making the calculations for the present work
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of (3He,d) reaction on the even-even Mo isotopes, the
distorted waves gbd and th were generated from the

Schodinger equation

2 P A 13 >
{ v +£5-—§§”[U/r)+1/c(r)]} (4/%, )=0 (3.4-10)
where 's'! is for 3e (h) or deuteron (d)., The Coulomb

potential U, was assumed to be due to a uniform charged

sphere of radlus R, = rcA1/3 and has the form

2
Uc-_-_- .}ée' ﬁt 72 7e (3.4-11)
= ,Ej;.:i: (i -—.If?) I'< z;
2’ ¢

where z, Z denote the charge numbers of the palrs
(3He, Mo) or (d, Tec), ry is called the Coulomb radlus
parameter and A refers to the atomlc mass number of Mo or

Tec, The optical potential U(r) was taken to be

)] = -V ra) =i W, f 554
+ 4 G L £ 15.4)

z‘ S o ad (3.4—12)
+ s, (,,;; F3 L L 5 TinrGse)

The first term represents the real part of the Wood~Saxon
potential, and its imaginary part includes both the volume

(subscript V) and Surface potentials (subscript D) and the



1last term is the spln-orbit potential, The function
T(ryryy 8y ) is the Wood-Saxon form factor with 'x!

standing for the various subscripts,

f(r,rx,ax)- C/ + @x,o( LA

)] (3.4-14)

The quantities, v, wv, WD and Vso are called the potential
depths of the Wood-Saxon well and the Ty and ax are the
corresponding radius and diffuseness parameters, In the
spin—orbit term,/ is the 7ZZ meson compton Wavelength
and o‘,e is the usual spin~orbit interactlon with S = °'/2.
In thg present analysls, however, only one limaginary
potential, either the volume term or the surface term, was
used.

In the evaluation of the distorted waves,
appropriate optical parameters are needed. Since no
detalled elastic scattering data are available, in the
present work the values for the potential parameters were
taken from those used in the other (BHe,d) reactions on the
neighboring nuclei at the same incident energy. The
'parameters for both the He-3 and deuteron channels were
taken from the work of Picard and Bassanl (1969) in the
study of (3He,d) reactions on 888r, 90 ana 90M6., The
3He optical parameters were originally used by Conjeau

et al. (1968) to analyse the He-3 elastic scattering on Sn
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isotopes, The spin-orbit potential in the deuteron
channel used by Plcard and Bassanli has been dropped in the
present analysis. It has been shown in this work that the
jnelusion of this spin-orbit potentilal produced insignif-
jcant changes both in shape and in magnitude in the angular
distribution in the forward hemisphere, The parameters
used in this work are listed in table 7.

The stripped proton was assumed to be bound to
the core (the target nucleus Mo) to form the final
nucleus Tc. The bound state proton wavefunction was taken

to be the elgenfunction of the Schrodinger equation
Vz.,c.fz..f/‘_?.‘[[/(r)-l-U(r)] ¢(r.5=o (3o l4=14)
P ﬁ‘ P ¢ P S fend

The Coulomb potential U, i1s the same as that glven by
equation 3,4-11, and the average nuclear potential Up is

given by

2ns
Z/f = - V]‘(/'; /‘,’.,d,.) *Zm Vé“/‘%}) "?J?f(,"/;“qr’)(BoNf-lS)

with the form factor f(r, Ty, a,) glven by equation 3.4-13,
The well depth V was adjusted to bind the proton to the
orbital characterized by gquantum numbers n,JZ, 3, with
energy equal to 1ts experimental separation energy for
each final staté. The separation energy 1is glven by

Q(3He,d)~k 5,493 MeV, the reaction Q-value for each final



state plus the binding energy difference between the 3He
particle and deuteron, In the spin-orbit term,/%}%})

is the Compton wave length of the proton, and ;1S: the
spin orbit strength factor, which was set equal to 25
for all the calculations. This value is commonly used
for single nucleon form factor calculatlons (Kunz 1969).,
Geometrical parameters Trgq, 240 are taken as those in the
central term, T.., 8.0 The proton parameters are glven
in table 7.

The computation of the quantity CTbWBAcZJ) in
equation (3,4=9) were carried out using the computer code
DWUCK (Kunz 1969), with the zero range approximation and no
lower-cutoff 1limit for the radial integral.

A computation has been performed for the theor-
etical prediction on the shape of the angular distributlon
for different orbital angular momentum‘A?transfer. The
input data used for this computation were those pertaining
to the ground. state transition of the 100Mo(BHe,d)]‘Och
reaction, and the result is shown in figure 14, It
should be noted that the angular positions of the flirst
maximum of these distributions differ from each other by
about 7° for each unity change in the'j?-transfer value,
The positions of the first maximum and minimum in each

distribution are important as they have a strong bearing

on the determination of the‘Af—transfer value for an

6bserved transition,
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Before proceedlng to the analysis of the
various experimentally observed angular distributions, it
1s useful to obtain a guldeline from an elementary
consideration of the structure of the molydenum isotopes,
Each of these isotopes has 42 protons. In 1its ground
state, the 14 valence protons beyond the Z = 28 presumably
£411 the orbitals 2p3/2, 1f5/2, 2p1/2 and 139/2, either
fully or partially, and the orbitals 2d5/2, 1g7/2,
244755381 /2 and 1lhy,/, in the ma jor shell 50< Z & 82 are
presumably vacant. In the proton stripping (3He,d)
reaction, the vacancles in these two sets of orbitals
are available to the transferred proton. From the energy
systematics of single particle orbitals, the excitatlon
of low-l1lying states arises primarily from the 139/2 and
2p1/2 proton orbltals with4enh:and 1 transfer, respec=
tively. These states would be followed by those coning
from orbitals 2p3/2, 2d5/2, 1f7/2, 187/2, 2d3/2 and 3s1/2
with £ 1, 2, 3, 4, 2, and 0 transfer,

A1l observed angular distributions of the
9L"’96’98’-‘U)OMQ(BHe,d.) 955975995101ps reactions listed in
tables 2, 3, 4 and 5 (section 3.3 of this chapter) have
been analysed. For each transitlon, the orbital angular
momentum ,Z transfer, the range of the most probable
spin-parlty Jn;of the final state and the transitién
strength CZS(AZ,j) have been determined. The analysed

angular distributlons possessling definite l?—transfer



assignments are shown in figures 15, 16, 17 and 18 and
the extracted spectroscopic information given in tables
8, 9, 10, and 11, for the four reactions, For the analysed:
distributions with no definite.gassignments either
because of insufficient data due to poor statistics or
because of interferences from deuteron peaks arising from
impurities in the targets, no angular distributions are
shown but the extracted spectroscoplc information is
1isted in parentheses in tables 8, 9, 10 and 11, For
each transition withla given.j?value, there are two
possible J, values, i.e. Jf=.£il/2, except for L=o0.
Since the spectroscopic factor has a (234+1) dependence as
well as the dependence of tﬁe proton wave function on
the spin-orbit coupling potential, the values for S(Jf,j)
have been extracted for each possible ] value.

In the analysis of some unresolved doublets, the
angular distributions have been filtted with the followlng

equation

( % ) = Nc’.S;A/,(;,‘)%M(4;;)+”53£/4;;)$6$45)( 3.4=16)
bovBlEr
through least squares technique. In the fitting, all
possible combinations of the shapes of Afl and 4f2
distributions were generated and a minimizatlion of chi-
square value was carried out. The spectroscoplc factors

s#.gljl) and §é4f2j2) were then extracted from the chi-
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square fitting results.,

In tables 8, 9, 10 and 11, the values in-the
columns labelled as normalized CZS were obtalned from
multiplying each corresponding observed czs by the
ratio of the number of theoretical holes in the shells
below the Z = 50 shell closure to the number of observed
holes in these shells.

It should be pointed out that in the foregoing
calculations, the spherical and local optical potentlals
have been used to generate the distorted waves and the d-p
interaction has been assumed to have a zero range. The
non-locality and finite-range effects can be corrected for
in the DWBA calculations by the local energy approximation
(Drisko and Satchler 1964, Perey and Saxon 1964, Li and
Mark 1969)., These corrections have the effect of damping
the contributions from the nuclear interior to the
transition amplitude %E’ (equation 4,2-2), While they
have little effect on the shape of the angular distributions,'
their effect on the absolute magnitude of the differential
cross sections 1is significant -~ as much as 304, However,
the optical poﬁential parameters used in the present
calculations were obtained from fltting the elastic
scattering data with the local potentials, hence they
already absorbed some of the non-locality effects., Because
of the lack of an approprilate set of optical potentlals for

the local energy approximation calculation, it is difficult



to know the exact contribution to the (BHe,d) reaction
from the non-locality and finite-range effects.

In the present DWBA calculations, 1t has also
been noted that the differential cross section is partic-
ularly sensitive to the radius parameter T, of the
bound state proton potential (table 7). For certain
_ proton orbital (l&j) the magnitude of the differential
cross section changes by as much as 30% when ry, varied
from 1.2 to 1,25 fm; however, the shape of the angular
distributions remained prgptically unchanged for a small
variation 1in To.e

The spectroscopic information extracted from
the present analysis as given in tables 8, 9, 10 and 11
for the various levels of the four odd mass Tc lsotopes
will be discussed with respect to the properties of the
target states in the followihg sections.

(11) Levels of 95

Te:

The low=-lying states of 95Tc have been studled
theoretically in different spherical nuclear models by
Bhatt and Ball (1965), Vervier (1966), Kisslinger and
Sorensen (1963) and Goswami and Sherwood (1967), 1In the
shell model calculations of Bhatt and Ball (1965) and
Vervier (1966), the nucleon-nucleon residual interactions

were replaced by the effective interactions, and the
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positive parity states in 95Tc were generated by allowing
the 139/2 shell protons to interact with the 2d5/2 shell
neutrons., Their calculations reproduced the low=-lying
positive parity states observed in beta-decay, In the
scheme of'pairing-plus-quadrupole interaction coupling
model, Kisslinger and Sorensen (1963) performed a series
of systematic calculations for a wide range of spherical
nuclel, A falr agreement with experiment for both the
positive and negativé parity low=lylng states in 95Tc
was obtained., Sherwood and Goswaml (1966) using the
quasl-particle-phonon-coupling theory with the ineclusion
of correlation effects (so called extended~-quasi-particle-
phonon-coupling model) were able to obtaln an improved
agreement wilth experiment, However, when these calcu-
lations were performed, the amount of experimental data
avallable on 9S'I‘c was very scanty, consequently, it was
difficult to obtain a relative merit of these theoriles.,
Experimental studlies of the low-lying states of
95Tc nhave been recently carried out by several workers.
Riley et al. (1971) and Bommer et al. (1971) have inves-
tigated these levels using the (dyn) reaction at incident
deuteron energy 12 MeV by the former group, and 6.25 and
7,0 MeV by the latter group. Measurements on the (p,n)
reaction leading to levels in 95Tc were performed by Kim
et al. (1970, 1971), and the spin-parity assignments to
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two levels were established from theilr studies of the
neutron decay of analogue resonances., The data from the
study of the beta decay of 95Ru to 95Tc have been reported
recently by Tucker and Hein (1970). The results of these
various studies have been summarized and given together
with those obtained from the present work in table 8 for
comparison, |

The ground state and the 40 keV first excited
state of'95Tc have been well established as 9/24-and 1/2"
states, respectively. Such asslignments are consistent
with the interpretation that these states are populated by
the stripping of a proton into the 139/2 and 2p1/2
orbitals of the 9L"Mo target nucleus in the (3He,d) and
(d,n) reactions. The 0,3364 MeV, 7/2+.state observed
by Tucker and Hein (1970) in the beta-decay of 96Ru and
by Kim et al. (1970) in their (p,n) reaction work is not
observed in the present (3He,d) reactlion study and in the
two previous (d,n) reactlon measurements. Thls state might
be interpreted as primarily a seniority three state of
1g9/2 protons, and in which case it would not be populated
in a one~-step, single proton transfer reactlon on a
seniority zero 9“Mo target state.

The 0.629 MeV state, populated by anméﬂ=l'
transfer transition in the present (BHe,d)hreaction, has a
spin-parity J7B assignment of 3/2" or 1/2-, a result which

is consistent with those obtained from the (d,n) reaction



by Riley et al. (1971) and from the (p,n) reaction by Kim
et al, (1971), but disagrees with the results from the
(d,n) reaction obtained by Bommer et al. (1971) and the
beta-decay studied by Tucker and Helin (1970), According
to the decay scheme proposed by Tucker and Hein (1970),
the 0.628 MeV state in 2°Ru, with a log ft of 5.2, its
3" is most 1likely not 1/2~ or 3/27, In view of this
result it is probable that there are two closely spaced
energy levels in the vicinity of 0,630 MeV, and one of
which is a 3/2° or 1/27 stéte excited by the direct
reactions, while the other is a 5/2+ state populated by
the beta decay.

The 5/2~ 0.651 MeV state observed in (p,n)
reaction is not populated in the present (3He,d) reaction,
indicating that the 11"5/2 orbital‘is full or nearly full
in 91"Mo isotope. As can be seen in table 8, the level
density in 95Tc increases rapidly with the excitation
energy. The set of levels above about 0.650 MeV observed
in the stripping reactions may or may not have any
similarity with those observed in the beta-decay and (p,n)
reaction. For these higher lying levels, comparison of
the present results can only be made with those obtalned
from the (d,n) reactions studles.

The 1,071 MeV state observed in the present
experiment 1s presumably the same as the 1,10 MeV state

observed in the (d,n) reaction by Riley et al. (1971).
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Since this state 1s exclted via an,ég 2 transfer, 1t
probably corresponds to the stripping of a proton into

9L"Mo target, And the state at

the 2d5/2 orbital of the
1.264 MeV observed here as due to anA(= 2 transfer trans-
ition, which contradiots the assignment of4f= L or4ﬂ= 1
given by Riley et al. (1971). Thedg'walues obtained for
the 1,620 MeV state and 2,550 MeV state 1ln the present
work disagree with those given by Bommer et al. (1971) but
axe consistent with assignments made by Riley et al.
(1971). The spectroscopic information obtainod for those
levels which have been observed in the present work as
well as in the (d,n) reaction work . -~ 1n general, agree
fairly well with each other. However, the present (3He a)

reaction has been observed to populate many more states

thaﬁ'those reported from the previous (d,n) reaction

_ measurements.,

A1l the other states observed in this work have
either,lz-o 1 or 2 transfer characteristics, most
probably they correspond to the stripping of a proton into
the 351/2, 2p1/?, 2p3/2, 2d5/2 or 2d3/2, respectively. For
most of the levels with an,Z- 1 transfer 1ying above the
0,040 MeV states, their excitation strengths most likely
come from the 2p3/2 orbital because the 0,040 MeV state has
almost exhgusted all the strength of the 2p1/2 orblt.
This will be shown in subsecoion (vi) of this sectlon by

the remarkable agreement between the deduced occupational
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probabilities of the Zpl/z and'2p3/2 orbltals from
the present (BHe,d) work and from the (d,BHe) work
V(Ohnuma and Yntema 1968), and the conslstency between
the deduced experimental center of gravity energles
of these two orbiﬁals in the Tc isotopes and those

in the Nb isotopes (Ohnuma and Yntema 1968, Cates

et al. 1969).

In order to compare the spectroscoplc factors
deduced from the 9u’IVIo(3He,d)95’l‘c reaction systematically
with those from the other Mo targets, the spectroscopic
factors presently. obtained have been renormalized and
1isted in the fifth column of table 8., The renormali-
zation is based oh the following assumptions: (A) no
appreciablg population of proton orbitals above Z = 50
shell closure in the even-mass molybdenum target ground
state, (B) all the 2p,,, strength 1s concentrated in
the rirst =1 state (0.040 MeV state in 79Tc) and the
other'xf=sl states are assoclated with the 2p3/2 orbifal
and (C) all the 1g9/2 strength is-éxhausted by the -
transition torthe ground state of the residual nucleus,
Thus, the Speétfoscopio factors were normalized with
. respect to the total number of 8‘holes in the 139/2, 2p1/2,
2p3/2, and 1f5/2 orbitals, This renormalization amounts
to a reduction of the original spectroscoplc factors by

about 17% for the 94Mo(3He,d)95Tc reaction,
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The spectroscoplc factor obtained from this
reaction will be further analysed together with those from
the Mo targets in subsections (vi) and (vii),

(111) Levels of 97Tcs

‘Theoretical calculat;ons for the low-lyling states
in 97Tc have been performed by Vervier (1966), Kisslinger
and Sorensen (1963), and Goswaml and Sherwood (1967) using
the same approaches as those described in the preceding
subsection for the 95Tc nucleus, The simple shell model
calculation by Vervier (1966) did not enjoy the same
success in this nucleus as it did in 95Tc, probably due to
the fact that 97Tc is farther away from the N = 50 closed
ghell, and the effect of the valence neutrons other than
those in the 2d5/2 orbital needed to be included in the
calculation., The results obtained from the calculation
of Kisslinger and Sorensen (1963) have the level order of
the 9/2+ ground state and the 1/2° first excited state
inverted, The calculation in the exténded quasi-parficle—‘
phonon-coupling model by Goswami and Shexrwood (1967)
seems to obtzin a better prediction for the low=1lying
states of 97Tc although it predicts a degenerated
multiplet of 5/2+; 7/§+, 11/2+ and 13/24P states at about
0.35 MeV whereas only a (7/2i.) 0.216 MeV and a (S/Z-k)

0.324 MeV states have Dbeen observed experimentally (see
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table 9). .

The levels of 97To have been studied by Riley
et al. (1971) using the (d,n) reaction in connection with
their study of the 93195Tc muclei, by Kim et al. (1970,
1971) and Plcone et al. (1972) with (p,n) reactions. The
recent works on the decay of 97Ru to 97Tc have been
reported by Phelps et al. (1971) and Cook et al. (1970).
Earlier works on the level scheme of 97Tc have been
reviewed in the paper by Phelps et al. (1971). Table 9
summarizes the results of the previous works along with
the spectroscopic information on the properties of the
low-lying states of 97Tc obtained from the present work
for compafison.

As in the case of 95Tc, the ground state and
first excited state in'97Tc are known to be 9/2-+ and l/é-
(Phelps et al. 1972, Cook et al. 1970), which are
consistent with the present observation and the results of
the (d,n) reactlon ofge-'u and 1 transitlons, respectively.
These states probably correspond to the stripping of a
proton into the lgg,, and 2py/p orbits of the o
target. The weakly excited 0,216 MeV state with an
angular pattern approximating an/gélbtransitlon falls 1n
1ine with the 7/24P assignment obtained from the decay of
97Ru. Since this state 1ls soO low in energy 1t 1s not
favorable for a 1g7/2 shell transfer transition.

an f=2 assignuent to the 0.326 HeV stabe 1s
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cdnsistent with the established spin-parity of 5/2+ by
Phelps et al. It appears to correspond to a 2d5/2
shell stripping. The 3/2° asslignment to the 0.575 MeV
state established in the (p,n) reaction work by Kim et al.
(1971) may serve to exclude the possibility of 1/27 since
1t has been found to correspond to anAf:].transfer in
both the (3He,d) and (d,n) reaction. This state most
probably corresponds to a 2p3/2 orbital stripping. The
,e-: 3 transfer observed here for the 0,655 MeV state is
confirmed by the spin-parity 5/2° assignment from the
(ps,n) reaction measurement. This state is believed from
the stripping of a proton into the 1f5/2 orbit, indicating
the incompleteness of the 1f‘5/2 shell in 97Tc. This is to
be contrasted with the 93Tc (Picard and Bassanl 1969)

and 951¢ (preceeding subsection) nuclei, in which cases
the 1f5/2 shell appears to be fully occupied.

The,ég 2 assignment to the 09783 MeV state 1s
consistent with most of the other experimental results
given in table 9, except the tentatlve asaignment glven
by Cook et al. This state may be attributed to the 245/
shell proton stripping. The tentative‘1!=2 asslgnment
to the weakly excited 0.852 MeV state made on the basls of
the present work ls consistent with the tentatlve (5/2*;
7/2*3 assignment made by Phelps et al. but contradlcts

the suggestion of (7/2-) by Cock et al. Probably,
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this state is a 5/2+ state resulting from a transfer of &
proton into the 2d5/2 orbital in 96Mo. Thejenl.excitation
character of the 0.947 MeV state agrees with the results
from (d,n) reactlon, leading to a Jné= 1/2~ or 3/2° for
the state. This state probably corresponds to the 0,940
MeV state observed by Picone et al. in thelr (pyn)
measurements. The 1.053 MeV state, characterized by an
,e:..- 1 angular distribution is not observed in the (a,n)
experiment, but observed both by Kim et al., and Picone

et al. in the (p,n) reactions. The,[&:ﬂw 1.316 MeV

state and the/!= 2, 1,374 MeV state observed in the present
experiment are probably related to the doublet at 1l.32 MeV
state observed by Riley et al. (1971). Among the higher-
1ying states, the g assignments at the 1.951 MeV state and
the 2.264 MeV state are found different to the (d,n)
results.

As in the case of 95Tc, the (3He,d) réaction
populates a great many more states 1n 97Tc than the (d,n)
reaction, In subsection (vi) it will be shown that the
transitions to the 9/24. ground state and the 1/2; first
excited state almost éxhaust all spebtroscopic strengths
agsociated with the 1g9/2 and 2pl/2 shells of 96Mo,
respectively. mherefore, it might be assumed that all the
other transitions with anAﬁ=]_are associated with the
2p3/2 shell, The gspectroscopic factor fo? each transition

given in table 9 has been renormalized by the‘same
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procedure as outlined for the case of 95Tc (preceding
subsection). This renormalization has the effect of

reducing the observed values by about 11%.

(1#) Levels of 99Tc:

The nature of low-lying states 1in 99Te has been
studied theoretically by many workers: Vervier (1966),
Kisslinger and Sorensen (1963), Goswaml and Sherwood
(1967). The approaches used in their calculations were
more or less the same as those employed by them in the
interpretation of the 95’97Tc,descr1bed in the preceding
subsections. However, the agreement between theii
predictions and the experiment data for 99Tc s not as
successful as‘in the case of 95Tc. .

The low-lying states of 99

Te poﬁulated in the
beta decay of 99Mo have recently beeﬁ investigated by
Cook et al. (1969) and several states of this nucleus have
also been observed in the Coulomb excitation of 99Tc~w1th
3501 ions by Bond et al. (1972). Thelr results are shown .
in table 10, along with the results obtalned from the
present (3He,d) reaction.,

There are several,g--: 4 transitions o;péerved in
this study. The transition leading to the ground state
with a large transition strength is consistent with the

esteblished 9/2*- value (Cook et al. 1969), corresponding
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to a 1gg/, orbital stripping. For the transition of the
0.142 MeV state, the angular distribution exhibits mainly
a@l?:l character possibly with a small amount of‘£%=4
admixture, This observation 1is consistent with the
results of Cook et al. (1969) that this state is a doubleb
made up of a 7/2'P 0.14051 MeV state and a 1/2° 0,14263 MeV
state, The otherAfalLtransitions are the 0,625 MeV

state and the 0.720 MeV state, The 0.720 MeV state is
probably equlvalent to the 0,.7263 MeV state observed in
the Coulomb excitation measurements by Bond et al. (1972),
who suggested a Jna= 9/2'P or 7/21- for the state. The
0.625 MeV state was not observed in the beta decay study
by Cook et al., and was not established by Bond et al.
However, in the gamma ray spectrum measured by Bond et al,
following the Coulomb excitation, a broad peak at about
621 keV region was noted, but its assignment to 99Tc was
not determined, It is interesting to note that the number
of 1ow-1ying states assoclated with theAf;rb transitions
in the Tc isotopes increase with mass: One in 9°Tc, ‘three in
97Tc, foﬁr in 99Tc. Since theﬁlg,?/2 shell presumably lles
much higher in exclitation energy, the observed,é¥l+
transitions probably arise‘from the 1g9/2 shell., The
transition strength for the 9/2'f ground states of these
nuclel is an order of magnitude larger than that for the
other states associated with the,zﬁsh'transitions. It is

reasonable to assume that the former are basically single
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proton states of the 1g9/2 shell and the latter are either
multi-particle states containing small components of 1g9/2
or 187/2 single proton configuration oxr assoclated with
two-step processes.

From the transition strength, the 0.142 MeV state
appears to arise primarily from the 2p1/2 orbital stripping,
agreeing with the J7t= 1/2" assignment deduced by Cook
et al. from beta decay. The 0.509 MeV state with an £=1
transfer has been assigned a.ﬁc= 3/27, in accordance
with the observation of Cook et al, It is arisen from a
2p3/2 proton transfer. The other states at 1,203 MeV and
2,321 MeV with an,é:l'trqnsfer are probably the result of
small fragments of the ZPS/Q orbit coupled with the other
higher=-1ying configurations

The/€=j3 transfer leading to the 0,672 MeV state
is conslstent with the 5/27 assignment %o the 0,6715 MeV

gtate observed by Cook et al. As in the case of 97Tc,

" the 1f5/2 shell in 98Mo appears to be partially vacant,

The large number of states assoclated with the Z.—. 2 and
_Af: 0 transfers observed 1n 99Tc resembles the observatlons
for 95Tc and 99rec. These’lz values for those states lying
below 1 MeV excitatlion are consistent with the spin-
parity assignments of Cook et al. In particular, the
value,éggo for the 0.919 MeV state may be used to

7 + '
eliminate the possibility of a J = 3/2° , leaving a J =

1/2i.for the state (see table 10). Moreover, theAfa 2
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character for the excitation of the 0.762 MeV state
4
supports the 5/2 assignment for the state deduced from

beta decay but disagrees wlth the suggestion of (7/2-+,

9/2*‘) by Bond et al.

The transitlons between the low-lying states, the
S/Z-F spate at 181,1 keV, the 7/2-* state at 140,5 keV and
the 9/2'+ ground state, have been recently studied by
McDonald and Backlin (1971). From their measurements,
the 5/2*-9 9/2+ transition has a multipolarity of E2
and a rate which is enhanced more than 50 times the
Welsskopf estimate (Wilkinson 1960); and the 7/2*:ﬁ> 9/24.
transition is an Ml with a rate which 1s only weakly
retarded (Normal M1l retardation in this mass reglion is
about.several hundred ) by a factor of 23, Based on the
" shell model, if the 5721, 7727 ana 9/2 T states are
considered to be the members of a pure 139/3 multiplet
in 99Tc, the E2 transitions among them would have normal
rates and the M1 transitions would be forbidden (deShalit
and Talmi 1963). Because of thelr observation, McDonald
and Backlin (1971) suggested a deformed nuclear structure
for 99Tc and deduced the wavefunctions for the low-lying
states using Nilsson model, The 9/24- ground state
wavefunction as suggested by them 1s made of ~ 65%79/2
[sou], ~ 25% 7/2 [413] and ~ 10% 5/2 [422 ] (Wilsson
orbits labelled by KZ[N nzﬂq). However, this ground state

wavefunction can not explain the strong transition of the
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A€= 4 with a strength of CZS ~ 0,57 observed in the
present (3He,d) reaction measurement. Also, the recent
experiment of Coulomb excitation by Bond et al. (1972)
indicated that this nucleus 1s ﬁof as deformed as suggested
by McDonald and Bicklin (1971).

Again, the transition strengths for the various
states deduced from the present (3ﬁe;d) reaction and listed
in table 10 have also been renormalized., The renormali-
zation factor for this nucleus has been found, in contrast
with the two previous cases, to increase the absolute
spectroscopic factor by about 17%4. The spectroscopic
strength of the individual single particle orbital will be
analysed further in subsection (vi) and (vii).

101

(v) Levels of Tet

The beta decay of 101Mo to 101Tc has recently
been studied by Cook and Johns (1972). The results of
present (3He,d) reaction work and the results of the
beta decay study up to the 1.7753 MeV state are tabulated
in table 11, In the internal conversion measurements,
Cook et al. (1972) observed several low energy transitlons
and from which they were able to establish closely spaced
levels at 9.317 and 15,601 keV with Jw-_-.- 7/2+ and 5/2+,
respectively, lying above the 9/2-f ground state., In the

present measurement only one deuteron peak wlth an angular
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distribution corresponding to an/lgzu pattern were observed.
This peak was largely the result of the excitation of the
9/2+, because excitation of the 7/2+ and 5/2+ states is
an order of magnitude weaker than that of the ground state,

as has been the case for 95’97’99Tc.

The4g=].transfer for the transition to the 0.207
MeV state 1s consistent with the,Jn= 1/2" assignment
deduced in beta decay. The 0,288 MeV state wlth anA!=].
transfer concurs with the results of Cook and Johns (1972)
that its J"Z= 3/27 with a possibillty of 1/2°. Most
probalily its excitation 1s the result of a 2p§/2 orbltal
transfer. If this indeed is the case, it would be inter-
esting to note the excitation energy of the low-lying 3/27
states in the Tc 1isotopes., 1In 95Tc such a state occurs at
0.629 MeV, in 27Tc at 0,576 MeV, in 91¢ at 0,509 MeV and
in 101lpe at 0,288 MeV. Also, apart from the one in 99Tc,
the excitation strength of such é state increases with the
mass, |

The l:.-B transfer for the excitatlon of the
- 0.394 MeV and 0,670 MeV states agrees witﬁ the Jn= 5/2°
assignment to both states by Cook and Johns (1972), Of
the four Tc isotopes studied in this work, this nucleus
is the only one with two ,Z-.:B transitions. From the
strength with which these states are being exclted, it

appears that the 1f5/2 shell becomes more accessible to

stripping.
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The 0,515 MeV state with an AZ: 2 limits the spin-
parity of this state to 5/2+ when the range of Jm deduced
by Cook and Johns (1972) is taken into consideration. The
,Z-.-.' 1 transfer for the 0,620 MeV state may be correlated
to the 0.62215 MeV state from beta decay, eliminating
the posslibility of 5/2" assignment given by Cook and Johns,
and limiting its s 4 1/2~ or 3/2". The 0.890 MeV state
does not have a unique confident fitting to 1ts angular
distribution in the present analysis. The posslibilities
of £= by ancll: 2 have been proposed, both fittings have
been shown for comparison in fig. 18. From the ,evalues
obtained in this work for the 1.197 MeV state and 1.319
MeV state they may be used to rule out the possibilities
of 5/2° and 1/2'+ 7 assignments to the states,
respectively, deduced from the heta decay work. ,

As in the cases of the Tc isotopes, sever&ll?: 2
transitions have been observed, but only one x?:-o trans-
ition observed in lOch. In 2ll four Tc isotopes studied
here, the 2d5/2 and/or 2d3/2 orbits appear to be severally

fragmented; and in 97’99’101T

¢, there 1s no single strong .
_j?z 2 transition being observed.

The structure of 10ch has been studied theor-
etically by Kisslinger and Sorensen (1963) and Goswami and
Sherwood (1967) using the similar methods they employed for

the other Tc isotopes described previously. The agreement
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between their calculations and the experiments in energy
spectra appears to deterlorate more and more from 95Tc to
1°1Tc. This seems to confirm the suspliclon expressed
above that the complexlty in the structure of the Tc
nuclel increases with the number of neutrons beyond the

N = 50 closed shell,

The transitlon strengths for the varlous levels
observed in this work have been renormalized according to
the procedure outlined previously for the other Tc
isotopes., These renormalized strengths are also glven in
table 11, and they wlll analysed further in the next two
subsectlons, The renormalization has the effec% of
reducing the observed values by about 36%.

(vli) Spectroscopic Analysis of Proton Orbitals in
28 € Z < 50 Shell:s |

The spectroscopic factors obtained from the present
study of proton strlipping reactions may be used to extract
information about the_distribﬁtion‘of proton holes in the
ground state of the even mass Mo nuelel, In a stripping
reaction, the number of holes, nh(Ae,j) in orbit (Ag,j) of
an even-even target, 1s given by the summation of all the
transition strengths, (2j+1)C S(Je ), corresponding to
the same JZ J(Riley et al, 1971):



?Z{(_—fj)= ;(2/24-:)6”835; (¢) (3.4-17)

JSreirring

and the fractional emptiness (unoccupation probability)
Uz‘g, jis related to nh(,g,j) by

@ = ’ﬂ,e(l;? = 2 . (3.4-18)
Z{%V 'é;f¥4' B i;z ¢ Eg'zqskéawnww§=3 |

.

In a pick-up reaction, the number of. particles,
n.p(.é,j) s in orbit (,Z,j) of an even-even target, is given
by the summation of all the spectroscopic strengths,
CZS(,Z,j), corresponding to the same ﬂ,J:

72'0[/,7) = 2 Cz«?((/) (3.4-19)

f 7cK-UP

and the occupation probablllty V?&j is related to np(,/,j) by-

2 72,(L7) 2
£1 : . 7

2741 27+ ¢ 4 ,
For a consistent analysis, the sum of U%,j determined
from stripping reaction and Vj,, j from pick-up reaction for
a glven ,Z,,j in the same target should be unity.

The proton configurations of the molydenum

isotopes, as discussed previously, may be conslidered as

composing an inert core (56Ni) plus 14 valence protons
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distributed among the 1g9/2, 2p1/2, 2p3/2 and 1f orbits,

The fractional emptinesses U correspbnding to tigze four
orblts determined from the (3He ,d) reactions and the
oceupation probabilitissV” determined from the (d,’He)
reactions, and the sums, Uqu Vz, for the five stable even-
even Mo isotopes are summarized in table 12, The data
used for the (3He,d) in Mo-92 were taken from Picard and
Bassanl (1969) and those of the Mo-94, 96, 98 and 100 were
from the present work (tables 8 - 11), The (d,%e) data -
on Mo-92, 94, 96 and 98 were taken from the work of
Ohnuma and Yntema (1968), As can be seen in this table
the sums, U2+ V2, for the 1f5/, orbital do not give as
consistent a value as the other orbitals in these nuclel
This may be attributed to the severe fragmentafion of the
1f5/2 single proton state, and only a portion of its
strength have been exhausted in the pick-up reaction
measurements (Ohnuma and Yntema 1968),

In spite of the inconsistency of the observed
results for the 1f5/2 orbit, the sunms, u? < V for the
other three orbits. are generally fairly consistent,
although in the ease of Me-96, the sum for 1g9/é orbit
i1s about 25% below those for the 2p shells. However,
this may be due to the statistiecal variation in exper-
imental data and the riuctuations in the DWBA treatments,
Since the occupation number V2 from (d,BHe) reactions has

not been renormalized, the value of the sum, Uzwk Vz,

e
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for each orbit, is not necessary equal to one,

It can be seen in table 12, the observed

,fractional emptinesses U2 for the four orbitals exhliblt

some ‘remarkable systematic characteristics in the Mo
nuclel; the 139/2 proton orbitals in these nuclel are
about 60-70% empty and have a slightly larger occupetion
probability in the higher mass nuclel (more neutrons).
Conversely, the number of proton holes in the 2p1/2,
2p3/2 and 1f5/2 orbits have an increasing tendency as the
number of neutrons in these nuclel 1ncreases from 50 to
58. In the 98Mo isotope, there are six valence neutrons
outside the N = 50 shell closure and they may form a
(2d5/2) closed subshell. This nucleus exhibits a proton
hole distribution among the four orbits similar to that
of the single closed shell nucleus 22 Mo,

The major proton configurations for theAground
state of each even-even molﬂﬂemmx'isotope may be written

in the form

L] ¢ Gltan)02s)]
+ Cs[(zf.g) (7f§)4j + Ca[(#}) (/&)]

(30“"‘21)

which consists of proton particle and/or hole pairs in
the orbital 1g9/2; 2p1/2, 2p3/2 and 1f5/2 as expected
intuitively. The first term of this proton wave function
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describes the ground state configuratlion of t%o 139/2
protons while the other orbits are all filled. The other
three terms of the wavefunction are the configurations for
two 1g9/2 protons coupled to a pair of proton holes
arising from each of the 2p1/2, 2p3/2 and 1f5/2 shells,

The coefficients of this wave function for each target

can be deduced from the experimental fractlonal emptinesses

QQZj (table 12). They are related by (Kozub and Young-
9
blood 1971)

‘ 2
2 _ (z7+1) Ug
‘c&- - a i (3.,4-22)
7%5(14%)

where nibg,j) is the number of proton holes in the orbit
Jg,j in the ith term of the wave function, In the present
analysis, the coefficlents C%, C%, and Cﬁ are calculated

directly from the observed spectroscopic information for

the 2py/2, 2p3/2 and 1f5/2 orbits, and C% 1s obtained from
the normalization %’ C% = 1 relationship.

| Table 13 lists the deduced C? coefficients of
the target proton wavefunctions., The fractlonal emptiness
values for the calculations are those listed in table 12,
From the table 13, it .can be seen that the (1g9/2)2
component is slightly less than 50% in 92Mo and drops
drastically as the number of neutrons increases, Since all

the five odd-even Tc isotopes have a 9/2+ ground state that

'is assoclated with anw4f=h transfer, the wave functions for
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their ground stqtes are primarily comprising é 1g9/2
proton coupled to the corresponding even mass Mo isotopes,
Allowing certain smount of fluctuations in the results
shown in table 13, due to errors in both the experimental
and theoretical (DWBA) uncertalnties, the results of the
present analysis may be taken to imply that the ground

states of’93’95997’99’101Tc contain an appreciable

component of (1g9/2)g/2 proton configuration in thelr wave

101

functions, and in the case of Tc such a configuration

dominates the ground state wave function.

From the results of (3He,d) reactions measurements,
the center of gravity energy of each single proton orbital
in the final nucleus can be determined from the relation

— >, C'z..g([/) é}. | -
E(4)= = - (3.4-23)
2, C2S,(4)
f F

where Ef is the excitation energy in the final nucleus and

the summation is carried over all the final states arising
from the same transferring orbit Z,j. In nuclear pairing
theory (Yoshida 1961) the observed center of gravity
energies from the (BHe,d) reactlions on even-even Mo
isotopes, are the energies of the single proton quasi;
particle states relative to the ground state in the odd
mass Tec isotopes. These single proton quasi-particle

energles are related to the single proton occupation

probabilities in the corresponding target nuvcleus., Table
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14 presents the observed center of gravity energies in
9359529749910, crom the (BHe,d) reactions at 18 MeV
incident energy, comparing them with the theoretical
values, The experimental values for 93Tc were deduced
from the work of Pilcard and Bassani (1969) and for
955975995101ns yere from thé‘present work, The theoretical
'values are the calculated single proton quasi-particle
energles relative to the lgg/, state, obtained by
Kisslinger and Sorensen (1960, 1963),., The agreement
between the theory and experiment is in generai poor except,
perhaps foxr 93Tc.

The experimentally determined ﬁ(1g5/2) may be less
certain because of the relatively low cross sections for
the states associated with the 1f5/2 orbital, The ‘
experimental values show a relat;vely small energy spaclng
between the E(Zpl/z) and ﬁ(lgg/z), while the experimental
values for E(2p3/2) in these nuclei decrease drastically
as neutron number increases from 50 to 58, while the
theoretical values vary only by a small amount,

In the foregoing analyses in this subsection, it
has been assumed that the transition strength in the (3He,d)
reactions for the 2p1/2 orbit in all the Mo targets is
completely concentrated in the transition leading to the
lowest-lying state in the To nuclel with.axlja=l transfer.
The strengths for the othei‘ transitions with an[:l
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transfer have been attributed to the 2p orbit. This

2
assumption is supported by the consistezgy in their
respective Uz-k V2 sums of the two orbits in comparing
with the values deduced from the (d,BHe) reactions as
shown in table 1z, It is also substantiated by the
consistent values of E(ZPB/Z) - E(Zpl/z) observed in the
ad Jacent Nb isotopes. In the odd mass 91’93’95’97Nb
(with neutron numbers 50, 52, 54-and 56), the observed
ﬁ(2p3/2)- E(ZPI/Z) are 1,42, 1,04, 0,80 and 0,50 from the
(d,BHe) reactions (Ohnuma and ¥ntema 1968), and are 1,49,
0.95, 0,60 and 0,55 from the (BHe,d) measurements (Gates
et al. 1969), respectively, In the five odd-ﬁass Te
isootpes, T¢~93,95,97,99 and 101, the observed values
(table 14) are: 1,22, 1,06, 0,65, 0,50 and 0.26, respec-
tively, |

Figure 19 shows the distributions of’.éi'-1 1

transfer transition strengths in 93’95’97’99’101Tc as a
function of excitation energy, obtained from the (BHe,d)
reactions, In the figure, the first 1/2° state in each
nucleus is denoted by a dotted line; and the other states
agssoclated with the g&=1 transitions are denoted by solid
lines, and of these states only a few of the stronger
excited levels are known to have a Jn.z 3/2° (see tables

8 to 11). The center of gravity energy of the 2p3/2 orbit

in each nuecleus and its corresponding width of the
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distribution is denoted in the figure by a créssed circle
with a horizontal bar, by taking all the solid lines into
account., All these odd-mass Tc¢ nuclei are characterized by
a strong,é;=4 transition to their ground states in the
(3He,d) reactions, . And in the excited state, no other
strong transition corresponding to j?:: 3 transfer was
observed, It is obvious that these nuclei exhiblt no
evidence for a well deveioped rotation-like, deformed
shape structure in their low-lying states., However,
there are remarkable changes in their nuclear systematics
and the degree of fragmentation of the single particle
orbitals, indicating a substantial configurétion mixing
in the ground state wave functions of the Mo nuclei as

the number of neutrons increased from N = 50, These
probably are due to the effects of the correlations
between the protons and neutrons in these nuclei, as their
neutron number deviates from the N = 50 neutron closed

shell.

.

(vii) Spectroscopic Analysis of Proton Orbitals in
50 £ Z £ 82 Shell:

Proton orbits in the 50 £ Z € 82 major shell

comprise the 2d5/2, 1g7/2, 3s1/2, 2d3/2 and 1h11/2. In
contrast with the orbitals in 28 £ Z £ 50 shell, these
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orbits are most likely completely vacant in tﬁe ground

state of the even-mass molydenun targets, therefore, a large
amouht of transition strength from these orbits is expected.,
As discussed in the part (i) of this section, the excited
stétes resulting from the (3He,d) reactions may have two
different final isospins, T > and T e Since the

valence neutrons in even-mass molydenum isotopes are also

in this major shell, 50 < v <82, the T 5 states

populated from the proton stripping reactions are the
isobaric analogue states of the odd-mass Mo isotopes.

Such unbound isobaric analogue states have been studied
.recently by McGrath et al. (1970) in (BHe,d) reaction and
are not remeasured in the present work, Most of the
transition strengths observed in the present experiment
will then be conceﬁﬁrated in the T¢ states and they
distribute over a wide range of excitation energies in
the odd-mass Tc nuclel.

Figure 20 shows the observed transitions strengths
(2J-kl)CZS for the low-lying excited levels in Te-93,95,
97,99 and 101, corresponding to the transitions with an
j?: 2 transfer. The data for 93Tc are taken from Riley
et al. (1971) and the others are from the present work,

In 93Tc, nine4g;12 levels have been located apparently
separated into two groups with a distance of abhout 2 MeV

between their centroids. The lower eneréy group comprises

N
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two weak transitions leading to states at excitation
energies 2,59 and 3,17 MeV and a strong transition to a
staté at 3,36 MeV., Based on the predictions of the shell
model, these states have most probably arisen from the 2d5/2
orﬁital transfer, hence have Jn= 5/2+. The upper energy
group has six rather weak Af==2 transitions to levels
lying between 4,76 and’5.78 MeV. Their excitation may be
attributed to the transitions to the 2d3/2 orbit, giving a
Jn:-_-: 3/2+ for these states, In 95Tc, 15 levels have
been identified with,é: 2 transitions (those of tentative
JZ assignments are shown in parentheses in fig., 20),
.Although a strong transition appears at 2,816 MeV, but no
obvious grouping occurs in the distribution of these
states, No definite spin assignments for these states can
be made in general,'however, the 2,816 MeV state and most
of the other states lying below it with an 4?: 2
probably are assoclated with the 2d5/2 orbital, In Tc-
97,99 and 101, excited states withAZ=23%nansition ocecur
even below 1 MeV excltation energy. There are 16, 17
and 9 such levels below 3.1, 2,6 and 1,8 MeV excitation
energies in Tc~97,99 and 101, respectively, No single
stron@Af=:2 transition was observed deviating from the

93

95
observations in ““Tc and "~ "Tec. In fig, 15, the transition
strengths for the =2 states in 95’97’99’101Tc are shown

by those values associated with the 2d5/2 orbit,



The present measurements on the four even-mass
Mo isotopes, did not exhaust the theoretically possible
transition strength associated with the 2d5/2 or the
2d3/ orbit. The total observed traneition strengths for
Jf zorbit in 954975,99,101lp¢ are only 3.36 (Tc=95),
2.52 (Tc=97), 2.82 (Tec-99) and 2.34 (Te=~101), if all the
observedljzzz states arise from the 2d5/2 orbital, From
the sum rules for T o states (schiffer 1969), the total

transition strength for a given shell model orbitjg,j is

given by ,
/
(27#1)C2 m N, (B) = —— A,.(5)
fz 7” 7= 7 P g A“/',?’ (3. l-2k)

where Nl J(p) and Nl j(n) are the numbers of proton holes
and neutron holes in orbit /ﬂ Z in the corresponding even-
even target nucleus, whose isospin equals To. For the Mo
nuclei, the number of proton hoies is 23+1, and the
number of neutron holes can be obtained from the neutron
stripping and pick-up measurements by Hjorth et al. (1964)
and Diehl et al. (1970). Using their results, the maximum
theoretical‘spectroscopic strengths for the 2d5/2 orbit

in these nuclel are about: 5.58 (Te-95), 5.76 (Tc=97),
5,88 (Tc-99) and 5,88 (Te~101) for the 2d5/2 orbit, and
about 3.68 (Tc=95), 3.72 (Te-97), 3.80 (Tc-99) and 3.84
(Te-101)., These values are substantially higher than the

experimental values quoted above.
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Figure 21 shows the ,Z: 0 transition strength
distribution as a function of excitation energy in
93:95,97,99,101pc, Similar to the case of figure 20,
the data for 2JTc are taken from Riley et al. (1971) and
the others are from present measurements; Since in 1Och
only angular distributions for sta?es up to 1.703 MeV
excltation energy were analysed, a lone state with an ,Z= 0
transfer in this energy region has been observed. The
total spectroscopic strength (234—1)028 observed in the
present measurements are 0,38 (Tc-95), 0.45 (Tc-97),

0.30 (Tc-99) and 0,06 (Tc-101) while the expected full
strength (equation 3.4-24) for the T< states should be
about 0,92 (Tc=95), 0.94 (Tc-97); 0.94 (Tc-99) and

0.97 (Te-101), o

Besides the_strong.1?= L transitions td the ground
states of the odd mass Tc nuclei, there are only three Af: 4
transitlions observed in the present measurements, namely
the 1.316 MeV state in Tc-97 and the 0.625'and 0.720 MeV
states in 99Tc. Since the JJB assignments for these states
are not uniquely defined, it is not certain whether these
states are due to proton stripping to the 1g7/2'orbit;or to
the 15;9/2 orbit., The odd-?gss Ti-isotopes are also
characterized by a low-lying 7/2  state, above their
9/2-* ground states (Cook et al, 1972)., The excitation of
most of them are too weak fo be observed in the present

measurements, except the weakly excited state at 0.216 HeV
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in 9?Tc. The present results 1énd strong support to the

contention that they are belonging to the 189/2 shell highen
senlority states. A weak transition to these states implies
that they may contain a small component of the single
particle configuration in their wave functions, or their
excitations are due to a two-step process in the (3He,d)
reactions, For instance, this transition may proceed via
core excitation to a one phonon state, followed by
stripping a proton to the orbit of 1g9/2.

No ,e;: 5 transition has been identified in the
present work. A ‘detailed study on the €= 4 and 5
transfer to the excited states of these nuclei may be
'accomplished by the use of the réactions such as (KX,t),

(160,%5N) 1n wnich nigh values of £ -transter are more

favorable,

The high degree of fragmentaﬁion of the strengths
assoclated with the/: 2 and /: 0 transitions may be
attributed to the spreading of the antianalogue states
due to the core polarization mixing (French 1964), This
phenomeron has been recently discussed by Vourvopoulos
et al, (1969) in conjunction with the reaction of 89Y
(BHe,d)90Zr, and they obtained a fairly good prediction .
for the number of observed T states. Fromthe present
work and those of Hjorth et al. (1964) and Diehl et al,

(1970), it is known that the even-mass Mo lsotopes have a

significant mixed configurational structure for both the
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protons and the neutrons, The Jo qﬁ 0 core pqlarization
states (Vourvopoulos et al. 1969) may arise from a large
number of different orbits and cause an extremely com-
plicated mixture of different configurations to the anti-
analogue states, In additlion, according to the core
polarization mixing, states with larger spin values are
~more fragmented, This property, plus the unfavored

cross sections for high,Ag transitions in the (BHe,d)
reactions, perhaps, explains the scanty information about

the distribution of the 187/2 strength in the present

measurements,
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FIGURE 7

Comparison of the Experimental Elastic

Cross Section with Optical Model Calcu-

lations for 18 MeV 3He on a 94Mo Target.
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FIGURE 8

Deuteron Spectrum Obtained from 94Mo(3He,d)95Tc Reaction

Deuteron peaks are labelled by thelr corresponding level

excitation energies (in MeV) 1in 951¢.



d3GWNN T3NNVHO

099

010]0]7

(0]0)4°

o =y
syt
ool

L,
" —~ee,

»
40
oo PRSI 4
-,
€ .._.--.

T
e

~% -
histpdeomnl et

.-.‘. .

o 9=t ¢

Shi=ne

.'_....o:'

4.709

4.528
4.428
4.254

4.10
3.986

3.800
3.616
3.401
3197
3.00%

4.489
4.381
4.180

3.905
3.700

3.481
3.339

3.119
2,938

b es @ et .
*__..—o-—-i——v—

—%

@ — )

0.629

et 5763

O

09=Po

ASN gl=He3
3"—96( preH E)O Wi s

24 O00Y

s 8890

+ PULSER

2816

x 110

I



-113=

TABLE 2

. Excitation Energles and Differential Cross Sections of
the Varlous Levels in 95Tc Obtained from the 94Mo(BHe,d)
957¢ Reaction.

The differential cross sections are glven in the C.M.,
system, The total relative errors for all measurementé
are glven directly under their respective mean valués
with the significance of their digits having a one-to-
one correspondence with those 1n the mean values, The
total systematic error of all differential cross sectlon
measurements was ¥ 20% (see section 3.2 for details),

Blank entries indicate that no reliable data could be

extracted (see text).
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Ground
state
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25,0 12.8 15.9 46.0 11.8 7.4 7.8 5.4

.1 248.4 237.3 2

A 263
9.2 29.2 26.7
.0 107.9 135.8 157.1 114.0 108.7

léoll’

169.1 371

93.7 76.5 102.5
13.8 19.9 10.6

11.3
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Differential Cross Sections (pb/sr)

Excitation

80°

20°  25° 30° 35° 40° 45° 50°  55° .60° 65° 70°
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energy
(Mevs
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FIGURE 9
Deuteron Spectrum Obtalned from 96Mo(BHe,d)97Tc Reaction

Deuteron peaks are labelled by thelr corresponding level

excitation energles (in MeV) in 97Tc.
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TABLE 3

Excitation Energles and Different Cross sections of

97

the Various Levels in Tc Obtained from the 96Mo(BHe,d)

971¢ Reaction

The differential cross sections are glven in the C,M.
system, The total relative errors for all measurementé
are given directly under their respective mean values
with the significance of thelr digits having a one-to-one
correspondence with those in the mean values., The total
systematic error éf all differential cross section
neasurements was i'zo% (see section 3,2 for details).

Blank entries indicate that no reliable data could be

extracted,
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FIGURE 10

Deuteron Spectrum Obtained from 98Mo(3He,d)99Tc Reaction
at 18 MeV Incident Energy

Deuteron peaks are labelled by thelr corresponding

level excitation energles in 99Tc.
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FIGURE 11

Deuteron Spectrum Obtained from 9SMo(BHe,d)gch Reaction

at 24 MeV Incident Energy (Part 1)

Spectrum covers the excltation energy régilon below about
1,6 MeV, All deuteron peaks are labelled by thelr

corresponding exclitation energles in 99Tc.
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FIGURE 12

Deuteron Spectrum Obtained from 98Mo(3He,d)99Tc Reaction
at 2l MeV Incident Energy (Part IT)

Spectrum covers the excitation energy reglion from about
1.6 MeV to 2.5 MeV, All peaks are labelled by theilr

" corresponding excitation energles in 99To.
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TABLE &

Level Excitation Energy in 99Tc and Differential Cross
Sections for the I8Mo(’He,d)?Te Reaction

Excitation energies were determined from the spectrum
obtained at 24 MeV incident energy, and the differentlal
Eross sections are for the 18 MeV incldent energy. The
total relatlve errors are 1isted directly under thelr
respective mean values with the significance of their
digits having a one-fo-one correspondence with those in
the mean values, The systematic error for the differ-
ential cross sections 1is + 254, No differential cross
sections were extracted for the states above 2.7 MeV.

The differential cross sections are given in the C.M.

system,
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Differential Cross-Sections (pb/s.r.)
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Excitation A Excitation

ene ener;
(Meﬁ%y (MeV
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FIGURE 13
Deuteron Spectrum Obtalned from 100Mo(BHe,d)loch Reaction

Deuteron peaks are labelled by their corresponding level

excitation energles kin MeV) in 101qe,
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TABLE 5

Excitation Energles and Differential Cross Sections of
the Various Levels in 101lm, obtained from the 100y,
(3He,d)101Tc Reaction .

The differential cross sections are glven in the C.M.
'system. The total relative errors for all measurements
are givgn directly under thelr respective mean values
with the significance of thelr diglts having a one=to-
one correspondence with those in the mean values, The
total systematic error of all differential cross section
measurements was * 204. Blank entrles indlcate that no

reliable data could be extracted.
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TABLE 6

Q-Values for 9“”96’98’1001\40(3He’d)95,97,99,101,1,c

Reactlions

( Energles in MeV )



P e

REACTION

s s

Maples et al. (1966)

Wapstra and Gove

(1971)

Present Work

9l"Mo(BHe, d)95 Te
96Mo(3ue,d)97Tc

Brio(CHe,a)?1c
100y Spe, q )1

Te

-0.561 + 0,021
0.241 + 1,000
1.013 + 0.006

1.93% + 0.025

"’0.602 t 0'011
0.19%4 + 0.009
1.012 + 0,005

1.935 + 0.025

-0.55 + 0.02
0.25 + 0.02
1.01 + 0.02

1.93 + 0.02
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TABLE 7

Optical Potential and Bound State Potential Parameters

Used in the (BHe,d) Reactlon Analysls



. b) b)
PARTICLE T, v rr a. Wv W D T. 2 )‘so

(fo) (MeV) (£m) (fn)  (MeV) (MeV) (£m) (£m)

He"3 l.’-(- 170 1' lLl’ O- 75 20 la6 018
Deuteron 1.3 98- 1.1 0.85 18 1.4 0.7
proton ) 1.2V 1.2 0.65 25

a) The V was ad justed to reproduce the proton separation energy

for each final state, and T =r g &, = a e
so r $o: T

b) r,= Ty OF T and a = ay OF ape
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FIGURE 14

DWRA Predictions for the Angular Diétributions of the
(BHe,d) Reaction for Different ,g-'l‘ransfer Values.



10

(d o /d Q)owea (Arbitrary Unit)




~125-

FIGURE 15

DWBA Analysis of Angular Distributions of the 9L"Mo(BHe,d)
95Tc Reaction

Experimental numerical values are given in table 2.

Angular distributions are identified by the excltation

95

energies of the corresponding states in “"Tc.
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FIGURE .16

DWBA Analysis of Angular Distributions of the 96Mo(BHe,d)

97pe Reaction 4 ¢

.Experimental numberical values are glven in table 3.

Angular distributlons are jdentified by the excitation
| 97

energies of the corresponding states in Tc.
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FIGURE 17

DWBA Analysis of Angular Distributions of the Solo’
(3He,d)?%Tc Reaction

Expefimental numerical values are given in table 4,
Angular distributions are identified by the excitatlion

energlies of fhe corresponding states in 99Tc.
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FIGURE 18

DWBA Analysis of Angular Distributions of the 100y,
- (3e,a) %7 Reaction

‘ Expérimental numerical values are glven in table 5.

Angular distributions are jdentified by the excitation

energies of the corresponding states in 101Tc.
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TABLE 8

Summary of Spectroscoplc Properties of the Low-Lying
95

States of Te from the Present Work and Previous

Measurements



Bomser ot al, (1971) fucker et ‘al. (1970) Kim et l‘.. (1970)

Present Vork Riley ot. "1. (1973)
. 1978
9')‘0 9.
ze,2)7r0 Hnota,m) re 9txo(a,m)?3re Br LTYRINS i 3
Bx 2 ¥ A c’s Ex P * 2 » =
] Ex . ¢
(NeV) . (Worm.)  (MeV) < (mev) £ J s ﬁ.v) ’ (nucv) ’
0. ) 9/2 0.82% 0.683 0 » 9/20 0.77 ° 5 9/2"’ 0.59 ° &
- . . . o - 2 0.
0.0%0 1 1/2 0.32% 04269 0.0 1 1/2= 0.32 0.0% 1 172" 0.35 g.o;gg ;22: o.gfé
0.629 1 3/2-  0.087 0,072 064 % /2= 0.1 | o.648 2 2+ ’ 33 2 0. -
i72~  0.200 0.166 . - 0% ' 5/ 0.02 o.6268 (/M) 9.0 v
.| 0.6
: o - o ezl B
en 2 YA OE 0:03 10 2 szt 0,003 | 1. (rz*} 1.087
1.201 . .
e 1 gg: 9.01% 0.012 11786 (/Z,5/2) }33‘,’
’ 2 ¥ ouw 5080 27§} gﬁt g.05% | 1.3 - iggé
* /27 0.080 _ .
e 2 yA 0o o4 | M 2 o T B G
o 1 D5 Sah hew | ne gp o oy oomioe o ME o) NS (il 1
- i/27  o0.023 : ’ .
R - S - - S B ~ v R
337 Q (%) (g.c09 (0022 1.93 0 V2 0.02 1.9785 (/24 7/2%)
sz ., Y& 0,029 0.024 20860 (V2]
-257 %//E: 005 8:333 2.2519  (w2',/2")
- 8 o .
:z'; 2 gf 9.007 g.ggg 229 2 7zt 0.019 23285  (w2t,5/2h
3.5 1 20 0.c22 0.018 2.57 1 2= 0.036 | 2.56 o e o !
3727 0,050 0.4 ° - o . : 01
2.696 2 552’ ouei o:005 1727 0.081
3’2: 0.022 0,018
2.763 ° 1/ 0.107 0.089 2.78 ° 1z 0.0%
2.816 2 2t 0.18% 0.1
ya o o5l 283 2 ¥ oz | 28 2 ¥4 on
2.938  (0) (1/2%) (0.027)  (0.022) .22
j.000  (2) (5/27) {0.022) (0.018)
(372%) (0.0k5)  (0.037)
3.119 0 /7 0.02% 0.020 .
3.197 0 /¢ 0.0 o. 3.21 () /2t 0,016
3.339 0 17z 0.081 0,034
3. 2 5/2t  0.020 0.017
/2 0.042 0.035
3.581 2 g/t 0.936 0.030
616 (2) (gzz;;) e S | e 2 s/t 6 2 s/
61 . . . 0.021 . 0.
3 - (vzh) o.105; (0.086) 2.6 yz o.%
3.700 woak .
3000 (01 (2t (0.069)  (0.057) {353 o 1/2} o0.029 | 3.8 0 v2* 0.02
3.905 o) ~ (1/2%) (o.0k2) (0.035) 3.92 0 1/2* 0.006
3.988  (2) (527} (0.0%3) (0.037) 3.99 2 s/2t 0,009 Co.
(3/2]) (0.093) (0.077) 3/2% o0.015 .
5,10 (0) (i/2}) (0.020) (0.617) 5.0% o 1/2 0.0%
5,180 2 s/2t 0,020 0.017
s . Ta thm OB
.2 . .
* w2t  0.055 0.046 :
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TABLE 9

Summary of Spectroscoplic Properties of the Low-Lylng
States of 97Tc from the Present Work and Previous

Measurements



Phelps et al. Cook et al, Plcone et al,
(1971)

Present Work BRiley. et al, (1971) n?I;;O)d. (1970) (1972)
96x0(3Re,d) 9710 96x0(a,n) 9770 9740(p,n) 770 I6 -r - 7 97no(p,ny)¥7e
3 % c3s Ex A % % Ex ® Ex a*
(Nora,) (MevV) (MeV) (XeV) (MevV) (HoV)
9/Z  0.691 0.626 0. 5 9/38 o.s5] o, 0. 9/t o. /2t 0.0 9/2)*
/20 0.471 0.426 0,097 1 1/2° 0,231 | o0.101 0.0965  1/27 0.096k  1/2% 0.0965 (1/2)°
(7/2) (0.051) (0.046) 0.213 0.21231 7/2* 0.2158 (7/2H) 0,216~ (7/2)%
5/Z 0,018 ©0.016 - 0,328 0.32k49 0,32 (5/2%) | 0.32% (5/2)7
3/2" 0.105 o.ogg 0.57 1 /2] 0.056| 0.575 3/2° | 0.5742° (3/27) 0.57% (3/2
1/Z  0.259 0.2 172" o0.138 -
5/2, 0. 0,036 . 0.662 5/2= | 0.65682 (5/27) (0,6567) = _ 0.657 (5/2)°
§;2+ g.ggﬁ g.g 7 0.77 2 5/2° 0.017 | 0.785 0.78505 s5/2* 0.7851  (5/2,7/2) 8.5%; (5/2)
(5/2) (0.008) (0,007) 0.854 0.85545 (7/2,5/2)% 0.8554 (7/27) | (0.833)
(3/2) (0,016) (0,01%) - : (0.850)
1 3/2° 0.066 0.060 0.93 1 3/2° 0.031 | 0.951 0.,9565 - 0.855 (7/2,5/2)*
i/2- 0.167  0.151 0.962 0.96979  (5/2,7/2% 0.9697 - 0.896
1 27 0.015 0,014 0,987 0.99469  3/2% 0.99%4 - 0.930 (3/2,1/2)T
1/27 0,037 0.033 . 1.050 0.969  (5/2,7/2)*
8 9/zt o075 0068 | 132 gk gzt 0,03t 1013 0.59% (32}
72t 0,195 0.17 2 527 0,005 1,202 Oby
2 5/2% 0.016 0.01 . 1.234 1.127
372t 0,031 0.028 1,268 1,141
0 /2 0,016 0.014 1.376 . 1.173
2 s/2t 0.026 0.024 : 1.5ko07 1.200
3/21 0.054 0,049 + 1.517 1,220
2 5/2% 0.030 0.027 1.67 2 5/z° 0.019 | 1,380 (1.240)
3/2F 0.059 0.053 ) 1,277 ‘
0 1427 0.039 0.035 1311 (9/2,5/2)*
[ 1/2] 0,088 0.080 1.8% - - : 1.380
2 5/27 0,073 0,066 1.9% 1 /2 0,061 . (1.510)
27 0.42 0.129 /2" 0.138 : (1.513)
2 T 0.019 0,017 1,523
3/2; 0.03? 0.033 1.580
2 T 0,012 0,011
3/2] o0.02% 0.022
0 /27 0,018 0.016
0 1/2% 0.078 0.071 2.26 2 /2% 0.023
2 5/27 0.02 0.023
3/2% 0.0 0,043 2.48 - +
0 1/21 0.121 0.110 2.64 0 1/72% o0.050
2 5/2% 0,025 0.023 2.73 -
3/2% 0,049 0,043
2 /2% 0.016 0.015
3/2% 0,032 0.029
2 5/2% - 0,028 0.025 2.89 -
3/27 0.056 0.051 )
2 5/27 0.024 0.022
3/2% o0.048 0.043
2 572} 0.021 0,019
y:# 0,041 0,037
2 0.032 0.029 0 2 2+ 0,0
§/’r 0.06% 0.058 3:05 ¥ o
0 17zt 0.096 0,087 ;
0 1/2* 0.039 0.035
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TABLE 10

Summary of Spectroscopic Propertiés of the Low-Lying

States of 99Tc from the Present Work and Previous

Measurements



Present Work Cook et
) }(1369)81. Bond et al,.(1972)

98Mo(3Re,a) 9970 8 9
v - 9po(35¢1.35 99,
(Mev) J ¢%s c?s Ex L o) e
- . . (Worm,) (Mev) %ﬁ "
0 182 {l('u) (3% (<5:0k8) g.6c8 o 92y »
. i 17al et (<g.05h) 0.14051 272+ o 92
o'lsg}; 2 5/21 0,006 01507 8”‘"263 12 oon %
IR S I R B
0.672 7;zt 0..132 R e
0.720 E g/gi 3.323 g:gg?z 0.6715  5/2° "
3-762 2 §;§+ 8:8&%, 3072 0.7263 (7727 ,972")
919 o  1i72* 0,008 6009 o761 2y 0.76 )
1 . 0.9205 (3/2% 1/72%) 7618 (7/2 '9/2+)
020 2 s5/27 0,007 1,004 3z
723 9 0,008
0.013 0.015
1.0729  5/2_
1,145 weak 1.129 B }
1203 1 /20 0.005 0.006 }'iuZB (%gﬁ/z)
v Tar a gt 1w O
}.207 ok 1/2- 0,026 0.030
M35 2 g%: g.gla 0.021
1.;25 weak . -033 0.039
‘60 0o 1/2t
1,679 2 %5.%.+ 8'839; 8'323
* [ ] L[]
1,760 2 27%* HR46 8'83;
_'_ [ ] [ ]
1.803 0 %;g* 01053 502
1.825 2 5/27 o:osg R
1.911 2 255; 8:32? 83?3
~rio82 2 g;g,{ 0.021 0,025
2l o.gae 0.0
2,000 2 527 1Y 8'833
2,064 weak 3/27 0050 0.058
2.111 2 g;z;: g.gu'f 0055
2,060 2 5/2; S:0% 01023
2,476 0 ;;g* RE 0: 092
2.203 2  5/2 000 g.028
32} o'oag 3'3ﬁ§
2. + 0. .
2281 0 /2 0:0% 0:068
+
2,396 2 g%,f g.gio 0,012
2.4 2 5/2% o:ofg 3'3?3
2,466 0 g;:* R+ 9:028
2.486 0 /2% o:oé'g 8'8%8
2.522 2 g;§+ 0.022 8'3126
. +« Ot
2,581 2 g%}; g.gzs o.oag
5.2?3 veux V2, 2050 0.058
. o 172t o.024
5.675 0  1/2" 0,01 8:8?3
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TABLE 11

Summary of Spectroscopic Properties of the Low=Lying

States of 101Tc frpm the Present Work and Previous

Measurement



Present Work
100,354,411 0lp, Cook and Johns (1972)
,8-7"
Ex ™ 2
(MeV) £ 3 ¢'s c?s Ex’ J=
(Norm,) (MeV)
.’-
0. L 9/2° 0,860 0.553 972"
' 4 o 009317 22
0,207 0,
g.207 1 Lz 0.8 oo 050795 22
0398 3 55 o138 0.126 | 0.28845  3/27(1/2)
0.138 0.089_ 0.39440 5/2"
0.515 2 5/2% 0.0 0.50045  (1/2;
. . 3/2;
/2" 0.183 0042 051519 (/2% 7; 3y K
| 0.53
0.60225 Ef;g g;g?)
0.670 3 253- 8'°26 0,017 62215 (1725 3/2 5/27)
118 0,074 0.66945  5/2°
0.890 (2,4 4 0. T2z 23/2+
' (5721, (0.0300 (00193 S.14222 12, 0m
(/21 (02057 (01037 | 1102559 R
(2o ?7) (0.082) )
1197 1 1 }gtiasu (7ss Vi 2
y 3/2° 0,035 0,023 o (1/27 3/27 253
s VR R D e
S 1 O B S
33+ 0081 0.014 1.31946 (1727 372*
1.4629 2 5/2* 0.104 0:024 ’ )
32t 0iay oot 1.kbg (1/2y
vaoo 2 Ev 022 0Bt | 1135 (172} /?u’
32t 0.132 0,044 1135439 (1/2% 3/2+)
1578 2 3/2% 0.087 0w085 | 1.5onoh (/2] 7”-%
1,608 0 25§+ 8:383 8'32; 1.6778 gi%? 3%1,
1,703 2 /2% 0,092 0,023 1.7753 (172} 3/2
/2% 0,179 0.115
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TABLE 12

Occupation Probability of Proton Orbitals Below the
Z = 50 Shell Closure

The experimental (3He,d) data for the calculation of U2

were taken from the present work, except those for 92IVIo

which were taken from Picard and Bassani (1969), The

(d,BHe) data for the calculation of V2 were taken from
Ohnuma and ¥Yntema (1968).



NUCLEUS  SUBSHELL Uij vij w2y
(He,d) (d,He)
Mo-92 159/2 0.67 0.27 0.94
2p)/, 0.30 0.70 1.00
20/ 0.10 0.85 0.95
1/, - 0.82 0.82
Mo-94 189/, 0.68 0.29 0.97
2p, /7 0.27 0.80 1.07
2D,/ 0.14 0.78 0.92
1,/ - 0.58 0.58
Mo~96 139/2 0.63 0.29 0.92
20,/ 0.43 0.80 1.23
253/2 0.17 1.05 1.22
1/, 0.04 0.35 0.39
Mo=-98 1g9 /2 0.67 0.22 0.89
20,/ 0.29 0.55 0.84
2D4 /5 0.11 0.63 0.74
A, 0.05 0.42 0.47
Mo-100 leg/, 0.55
2p1/2 0.41
2p3/2 0.16
0.16

lf5/2
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- TABLE 13

Coefficients of the Ground State Proton Wave Function

of 9219%,96,98,100y, geduced from (°He,d) Reactions

Values deduced from equations (3.4~21) and (3.4-22),



-

Mo of ¢ cg o
92 0.48 0.31 0.21 -
Cad 0.l 0.27 0.29 -
96 0.16 0.43 0.34 0.07
98 0.34 0.29 0.21 0.16
100%) 0. 033 0.27 0.40

a) Coefficients normalized by 243 Ci= 1.
1=2
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TABLE 14

93,95,97,99,101

Quasi~Particle Energies of Te deduced

from (3He,d) Reactions



NUCLEUS  SUBSHELL E(£,3) E(£,3)

(exp.) (theor. )
Tc-93 lgg/z o. Ol 56
2P1/2 0.39 . 0.
2p3/2 1.61 1.60
1f5/2 - 2.16
TC"95 189/2 Oo Oo
2P . 0.04' 0-“‘7
1/2 )
2p3/2 1.10 1.47
1f5/2 - 2,05
P1/2 S :
1f5/? | 0.66 2.01
Tc-99 lgg/z 0. 0.
) . .
3/2
1f 5/2 0.67 | 1.90
Tc-101 1g9/2 0. 0.
2p1/2 0.21 . 0.00

1f5/2 0.51 1.82
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FIGURE 19

'Distribution of Transition Strengths as a Punction of

Excltation Energy for Transitions with A?::l Transfer
in Mo(3He,d)Tc Reactions

The circle indicates the position of the center of
gravity energy of the 2p3/2 orbit,
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FIGURE 20
Distribution of A?= 2 Transition Strengths as a
Function of Excitatlon Energy from Proton Stripping

Reactions on Mo Isotopes

See text for detalls.
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FIGURE 21

Distributions of A?: 0 Transition Strengths as a
Function of Excitation Energy from Proton Stripping

Reactions on Mo Isotopes

See text for detalls.
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- CHAPTER IV

THE (d,p) REACTIONS IN Br-79 AND 81

4,1 Experimental Procedure and Data Reduction

Measurements of the reactlons 79’81‘Br(c’t,p)
80’82Br were performed using the 12 MeV deuteron beam from
the EN tandem Van de Graaff accelerator at the Universilty
of Montreal. The preparation of the 1so£opica11y
enriched Br targets and the experimental techniques and
apparatus for these measurements have been described in
Chapter II., The experimental procedures followed were
generally along the same lines as those already described
in the preceding chapter for the 94’96’100Mo (3He,d) |
95’97’101Tc reactions, Two deﬁector telescopes separated
by 10° were used; the solid angle of the telescope
positioned at smaller scattering angle was chosen to be
0.156 m sf. subtended at the center of the bromine target,
while the solid angle of the other one at a larger scat-
tering angle was chosen to be 0.324 m sr, The angular
acceptance of each detection system was sufficiently small
to minimize the kinematic broadening in the proton peaks
arising fron induced reactions in the lighter elements, Na
and C, in the targets. As already described in sectlon 2,2,
the AE and E detectofs used for this experiment were silicon

detectors of thickness Zoolﬁcnland 2000140m, respectively.
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The method used for incldent particle beam alignment,
detector and electronics systems alignments and call-
bration, and beam cugrent monitoring were similar to
those described in sectlon 3.2, _

The charged particle identiflers were *tuned!' to
provide an optimum separation for protons, However,
because of the difference in the incident beam energy
and the reactlon Q-values for the present experiments as
coﬁpared to those for the (3He,d) reaction experiments,
the energy-voltage relation at the charged-particle

identifler inputs were adjusted to about 20 MeV = 10
. volts, Apart from using the calibratéd pulser for energy
calibration, the energies of the proton groups in the.
spectrum were determined by using the known energles
of the proton peaks’from the (d,p) reactions in 23Na and
12¢ (Schiffer et al. 1967; Maples et al. 1966 and

Daum 1963),

Proton spectra from the reactions were measured
over an angular range from about 10° to 90°, and angular
distributions for the varlous proton groups were ’
evaluated according to equation (3.2-1). As in the
analysis of the (BHe,d) reaction, for closely spaced
protbn peaks in the spectra, a computer program, called
GFITT (Zurstadt 1968), which performs Gaussian curve
fitting, was used to effect thelr separation.

The target thickness measurements for the 79Br
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and 81Br targets were made by means of 'onpline"
deuteron elastic scattering techniques. The energy of
the deuteron beam from the tandem was reduced to L Mev,
which is just below the deuteron Coulomb barrier

heights of the bromine nuclel (about 4,5 MeV, for a
nuclear radius parameter Ry=1.2 fm), The forward angle
elastic scattering events were, therefore, the results of
Coulomb scatterings. The product of target thickness and
solid angle of each detector telescope was thus obtained
by comparing the experimental elastlc scatfering aif-
ferential cross section, measured at four scattering
angles from 25 to 40 degrees, with the calculated
Rutherford scattering cross sections (Marion and Young
1968) ., The target thicknesses thus obtained, using the
measured a solid angle values, were 90‘/ogycm2, and 82
Y/ g/om2 for the 798y and 81Br targets, respectively.

. As discussed in section 3.2 of the preceeding
chapters, there were two types of errors involved in the
differeﬁﬁial cross section measurements: those of a
systematic nature and those of a random nature., The
gystematic errors arilse primarily from the uncertainty in
the target thickness and solid angle measurements and
the accuracy of the beam current monitoring device, 1In
the measurement of elastlc sqattering of 4 MeV deuterons,
1t was the product, (pt)°(A-Q), of target thickness and

solid angle which had been evaluated, It is belleved
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that the quantity pt AR was measured to better' than * 8%
accuracy for both targets. The current monitoring
system 1s believed to be callbrated to better than T L%, -
This glves a total systematlc error of *+ 12%4. The random’

errors arose mainly from the statistical fluctuation in

the number of events in the peaks, the uncertainties in

the peak area evaluation:mback ground subtraction and

electronics deadtime correctlons. These varlous random

errors will be added quadraticaliy té obtain a total |

relative error to be given together with the results,

4,2 Experimental Results

Fourteen p;oton spectra were accumulated at
scattering angles ranging from 10° to 90° for the
79Br(d,p)80Br reaction and nineteen spectra from 12.5°
“to 95° for the 81Br(d,p)82Br reaction, Proton groups
from the bromine nuclel were distinguished from those
originating in the Na and C nucleil by means of theilr
kinematic shifts at different angles. Figures 22 and
23 show the proton spectra of the 79Br(d p)80Br reaction
at a scattering angle of 15°, and of the 81 Br(d,p) 2By
reaction at 50°. The energy resolution for thls exper-
1ment‘was about 40 keV at FWHM, During the measurements
of the 81Br(d,p)82Br reaction, & maximum beam current of

500 na was availlable from the tandem, therefore, each
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spectrum for this reactlon was accumulated for a total

incident charge of about 2000‘/40 to yileld sufflciently .
good statistics. But in the runs for'thg ?9Br(d,p)80Br

reaction, only 30 na beam current was avallable from

the tandem because the ion source was not working

properly, consequently, each spectrum for this reaction

was collected for about BOO‘/oC of incident charge,

giving re;atively poor statlstlcs.

Proton groups corresponding to thirty=two
levels of 8OBr iying below an excltation energy of 2,0 MeV,
and twenty-one levels of 82Br lying below 2,2 MeV of
excitation energy have been identified and analysed,
Abéve these excitation energles, strong proton groups
from the carbon and sodium contaminants in the targets
rendered the identification and data extraction of
proton groups from the two bromine isotopes impossibly
difficult. Also, weak proton groups from the bronmine
nuclel above 1 MeV excitation energy could have escaped
observation because they may have been obscured by the
contaminant proton groﬁps in the forward angles and may
have been ﬁoo weak to be identified at the larger angles.
It ié evident from figures 22 and 23 that the proton
groups from 23Na are much stronger than those from the
bromine nuclel.

The exclitation energles for the varlous levels

of 8°Br and 82Br and their excitation differential cross



144

sections in the laboratory system are tabulated in table
15 and 16 respectively. The uncertainties in the level
energy determination and the total relative error in each
differential cross sectlon ﬁeasurement are also glven in
these tables. The uncertainties assoclated with the
excitation energles arise from the peak position deter-
mination and energy calibration. _Tﬂé relative errors
assoclated with the differential cross sections are those
from peak extraction in each spectrum as discussed in
the preceding session, The entry format adopted for these
two tables is the same as that used for table 2., Graphs
displaying the angular distributions for the various
levels in 80Br and 82Br will be shown together with the
results of the theoretical analysis in the next sectlon.
As can be seen from figures 22 and 23 and tables

15 and 16 the present measurements provide a set of

reagonably good quality data for transitilons leading to
the low-lying states (< 1 MeV) in 805, ana %2z,
However, because of the relatively high level density in
these nuclei, much better energy resolution is required
for the study of levels 1lying above 1 MeV excltatlon
energy by means of (da,p) reaction, Ideally, the targets
should also be free from contaminants which might
interfere with the measurements,

The Q-values for the (d,p) reactions in "By
and. 81Br have been determined to be 5,64 + 0,02 MeV and
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5,40 + 0,02 MeV, respectively., These values are in good
agreement with the 5,6544 + 0,0046 MeV and 5.3719 +
0.0071 MeV given by Maples et al. (1966) and the 5.658
0,004 MeV and 5.376 X 0,008 MeV given by Wapstra and
Gove (1971). '

I,3 DWBA Analysis

The (d,p) reaction belongs to the same class of
nuclear reactlons, called ﬁhe single=-nucleon transfer
reaction, as the (BHe,d) reactlion; a neutron instead of a
'proton ig transferred from the incident projectile to
the target nucleus., Historically, the (d,p) reaction
was the first kind of nucleon~transfer reaction to be
. studled, thoroughly,Aexperlmentally and theoretically. As
early as two decades ago Burrow et al. (1950) and Hott
et al., (1950) observed that in such reactions with an
incident energy above a few MeV, the outgoing protons
exhibited a pronouncéd diffractive pattern in thelir
angular dlstributlons which were generally peaked in the
vforward direction. These obsefvations led Butler (1950,1951)
. to the interpretation of this reaction in terms of
single-step processes in which the neutron in the incident
projectile 1is captured by the target nucleus into one of
1ts vacant orbitals without forming any intermediate

state between the incldent and outgoing reaction channels,
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This concept of nuclear reactions was subsequeﬁtly evolved
into a general theory of direqt reactions with nucleon(s)=-
transfer reactlons forming a subclass (ToBScman 1941,

Austern 1963).

The distorted wave Born approximation (DWBA)
of the direct reaction theory for nupleon(s)-transter
' reactions, as noted in the preceding chaptef, will not
be repeated here. In terms of physics, the nuclear
spectroscopic information that is obtainable from.a
(d,p) reaction is similar to that from a (3He,d)
reaction:; the former studies the neutron single~-particle
states in the target nucleus whereas the latter probes
the proton single-partiple states.

Apart from the structural differences in the
incident and outgoing projectiles the DWBA formaiism for
the (d,p) reaction should have very similar appearance to
that given in section 3.4 of Chapter III for the (BHe,d)
reaction, Following the formalism given by Glendennihg
(1963), the differential cross section for the A(d4p)B

reaction may be written as,

3 .
da,, 0 Mt Ty 2FH A8 g 7
8. 14,)= LEA P B2 Sy) Vo] (4,3-1)
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)
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C=C(ng.47]77,

e

where:

:?.7;-7“ and 1?37;7‘ are initial and final nuclear
state wavefunctions characterized by total spin
Jy9 Jp and the isospin Ty, Tg, Qb 1s the
‘orbital part of the spin-orblt Wave function ¢bJ?
of the captured neutron in the potential field

o) =)

of the target nucleus, yyd. and y& are the
distorted waves of the 1ncident and outgoling
particles with momenta { and f and with
.coordlnates relative to the C.,M, of the target
nucleus and to that of the final nucleus, de is
the internal wave function of the deuteron, Vnp
is the n-p interaction in the process, S(Jgj)
is the spectroscopic factor as defined in
section 3.4 and gives the strength for the
gstripping of a neutron into the orbit'sz of the
target nucleus,
As in the case of the (3He,d) reaction, to

evaluate the angular distribution it 1ls necessary to

compute the transition amplitude Byfexplicitly., This

requires a detailed knowledge of the incoming and outgoing

distorted waves, and the bound state wave functlon of the
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captured neutron, the internal wave function of the

deuteron and the n-p interaction. 1In this calculation
the deuteron internal wave functionSéd was taken to be
the Hulthén function, as usually the case (Glendenning,
1963), and the n-p interaction V,, was assumed to be a

zero=~range lnteraction:

e-o/r‘e-ﬁ’/-
Qé‘(")= K r (%.3-5)

l/,,/,") =, Sw } (4.3-6)

where K = i"ﬁlf‘i’ﬂ‘, /3=7a'and a=0,2317 fm~Y, The square of
the :Lnteglr.'a&:‘;‘r d'ff'lg’();,)gg)d/; has a value ~ 1,5 X 10“' £me
Mev> (Bassel et al, 1962)which is equivalent to the
quantity D% introduced in the equation (3.4~5) of the
preceding chapter,

| The deuteron and proton channel distorted waves
were obtained by iterating the Schrddinger equation
given as equation (3.4~10) in the preceding chapter
with the optical potentials having the same form as
that gilven by equation (3.4-12)., Again, no spin~orbit
potential was used'for elther the deuteron or the proton
channel as it has been shown that this potential affects
the angular distribution in the forward hemisphere only
slightly for (d,p) reactions in the energy range.of the

present experiments., The optical parameters were listed in
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" table 17. Two sets of parameters were used: one with a
volume absorption imaginary potential, called set I,

and the other with a surface absorption imaginary
p&tential, called set II, for both the deuteron and
proton potentials, Set I was taken from Morton et al,
(1971) who .use the same potential to study the 84’868r
(d,p)85’87Sr reactions at 12 MeV and. set II.was originally
taken from Forster et al. (1967) in their study of the
9°Zr(d,p)912r reaction at 12 MeV. In both parameter sets,
the Coulomb potential radius parameter wés assumed to be
‘edual to that of the real potential,

The bound state neutron wave function was
obtained by computing the Schrddinger equation given in
equation (3.4=14) with a potential similar in form to
"that given by equation (3.4-15), except that the spin-

orbit term was defined slightly differently as follows:

2 .
(,;;k;) .S’o——"""‘]c(" rooe.ro (4.3=7)

The spin-orbit geometrical parameters, Teo and ag .,

were assumed to be the same as those, r, and 8.,y Of the

kY

real central neutron pbtential. The values for r., &, and

Vgo Were taken from the work of Scharpey -Schafer (1968),

and the potential depth VO was adjusted to give the

transferred neutron a binding energy of Q(d,p)+ 2.23 MeV
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(conventional separation energy method), All neutron
potential parameters are also given in table .

The spectroscopic factor S(Jf,j) contains the
nuclear structure information of the initial and flnal
states, As in the case of the (3He,d) reactlion, it is
convenient to extract an experimental value for S(Aﬂ,j)
by computing all the other gquantities in equation (4.3~1)
and then normalizing the calculated value to the
experimgntal differential cross sectioni(<ZZ£)

. exp’
Therefore, equation (4.3-1) may be written

do _ 2T+ L2 ) .
ZFZ)M- ;}f:_/‘ ¢ ,S'({/) o;;v{s'f’} (4.3-8)

The computer program used to calculate the quantity qawaﬂ

()2;;),was written by Smith (1967) specifically for the
analysis of (d,p) reaction. Since most of the final

80Br and 82Br have unknown splns Jf, it

" states in both

was more convenlent to extract experimental values for
Te! ,

the quantity, g%ﬁ%;r . 02-8(423), called the transition

-~

strength, Since Ty = Ty, the isospin Clebsh~Gordan

coefficlent Squared,vis unity, 1l.e. c?

= 1, for
neutron stripping reaction., Thus, in all subsequent
discussion on the transition strength the c? 1s dropped
from the expression.

Figure 24 shows the.predicted angular distri-

butions from the DWBA calculations for different orbltal
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angulsr momentum, lf-transfer values, of the fransferred
neutron using the optical potentilal parameter set 1.

The positions of the first maxima of these angular
distribution patterns differ by approximately 10° as the
transferred angular momentum values changed by one, This
is an important feature to be used in the identification
of different jg-values for the varlous observed angular
distributions, Both potentlals defined by parameter set 1
and set II gave similar angular distributions, except

in the reglon of small scattering angles (£15°).

However, the absolute differentlal cross sectlon,
predicted by the two potentials and thus the deduced
spectroscoplc strength, may differ by as much as 20%

The angular distributions of the various observed
ﬁroton groups together with the results of their DWBA
analysis are presented in fig. 25 and 26 for the
reactlions 79Br(d,p)BOBr and 81Br(d,p)823r, respectively.
Both sets of potential parameters gave good fits to the
experimental angular distributions., The solid curves in
the figures refer to the set I parameters and the dashed
curves refer to the set II parameters. The deduced
spectroscoplic information and the spln parity (Jn:)
assignments from the DWBA analysis are listed in table 18
and 19 for the two reactlons studied.

As can be seen from figures 25 and 26 , the

angular distributions for states with excitation energies
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below 1 MeV in both nuclel have a unique fltting wlth
respect to the.l?-transfer values in the DWBA predictions;
fouf.states in 80Br and five states in 82Br have been
identified to be the result of an L=l transfer, and eight
levels in 80Br and three levels in 82Br have been
\dentified to be due to an =1 transfer, Only the
distributions corresponding to the 314 keV and 547 keV
stétes in 80Br and the 377 keV state in 82Br have been
£itted with combined DWBA predigctions of an £=1 and £= 1
transfer, It is likely that thé proton groups corresponding
to Ehese excitation energles contained contributlons from

" more than one state, As will be seen later, more than one
state at these energles in the two nuclel have been
observed, This could very well explain the multilple

‘<4?-va1ue fittings to the distributions of these proton
groups.

As shown in tebles 15 and 16, most of the proton
groups corresponding to excltation energy higher than 1 MeV
in both 80Br and 82Br were obscured by the strong proton

peaks from the Na contaminant, partlcularly in the small
scattering angles reglon where the.é?-valué ldentification
is very crucial in the DWBA analysls. In addition, the
high level density in these odd-odd bromine lsotopes made
| the peak extraction from the present results difficult and
highly uncertain. As a result, only the 1,201 MeV and

1,748 MeV states in S9Br and the 1,650 MeV and 1,807 MeV
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states 1in 82Br have been analysed and thelr aﬁgular
distributions have been fitted With,g-‘: 2 patterns.,

As listed in tables 18 and 19 , there are other .
states in 8%Br and 82Br which have been observed in the
two reactions but have not been analysed or have been only
partially analysed for reasons of weakness in transitlon
strength and/or interferences from the Na contaminant in
the targets. The partially analysed transltions have
each been assigned a tentatlve most probable 4e-value,
based on the position of the maximum differentlial cross
_section in its angular distribution, All tentative
values are shown in parentheses in the tables.

Because of the use of & Spin-orbit potential for
the bound state neutron wave function, it 1s necessary to
know the total angular momentum J of the orbital into
which the neutron is being captured, Therefore, in the
above analyses, the following assumptions have been made:
for angular distfibutlons with aansl&tuansfer, the neutron
orblt used was 139/2 and for Z:E and 2 transfer, the
neuvtron orbit ﬁsed were 1f5/2 and 2d5/2, respectively.
For [=1 transfers, the states at 0, 266 and 314 keV in
80y and at 78 and 377 keV in 82Br were assumed to be of
the 2p1/2 type, and the other states were taken to be
formed from the 2p3/2 orbit, The reasons for these

assumptions will be given in the next sectlon,
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It is interesting to note that most of the
angular distributions correspondlng to states below 1 MeV
in both nuclel exhibited elther an Zs 1l or an/:épattern.
- This can be understood easily ln terms of the simple
shell model., The ’’Br and 81Br with their 44 and 46
neutrons have six holes and four holes in the shells
immediately below the N= 50 closed shell, In a (d,p)
reaction, when the neutron is captured into one of these
holes it will generate a series of low-~lying states in
the residual nucleus., Therefore 1t is expected that the

80Br and 82Br are the results of the

-low~lying states of
coupling of a 159/2 or a 2p1/2 ngutron with a 2p3/2
proton, The information obtmined from this analysis willl
bé discussed 1ln relation to the structure of the states

in the Br isotopes involved in the following sectlon.,

4,4 Discussion
(1) The "7Br(d,p)®%Reaction:

The results of the DWBA analysils of the angular
distributions of this reaction have been presented in
table 18 ; the last four columns in the table summarized
the orbital angular momentum transfer, the transition
étrengths obtained with two dlfferent sets of optical

potential parameters and the deduced most probable Jn:
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values., The 79Br nucleus has 35 protons and lm neutrons,
The spin-parity of 1ts ground state 1s 3/2-, which was
determined from atomic beam and magnetic moment measure=-
ments (Artna 1966), indicating that thils is a.71,'(2p3/2)
state ( 72 =proton, ) = neutron). Assuming that the -
ground state of this target nucleus has six neutron holes
in the N = 50 major closed shell and the valence neutrons
(N > 28) ocoupy primarily the orbitals lying in the
region N = 28-50, The set of low-lying states populated
by anf =L ‘transfer in the (d,p) reaction- can be attributed
to the resﬁ‘ults of the coupling of a 2'133/2 proton to a;.
139/2 neutron. This coupling yields a multiplet of four
states with J = 37,47,57 and 67. The 84 keV metastable
state in 80, 15 known to be 5 (Artna 1966) and 1s
presumably the 57 member of this multiplet. The other
nmembers of this multiplet may be tentatively identifiled
from the present results as the states lying at 368 keV
(6)=, 314 keV (4)~, and 547 keV (3)” by virtue of the
(2J+.1) dependence of thelr differential cross sectlons,
Although some deviatlons from the 2J+1 dependénce are
observed, these may be attributed to configuration
‘mixing. Configurations such as [V(d5/2) X 7931'5;.3.]3:4'
and coupling of a ne_utron to the low=lying excited

states of 79Br might be admixed with the configuration

[V(sg/z) X 79Br8-8c] . These states presumably
3—’1“'-!5—96-
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arise from the coupling of a 2p1/2 or a 2p3/2'neutron
with a 2p3/2 proton, From the filling sequence of the shell
model orbltals as observed in neighbouring nuclei, the
2p1/2 neutron orbit is expected to be lowest. Thus the
three low-lying states (the ground state, 266 keV and
314 keV states) would be expected to be associated with
the coupling of the 2p1/2 neutrons while other states of |
46: 1l transfer would be associated with the coupling of a

2p3/2 neutron, As stated in the preceding section the
spectroscoplic strengths shown in table 18 were calculated
according to these j-transfer values, The states
resulting from the configurations of [;TZpl/z)x 793rg s’]
and [V'( 2p3/2)x g.s.] will carry a range of % =
(1,2) and (0,1,2,3)+ s respectively, except the ground
state, which 1s known to be 1+.

The total neutron transition strength of each
orbit (£,3) in the target nucleus, observed in the (d,p)
reaction, glves information about its unoccupation
probability (fractional emptiness) E%' This 1s given by
the sum rule (Schiffer 1968), that

T .
U;' ==L > zd_m Sty b bm1

and the average number of neutron holes in a given

orbitaxéj in the target 1s gilven by
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/ = /ZJ:‘I) l/. ._.Z .df—./y' /

J. 3+ 4 L2

A sum rule analysls for some N = 44 nuclei is shown in
table 20 « The average number of neutron holes in 1g9/2
and 2p1/2 orbits obtained from the .present results are
compared with those from the reaction of 7BSe(d p)7gse
(Lin 1965). It 13 seen that a reasonable agreement is
obtained, The values obtained from the optical potenbial
parameter set I seem to glve a better agreement than those
from set II. -

Transitions to the higher-lying states in 80Br
may be ascribed to the stripping of a neutron into the
N = 50-82 shells as well as in the N’- 28-50 shells.,
In these states strong admixture of the varlous config=-
urations resulting from the coupling these available
neutron orbitals to the ground state or to the low-lying
states of 79Br can be expected. Two angular distributions
have been fitted to the patterns of an ,!sz transfer in
figure 25 Consequently, the states assoclated with
these distributioné most probably contain a fragmented
2d5/2‘neutron state.

The results of the present work together with
ﬁhose obtained in (p,n) reaction studles (Finckh et al.

1970) and from the gamma decay studies (Artna 1966) are
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shown in table 21.. The measurements of the (p,n)
reaction obtained at incident proton energy about 4 MeV,
is predominated by compound nucleus reactlion, This
reaction has produced many more 10&-1ying states and some.
of them overlap,with the results of the present more
selective direct reaction measurements, The 37 keV state
of spin parity 2—, observed in both gammas decay and (p,n)
reaction studies, 1s not observed in the present (a,p)
reaction, This observation is consistent with the
assumption thaf the neutron component of the wave functlon
for this state i1s a seniority three configuration of
v(139/2)5. This is deduced from the fact that the N = 45
isotones, the ground states of both the Kr-81 and Se=-79,
havemfm== 7/2+ , which 1s unexpected from simple sheli
model considerations., Moreover, in the work of Lin (Lin
1965), the ground state of 798e was not populated in the
788e(d,p)798e reaction and he attributed a configuration
of'¢(189/2)3/2 to this stagz. Similarly, the 7/2+ state
at 0.231 MeV excitation in ~Sr was not populated in the
v8usr(d,p)855r reaction (Morton et al., 1971), and the '7/2+
state at 0,103 MeV excitatlon in 81Se was only weakly

8OSe(d,p)Blse reaction

excited by Z =14 transfer in the
(Lin 1966). 6n the basis of the above observatioﬁé,

thet the seniority three states occur at relative low
energy, it is, therefore, likely that the low~lying 2"

state 1n 80Br is a result of the coupling of the 2p3/2
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proton to the V‘(lg9/2)5 n/2 state. Although the remaining "
m;mbers of the [75'(21)3/2) b4 y-(lgg/z)g/z] 3 multiplet of

3 = 5°,47,3 are not identified from the results shown in
table 21, Some of the states observed in the (pyn)
reaction but not in the (d,p) reaction may belong to this
multiplet. It should be noted that the low-lying 57 state
at 85 keV observed in the (d,p) reaction is not assoclated
with this multiplet for the reasons given above. Further-
more, this 5 state was not observed in BOSe(d,p)BlBr
reaction. This might be due to the hinderance on high

Z -partial waves in the formation of this compount

- nuclear reaction (Finch et al. 1970) .
(11) The 8lBr(a,p)8ZBr Reaction

As tabulated in table 19, the results of the
DWBA analysis of the angular distributions of the proton
groups in this reactlon reveal that, of the states
populéted in 828:‘, five of them are populated by .l=1+
transfer and three by ,Z = 1 transfer transitions. The
target, 8lpy has 35 protons and 46 neutrons., Based
on the same arguments used in 79Br, the low=lying states
in 82}31‘ assoclated wi’ch/= L transfer tranéitions may
" arise from the coupling of 2p3/2 proton to 139/2

neutron, However, only a multiplet of four states can be

generated by thils configuration [7”(21)3/2) X )}'(]g9/2)]
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J=3",47,5",6"" Consequently, a slight fragmentatlon has
occured, A sum rule analysis shows that the avallable
strength for transitions to these states 1s equivalent to
that of other N = 46 nuclei (Morton et al. 1971, Lin 1965,
Bercaw and Warner 1970), The results of this analysis
are listed in table 22,

The two low=lying levels, 78 keV and 377 keV,
populated by Zn 1 transfers are probably associated with
the configuration Ep(2p3/2) xy*(Zpl/z)] . This is sup=
ported by the results of the sum rule analysis (table 22),
The other states in 82Br populated via l::-l transitions

~za.re most likely the results of coupling of a 2p3/2 proton
- to the 2p3/2 transferred neutron,

Finally as in the case 1ln 80Br, the two states
lying above 1 MeV pépulated by,@=2 transitions probably
belong to a 2(15/2 neutron configuration,

Except for the ground state of 8231‘, which 1is
obviously known to be a 5 state (Artna 1966), no
definlite Jm assignments for most of the observed states
can be made, It 1s possible to deduce a range of most
probable J T for these states and 1t has béen summarized
in table 19, The range of Jm arising from the various

z +
configurations are given below: J = (1,2) for the
configuration of [n‘(2p3/2) xV‘(Zpl/zﬂ ’ (0,1,2’3)+
for the configuration [7&‘(21)3/2) xV‘(lgg/z)] and (1,2,3,4)7
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for the confliguration [}t(épB/z) x:yKZdS/z)] .

A comparison of the avallable information
concerning the level structure of 82Br is presented in
table 23, which contalns the results from the (p,yn)
reaction (Finckh et al. 1970), the present (d,p) reaction
and the gamma decay studies (Artna 1966). In contrast
to the results observed for 8oBr, the density of levels

n %2Br populated by the (d,p) reaction ls lower, and the
data deduced from the (d,p) reaction overlap with those
from the (p,n) reaction to a greater degree.

The (p,n) reactlon does not populate the ground
state, which has a szs 5, most probably because of high
spin value. A broad neutron group corresponding to 70
keV excitation energy has been observed 1n the (p,n)
reaction. This group probably contains contributlons
from transitions to the 2™ exclited state at L6 keV as
well as to another level at 78 keV observed in the
present work. Since the low-lying 2~ state 1s not
populated in the present (d,p) reactlon, it has probably
the same origin as the 2" state at 37 keV in 80Br and,

therefore, it may be assigned a configuration of

(111) Systematlcs:

Figure 27 shows the fractional emptiness (gﬁ) of
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81Br (from the

the 1g9/2 neutron orbit in 79Br and
present measurements) as well as in the neighboring
‘nmuelel (obtained from neutron stripping or pick-up -
meagsurements). See the flgure caption for references. In
the preparation of this figure, the followihg procedure
hes been adopted. The valence neutrons (N > 28) in each
case were assumed to occupy the orbitals 2p3/2, 1f5/2;
2p1/2, and 139/2. The experimental values qéf(average
number of holes in thef) orbit) are first added up to
obtain the total number of observed neutron holes in
these orbits. Then the'average fraction of observed
holes'is obtained by dividing this sum by the theoretical
total number of holes in these orbits. The normalized
jj for the 1g9/2 orbit is then obtained by multiplying
the experimental value by the'average fraction of
observed holes'. This procedure has the advantage of
minimizing the systematlc errors in the various exper-
iments, However, because of the lack of complete
.experimental information on the ﬁ%ivalues for the 798y
and 81Br the unnormalized experimental %ﬂ values have
been used (potential parameter set 1),
Tt is seen that the fractional emptiness values
{(unoccupation probabilities) of the lg9/2 neutron orbit
decrease gradually as the number of neutrons in the

mucleus increases from 30 to 50. The 1g9/2 neutron orbit

1g almost empty at N = 30 and 32 and becomes slightly
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fi1lled in the reglon from N = 34 to 40, indicating the
1f5/2 and 2p subshells are being filled prefefentially.
For N » 40, the leg /o shell 1s being filled rapidly, and
is completely full at N = 50,

From the present results, the center of gravity
of the excitations corresponding to the 2p1/2 neutron
orbit is iower than that of the 1g9/2 orbit in both
805y and 82Br. The energy differénces, E(lgg/z) -
ﬁ(2pl/2), are about 0.14 and 0,10 MeV for 80Br and 82Br.
The 2p1/2 neutron orbit has been shown (table 20 and 22 )
to be almost half empty in 798y and about 70% full in 81Br.
These results are consistent with the values obtained for
the neighboring nuclel, _

" PFinally, the systematlcs of the low-lying states
of the odd-odd bromine isotopes in this region 1s shown in
fig. 28 .« The data for the other Br isotopes are taken
from Houdayer (1972), Lederer et al. (1967), Artna (1966)
and Auble (1971). From the present measurements, the low-
lying 2~ state in both the 80Br and 82Br nuclel 1is belng
tentatl&ely assigned with a neutron conflguration of
senlority three in the 139/2 shell, By systematics, thils
character may be extended to the other 2" states which
appear as the ground state in 84Br and probably the
32 keV state in [OBr and the 45 keV state in (T
Similarly, the 14. low-lying states of these nuclel may

belong to the same dominant configuration [7:;(2p3/2) X
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v(2p1/2)] , as dlscussed in the two preceding subsectlions,
However; the 5~ states assligned to the [ﬂ:(2p3/2) X

80 82Br have no observed

v(lgg/zi] configuration in ~ Br and
counterpart in the other Br isotopes.
A paper based on the present work of the (d,p)
reaction in OBy and.alBr has been published in the
Nuclear Physics Journal and a réprint of the article is

gilven in Appendix,
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FIGURE 22

The Proton Spectrum from the 79Br(d,p)8OBr Reaction
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FIGURE 23

_ 82
-The Proton Spectrum from the 8:_]‘Br(d,p) Br Reactlon

. ; o
Obtained at elab = 50
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TABLE 15

Exclitation Energles of Levels in 80Br and thelr
Excitation Differentlal Cross Sectiong Observed in
the 79Br(d,p)80Br Reaction at 12 MeV.

Differential cross sections are given in the labor-
atory éystem. The total relatlve error of each
differential cross section value and the uncertainty
ih each level energy are also given in this table and
are being placed directly under thelr respectlve mean
values with the signiflcance of their digits having

a 6ne—to;one'oorrespondence with those in the mean
values, The total systematic error in the differ-
ential cross sections is ¥ 12%,., Blank entries or
tNa' entries means data could not be extracted rellably
or data were obscured by proton groups from the Na

contaminant.



Differential cross section (pb/sr)

Excitation .
G . o :
g 1° 1% 20° 25° 30° 350 500 45 50° 55° 600 70" 80" 90
0 g 40 776 572 506 132 117 1% 206 135 80 33 63 35 3
; 55 35 32 23 22 30 23 16 10 9 12 6 5
1 8l 35 48 60 B 7 83 63 8 51 15 20 37 25 13
4 ™ 13 12 15 12 12 12 9 5 5 12 6 3
2 266 w3 5% 405 239; 199 269 167 168 114 70 76 30 53 25
2 '8 22 s 35 25 2 8 7 1 16 1B 10 10 8
3 3 308 366 312 228 119 209 202 172 103 84 6y 30 4O 32
: 2 40 37 45 33 2 A 32 3% a2 1w a2 10 10 8-
b 368 90 110 160 191 215 278 359 342 216 147 113 119 107 79
4 17 1B 2 B 2 21 36 3¢ 22 18 19 2% 1 9
5 461 556 7h4 683 569 379 249 285 245 24 188 . 126 75 66 36
_ 3 72 47 » M 38 36 s 2 2 7 2 15 9 6
6 47 33 5 5 33 8 &7 6 2 B 15 1B 27 13 6
A 10 W 36 2 13 117 10 1 117 7 10 7 &
7 653 405 S 369 223 62 123 12 110 g g2 4 15 2L B8
b 53 50 45 30 22 20 2 17 20 1 15 10 7 5
8 691 206 200 148 122 96 89 4¥ 67 7 59 |
b 2% 24 22 .18 15 16 10 ¥ 1 10 o
9 722 295 195 ws 117 117 137 108 1% 40 33 2
s | 29 23 228 18 17 18 18 15 8 7 . 6 .- .
10 759 466 598 401 02 55 97 13 5 . 13 97 93'” 45 26 21 28 -
| 3320 16 24 .

| Lo 50

ES

5l

25

15 W

7




- ) _ Excitation N _ o , ' R Differential cross vsection (p’b/sr) |
. Group ene; e T e S _ ' '
No. CkaV) 1P 1 28 28 30 3 £ b u5 50 59 60 70
n 8w s 28 22 2 220 2 17 29 25 % 1 6 7 1
3 1 1 7 9 8 8 7 8 7 66 5 5 b 5
12 835 80 110 82 '63 23 19 29 13 26 15 111 6 3 3
5 - 2 18 15 13 8 7 8 7 7 5 & b 2 2
‘13 - 9™ e M N 3 .27 30 50 47 30 80 20
-6 o o 1 85 2 9 7 7 6
S 102k e N M 180 99 8 63 55 70 5 50
. 6 e 7 25 15w 1B 10 1 9 9
15 1048 N N Na 450 30 324 230 200 180 140 6k
- 6 C e e 3 29 28 29 ¥ 17 1L "9
16 1070 %0 N Fa T 50 k2 70 M 62 35 M
6 26 . . 10 B9 18 7. 8
17 1116 31 40 Na N 110 & 5 8 M 30 2
» 6 . .25 26 16 13 10 12 8 7 6
- 18 1139 233 W7 ¥ Na Na Na 122 68 70 30 24
7 27 20 e 17 11 1 7?7 6
19 1174 | S . N ¥ 90 €68 70 30
7 » o 13 10 1 7
20 1201 535 9 6ho o 378 Na Na 84 210 150 207 gk 20 18
7 8 68 65 55 M 0 18 W 12 8 & &
21 124 250 120 110 9% 93 Mo N 7L 82 359 30

OE

7 29 18 17 16 15 13 12 10 7




(keV

LT ‘Eit:itation
Group  Enme
B Ho.r .

10°

[
15

[o]

35

0.

40

[+]

45

o .

50

o

60

_--Diffe_m'ntié.l Cross Section (pb/sr) -

55 70’

22
3

2

25

- 1301

7

1401
8

1594
8

1665
8

170

.. 8 .
T 176
i . - - 8

1857

1637
-8

405

iess
.8

250
26
Na
Na

350
L4l

.7353'

200
. 2

718

70
100
133

132

39

250
136

: ?‘éz

150

273

30 .

200

80

.33

132
150

253
102

o

26
765
o2
450
135

150
36

300
128

150
2l

543

.38

Na

Na

ﬁ-_uzj

43

251

106
135
24

310
113

130

18

677

40

300

47
| Na

Na

- -Na

VNa

270
29

278
37

Na

156
25

140

19.

200

27

215

29

Na

Na

S

10

Na
211
27
183

167

24

KL

48
9

"Na

82

L
283

35

~ Na

Ya
‘Na

152
19

70
10

- 59

9

Na»

Na

" Fa

Na

Na

20

10 12
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TABLE 16

Excitation Energles of Levels in 82Br and Their
Excitation Differential Cross Sections Observed in

the 81Br(d,p)S?Br Reaction at 12 MeV.

Differential cross sections are given in the labor-
atory system. The total relatlive error of each
differential cross section value and the uncertainty
in each level energy are also given in this table and
are being placed directly under thelr respective
mean values with the significance of thelr digits
having a one-to-one correspondence with those 1in

the mean values. The total systematic error in the
differential cross sectlons is +124. Blank entries or
'Na' entries means data could not be extracted
reliably or data were obscured by proton groups from

the Na contaminant.



Cross section (pb/sr)

Excitation
Group  enex ! .
No.  (keV 12.8 15 17.522.5 2927.8 38 35 4o 45 s 52 60 65 70 75
0 g+ Se 13 8 29 26 20 k 29 ¥ 53 31 30 5 2 6 18 22 10 10 4
10 12 13 12 10 13 5 8 11 10 5 3 3 3 3 3 2 3 1.
1 78 538 518 430 266 217 57 102 110 125 6 102 37 35 44 20 25 2(3) z U
b 50 25 35 50 20 17 & 11 20 20 10 10 10 6 4 b L
2 293 7 52 29 71 48 58 80 91 110 103 87 41 31 34 40 39 28 37 18
L 5 12 1 28 12 15 15 15 20 20 10 7 5 7 6 % 5 Ly 3
3 377 586 575 415 373 302 138 232 264 299 346 281 157 116 110 103 119 92 97 50
b 60 55 35 30 30 23 30 30 30 30 30 12 16 10 10 7 20 6 k&
4 476 45 3% 108 67 49 51 61 72 8. 75 63 28 27 27 27 39 3% 30 17
4 20 15 20 21 13 20 12 .15 17 17 200 8 6 5 6 4 b 4 3
5 638 Na Na Na Na 80 60 54 60 75 82 80 8 50 25 21 2¢ 15 10 7
I 15 15 25 25 12 10 8 7 10 6 y & 5 5 .5
6 771 377 463 U47 Na Na FNa HNa 7 8y 113 116 & 37 76 38 19 27 43 10
b 60 100 43 30 30 12 10 10 8 10 4 L 5 6 6
7 845 53 8 91 Na Na Na Na Na 80 36 32 30 20 26 6 21 17 1 11
5 22 30 30 27 9 5 10 7 7 4 7 7 5 5
8 959 Na Na 44 Na 70 Na Na Na Na Na 26 21 16 26 29 12 9 13 8
7 22 17 - s 5 7 7 10 5 3 % 3
9 1138 No No Na Na Na Na Na 60 78 116 Na RNa Na 56 38 %6 19 33 16
7 36 40 50 30 19 22 10 17 8
10 1180 Noa Na Na Na Na Na DNa 86 40 92 Na 'Na Ne Na 17 27 30 2% 31
8 40 30 40 10 10 10 6



" No."

.- Excitation AR

enersy
(keV)

2.8 1°17.822.8 25°27.5° 30> 35 40"

o]

k5

Gross section (pb/st) -
‘ O

o _0
50 55 60

65° 70°

75°

80 85

o o

1

%
» 15 .

17

19

20

1807
o8

1246

1386
7

.
8
1650
8

1783
: 8

1955
‘8 .

2026
-9

2112

9

2212 -
9

8 -,.' ‘.

g 113 469 432 528 -
N 693 ies 70

Fa  N‘a_.’ Na Na..'}lié." Na ‘Na MNa 39

154 164 150 Na No Na Na Fa Na

25 29 22

131vé 1428 132% 1582 1595

e W5 227 162 133

515 376 B B 22)
85 60 15 15 38

660 763 611 655 1227 °

_138 110 157 146 250

210

1396
251

__3%

171

551
1% -

© 1168
230

- 235

1628 -1581 1180 1387 1502 830 1622 1140 Na.
T213 188 225 19 150 104

213

901 392

100 66

- 292 219
71 64

' 486 276
128 60

_103.'

27

I

L

Na )

483

49

199
30

1207
35

403 .
39

.‘103.

25
66

24
106

L8

NA Na
6 20
15 7

55
Ya DNa

_111-7 . Na

260 Na

38
440 240

b5 29
e

118
35
21

85
39

Ra -317_

Na

22

269
55

Na

Na

.Na.

151
32

10

26
13

Na Fa

31
15

361
57

376

k7

Na -
Na

320

k5

95
32

10
5

L2
20

Na

216
25

186
41

50

22

92
30

Na

Fa

Na

Na

Na

Na

Na

Na

1615
8 7

21 26
10 12

Na 141

Na 116

Na Na"

55 36
21 10

110 128

¥ 3B

B

13
55

30
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TABLE 17

Potential Parameters Used in the DWBA Calculatlons

for the 79’81Br(d,p)80’82Br Reactions



Particle V' r a W W T v) a. b) v
T T ) D i i so
(MeV) (£m) (fm) (¥eV) (MeV) (£fm) (£m) (MeV)
Deuteron (Set I) 83.9 1.35 0.57 12.7 1.30 1.0
(Set II) 89.95 1.23 0.73 14.65 1.25 0.79
Proton (set I} 47 .7 1.27 0.55 10.0 1.27 0455
(Set II) 51,72 1.17 0.63 8.035 1.31 0.65
Neutron (Bound State)a) v 1.20 0,682 7.0

a) The potential depth V of the bound state was adjusted to

each final state. T = rr

sO

b) . - s _
T = Ty 245 ay in Set I, and ri— Ty @

a
sO

=2

i= ap in Set II.

reproduce the separation energy for
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FIGURE 24

Predicted Angular Distributions in the (d,p)
Reactions Given by the DWBA for Different £-Transfer

Values
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FIGURE 25

Proton Angular Distributions Observed in the 79Br
(d,p)81Br Reaction and Thelr DWBA Analysis

The solid curves refer to potential parameter set I

and the dashed curves refer to set II of table 17

~The numbers in the upper right corner represent

the level number,‘Ag ~transfer values and exclitation

energles in 8oBr.
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FIGURE 26

Proton Angular Distributions Observed in the 81Br
(d,p)82Br Reaction and Their DWBA Analysié

The solld curves refer to potential parameter set I
and the dashed curves refer to set II of table 17.
‘The numbers in the upper right corners represent the

level number, Jg-transfer values and excitation

energies in 82Br.
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TABLE 18

Spectroscoplc Information Obtained from the DWBA
80 .
Analysis of the 79Br(d,p) Br Reaction



27+ 1
LEVEL  EXCITATION £
ENERGY VA 27, ¥ 1 S J°
(keV) SET I  SET II
0 0 1 0.26 0,32 1
1 84 b 0.49 0.39 55,
2 "266 1 0.16 0.20 1.2g+
3 314 1 0.40 0.49 1,2
L. 0.75  0.60 ugj

b4 368 L 1.98 1.59 6
5 461, 1 0.25 0.30 0,1,2,3;+
6 547 1 0,01 0.01 .Eo,1,2,3

L 0.36 0.29 3) +
7 653 1 0.14 0.17 (0,1,2,3)
8 691 (2) Eo.log Eo.ogg
9 722 (1) 0.09 0,11 +
10 759 1 0.15 0.18 (0,1,2,3)"
11 810 - .
12 835 1 © 0,03 0.04 (0,1,2,3)
13 97k -
L 1024 -
15 1048 -
16 1070 -
17 1116 (1,2)
18 1139 (1) (0.07)  (0.09)

19 1174 - i
20 1201 2 0.30 0.28 (1,2,3,4)
21 1244 (1,2) .
22 1301 (1,2)

23 1401 -

24 1594 -

25 1637 -

26 1665 -

27 1702 (2) (0.11)  (0.09) 3
28 1746 2 0.39 0.33 (1.5243,4)
29 1857 (1,2)

30 1880 (2) (0.13) (0.13)

31 1953 -
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TABLE 19

Spectroscopic Informatlion Obtained from the DWBA

Analysis of the 81Br(d,p)82Br Reactlion



2212

LEVEL  EXCITATION 20, + 1 B

ENERGY W J

(keV) SET I L SET II
0 ) 4 0.30 0.24 5
1 78 1 0.16  0.20 (1.2)"
2 293 b 0.63 0.52 (35l 546)"
3 377 1 0.40  0.50 (1,2)"

L 0.22 0.18 (302""5'6)-

Iy u76 L 0.59 0.49 (3;“’.506)-
5 638 4 0.55 0.46 (3,41546)°
6 77 1 0.13  0.16 (0,1,2,3)"
7 845 (1.2)
8 959 (3,4)
9 1138 -
10 1180 -
11 12446 -
12 1386 (1) (0,05) (0.06)
13 1497 (2) (0.71)  (0.68)
14 1650 2 0.69 0.66 (1,2,3,4)°
15 1743 (0) (0.09) (0.09) (1,2)°
16 1807 2 0.25 0.2k (1,2,3,4)"
17 1955 (2) (0.53) (0.51)
18 2026 -
19 2112 -
20 -
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TABLE 20

Suﬁ Rule Analysis for Some N

Ly Nuclel



—

NUMBER OF NEUTRON
HOLES IN

lg 27p
REACTION 9/2 1/2
783e(d,p)?98e 2) 4,10 0.82
2.87%%) 11048
Maximum number of holes 6 2

i) Set I optical parameters
11) Set II optical parameters

a) Taken from Lin (1965)

b) Present work

2
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TABLE 21

0
A Comparison of States in 8 Br below 2 MeV of

Excitation Observed in Different Works

References:- a) Finckh et al. 1970
b) present work

¢) Artna 1966



8050, n)%%x *) (2, ) 08 ™ wucieaR DATAS)

" Ex (keV) Bx (keV) J° ~  BEx (keV) "

Wy oyt ——

ey : o+
269 R 21 2) -+
: ;;_310 SRR 1?,‘31u ".‘f.us 0 (1,2)
e e (e
ey ” _f_‘? um._“(hm3f
S / . '; ) . : - +
R T A (3)74(04142,3)

'§}51655 R . (0,1,253)° o
R S N - B (01,23

. 849 L . 835 ,'L'.(0019203) PR
o8l e

1201 ‘j;(l.zgj,k)'af' ’

1746 (1,2,3,4)"
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TABLE 22

Sum Rule Analysis for Some N =

L6 Nucleil



NUMBER OF NEUTRON

\\\\\\"“~ffff§\IN
. 1 €
REACTION 9/2

2 Py/2
BOSe(d,p)alse a) 2.83 0.60
Blgr(a, p)B0sr ) 3.06%) 040t
2.2311) 0.491i)
Bgr(a,p)85%r © . 2,09 0. 54
815r(a, p)%%8r a) 2.27%) 0.56i>
1,70t 0.70H)
Maximum number of holes L .2

i) Set I optical parameters
11) Set II optical parameters

Ref.1~ &) Lin (1965)
b) Morton et al. (1971)
c¢) Bercaw and Warner (1970)

d) Present work.

i

il
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TABLE 23

82

A Comparison of States in ""Br Below 2 MeV Excitation

Energy Observed in Different Works

References:- a) Finckh et al, (1970)‘
b) present work

¢) Artna (1966)



ste(p,n)szBr a BlBr(d,p)BzBr b) NUCLEAR DATAC)
Ex (keV) Ex (keV) 3" Bx (keV) "
0 5 0 5.
N 46 2
70 78 1,2)
295 293 3oly 5y6) 300
368 377 1,201 (3, 5,6)
425 )
477 476 (344 5+6)
S48 -
646 638 (35144 56)
692 +
772 771 (0y142,3)
830
856 845
934
975 959 950
993
1027
1062
1082
1116
1159 1138
1190 1180
1243 1246
1284
1374 1386
1391
1440
1486 ,
1497 1497 1540
1543
1556 : -
1637 1650 (15243044)
1686
1729 1743
1758
1782 _
1815 1807 (1,2,3,4)
1838
1874
1905
1924
1950 1955
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FIGURE 27

Fractional Emptiness of the 189/2'Neutron Oorbit in

Nuclei with 30 & N& 50

References:-

a)

b)

c)

da)
e)
f)
g)
h)

Cosman et al., (1966,1967)
Turiewicz et al. (1970)

Von Ehrenstein and Schiffer (1970)
Goldman (1968)

Fournier et al. (1972)

Lin (1965)

present work

Bercaw and Warner (1970)
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FIGURE 28

Systematics of Low-lying States in the 0da-0dd Br

Isotopes

References:i~ a) Houdayer (1972)
b) Lederer et al. (1967)
c) Artna (1966); present work
d) Auble (1971)



. +
400 -+ 1 407.7
34y 5,6)°
(0,1)" —
(2,3)5(2%) —
(8)7(1,2)"
300 T -
| | (3,4,5,6)
(2,3,4)% (“"“"“‘"“1'2)+ |
(L L2y
200 +
)
100 T
- 85
(1,2)" 78
(27 45 -
) 5 . ) 2 46
5 5
- + + - -
ol 1 0 1 0 1 0 5 0 2 0
‘ 76 a) 78 b) 80 )
Br B c 82 c) 84
35741 357743 357715 35° 17 353”49d)



-

~181-

CHAPTER V
SUMMARY AND CONCLUSIONS

The (jHe,d) proton stripping reactions on
Mo=94,96,98 and 100 and the (d,p) neutron stripping
reactions on Br-79 and 81l have been studied, The
measurements on the 94,96,100Mo(3He,d)95’97’101Tc
reactions and 79’81Br (d,p)80’82Br reactions were performed

with the 18 MeV helium-3 beam and the 12 MeV deuteron

beam, respectively, from the EN tandem Van de Graaff

accelerator at the Unliversity of Montreal:; the measure-
ments on the 98Mo (BHe,d)99Tc reaction were carried out
using the helium-3 beam from the FN tandem Van de Graaff
accelerator at McMaEter University at an incildent energy
of 18 MeV., In the set up for the measurements conducted
at the University of Montreal, two silicon detector A E-E
telescopes were employed slmultaneously in the detection
of the outgoing deuterons and protons from these two
types of reactions, Each telescope was coupled to a
cémplete electronics system for charged particle
identlfication and data accumulation, Two "range-
energy' type electronic charged particle identifiers have
been congtructed and found to perform very well in
differentiating signals from various kinds of charged

particles,
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In the measurements performed at McMaster |

University‘the outgoing deuterons were analysed by an

H

Enge split-pole broad range magnetlic spectrograph and

recorded in nuclear emulsion plates. The isotoplically

enriched molybdenum and bromine targets of thickness of
about IOO‘ALg/cm2 each, used in the experiments were
fabricated using tedhniques of hiéh vacuum evaporation
on thin carbon foll backings. |

Spectra for each of these six reaction

experiments were taken at different scattering angles in

the forward hemisphere, and the peaks corresponding to

_different particle groups in the spectra were extracted

using a Gaussian-curve~fittling computer'program. In total,
198 states in 95597599, 101pe and- 80,82p1 nave been
identified ~and most of them are observed for the first
time. Angular distributions of the transitions to these
states were ana]ysed with the theoretieal calculations
using the diqtorted wave Born approximation, which led to
a determination of 127 orbital angular momentum transfer
values, and in many cases led to unigue spin-parity JTB
assignments for the levels. '

The properties_of low-lying states in the odd-
mass Tec isotopes have been studied gystematically using
the (BHe,d) reactions. From the present work, thirty-

eight levels below 4,8 MeV excitation energy in 95Tc,

thirty~two levels below 3.3 MeV excitation energy in 97Tc,
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fifty~eight levels below 3.5 MeV excitation energy in

99Tc and seventeen levels below 1.8 MeV excitatlion energy
in 1Och have been identified., The transferred proton
orbital angular momenta and spectroscopic factors for
these transitions have been obtained from the DWBA analysis
of.the deuteron angular distributions. It has been found
that in each case the stripped proton occupies one of the
following single parﬁiole orbital: 1g9/2, 2pl/2, 2p3/2
and 1f5/2 in the major shell 28< Z £ 50; 2d5/2, 157/2,
2d3/2 and 381/2 in the major shell 50< Z € 82, The
deduced spin-parity and other spectroscopic information on
each level have been compared with other previously
obtained experimental results from the studies of beta-~
gamma spectroscopy, Coulomb excitation, (p,n), (p,n?ﬁ and
(d,n) reactions (Riley et al. 1971, Bommer et al. 1971,
Tucker et al., 1970, Kim et al. 1970 and 1971, Phelps et al.
1971, Cook et al. 1969, 1970 and 1972, Picone et al. 1972,
Bond et al. 1972) in these nuclei,

In 95Tc, the transitions to the ground state and
the 0,04 MeV state characterized by'Afw L and 1, are
consisteht with the previously determined spin-parity
values 9/2+ and 1/27, respectively. For the higher lying
levels, the spin-parity values established from the present
work, are: (3/2, 1/2)” for the states at 0,629, 1.201,
1,620, 1,733 and 2,550 MeV excitation energies, The

underlined value represents the most probable spin,.
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(5/2, 3/2)'+ for the states at 1,071, 1,264, 1.416,
2,077, 2.257, 2.308, 2,696, 2,816, 3.401, 3.481, Ly,180
and L,254 MeV excitation energles; and, 1/2+ for the states
at 2.763, 3,119, 3.197 and 3.339 excitation energles.,

Among them, some strongly excited states were found in
good agreement with the results obtained from the previous
work using (d,n) reactions, Levels with questionable
aggignments are given in praenthéses in table 8.

In Tc-97, the Ag -transfer values for the ground
state, 0,096, 0.326, 0.576, 0,655 and 0,783 MeV excited
states from the present work, are consistent with
. previously determined J7E values of 9/2—F,'1/2", 5/2*.,
3/27, 5/2° and 5/24- for these levels. TFor the other
states, the JTc values established, are:

(3/2, 1/2)" for the 0,947, 1,053 HeV states;
(5/2, 3/2)+ for the 1.374, 1.599, 1.649, 1.951, 2,013,
2,111, 2.307, 2.713, 2,783, 2.878, 2.908,
3,018, 3,060 MeV states;
(72/2, 9/2;+for the 1,316 MeV state;
1/2 t for the 1.537, 1.712, 1.847, 2,151, 2,264, 2,653,
5.1@5 and 3.214 MeV states.
The spin~-parity assignments for the strongly excited levels
agree well with the results from the corresponding (d,n)
veaction, Levels with doubtful assignments are given in

parentheses in table 9.

Iin Tc=99, the ‘A?—transfer values for the ground
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state, 0,142, 0,181, 0,509, 0.672, 0,762 MeV states are
consistent with the previously determined J7U values of
9/2-+, 1/27, S/Zi_, 3/2~, 5/27 and 5/2+-for these levels,
For the other states, the spin-parity values established
from the present reactlon are:
(3/2, 1/2)7 for the states at 1,203 and 1,321 MeV exci-
tation energles; ‘
(7/2, 9/2§+ for the states at 0,625 and 0,720 MeV
excitation energies;

(5/2, 3/25kfor the states at 1.020, 1,435, 1.679, 1,760,

1.825, 1,911, 1. 982, 2,000, 2,111, 2,160,

2,176, 2.203, 2,396, 2.1k, 2.522 and 2.581 leV

excitatlon energles;
l/2+ for the states at 0.919, 1.560, 1.803, 2,176, 2.281,

2,466, 2,486, 2,653 and 2,675 MeV excitation energies.
Other levels with doubtfulqassignments are glven in
parentheses in table 10.
In Tc-101, the transitions to the ground state,

0,207, 0.394 and 0,670 MeV states characterized by;j?= b,
1, 3 and 3 transfers, are consistent with the previously
determined spin-parity values of 9/? /2", 5/27 and
5/2~ for these 1evels., The ,€= 2> transitions for the |
0,515 MeV and 1.319 MeV states restricted the J7u values
for these levels to 5/2 * and 3/2*', respectively, by

taking into consideration the tentative J7B assignments of

+ + - +
(/2 , 7/2 ) and (1/2* , 3/2 ) to these levels by Cook



-186-

and Johns (1972). For the other states, the J7z values

established from the present work are: )

(5/2, 3/2)+for 1,280, 1.429, 1,490, 1.578, 1,703 MeV
states; ' ‘

1/2% for the 1.608 MeV state;

(3/2, 1/2)" for the 0,288, 0,620 and 1,045 HeV states.

Other levels with doubtful assignments are given in_

parentheses in table 1l..

These four reactions, 94’96’98’100Mo(3}1e,d)
95’97’99’101Tc_are characterized by a strong 4?: L and
a strong ,é: 1 transitions to the ground state and the
lowest-1lying 1/27 excited stﬁte of the odd-mass Tc
isotopes, and by a large number of excited states
resulting from varying degree of fragmentation of the
»gingle proton 2p3/2, 24 énd 3s orbitals., No obvious
evidence pointing to a deformed equilibrium shape for
these odd-mass Tc isotopes has been observed, although
their structural properties may be gtrongly influenced by
the collective effects, The low-lying 7/2+ and 5/2+
states in these nuclel were not populated, or were only
weakly excited in the (3He,d) reactions, which is
consistent with the contention that they are assoclated
with phonon states or three quasi-particle states (for
example, Cook et al. 1972). The distributions of proton
holes in the taréet nuclei Mo-92,94,96,98 and 100 were

deduced, the results were found to be in good agreement
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with the results obtained from prﬁton pick-up (d, He)
reactions. The systematlics of the major proton config-
urations in the 92’9”!963989100Mo ground states were
obtained in the form of A (gg/z)2 + B (89/2)”<P1/2>°+
C(g9/2)4(p3/2)'2 3+ D(gg/z)n(f5/2)'2 from the spectro-

- scoplc results of the present measurements and those of
Picard and Bassain (1969) for 92Mo, The proton
configuration thus deduced for the 9/2+ ground states of
the odd-mass Te nuclel was shown to be dominated by the
(39/2)5 component,

It has been found from these reactions that as
the number of neutrons in the target increases from 56 to
58, the transitlon strengths corresponding to the 2p and
1f.shells are generally enhanced, and the spacing
‘between the center of graﬁity energies of the 139/2 and
the 2p proton orbits decreases rapldly. These properties
appear to be characteristic of nuclei whose neutron number
deviates more and more from a magic number.

No single strong transition has been observed
for either ,f: 2 or 0 transfer in the reactlons stAudied,
except for the 94Mo(3He,d)95Tc reaction in which a strong
4?= 2 transition seems to be evident. Such high frag-
mentation in these single particle orbits may arise from
the spreading of the antianalogue states due to the effects
of core~polarizations -~ as seen in the study of 9IOZ:r'(BHe,d)

89Y (Vourvopoulos et al, 1969).,
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80g 82,

The low-lying states in r and Br have

been studied via the reactlons 79’81Br(d,p)80 8?Br at
incident energy 12 MeV, Thirty~two levels below 2,0 MeV
excitation energy have been identified in 80Br and
twenty-one levels below 2,2 MeV excitation energy have
been identified in 8zBr. The results have heen compared
with those obtained from gamma decay (Artna 1966) and
(p,n) reactlons (Finckh et al. 1971). The orbital

" angular momenta transferred and the other spectroscopic

information have been deduced from the DWBA analysis of

the observed proton angular distributions. Four L= 1,

eight £= 1 and tw04¢=2»transitions in the 79Br(d,p)8oBr,
resction and five £= U, three/::/ and.. two =2 transitions
in the 8'LB:r'(dI p)azBr reaction have been identifled.
Besides the J7v values of the ground state and 8l keV
exclted state in 80Br and the ground state in.BZBr which
were previously determined (Artns 1966), the other states
whose J’n values are identified in this work are gilven
below: COBr: (1,2?‘ , 266 keV; (If+ 2+;@") 314 keV; (6)7,
368 keV; (0,1,2,3) 461 keV; (o 1 2" ,3 $37), 547 keV;
(0,1,2,3), 653 kevy (0,1,2,3)7 , 759 kevs (0,1.2. 37t 835
keVs (1,2,3,4)7, 1201 keV; (1,2,3,4)7, 1746 keV; and,
82py, (1,2)+ ; 78 keV; (3,4,5,6)", 293 keV;
(1+,2+;3",U«",5',6"), 377 keVy (3,4,5,6), 476 kev.

(3,4,5,6)=, 638 kevs (0,1,2,00F , 771 kevy (1,2,3,1)"
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1650 keV; (1,2,3,4)7, 1807 keV,

From the present results, it 1s suggested that
the low-lying states in 80Br and 8?‘Br may arlse from the
coupling of a ?,pB/2 proton with the stripped neutron
captured in either the 1g9/2 or the 2p1/2 orbit., From
the 2341 dependence of the cross sections, the ordering
of the states from the coupling of the [;7:(2133/2) x Y

(189/2)] I in 8051 was found, in the order of increasing
excitation, JT = 5 ,47,6" and 37, For both nuclei, the
first excited state of Jw..—: 27, was not excited in the
present reaction, which 1is consistent with the contention
that they are assoclated with gseniority three 1{59/2
neutrons coupled to a 2p3/2 protén. The existence of
such': states was observed in other nuclel in this mass
reglon, From a sum rule analysis, the average numbers of
neutron holes of the 19;9/2 and 2pl/2 orbits in the target
niclel Er—79 ‘and 81 have been deduced, and agree Very well
with the previous experimental results obtained for the

other N = 44 and 46 isotones.
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ERRATA

80,82

"Low-Lying States of Br from (d,p) Reactions" by

Cheung et al., Nucle. Phys. Al93 (1972) 225:-

Page 231, line 21: [(? )75 (1g2 ve J = 7/2)v]
€ 2J%y “P3/2 Bgypy VE = /2] g
v
should be [(ZpB/z)m (1@:8/2, v= 3, J= 7/2) ,,J‘V
page 234, table 6: Entries in the column 131 of the
(d,p) reaction,
+ + - .
(1,2) should be (1,2) , (3,4,5,6) , for B =
377 keVj
(6,5,4,3)" should be (0,1,2,3)7 , for By o 771 keV;
(1,2)+ should be deleted for E, = 845 keV,



