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The nuclear energy level structure of the three odd-2
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nuclei u, Lu and Lu have been investigated using the

(3He,d) and (o,t) reactions. The resulting spectra have been
interpreted using the Nilsson model with corrections for
Coriolis coupling and pairing effects. The present work con-
firms the earlier assignments of the 7/2+[404] and 5/2+[402]

proton orbitals in all three nuclei. New assignments are

173

made for the 9/2 [514] orbital in Lu and the 1/2 [541]

177L

orbital in u. The assignment of these states is confirmed

in the remaining nuclei in each case. The assignment of the

173Lu 177

l/2+[4ll] orbital is confirmed in and Lu but the

175Lu. In addition, assignments

state has not been assigned in
are proposed for the 1/2 [530] and 3/2  [532] proton orbitals
above 1 MeV excitation in all three nuclei.

174Lu has also

The structure of the odd-odd nucleus
been studied using the (3He,d), (a,t), (3He,a) and (d4d,t)

reactions. The proton transfer data have enabled the assignment
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of the 1/27 [541], 5/2+[402], 9/27[514] and the 1/27 [530] protoﬁ
orbitals coupled to the 5/2  [512) neutron in both spin triplet
and singlet configurations. Strong Coriolis coupling has been
observed in bands formed by the transfer of the 1/2  [541] and
the 1/2-[5301 protons. The neutron transfer data have been used
to confirm previous assignments of the 5/2 [512], 1/2 [521] and
3/27 [521)] neutron orbitals coupled to the 7/2+[404] proton. The
observation of levels populated by high-% transfers in the
(3He,a) reaction has led to a revised assignment of the K" = 7 ’
{7/2+[633]n + 7/2*[404}p} rotational band. Similarly the spin
triplet K" = oF configuration of these two orbitals has also been

identified.
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CHAPTER 1

INTRODUCTION

The study of nuclear physics is concerned with attemp-
ting to probe the internal structure of the nucleus. In
nuclear physics, as in all physics, there are two goals: one
is the actual measurement of gross nuclear parameters as well
as the details of individual nuclear states, and the second
is the explanation of these results in addition to the pre-
diction of hitherto unobserved effects. In the course of the
explanation, models or theories of the nucleus are formed
which in turn suggest further measurements. These subsequent
measurements frequently strengthen the basic ideas embedded
in the models and just as often suggest refinements which
should be considered in later theories.

One of the best known characteristics of heavier
rare earth nuclei is the fact that they are deformed.

Except possibly in the region of transition from a spherical
to a deformed shape, the nuclear deformation is prolate (im-
plying a football shaped object). Because the nucleus

is not séherical, nuclear states which are manifestations

of the nucleus rotating about its center of mass may be
observed. These rotational states are grouped to form

"bands" which are among the most prominent features of the



low energy spectrum. Using the predictions of the Nilsson

model, in which a single particle moves in the deformed poten-
tial well of the nuciear core, it is possible to learn something
of the structure of these nuclei. In the last ten years

these models have been very successfully applied to the
interpretation of nuclei with an unpaired neutron outside a
rotating deformed core .

When this investigation was initiated the existing
experimental data on the structure of odd-prdton nuclei
was mainly derived from B-decay studies and from (n,Yy) reaction
work. Assignments of the intrinsic nuélear structure were
méde of the lowest energy states from measurements of energy
level spacings within rotational bands as well as y-ray
transitién probabilities. It was typical of these early inves-
tigations that many ambiguities remained even after the
measurement of some of the spins and parities of the low
lying levels. In the case of odd-odd deformed nuclei,
where the nucleus has both an unpaired proton and an unpaired
neutron, the situation was similar in that only the lowest
configurations had been observed and assigned.

It was decided to study a series of odd mass nuclei
using single particle transfer reactions, a technique which
had only rarely been applied to deformed odd-proton nuclei.

It had been shown, using the transfer of a single neutron,

that these reactions could be used to measure the magnitude



3

of the Nilsson wavefunction compopents in the final deformed
nucleus. The results were in impressive agreement with the
predictions of the Nilsson model. These components were ex-
tracted using the characteristic relative intensity pattern of
the rotational band built on a specific intrinsic configura-
tion. This "fingerprint" of the rotational band has been used
extensively in the present work to establish the origin of

the observed bands. Such unambiguocus determinations of the
intrinsic states are often quite difficult using Yy-ray tech-
niques, though ideally all experimental methods available should
be brought to bear on the nucleus being studied.

It is characteristic of single particle transfer reac-
tions such as the (3He,d) and (o,t) reaction that there is only
one transition (peak) per level in the final nucleus. Thus,
the energy spectrum obtained is much less complicated than
the spectrum from an experiment involving the measurement of
Y-ray transitions or internal conversion electrons where
several transitions are observed per energy level. The energy
resolution obtained in single particle transfer reactions
is much poorer than that which may be obtained using modern
Ge (Li) detectors to study y-rays; so the simple spectrum of
the transfer reactions is a significant advantage in regions
where the level density is high. It is worth noting too,
that the energy of the peaks observed in single particle
transfer reactions is directly related to the excitation energy

of the state in the final nucleus. This again is an advantage



in nuclei with complicated level schemes.

Single proton transfer reactions were not done until
fairly recently on deformed rare earth targets because of the
low cross sections with which these reactions sometimes take
place. Of particular significance to the technique, was the
development of accelerators with very intense (several ua)
beams of 3He and a-particles at energies greater than the
Coulomb barrier of the deformed target (X% 22 MeV). To com-
plement these accelerators high resolution magnetic spectro-
graphs with large solid angles of acceptance have become
available.

In the present work the structures of 173Lu, 175Lu and

177Lu has been studied. The results of these experiments have
been interpreted as proton orbitals in the Nilsson model des-
cription of the nucleus. Several of the rotational bands
identified are strongly coupled by the Coriolis interaction and
calculations have been done to show the observed effects are con-
- sistent with this interpretation. 1In addition to the study of

174Lu has been

the odd mass isotopes, the odd-odd nucleus
investigated. In this case the interpretation of the levels
was made using rotational bands built on excitation of

only the proton or only the neutron from the ground state
configuration. Here again, calculations have shown the

energies and cross sections of some of the rotational bands

to be strongly perturbed by the Coriolis interaction.



CHAPTER 2

EXPERIMENTAL DETAILS

The present work reports the results of the experi-

ments listed in Table 2.0.1 to study the single particle

level structure of the three odd-mass nuclei 173Lu, 175Lu and
177Lu and the two gquasi~particle levels in the odd-odd
174Lu.

nucleus
As may be seen, most of the experiments were performed
ét the University of Rochester Nuclear Structure Research
Laboratory. There were several reasons for this, the first
being that the (3He,d) exposures on the even mass targets
were by-products of (3He,a) experiments into the odd-mass
ytterbium isotopes (Burke et al. 1971) performed at Rochester
because the McMaster accelerator had not been completed.
The second reason was the Rochester MP Tandem Van de Graaff
accelerator was capable of higher beam energies and inten-
sities especially of 3He ions and o-particles than was
available at the time from the McMaster FN Tandem Van de
Graaff accelerator. The latter reason is especially impor-
tant in the (o,t) reactions on rare earth targets where
large negative Q-values and high Coulomb barriers cause low
cross sections. Subsequent experiments with lower beam

energies on even mass targets were performed at McMaster.




Table 2.0.1

Experiments Performed

Reaction Ein(MeV) eout(degrees) Laboratory
172yy Cre,a) 1731, 28 10,20,25,30,40,  Rochester
50,60
242 ~0, 10,15 McMaster
172Yb(a,t)l73Lu 30 45,60 Rochester
174vp Cre,a) " PLu 28 10,20,25,30,40,50 Rochester
252} M ,6 ,10 ,15 McMaster
17491 (0, ) P10 30 45,60 Rochester
176y Pre,a) " 'Lu 28 15,20,25,40 Rochester
24a) %0, 15 McMaster
176Yb(a,t)l77Lu 30 45 Rochester
25a) 90, 130 McMaster
24a) 90 McMaster
173Yb(BHe,d)l74Lu 24 30,38,50 McMaster
173Yb(a,t)l74Lu 2845 20,60,75 Rochester
26a) 90 McMaster
252) 60,120 McMaster
175Lu(3He,a)l74Lu 24 25,35,45 McMaster
1751 0¢a, £y %1 12 40,60,120 McMaster
162! 6,15,20,30,60,120 McMaster
18a) 2] McMaster

a) not reported in the present work



However, they were not a significant improvement over the

Rochester data. In the case of the 173

Yb target the experi-
ments were initially attempted at McMaster with the lower
beam energies. The (a,t) exposures, though useable, exhibi-
ted extremely small cross sections, particularly above 500
keV. The cross section was expected to be much improved

at the higher beam energies available using an MP tandem
accelerator. Thus, the experiments were repeated at the

University of Rochester using 28.5 MeV a-particles. The

present discussion considers only the 28.5 MeV data.

2.1 Construction of targets

The ytterbium targets were made from isotopically
énriched Yb203 purchased from the Stable Isotopes Division of
the Oak Ridge National Laboratory. The isotopic compositions
6f these oxides, as stated by the supplier, appear in Table 2.1.1.
The manufacture of these targets followed essentially the same
method given by Westgaard and Bjgrnholm (1966). In this case a

mixture of fresh lanthanum filings and Yb O3 powder were placed

2
in a tantalum crucible.  The amount of lanthanum was approxi-
mately 1.5 times the amount indicated by the stoichiometric
ratio for the reduction reaction. The crucible was then

heated in a vacuum using electron bombardment which resulted

in the following reaction:

Yb.0, + 2La + La.,O., + 2Yb+

273 273 *



Table 2.1.1

Isotopic composition of the targets

Target Abundance of isotope in target

168, 170, 171, 172, 173, 174, 176, 175 176
17241, <0.01% 0.05% 0.75% 97.15% 1.01% 0.87% 0.19%
173y <0.02% 0.05% 0.3 % 1.41% 953 2.89% 0.34%
174, <0.01% 0.05% 0.41% 0.99% 2.2 % 95.8% 0.57%
176y, <0.01% 0.05% 0.32% 0.52% 0.56% 2.12% 96.43%

a)

1750, 99.94% 0.06%
a) The total Yb content in the 17sLu was stated to be 0.02%

by the supplier



In this manner the oxide was reduced and the ytterbium metal
simultaneously evaporated. The metal was condensed onto

50 ugm/cm2 carbon foils on glass microscope slides. For some
of the even mass targets a mask was placed in between the
crucible and the carbon foils to allow ytterbium to be de-
posited in a 1/2 mm wide line. The carbon foils were then
floated off the glass slides and onto aluminum target frames
suitable for mounting in the target chamber. The thickness of
metal deposited was estimated initially using the o scattering
apparatus of Burke and Tippett (1968) and later, a more accurate
measurement was obtained during the actual exposures. For the
even mass targets, the thicknesses of metal were found to be
between 50 ugm/cm2 to 150 ugm/cmz. In the case of 173Yb
targets of thicknesses between 40 and 70 ugm/cm2 were used in
an attempt to enhance the resolution.

The 175Lu targets for the neutron transfer work were

made from enriched 175Lu203 from the same supplier as the
ytterbium isotopes. In order to prevent the powdered oxide

from becoming charged and flying out of the crucible under
electron bombardment, the powder was compressed into a small

thin pellet. This pellet was heated to its melting point and

the resulting 175Luzo3 vapours were condensed onto 50 ugm/cm2
carbon foils in the same manner as for ytterbium. For the (d,t)
exposures targets of between 20 and 30 ugm/cm2 were used; whereas,
the (3He,a) exposures employed targets of up to 125 ugm/cm2

thickness because the cross section for the reaction was very

small and the peak widths are quite large for reasons to be
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discussed in section 2.2.

2.2 The Enge Mmagnetic gpectrograph

Single particle transfer reactions into deformed rare
earth nuclei populate large numbers of states with fairly small
cross sections. The design of a spectrograph for such ex-
periments must take these two important facts into considera-
tion. The Enge split pole magnetic spectrographs (Spencer
and Enge 1967) such as installed at the University of Rochester
and McMaster accelerator laboratories haQe large solid angles
of acceptance and high resolving powers.

Fig. 2.2.1 shows a schematic diagram of the median plane
of the spectrograph. The two pole pieces are encircled'by a
common field coil. The purpose of the split in the pole piece
and the non-normal angles of entry and exit of the trajectories
into the magnetic fields is to provide enough design para-
meters that second order aberrations are eliminated at tﬁe same
time as the desired dispersion and magnifications are main-
tained.

For an Enge spectrograph of the type installed at

McMaster and Rochester with a maximum radius of curvature

o) 91 cm the energy dispersion is approximately 1 keV/mm

max
per MeV of particle energy. For example, in an experiment
where 9 MeV particles are detected there would be about 1 mm

between peaks separated by 9 keV. Including the fact that

the particles strike the focal plane at approximately 45°




Figure 2.2.1

Schematic diagram of an Enge split pole magnetic
spectrograph. Several trajectories through the
magnetic field are shown for particle groups on

the focal plane.
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in the median plane, the horizontal width of the image

~ formed by the spectrograph on the emulsions is about half

as wide as the beam spot in the target chamber. Vertical
(out of the median plane) focussing also exists in these
spectrographs in order to obtain large solid angles. In the

vertical direction the particles are spread over about
one centimeter in the focal plane, making tracks easier to

count on nuclear emulsions.

The energy of a particle leaving a nuclear reaction
varies with the outgoing angle as a result of the recoil of
the residual nucleus. When a large solid angle spectrograph
is used the energy of a particle entering one side of the
aperture is different than the energy of a particle entering
on the opposite side. This effect is the so-called kinematic
broadening of the peaks. The Enge spectrograph is able to com-
pensate for this broadening for a specific reactionby shifting
of the focal plane along the particle trajectories. The shift
is calculated using the known kinematics for each reaction
and the procedure described by Spencer and Enge (1967).

The McMaster spectrograph is located, relative to
the analyzing magnet and switching magnet, such that the
focal pléne of the spectrograph is dispersion compensated.
This is to say that the ion optics of the system are such that
small fluctuations in the beam energy, which cause the beam
spot to move from left to right on the target will not result

in broadened peaks on the focal plane of the spectrograph. If
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the experiment is performed with the spectrograph looking at
‘the outcoming particles being transmitted by the target, (the
most common mode of operation because it includes the angles
forward of 6 = 60°) the beam optics are set so that the beam
passes through one more focus than it has when the outcoming
particles are "reflected" from the target. Though it is not

so easy to focus the beam onto the target when doing an experi-
ment in the reflection geometry,the reduction in the peak
width obtained by removing the one focus is significant.

The particles were detected on the focal plane with
nuclear emulsions. For the (3He,d), (,t) and (4,t) reactions
Kodak type NTB emulsions 50 um thick were used. 1In the case
of the (3He,a) exposures, 50 um thick Ilford K minus 1 emulsions
- were more desirable because they were quite insensitive to the
deuterons of the same magnetic rigidity as the a-particles of
interest, and which would otherwise cause a large background.

The nuclear emulsions were covered with aluminum
absorbers to discriminate against unwanted particles arising
from reactions in the target. It is rather interesting that
carbon ions may be knocked out of the target backing and appear
a£ the same radius of curvature as the tritons of interest
in the (o,t) reactions. The absorber thicknesses in the four
reactions were: in the (o,t) reaction between 0.05 mm and 0.1 mm
of Al; in the (d4,t) reaction 0.1 mm Al; in the (3He,d) reaction,

0.7 mm Al; and in the (3He,a) reaction a graded Al absorber




14
was used which varied in thickness from 0.3 mm near the
ground state to 0.25 mm at 3 MeV excitation.

The typical solid angles used at Rochester were 3.29
msr in the even mass target experiments and 2.32 msr for the
173Yb(a,t)l74Lu exposures. At McMaster the aperture was
varied in order to strike a compromise between a small solid
angle which tended to make the observed peaks more symmetric
and the_length of time available for the exposure. The value
chosen was usually about 1 msr and never more than 2.6 msr.

The reactions of the beam on light materials in the
target, for example the carbon backing and silicon from the
pump oil, cause very broad high intensity plateaus which can
obscure large parts of the spectrum of interest. The large
widths of these peaks is caused by the large kinematic
broadening of peaks from light nuclei. For the rare earth
nuclei tﬁe kinematic shift is rather small compared to that
which is needed for the light impurities so the latter
are not well focussed in the reactions on lutetium and
ytterbium targets. Moderately heavy impurities (A<150)
in the target can also be detected because the energies of
their peaks appear to move to higher excitation energies
as the reaction angle is increased. This again is due
to kinematic effects. The easiest way of detecting
isotopic impurities is with a knowledge of the relative Q-
values of the various contaminants and the spectrum of each.
In general, the angles chosen for these experiments were such

that the very broad carbon peaks from the target backing fell
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outside the first two MeV of excitation of the nucleuy of
interest.

There are several important factors affecting the
resolution obtained in these experiments. The first is the
energy stability of the beam and the centering of the beam on
the target. At McMaster early attempts were made to minimize
these contributions using 1/2 mm slits just before tho target.
Recently, due to improvements in the terminal voltage gtabili-
zers (Cairns, 1972) it has been possible to use 1 mm
slits with almost as good results and have much higher beam
currents on the target. The dispersion compensation of the
McMaster spectrograph undoubtedly helps reduce the peuk width
when using the wider slits. The approach tried at Rochester
- was to use targets on which the material had been deposited
in only a 0.5 mm wide vertical 1line so there was no reaction
of interest if the beam was not correctly centered. It jig
worth pointing out, that no better resolution has been obtained
in any of the present experiments using line targets. In both
locations the beam spot was approximately 1/2 mm wide and 2 mm
high, The horizontal magnification, being ~ 0.5, would yield
an intrinsic peak width on the focal plane of about 0.25 mm.
The second major contribution to the resolution is tho target
thickness. According to the Bohr theory of straggling (Bohr
1948 or Enge 1966) the energy of the incident beam is reduced
by electronic scattering and the energy distribution of the

beam after passage through a target is approximately gaussian.
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The width of the gaussian, and hence the contribution to

the resolution, varies in the following manner:
AE Y 18 Zvt.

Where: AE is the energy spread after the passage through
the material (keV)
Z is the atomic number of the charged particle

t is the target thickness (mg/cmz).

The energy spread in this theory is independent of the inci-

dent energy. It may be seen that a very large reduction in the
target thickness is needed for even modest gains in the peak
width (energy spread). This expression also leads one to

expect twice the peak width in reactions with 3He and a-particles
because these particles are doubly charged. The straggling

is a major contribution to the poorer energy resolution in the
(3He,a) reaction.

Table 2.2.1 lists the resolutions obtained in the
experiments into the lutetium isotopes. 1In the (3He,a) reaction
where the reaction Q-value is large and positive the peak width
is more than 0.75 mm which corresponds to approximately 30 keV.
The peak width in the (a,t) reactions is similar but this
corresponds to about 12 keV because the triton energy is so low.
The best resolution was attained in the (d4,t) exposures when
small entrance apertures and thin targets were used. The

actual peak width in the (d,t) reaction is about 0.6 mm.




Table 2.2.1

Resolution obtained

17

Reaction Beam Energy Target Th%ckness;37 Observeq
(MeV) (pgm/cm®) Resolution
' o (keV)
b (3He,d) Lu 28 50-150 18-21
24 70-100 16-20
Yb (o, t)Lu 30 50-150 14-17
28,5 70-100 12
17500 (a, vyt 41 12 30-50 7-12
1754 (CHe,0) Y41 24 70-100 ¥30

a) does not include the 50 ugm/cm2 carbon backings.
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2.3 Normalization of the cross sections

In order to make assignments of certain peaks in the
spectrum, it is necessary to have some measure of the absolute
cross section for the state's formation in the reaction.
Accurate measurements of the absolute cross sections are very
difficult. 1In the odd mass lutetium isotopes angular
distributions were attempted in order to extract the orbital
angular momentum, £, of the transition forming the peak. 1In
such cases it is necessary to be able to measure at least
relative cross sections from angle to angle.

The reaction cross sections were normalized using the
known elastic scattering cross section for the incident beam
on the target. At the same time as the spectrum was being
taken, a small counter placed in the target chamber was used to
observe the elastically scattered events. At the University
of Rochester, the detector was a small NalI crystal with a photo-
multiplier. This particular system had a resolution of several
hundreds of keV. At McMaster, small Si(Li) detectors were used.
These initially had a resolution of about 50 keV which soon
started to deteriorate due to neutron damage and the tempera-
ture of the target chamber while the beam was on. The
spectrum was recorded in a multichannel analyzer and also a
gate was set around the elastic peak of interest so the ex-
periment's progress could be monitored on a scaler. 1In addition

the beam current which passed through the target and was collected

-
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in the Faraday cup was integrated, giving the total charge fhrough
the target during the experiment.

It is necessary to separate the events resulting from
elastic scattering of the beam from the target material from
those events arising from the carbon, silicon or oxygen. Having
ascertained the number of elastic events in the course of the

experiment the cross section for a peak on the plates 1is given

by: 4o
(=) &
(dc) . da e e
a3 T § g Nx'A ‘ (2.3.1)
dq R Ne QR R
where: (%%) is the center of mass cross section of the
R peak on the plate
(%% is the elastic scattering cross section for

e the incident particles in the lab frame

Qe is the monitor solid angle
QR is the spectrograph solid angle
NR is the number of counts appearing in the peak

on the plate
A is the factor which converts the reaction cross
section from the lab to the center of mass
frame. For rare earth nuclei it is essentially
unity.
This arises simply because the spectrograph and the monitor
detector are looking at the same target for the duration of the
experiment,
Of the quantities in the above expression only the

elastic cross section for the incident particle is difficult

to calculate. 1In general the monitor was set at a lab angle



20

6 = 30° though in some instances it was at 6 = 45°, At these
angles for 28.5 and 30 MeV oa-particles and 28 MeV 3He particles
the elastic cross section is significantly less than Ruﬁher-
ford. The elastic cross section of a 28 MeV 3He beam on 174Yb
was measured as a function of angle before these experiménts
were begun. The cross sections observed were in excellent
agreement with the values predicted using the optical model
parameters discussed in sect. 3.4.At 6=30° the elastic cross

174 3 4Yb reaétion is 76% of the

section for the Yb(3He, He)17
Rutherford cross section at an incident energy of 28 MeV.

The elastic cross sections used in the normalization of the
spectra using equation 2.3.1 were taken subsequently from the
optical model calculationg,

The normalization obtained in this manner was checked
several times by measuring the elastic cross section by making
a short exposure before and after the long experiments. Also
the ratio of elastic events to the charge through the target
was used to check for consistency, though this latter method

assumed the beam strikes the same part of the target for all

exposures and that the target angle has not been adjusted.

In general these three methods gave results which were within 20%
of each ofher;and hence, this is the estimate of the error placed

on the absolute cross sections. In addition to this error, there
are the statistical errors in the cross sections from the stripping

and integration of the peaks. The statistical errors, which gave

an estimate of the relative errors in the cross sections of
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the peaks in a given exposure, are the only errors quoted

in Chapters 4 and 5.

2.4 Calculation of the experimental energies and cross sections

The energy - of the peak and the cross section for the
transition to the level is found by measuring the peak posi-
tion on the plate and the number of tracks appearing in the
~group. In the case of a well isolated peak, the procedure for
finding the centroids and integrating the peak is straight-
forward. However, this is not as easily accomplished for peaks
which are only partially resolved; for example, which appear
as a shoulder on the side of another.

In the deformed rare earth nuclei, the level density
is such that many spectra exhibit unresolved multiplets. As
an aid to locating centroids and stripping‘areas the computer
program SPECTR (O'Neil, 1972) was used. This program attempts
to fit all the peaks in the spectrum to a standard shape,
namely a gaussian with an exponential tail on the high excita-
~ tion energy side. The four parameters which describe the peak
shape are found by fitting a sample region in the spectrum
which ideally contains only well resolved singlet peaks.

The shape parameters are then fixed and applied to all the
peaks in the spectrum. Only the position and height of the
peaks are varied in a non-linear least-squares technique to
find the best fit. In some cases the program "resolved"
states which were separated by less than half of the full

width half maximum (FWHM) . Some consideration was given
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to these peaks if this effect appeared consistently with
different peak shape parameters and in several different spectra.
Knowing the shape parameters and the height the program is

able to integrate the number of counts in each peak. Using

eq. 2.3.1 it is then possible to convert this number into a
cross section.

From the plate position it is possible to find the
radius of curvature of the trajectories in the magnetic field.
The calibration (polynomial) curve, relating the radius of
curvature and the plate position,was determined empirically
using a«particles of known magnetic rigidity emitted from a
radioactive source élaced at the target position.

Having the radius of curvature of the detected par-

- ticle in the spectrograph it is a straightforward calculation
to obtain the excitation energy of the level corresponding fo
the observed group (Marion and Young 1968 or Enge 1966).

The masses used in this calculation were from Liran and

Zeldes (1969) and the mass of 174Lu was taken from the (4,t)
Q-value measurement by Jones and Sheline (1969). The

absolute Q-values were not measured at the Univeristy of
Rochester because an emulsion was not put on the focal plane
to measure the position of the elastically scattered particles.
Attempts to measure the Q-values in these reactions at
McMaster were hampered because of difficulties with the system

for placing index marks on the plates. The Q-values
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obtained from these masses were consistent with the
observed location of the ground state peaks on the emulsion
so there was no problem in measuring the excitation energies
relative to the ground state group.

The most recent calibration of the Rochester spectro-
graph is significantly different from the curve used in the
calculation of the published energies of the odd mass lutetium
isotopes (O'Neil et al. 1971). It is now believed that the
later calibration generates the correct calibration curve.
The energies in Chapter 4 were calculated using the most
recent calibration curve. The new calibration makes about
10 keV/MeV difference in the (3He,d) energies at 28 MeV
bombarding energy, and brings some of the energies observed in
the particle transfer work into better agreement with the
reported B-decay and y-decay studies,

The experimental spectra and tabulations of energies
and cross sections may be found in Chapter 4 for the odd

mass lutetium isotopes and in Chapter 5 in the case of 174Lu

v



CHAPTER 3

CALCULATIONS

In order to compare the experimental energies and
cross sections to the theoretical predictions of the Nilsson
model a number of calculations must be performed. In general
the theoretical justification of many of these steps may
be found in the literature. In particular, Elbek and Tjgm
(1969) have published an excellent review article which in-
cludes an outline of the techniques used to compare the re-
sults of single particle transfer reactions and the Nilsson
model in the deformed rare earth region.

In the present work levels in four lutetium nuclei have
been interpreted in terms of the Nilsson model where the main
assumption is that a single particle moves in a deformed.poten-
tial well created by the core nucleons. In the rare earth
nuclei the well has a prolate spheroidal shape. The various
angular momentum vectors and their projections useful for such
a description of the nucleus are shown in fig. 3.0.1l. Because
the nucleus is assumed to be symmetribal about its body fixed
axis, there can be no observable component of the rotational
angular momentum along the body axis. Hence the rotational
angular momentum vector, i, is perpendicular to the body axis.

This then implies that K, the projection of the total angular

24




Figure 3.0.1

The angular momentum vectors, their coupling sums

and projections for a deformed odd-odd nucleus.
Because the nucleus has an axis of symmetry,ﬁ nmust
be perpendicular to the body fixed axis. For an

odd proton nucleus considered in the present work,
the scheme is the same except there is no contri-
bution from the angular momentum of the neutron.

The term "body fixed axis" is used synonymously with

the term "nuclear symmetry axis",
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‘space axis

body axis

space axis

body axis
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momentum on the body axis is the same as @, the projection
of the intrinsic angular momentum on the body axis. Fig.
3.0.1 is drawn for the case of an odd-odd nucleus, for an
odd proton nucleus the vectors labelled with a subscript n are
simply zero because all the neutrons are paired up and give no
contribution to the intrinsic nuclear angular momentum, The
Nilsson model itself predicts only the wave functions of the
odd particle outside the deformed core.

In order to predict the excitation energies and cross
sections of the levels in the nucleus the Nilsson model states
must be corrected for the effect of the pairing of the nucleons.
These states form the band heads for a series of rotational
states which often lead to the very characteristic energy spa-
cings of groups of levels.

'52
EI'= EO + f? (I(1+1)) | ‘ (3.0.1)

where: E_ 1s the excitation energy of the state with
angular momentum I

E is related to the intrinsic energy of the configuration

is the total nuclear spin of the state

is the nuclear moment of inertia

&C&.Ho

is Planck's constant /27 .

2
The factor“§§~ is referred to as the rotational parameter.

Rotational bands built on different intrinsic con-
figurations may be mixed by the Coriolis interaction which

can strongly perturb the rotational spacings and the cross
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sections of the transitions to the various band members.
The effects of the Coriolis coupling are particularly stri-

king in the odd-odd nucleus 174Lu

All the experimental results in this work were ob-
tained using single particle transfer reactions. The effects
of the reaction mechanism on the cross sections were found using
a Distorted Wave Born Approximation (DWBA) calculation with
the optical model. These results, combined with the nuclear
structure calculations referred to above, enable comparison of
the experimental data with the theoretical predictions. 1In

the case of the odd-odd nucleus 174

Lu, the comparisons with
experiment appear more clearly if the calculation is carried
through to the point of the prediction of the actual cross
section. In the odd-A nuclei the contribution of the particular
reaction to the experimental cross section was removed for the
states assigned to the Nilsson model configurations so that the
nuclear structure factors obtained from the different reactions
into the various nuclei could be compared to £he structure

factor predicted by the model.

The nuclear Hamiltonian, H, has been assumed to be

composed of a sum of five terms:

H = Hn_+ Hp + Hrot + Hrpc + Hint' (3.0.2)

Hn and Hp are due to the single particle motion of the odd
nucleon or nucleons.These terms are calculated using the Nilsson

model. The third term originates from the rotation of the
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core and the unpaired particles. To this point the assumption
has been that the rotational energy is very small in comparison
to the single particle energies so these three terms are indepen-
dent: the so-called "adiabatic approximation”. Hrpc includes
the non-adiabatic coupling of the rotations to the single
particle states. In the present work only the Coriolis coup-
ling term has been included in Hrpc‘ Hint is the interaction
between the odd proton and the odd neutron in the odd-odd
nucleus. Each of these terms will be discussed in this chapter.
It should be noted that the Hamiltonian (eg. (3.0.2))
could also contain terms referring to the vibrational states
of the nucleus and their coupling to the particle states and the
rotations. However, most of the states of interest lie below
the energy of the first vibrational levels in the neighbouring
even-even nuclei so interactions with the vibrational states

have been ignored. The nucleus was also assumed to be in its

vibrational ground state.

3.1 The Nilsson model

The intrinsic motion of a particle coupled to a de-
formed core was considered by Nilsson (1955). The potential
chosen was essentially a c¢ylindrical harmonic oscillator with

spin orbit coupling. The Nilsson Hamiltonion Hy is:

By 1, 02, 2, 4 ([T . 2,0
g = 707 +°)+§E69Y2

—2kf+s - uxfed | (3.1.1)
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where: 6 is the deformation, § > 0 implies a prolate shape

4 and k are the well parameters

2. 4 5 &
T mw (8) . 2
le) i=1 3Xi

2 mwo.(d)r2
pe E

r 1is the radius vector, the angular parts are con-
tained in the Legendre polynomial

m 1is the reduced mass of the orbiting particle
A 1is the mass number of the deformed core

1/3 2 _ 16 (3,-1/6

(L - %6 ) . (3.1.2)

_ - 4
wo(d) = 41A 3 ok

The term (—V2+p2) in the Hamiltconian is the usual
simple harmonic oscillator potential characterized by the
quantum number N. Though states of the same N and 2 quantum numbers
are not degenerate, the term in 2.3 controls the magnitude of the
splitting of states of different orbital angulaf momentum in each
oscillator shell; and the term in i-E enables the energy of
the state with j = 2+£ to be lowered relative to the state

2
with j = 2-%. These three terms are essentially a simple
shell model for a single particle in a spherical nucleus. The
purpose of the remaining term in the Hamiltonian, the one

with the spherical harmoniq,Yg , is to introduce a deformation

into the potential.

The parameters u and k are adjusted to give the best

fit to the observed level spacings and sequences at deformation




30

¢ = 0. The values chosen were those recommended by Lamm (1969).

For rare earth nuclei they are as follows:

= 0.600 , Hoeutron — 0.420 (3. .1.3)

0.0637

uproton

0.0637, «

il

K
proton neutron

The factor of 41 in the expression for wO(G) was also arrived
at by fitting observed energies in spherical states.
The most convenient basis to choose for single particle

transfer reactions is the following coupled representation:

%(—V2+p2)lN2jQ> = (N+%)|N2j9>, N=20,1...

i

22|NL3Q> = 2(241) |N2jR> , & = N, N-2...to 1 or 0

<2 o -y . : 1

FEINLGIR> = J(3+1) [NLIR>  , § = & & 5

jz|szQ> = QNRjQ> y =<3, =3+l0.., F (3.1.4)

Because 3 = E+§ = Ei% the operator s2 is also a. conserved guan-
tity in this basis. With the exception of the term containing
the spherical harmonic, the Hamiltonian matrixis diagonal

in this representation.. The necessary matrix elements for

the deformation term in the potential may be found in Nilsson
(1955) and by the application of the Wigner-Eckart theorem in -
this coupled representation. This deformation term mixes all
the quantum numbers except . The basis wave functions |
|N2jQ> represent simple single particle shell model states
which have (2j+1)-fold degeneracy. The deformation lifts

the (2j¥l)—fold degeneracy leaving a state with +Q degenerate
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with the -0 state (or more correctly, the state and its time
reverse are degenerate). Thus the Nilsson model has only one
good quantum number: Q.

The eigenfunction resulting from this diagonalization

yields forNilsson wave function:
!

lve> = =
J=

v . . .
c¥  |wejes. (3.1.5)
Q jo N3

The C;Q is the Nilsson expansion coefficient. The sum extends
over all j-values from Q to N' = (2Nmax+l)/2 which represents
maximum allowable § from thelargest oscillator shell included
in the calculation. The parity of the basis wavefunctions,
and hence, the Nilsson orbitals is (—l)N. This then implies
that for each j there is a corresponding &. For positive
parity states only even 2-~-values are possible and for negative
parity states only odd %2-values are allowed.

In the present work the calculations were performed
using a program due originally to Chi (1967). 1In this case
the Hamiltonian matrix was diagonalized using all the states
of a particular oscillator shell N with a given {i. The
coupling of states differing by two units in N was not in-
cluded.Fig.3.1.1 shows the results of a Nilsson calculation
for neutron states. The energy of the state is plotted as
a function of the deformation. Similarly fig, 3.1l.2 shows the
results of a calculation for proton states. In the limit of

large deformations 2Z,Nz and s, become constants of the motion,



Figure 3.1.1

Nilsson calculations for single neutron states

in the rare earth region. The energy of the state

is plotted as a function of the deformation. Each
Nilsson state can contain two neutrons, one with +Q
and the other with -Q. Notice the 2j+1 fold degenera-
cy of the shell model states which is lifted by defor-

mation. (From Lederer et al, 1968).
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Figure 3.1.2

Nilsson calculation for single proton states in
the rare earth region (Adapted from Lederer et al.

1968)
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where the 2 subscript refers to the body axis in fig. 3.0.1.
The corresponding quantum numbers are A, n,, Z; here n, is
the number of oscillator guanta along the body axis. The
Nilsson orbitals are labelled by the asymptotic quantum

numbers in the following form:

Qﬂ[NnZA] .

The letter w = (-1)N stands for the parity of the state. At
a positive deformation for a given © and N the lowest energy
state has n, =N, the next most energetic has n, = N-1 and so
on. A is determined such that A = Q * % and the sum
N + n, + A is even.

Each Nilsson orbital may accommodate two particles,
one in the state |v0Q> and the other in its time reversed state
|v§>. It is important in the mixing calculation that the
difference in these two wave functions be noted. The present

work uses the following relations when dealing with the time

reversed state |vQ>.

- g-L
lva> = (-1)" 2 7|v-n>
1
v=0> = % C. ~|N2j-®
I j=Q j—Ql J D
and
cV = (—1)3"% rcy (3.1.6)
j-a - ja T

o= (—l)N, the parity of the state.
The actual calculation of the Nilsson wave function
was performed with the parameters recommended by Lamm (1969)
and with a deformation § = 0.27 as a part of the Coriolis

coupling calculations (sect. 3.3). The Nilsson expansion
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coefficients Cjn are very similar to those published by Chi

(1967) at deformation §

0.3. For the particular neutron and
proton states of interest the more elaborate calculations of
Rost (1967), (or see Jones 1969 ) using a Woods-Saxon poten-

tial show only small differences for the C coefficients for

)
j < (2N+1)/2. The same is true of the recint calculation by
Nilsson et al. (1969) with a hexadecapole deformation. For

j > (2N+1) /2 these coefficients are very small. In the cal-
culation used for the present analysis the latter coefficients
were zero, The more complex calculations referred to above

ﬁay predict Nilsson energies which are in better agreement with

the observed spectra especially when the states from different

oscillator shells are being compared.

3.2 The effect of pairing

Nathan and Nilsson (1965) give a brief introduction
to the concepts and results of pairing theory. The probability
of any orbital being occupied by a pair is predicted to vary
smoothly from unity (completely filled) to zero (completely
unoccupied) as higher and higher energy orbitals are examined.
This is in analogy to a Fermi gas at non~-zero temperature.
Two parameters characterize this nuclear Fermi surface. The
first is the enérgy gap parameter, A, which is essentially
a measure of the diffuseness of the occupation probability
curve. The second is the Fermi energy, A, at which the

occupation probability is a half.
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The first result of pairing theory to be considered

is important in the calculation of direct reaction cross

sections (sec. 3.5). The probability, V2, that a particular
single particle orbital with energy €, is occupied by a pair
is:
€ =X
vi= 21 - =2 ) (3.2.1)

Y/ (e,-1) 242

This factor modifies the pick-up reaction cross section. In
making predictions of the cross sections of stripping reactions
one must take into account the emptiness U2 of the orbital

intQ which the particle is transferred where:

vl = 1-v2 . (3.2.2)

The second important result is the compression of the
single particle energies in an odd mass nucleus by the pairing
force. The energy of the resulting single quasi-particle

state is given by

_ 12,2
E, = //(ev A)T+AT (3.2.3)

Thus the excitation of any state |v'>relativeto the ground
state |v> is simply the difference in the quasi-particle

energies

E =E

= 12 2 _ _ 2
o vt T By —V/(ev,k )+4 /[(ev A)+A

Y /(ev;k)2+A2 - A .

The wavefunction of the single quasi-particle is identical to

(3.2.4)

the single particle wave functions calculated from the Nilsson
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model for the calculations necessary in the present work.
Only the energy has been changed in the quasi~particle
formulation.

In both equations (3.2.1) and (3.2.4) the single
particle energies referred to are the intrinsic Nilsson ener-
gies.

The factor, A, for the proton states of an even-
even nucleus (Z,N) may be calculated from the proton separation
energy ~Sp(Z,N) in the neighbouring nuclei in the following

manner:

n 1 _ _- _
AP(Z,N) n Z[ZSP(Z,N) Sp(Z+l,N) Sp(Z 1,01 . (3.2.5)

Similarly the neutron gap parameter, An' may be evaluated
from neutron binding energies. A, then represents approxi-
mately half the energy required to break a nucleon pair.

(<]
Neergard and Vogel (1970) show a plot of the neutron and

- proton pairing gap parameters evaluated from formula (3.2.5)
for rare earth nuclei. 1In the region of the lutetium isotopes of

interest the following average values were estimated:

A, = 0.85 MeV,
(3.26)

0.70 MeV.

by

These are the values chosen for the subsequent cross section
calculations.
The Fermi energy, A, represents the point of inflection

of the occupation probability for the ground state of the even-
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even core of the nucleus. The optimum value of A for the
proton states was found by the simultaneous adjustment of

A and the deformation § so that the predicted band heads

of the 5/2%[402] and 1/27[411] states appeared close to the
observed energy relative to the 7/2+[404] ground state orbi-
tal. This method is not particularly good if the energies
€y from the Nilsson model are not reliable. It appeared for
the proton states that A was about 300 keV below the energy
of the 7/2+[404] ground state orbital. For the neutron
states, it appears from Burke et al. (1966) that the Fermi sur-
face is very close to the ground state of the odd-N nuclei

173

studied (in particular Yb). For the neutron transfer

experiments into 174

Lu the energy of the Fermi surface was
considered to be approximately coincident with, or slightly
below, that of the 5/2  [512] neutron orbital.

The observed cross sections in the odd-odd nucleus
174Lu as well as those in the odd mass lutetium and ytterbium
isotopes are consistent with the values of the gap parameter,
Ap and An, and the Fermi energy, A, chosen. It should be noticed
that it is possible to calculate U2 and V2 using the predicted
intrinsic energy of the state relative to the ground state.
It is also not unreasonable, knowing the experimental energy

and A, to estimate V2 if the quasi-particle is known to have

mostly the character of a hole or a particle.




39

It will be mentioned in Appendix A that the occupation
probabilities also make a small correction to the Coriolis

matrix element.

3.3 Nuclear rotations

The discussion in this section may also be found in
more detail in Jones' thesis (1969). The expression for
the rotational wavefunction may be also found in Davidson
(1968) and the details of the rotational Hamiltonian are very
similar to the treatment in the standard texts (for examplef
Preston (1962) and the Elliott (1958) notes).

The total rotational Hamiltonian is simply:

T = 5} R . (3.3.1)

The nucleus is assumed to be axially symmetric so there can be
no projection of the rotational angular momentum on the nuclear
symmetry axis, therefore Rz = 0. The subscripts x, y and z
will be used to refer to the body fixed frame, the p and n
subscripts refer ﬁo the odd proton and the odd neutron respec-

tively in the odd-odd nucleus. In that R = I-J and that

3 = §p + 3n as may be seen in fig. 3.0.1 it is possible to

expand equation (3.3.1).

Trot = Brot ¥ Hprott Hprot * Hppe + Hpp (3.3.2)

,r_rf .o2_. 2

rot 24 (1 -I —jpz “Inz ) (3.3.3)

where: H
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Hprot —x€;§ (ng) (3.3.4)
2
Hnrot = ,1213- (gnz) (3-3-5)
ano. . :
pr = —2-3- (Jp-lJn— + Jp.jn+) (3.3.6)
,hz
Hype = =g (30 + I3, (3.3.7)

Here the following angular momentum raising and lowering

operators are defined:

I__t = Ix + 1Iy
= 17
| Ipx T Jpx “Mpy
Jne = Jpx ¥ ijny
Je = Ipe ¥ dne
J_ = Jp- * Jn (3.3.8)
For an odd-Z nucleus the terms Hnrot and pr of the total

rotational Hamiltonian T of course, vanish. The raising

rot'’
and lowering Operators are thensimplified.

The rotational wavefunction of an odd-odd nucleus 1is

assumed to have the form

_ [2T+1 1 .
IIMKQp9n> = ,§;§~ Dy |Qp>|9n> . (3.3.9)
I

DMK is the properly normalized D-function as defined by

Edmonds (1957). The D-function is the eigenfunction for the
rotational motion. The |Qp> is an abbreviation for the Nilsson
wave function of the odd proton as defined in eg. 3.1.5.

In order to make the notation more compact the following defi-
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nition is made:

. j Q> . 1.
5 a8 (3.1.5)

lea.>=12 c
Py pp

)
The neutron single particle wave function is defined
in a completely analogous manner. This form of the odd-odd wave
function assumes the proton and the neutron each move indepen-
dently, and their motion is uncorrelated to that of the core.
The wavefunction though must be properly antisymmetrized using

the time reversal operator giving the following:

r & C C.

21+1
|IMKQ_Q > = ’ .
n 2 . Q Q
P 167° 3, 3, p'p n'n

I
[Py

Qn>|ij >

In p

I-j -7
- p "RI - .
+(-1) DM'_Kljn Qn>|3p ,>1. (3.3.10)

Eliminating the reference to the neutron wavefunction and re-
calling that because of axial symmetry K = @, the wavefunction
to be used for an odd~Z nucleus becomes:

21+1

2
lel

| IMK> =

I . oy I=3 T L
§ Cik [Dyg | 38>+ (-1) 77Dy [3-K>1. (3.3.11)

Again using the assumption of axial nuclear symmetry,

the projection of T onto the symmetry axis must be K = IQ +Qn|.

P
This gives two values of K, as each { may be poéitive or nega-
tive:

K = |Qp| + el

or (3.3.12)

-~
]

la,l - le

P
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For this study K has been defined to be positive. Either Qp or Qn

is chosen to have the negative sign such that

K=Q,+8, >0

for the smaller K-value., The state of larger K is formed by
coupling the neutron and proton with both Qp and Qn positive.

It is important in the waﬁefunction (egq. 3.3.10) of the
odd-odd nucleus that these signs of @ are carefully manipulated. The
correct phase relationship for the CjQ's must be included in the

wavefunction, and hence in the derived matrix elements. This

phase relationship is:

C g = (-1)37% "Cyq - (3.1.6)

The parity of the coupled conflguratlon,ﬂodd_odd, is
the product of the parity of the orbital occupied by the neutron

and the parity of the orbital occupied by the proton:

Todd-odd = ™a"p *

The matrix elements of the rotational Hamiltonian may

be found in Appendix A. 3

A program was written which considered all the terms in
the rotational Hamiltonian with the exception of H and H .
prot nrot
The program GREAT (O'Neil 1972) will perform the entire calcu-
lation for an odd mass nucleus in which up to 10 rotational bands
may be coupled simultaneously. The program GREATER (O'Neil 1972)

does a similar calculation considering the coupling of up to 10

proton orbitals to the orbital of the odd target neutron. Thus,
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in the odd-odd nucleus up to 20 configurations may be considered
simultaneously. These programs carry out the diagonalization to
calculate the perturbed energies and mixing amplitudes. The
mixed wavefunction, |y>, may be expressed in the form:

|y> = i a; IIMKQnQp>i . (3.3.13)
The square of the mixing amplitude,ai,gives the fraction of the
ith configuration in the final mixed wavefunction. These mixing
amplitudes, and the properties of the various admixed states may
be used to calculate the cross sections for single particle
reactions as will be discussed in section 3.5.

The philosophy used in this calculation was to generate
a typical prediction showing the observed results were consis-
tent with the Nilsson model with Coriolis coupling and pairing
effects included.

In the odd mass lutetium nuclei, the Coriolis coupling and
cross section calculations were not very sensitive to the exact
energy of the band heads so long as the states were separated by
approximately the correct energy and the ordering of the band
heads was correct. Though the excitation energies change in the
three odd-A nuclei studied, the spectroscopic factors are very
similar for the corresponding bands. For this reason the
actual band head energy and the energies of the band members
were not fitted. 1In the odd-A nuclei, a rotational parameter
g;-of 13 keV was used and with this it was not found necessary

to attenuate the Coriolis matrix elements. The Nilsson calculation
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used in the present work was not able to reproduce the band head
energiés within one hundred keV, especially when states from
different oscillator shells were being compared.

For the odd-odd nucleus, 174Lu, where the interpretation
is more difficult, a more careful attempt was made to fit the
observed energies, Initially only the band head energies were
varied. For the proton transfer reaction, adequate fits were
obtained using a rotational parameter (g;) = 11.1 keV which is the
observed value for the ground state band. It was not necessary
to attenuate the Coriolis matrix element in the proton transfer
case whereas in the neutron transfer case better agreement with
the experiments was obtained if the Coriolis matrix element was
reduced by a factor of 0.75. This reduction of the Coriolis

matrix element for neutron states has been observed in the odd-

A gadolinium isotopes (Lgvhgiden et al.l1970). The rotational parameter

used for the states in 174Lu populated by neutron transfer reac-
2
tions was (gé) = 12.1 keV. It would have been more pleasing had

it been possible to obtain as good agreement in both the proton
and neutron transfer analyses using the same rotational para-
meter and the same attenuation factor in the Coriolis matrix
element.

It is more convenient to discuss the actual details of
the coupling calculations in the sections dealing with the

interpretation of the experimental results.
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3.4 Effects of the Residual Interaction

The odd proton may couple to the odd neutron in an odd-

odd nucleus such as 174Lu in two ways:
K= |@ ]|+ ]szpl
or
K ={|a ]| - |9p] . (3.3.12)

The energies of these two configurations are not degenerate. The
lowest state, according to the Gallagher-Moszkowski rule (Gallagher
and Moszkowski 1958) is the state in which the intrinsic proton
and neutron spins are aligned parallel,the so-called triplet state.
The triplet state in the rare earth region usually lies 100 to

200 keV below the spin singlet state in which the spins are aligned
antiparallel. The Gallagher-Moszkowski rule for ascertaining the

K of the lowest state may be stated as follows:

-— N _ l _ l
Klow - lQpl+[Qn| if Q P Apif and Qn = Anif
K = IQ I_IQ l if @ =A s1 and _ = A ;l (3.4.1)
low p' n p '3 n = M7 - 4.

The qguantities @ and A may be found from the labels of the
Nilsson orbitals in question. This rule is never violated in

174Lu. Coriolis mixing of the levels

the assigned states in
and uncertainties in the rotational parameters of the two bands
may give rise to apparent contradictions in other nuclei though

no such examples are known to the author.
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The second effect of the residual interaction in the
odd~-odd nuclei is the odd-even shift in K=0 bands. The residual
interaction causes the odd-spin members to be displaced from
their normal I(I+l) energy spacing by a constant amount through-
out the entire band. The magnitude of the shift is typically
between 30 and 60 keV.

The contribution of the residual interaction to the total
diagonal energy of an odd-odd nucleus (eq. A.l4) may be parameterized
(Newby 1962) |

_ _y L

All the dependence on the total spin I is written explicitly.
The parameters A and B depend on the K of the final configura-
tion as well as on the properties of the individual orbitals
coupling to form the configuration. The first term,A,merely
displaces the band head energy of the triplet configuration
rglative to the singlet state. The second term (containing B)
may be seen to shift the odd spin members of the band from the
even spin members by an amount 2B.

Expressions for quantities related to A and B are given

by Pyatov (1963) using a zero range spin dependent force:

> > >
Hint = V(rp-rn)[l—a+aop-cn],
where: (3.4.3)
> > > >
V(rp-rn) = 4ﬂg6(rp—rn) .

The factor o is the magnitude of the exchange admixture and
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g is the strength parameter of the force. Jones et al. (1971) have
performed calculations with this force, with a finite range force,
and with a tensor force. The calculations were compared with all
the available data on the spin singlet-triplet splitting energies
and.odd—even shifts in the rare earths. Calculatibns show that
the type of force proposed by Pyatov (1963) is able to predict
the singlet~triplet splitting energies fairly well. A more
crucial test of the exchange mixtures comes with the simultaneous
fitting of the odd-even shifts and the spin singlet~-triplet
splitting energies. The odd-even shift in spin triplet K=20
bands is especially sensitive to the type of residual interaction
chosen. Jones et al. (1971) found the best fits including the
odd-even shift were obtained using a tensor force; as had been
predicted by Newby (1962).

Calculations of the effects of the residua; interactions
are not presented in this thesis. It is hoped though that the
additional data fronll74Lu will be included in a future survey
of the residual interaction. The singlet-triplet splitting
energies of pure two quasiparticle states in even-even nuclei
are an additional source of data on the residual interaction
which could be included in such a survey. In using results from
deformed nuclei to determine the exchange mixtures and the nature
of the n-p, p-p or n-n force, the effects of Coriolis'coupling,
vibrations and rotations must be carefully separated from those
effects to be attributed to the residual interaction. Such a
separation is difficult and it may not be possible to be sure it

is unique.
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3.5 Calculation of cross sections

To actually compare the predictions of the Nilsson model
and its refinements to reality, it is necessary to calculate
the properties which should be displayed by such states in an
experiment. It has been shown in previous works (Elbek and Tjgm
1969) that the single particle transfer reactions are a very
fruitful method of exploring the structﬁre of deformed rare
earth nuclei.

The direct single particle transfer reactions which have
been used to study the states in lutetium isotopes are very selective
in the states they populate. It is assumed, and also appears
to be true experimentally, that these reactions with sufficient
bombarding energies do not rearrange the nucleons in the target.
One nucleon is simply added to or removed from the target. This
transferred particle can be deposited into various orbitals
with specific angular momentum. Further angular momentum can
be absorbed by the nucleus during these reactions in the form
of vibrational or rotational excitations. These collective
excitations are then coupled to configurations formed by the
target plus the transferred nucleon in a specific orbital. This
seems quite reasonable in the case of an even-even target. 1In

174Lu (or an even-even nucleus), it

an odd-odd nucleus such as
is possible with different targets to populate states by trans-
ferring a neutron or a proton. It is expected then that two

completely separate sets of states should be formed: a neutron
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transfer set formed by coupling a neutron to the odd target
proton, and a proton transfer set formed by coupling a proton
to the odd target neutron. In an even-even final nucleus, of
course, the transferred proton couples to a target proton to
form one set of states and another set is formed in an analogous
manner by the neutron transfer reaction. The only states these
two sets should have in common are the ground state band and
the opposite spin coupling of the same configuration. (It may
be possible also to see some components of vibrational states.)
If some form of mixing exists between these two sets it is
likely the mixed levels will be seen in both types of reactions
at the same excitation energy. For example a state which is
mainly formed from the neutron set would have large peaks in
the neutron transfer spectra and rather smaller ones in the
proton transfer. No states of this type have been identified
i n 174L

i u; however, a similar effect has been recently reported

176Hf. It is to be remembered that there

(Khoo et al. 1972) in
:are many other configurations in deformed rare earth nuclei
which are not populated by single particle transfer reactions.
These reactions populate different members of rotational
bands with different intensities. This relative intensity pattern
forms a characteristic fingerprint for the configuration on which
the rotational band is built. The present section deals with the
calculation of the expected cross sections for the various Nilsson
configurations in the nucleus and hence the fingerprints of these
rotational bands.

Four reactions are considered in the present work:

the (’He,d), the (o,t) the (°He,a) and the (d,t). The (°He,d)
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and (o,t) reactions are stripping reactions in which the trans-~
ferréd proton is deposited in an orbital in the target. The
largest cross sections are expected to be seen from states which
are unoccupied in the target nucleus. It is, then, intuitively
appealing to have the cross section for a stripping reaction
depending on the emptiness U2 of the particular orbital in the
target. The converse is true in the (d,t) and (3He,a) reactions
where a neutron is removed from an occupied target orbital.
The largestcross sections should arise from states lying below
the Fermi surface. The cross sections vary as the fullness V2
of the orbital in the target nucleus.

The theory of stripping and pickup reactions is essen-
tially the same except for the differences in the occupation
probability factors. The discussion which follows is similar
to that given by Elbek and Tjgm (1969) with some of the final
expressions being taken from Jones (1969).

The usual treatment of direct single particle reactions
is to divide the reaction into three separate parts. The first part
has the projectile moving in the average field of the target.
The target potential, which is usually described by the optical
model, distorts the incoming plane waves in the Distorted Wave
Born Approximation (DWBA). This field is the same as is used
to describe the elastic scattering of the incident particle
from the target. In the second step a particle is transferred

to a single particle orbital in the target; the rest of the target
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is assumed to be unaffected by this interaction. Finally, the
scattered particle moves away from the residual nucleus.

If the A(a,b)B reaction in which a proton p is traps—
ferred (a = b+proton), the total Hamiltonian for the initial

system is:

- opt
H Ha + HA + Ta + Va + VaA

oe
m'-I:
+
o

= H, . (3.5.1)

Ha and HA are the Hamiltonians of the internal motion of the

incident particle and target respectively. Ta is the kinetic

opt

energy of the projectile. Va is the optical potential in

which the incident particle moves. The last term VaA is the
interaction between the projectile and the target which leads
to the stripping reaction. It is assumed though that this may

be absorbed into Vzpt_

Similarly the total Hamiltonian for the final system is:

- opt
H = Hb + HB + Tb + Vb + VbB
~H O+ H, o+ T, + vOPY Ly
v b B b b pb
_ .0
Again HB describes the internal structure of the residual nucleus;

Ty and Vgpt refer to the motion of the scattered particle leaving
the nucleus. The scattered particle has its internal Hamiltonian

represented'by H The assumption is made that the interaction

b'
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between the nucleus and the outgoing particle is contained in

vopt

b and only the interaction of the scattered particle and the
transferred proton Vpb is important.

The wavefunction in the incoming channel, ¢i(§i) is
taken to be a product wavefunction of the internal motion of the
incident particle, Xg! the internal motion of the target Xp
and the motion of the incident particle in the optical potential
wi(ﬁi) . The linear momentum in the incident channel is designa-
ted as K. .

i

.-*
¢' = Xa XA wi(ki)'

i
thus:?

H.© ¢. = E¢, . (3.5.3)
The wavefunction ¢f(Kf) of the final channel, in analogy

to (3.5.3), has the following form:
= k
H.° ¢. = E¢ (3.5.4)
£ f £

The transition amplitude between the initial and final
states may be calculated from scattering theory. The transition

amplitude from the initial state to the final state isi

Sey = <¢f]vpb]¢i>. (3.5.5)

The interaction V_, is being treated as the operator which causes

pb
the transition. In Appendix B the steps used in the calculation

of Sfi are outlined.
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Sgi = T STy, Jprmyr MMy [Ieme>Byy
]
p
vy F v.dr.d (B.15)
. ' - . T T .
£ jp Me-m, 171 f
where:
/211+1 |
B. = g |s=——= <¢./¢.>UC,
I+
Jp 2 £ 1 £'7i Jpr
[<I;3 K;Q ]I £
I.-%
+ (=1) nn<I jp, i Qpl £ f>] (B.9)

for an odd-odd final nucleus. The factor g = V2 if either Ii or
If = 0 and is formed by having nucleons paired to spin zero.
Otherwise g is set to unity. The factor g = v2 only if the

target is an even-even nucleus in its ground state (or possibly
in a B-vibrational state) or if the transition is to the

ground state or to a completely paired off KTT=O+ state in an even-

even nucleus. In the case of an even-even target nucleus:
21.+1

- e Al
Bj = V2 jZI 1 U<¢f|¢i>cj o %o x%51 (B.11)
P £ pp pppf
The factor Fj m—m is the form factor for the transfer of a
pr T f i
proton of angular momentum jp and projection onto the nuclear
symmetry axis M=, .

The cross section is given by Satchler (1964) with the
appropriate density of states factors and assuming no spin orbit

interactions in the incoming and outgoing waves:
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Q,
Q

HiMe k E

£
= ——=—= (=) I|s _|° . (3.5.6)
(21T’f12)2 ki I fi

[oh)
=0

The reduced masses in the incoming and outgoing channels are
represented by My and Me respectively. The corresponding linear

momenta are ki and kf. Because the beam and target are unpolarized,

the sum implies an average over the initial substates, of which

there are 21i+l, and a sum over the 2I_+1 final magnetic sub-

f
states. The average over the incident channel is because the
target has an equal probability to be in any substate. The
reaction can proceed to any substate in the final nucleus thus
the contributions fromthe various exit channels are assumed to
be egqual and hence the sum over m

yields a factor of 2I_+1l. It

f f
is in summing over the initial and final substates that the in-
terference terms between the different j-values vanish. This
allows the contributions to the cross section of the different
j-values to be added incoherently (Glendenning 1963).

Equation (3.5.6) may be factored and written:

21 +1
_ _°f 5
- 21i+l .
Jp

Culoa
0iQ

2
By o5 ° 3.5.7
jp(zp) JP(QP) ( )

All the factors pertaining to the integration over the incoming,
outgoing and bound particles have been absorbed into ij(zp).

The dependence of the cross section on the orbital angular
momentum, zp, transferred is implied as it must be specified in
order to get the correct parity for the proton transferred of

total angular momentum jp. This fact is discussed in section
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3.6. Here it is only necessary to say this represents the
~intrinsic single particle cross section for the specific reaction
under consideration. It includes the Q-value,angular and beam
energy dependence of the reaction cross section for the transfer
of a proton into a particular shell model state.
For an even-even target expression (3.5.7) reduces to:

2 (3.5.8)
ip ) -

QJIQJ
2la
Il

2
2Cj Q U
PP
In the present work the nuclear structure factor is

defined as:

. _ do
Structure factor = UC,_ = dQ/20j (L) * (3.5.9)

This is not the usual definition of the spectroscopid¢ factor
of.Macfarlane and French (1960) and so it has been seen fit to
~give it a different name. The advantage of the structure factor
is that it contains all the nuclear structure information for the
state and is independent of the reaction mechanism. Because

the single particle cross section does not divide out easily in
the transitions to an even-A nucleus, a similar quantity has

not been defined for reactions on an odd-A target. In the case
of the odd-odd nucleus 174Lu the predicted cross sections were
compared directly to the observed cross sections throughout

the analysis.

Equation (3.5.7) may be used to predict the relative

cross sections of the various spin, I, members in a rotational
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band. Using the expression in Appendix A, the relative energy
of these states may be calculated. Thus the intensity of the
state plotted as a function of the energy of the state forms a
characteristic pattern. This fingerprint is exactly what one
expects to see in the observed particle spectra when it is
plotted on a similar energy scale. The technique of matching
fingerprints was one of the methods used to interpret the épectra
of all the lutetium isotopes. Numerous fingerprints are shown
for the analysis of 174Lu in Chapter 5.

In the case of mixed configurations, such as arise

when Coriolis coupling has been considered, the cross section

(eq. 3.5.24) becomes

21 _+1 .
O f (i) 2
Z [Z a.B.7")o,
.+ ) . 2
2T +1 PR e M jp( p)

. (3.5.10)

Q.Id.
2|a

The quantity a; is the mixing amplitude of the ith configuration
into the state‘of_interest. The definition of a; is implied in
eq. (3.3.13}).

It should be clear that the formulae developed in this
section are equally applicable to pickup reactions, if the occu-
pation probability V2 is used in place of the emptiness factor
U2 in the expression of the partial widths. Also there is
no difference if a neutron is transferred rather than a proton,
other than the terms which have been absorbed into the single
particle cross section cj(g)‘

The calculation of the Nilsson wavefunction, pairing
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corrections, Coriolis coupling and the resulting cross sectioné
is performed by the program GREAT (0'Neil 1972) for the
even-even targets and by GREATER (O'Neil 1972) for the odd mass
targets., These programs obtained the dependence of the single
particle cross sections oj(z)on the angle §,the reaction Q-
value and the angular momentum transfer j, from a prior
calculation by the program DWUCK (Kunz 1969). This latter cal-

culation is described briefly in the following section.

3.6 The intrinsic single particle cross sections

Detailed discussion of the calculation of the intrinsic
single particle cross sections using the Distorted Wave Born

Approximation (DWBA) may be found in Satchler (1958 and 1964)

and in Bassel et al. (1962).

The intrinsic single particle cross section Uj ()

P P
in equation (3.5.7) may be seen to have the form:
W H k 2
i"f f *
O, = ———— == N I ] F. y.dt_dT . (3.6.1)
Jp (2u52)2 ki m l[ £ Jp,m i“"a b

The incident and outgoing channels are labeied by i and £
respectively. The factors u and Kk are the reduced masses and the
linear momenta respectively in the particular channels,

The factor N is a normalizing factor which is a result
of choosing a particular internal wavefunction for the incident
particle and a particular interaction in the calculation of the

form factor (eq. (B-13)). The most common (easiest) interaction
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to use is the zero range approximation (eq. (B-14)) and Hulthén
wavefunctions,

The integration in equation (3.6.1) extends over the
center of mass coordinates of the incoming and exit channels.

Lu and Alford (1971) found that better agreement with experimental
angular distributions was found if the starting point ("lower cut-
off") of the radial integration was increased to about 9 fm.

This increases the cross section more at back angles than at
forward angles. Some justification for this may be made by saying
the feaction takes place only near the nuclear surface. The

lower cut-off was zero for the neutron transfer reactions.

The incoming and outgoing wavefunctions, wi and Ve, are
expanded in terms of partial waves. The incoming and outgoing
waves are distorted by the Coulomb potential of the nucleus,
as well as the optical potential. The Coulomb potential is
screened inside the nucieus but has the usual form outside the
nuclear charge radius. N

Ze2 | ' r 2 1/3
Ve = E;f—;T7§ [3 - (;;;XI7§) 1, rsr A
oc

Ze , 1/3
;T > rocA

N

\ = (3.6.2)

c r
The symbols Z and A refer to the nuclear charge and mass

numbers respectively; the electronic charge is represented by e.

The optical potential used in this work is:

= : vt a o ~
Vopt—VO f(r,ro,a)+1[Wof(r,ro,a )+ 4WD_dr f(r,ro,a )1, (3.6.3)



59

The factor f(r,ro,a) is a Woods-Saxon well shape:
r=-r Al/3 -1

£(r,r,a) = [1 + exp(———-——-g——-——)] . (3.6.4)

The form factor F. o reduces to the wavefunction of the
4

- p
bound proton angular momentum jp and projection m when the

»"zero range" approximation is used. The sum over m in equation
(3.6.1) extends over all possible magnetic substates of the
transferred proton. It is, of course, the bound proton which was
transferred in the reaction. The wavefunction of the bound par-
ticlg is made to have the correct number of nodes, and the orbital
angular momentum & and spin s appropriate to the particle being
transferred., The well in which the bound particle resides is

of the same form as the optical potential of the entrance channel,
however the potential for the bound particle has been modified

by the addition of a spin orbit force.

Vbound = Vopt * vso
_ A d ¢ o
Vso —"'VO m -r-chf(r,ro,a) 'E S . (3.6.5)

The effect of this is to increase the cross section for the
states with j = 2 + % over those with j = 8 - %. This change
in cross section was calculated for a single & value and

the remainder were approximated.

do

l, do 1, o
T (2 + _2.)/21_Q (& - 7) 20 +1. (3.6.6)

In some of the calculations the wavefunctions were
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modified by a non-local correction term in an attempt to in-
crease the total cross sections. The wavefunction of each

particle was modified by the following factor (Kunz 1969)

Wir) = 1 i (3.6.7)

| /1+%§§-V(r)

V(r) is the optical potential for the distorted waves in the
potential well of the bound particle; B is the non local para-

meter tabulated by Kunz (1969) and m is the mass of the particle.

The calculation of Oj was carried out using the program
DWUCK (Kunz, 1969). The optigal model parameters used for the
four reactions are shown in Table 3.6.1. Table 3.6.2 gives
the normalization factors used and compares them to the accepted
values. The latter table also indicates whether the non-local
parameter was used and the value of the lower cut-off in the
radial integration for the different calculations.

In the (d,t) reaction, the optical model parameters
chosen for the deuterons were from the elastic scattering work of
Christensen et al. (1969). The triton parameters were obtained

from the study of 160Gd(d,t)lngd by Jask©®la et al. (1967).

The (3He,a) parameters were taken from Burke et al. (1971).

These originated from the (3He,d5 work of Wildenthal et g;.(19675
and a (t,a) study by Blair and Armstrong (1966). The (3He,d)
and (o,t) potentials were those used by Lu and Alford (1971) at

beam energies close to those of the present experiments. The



Table 3.6.1

Optical model parameters used in DWBA Calculation

. — Non local

1]
VO(MeV) ro(fm) a(fm) WO(MeV) 4WD(MeV) rO (fm) a' (fm) VSO roc(fm) parageter
175Lu(d,t)l74Lu
d -89 1.15 0.909 0. 79.92 1.267 0.78 0. 1l.25 0.54
t -154, 1.1 0.75 0. 48. 1.4 0.65 - 0. 1l.25 0.25
bound a) 1.25 0.65 A=8 1.25 0.85
neutron
175Lu(3He,a)l74Lu
3He -175., 1.14 0.723  =-17.5 0. 1.6 0.81  o0. 1.4 0.25
o -206.8 1.41 0.519 -28.8 0. 1.41 0.519 0. 1.3 0.2
bound a) 1.25 0.65 A=8 1.25 0.85
neutron
173y e, a) Y7410
?He -175. 1.14 0.723 -17.5 0. 1.6 0.81 0. 1.4 0.25
d ~-111. 1.05 0.859 0. 70.8 1.24 0.794 0. 1.25 0.54
bound a) 1.25 0.65 =8 1l.25 0.85
proton '

(continued next page)



Table 3.6.1 (continued)

S S S = = PSR

roc(fm)

Non. local

t
]
Vo(MeV) ro(fm) a(fm) WO(MeV) 4WD(MeV) X, (fm) a' (fm) Voo parageter
173y (0, £) 141
a =200. 1.4 0.6 -20. 0. 1.4 0.6 0. 1.3 0.2
t -200, 1.4 0.6 -50. 0. 1.4 0.6 0. 1.3 0.25
bound a) 1.25 0.65 A=10 1.25 0.85
proton
a) adjusted to reproduce the separation energy

29
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Table 3.6.2

DWBA Calculations performed

Reaction Incident Accepted Normali- Lower Non-
Energy Normalization zation Cut-off Local
(MeV) for DWBA Used in rad. para-
int, meters
(£ri)
evenyy Cre,d)%Lu 28 4.42 3.45 9.6 no
evean(a,t)OddLu 30 N 46 52 9.6 no
173vp Che,a) Y 4Lu 24 4.42 4.42 9.0 yes
173vp (0, t) 2 410 28.5 ~ 46 70 9.0 yes
175Lu(3He,a)l74Lu 24 x 23 23 0 yes
175 0(a,t) %1 12 3.33 3.33 0 yes
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20851 (e, a) 2991

origin of the proton transfer parameters is the
reaétion (Wildenthal et al. 1967) and the corresponding (a,t)
reaction (Lilley and Stein 1967).

For the present study it was felt that the DWBA calcula-
tions should yield the Q-dependence and f%-dependence for the
reactions fairly reliably. However, for complex projectiles and
reaction products there is often some uncertainty in the normali-
zation factor. This difficulty is expected to be particularly
serious for the (a,t) reaction where the normalization has been found
to be extremely sensitive to the finite range parameter (Hering et al.
(1970). Finite range parameters, which are similar to the non-
local correction in that they multiply the wavefunction by a
factor depending on the radius, were not used in the present cal-
culation. In the present work the DWBA results have been used
only to obtain the Q-dependence and f-dependence of the reactions,
thus really only relative cross sections are being predicted
although in most cases the agreement is acceptable an an abso-
lute scale. The angular dependence of the cross section has been
used in the (3He,d) reaction at 28 MeV to aid in the assignment
of the f-values of transitions to certain peaks. It should be
noted too that there is some indication in the study of 174Lu
with the (a,t) reaction at 28.5 MeV, that DWBA calculations are not
able to predict the Q-dependence of the cross section over ranges
of an MeV. The error in the predicted cross section, though,

is expected to be small over the several hundred keV spanned by

by a typical rotational band.
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The number of nodes in the bound state wavefunction is
given by the quotient[ﬁg&]. Transitions to states arising from
a specific major oscillator shell, of gquantum number N, may
only take place by transferring particles whose % generates the
correct parity. In the neutron transfer reactions, the only
identified states populated were by the pick-up of N=5 and 6
neutrons from the target. The proton transfer reactions popu-
lated states by depositing protons into N=4 and 5 target
orbitals.

The calculations were performed for each of the six
entries in Table 3.6.2 for all 2-values up to =5 for proton
transfer cases and up to 2=6 in the neutron transfer reactions. The
cross section varies only slightly with the target so the calcu-
lations used for the study of the odd-A lutetium isotopes were only
done for the case of a 172Yb target. For each reaction, the
reaction Q-value was varied, with the appropriate adjustment

of the binding energy so that the cross sections up to several

MeV excitation could be interpolated in the following manner:

22(0,%,3,8) = exp(a + BQ + cQ® + ...). (3.6.8)

The coefficients, A, B and C etc, which are calculated for each
2, j and © combination of interest, were obtained by fitting

the predicted Q-dependence. There are as many coefficients as
Q-values for which the DWBA calculation was performed. The exci-

tation energy E, is related to the Q-value in the following
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manner:

Q= Qgs i (3.6.9)

Q

gs is the ground state Q-value.

Figures 3.6.1 to 3.6.4 inclusive show typical angular
distributions predicted for these reactions. The predicted
shape of the (3He,d) angular distributions did not change
a great deal when the beam energy was decreased from 28 MeV
to 24 MeV. The same was also true in the (o,t) reaction in
going from 30 MeV to 28.5 MeV bombarding energy;

On the proton transfer figures one may see the dif-
ference in the cross section if the partiéle transferred has
j o= 2'+ % and j = & - % for the =5 transitions. This difference
was interpolated using expression (3.6.6) to the other 2-values

when predicting the experimental cross sections. Though it is

not shown in the figures, the 2=6 angular distributions in the

neutron transfer reactions were calculated for both j = 11/2
and j = 13/2 and a similar interpolation to other %2-values was
made .,

The (3He,d) angular distributions in fig.3.6.1 show
some fine structure for the low-&% transitions. These features
are quite characteristic and proved to be a useful aid in deter-
mining the f-value of certain well isolated states in the odd-A lute-
tium isotopes. It is possible to distinguish between %=1 and 2

transfers as well as between the low and the high-% (2=4 and 5)

states) Angular distributions were not measured in the

study of 174..T..u. Fig. 3.6.5 shows the predicted differential

cross section for the (3He,d) reaction as a function of beam



Figure 3.6.1

Angular distributions predicted by DWBA calculations

for the 172Yb(3He,d)l73

Lu reaction at 28 MeV and

'Q = 0 MeV. The ground state Q-value is approximately
-0.485 MeV. At E3 = 24 MeV the shape of the angular
distributions is qgite similar., It is sometimes possible
to use the angular distributions to determine the f-values
of the transitions, particularly in the low-2 cases

where some diffraction effects exist.
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Figure 3.6.2

Predicted angular distributions for the 172Yb(oc,t)

173Lu
reaction at 30 MeV and Q = -14 MeV. The ground state
Q-value is -14.8 MeV for this reaction. These angular
distributions are seen to be quite featureless at this
bombarding energy so it was not felt that'measuring
vangulér distributions would be fruitful. Similar shapes

of the angular distributions are predicted at Ea = 28.5

MeV,
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Figure 3.6.3
. , . . 175 174
Predicted angular distributions for the Lu(d,t) Lu

reaction at 12 MeV and Q = -2 MeV., It may be seen that

the cross section falls off quite steeply forward of

0

!

t 50°., For high-4 transitions in particular the

optimum cross sections occur at et > 80°.
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Figure 3.6.4

175 174

Predicted angular distributions for Lu(3He,a) Lu
at 24 MeV and Q = 13 MeV. It may be seen here how

strongly the high-2 states are populated when

compared to the low-{ states.
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Figure 3.6.5

The predicted beam energy dependence of the (3He,d)
cross secfion at ed = 50° and Q = =0.2 MeV. Though the
cross section does not increase above 26}Mev, more

fine structure begins to appear at forward angles in the
angular distributions. This diagram assumes the
normalization factor is unchanging as the beam energy

is increased. The calculations were performed using the

same parameters as in Tables 3.6.1 and 3.6.2 for the (3He,d)

reaction at 24 MeV.
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The (a,t) angular distributions in fig. 3.6.1 may
be seen to have very little fine structure. For this reason,
no attempt was made to measure the (a,t) angular distributions.
Fig. 3.6.6 shows the differential cross sections of the (a,t)
reaction as a function of the beam energy. Experiments performed
at E, > 28 MeV have superior cross sections. Above E, = 30 MeV
there does not seem to be much increase in the cross section
predicted at lab angle et = 60°; however, the angular distri-
butions are expected to show more structure at forward angles.
The (o,t) reaction tends to populate all 2-transfers with nearly
the same cross section whereas the (3He,d) reaction tends to
populate the low-% states more strongly. This observation is
a useful tool in the interpretation of the spectra.

The predicted (d,t) angular distributions shown in
Figure 3.6.3 shows two things of particular interest. The first
is that the cross section for an 2=0 transfer is two orders of
magnitude greater than for an 2=6. The other is the lack of
fine structure in the angular distributions themselves. For
this reason (d,t) angular distributions were not measured. At
higher beam energies the fine structure in the angular distri-
butions becomes apparent because the Coulpmb barrier is signi-
ficantly less than the particle energies. In particular the
upward trend at small angles in the 2=0 angular distributions
becomes quite prominent. For population of high angular
momentum transitions the largest cross sections are expected

at backward angles. This last point was used as a check on



Figure 3.6.5

The predicted beam energy dependence of the (a,t)

cross section at ea = 60° and Q = ~-14,5 MeV. The
advantage of high beam energies is in the improved

cross section. Though the cross section does not
increase much above 28 MeV the angular distributions
show more structure as the energy is increased. This
diagram assumes the normalization factor remains un-
changed as the energy is increased. The calculations
were performed using the same parameter set as tabulated
in Tables 3.6.1 and 3.6.2 for the (o,t) reaction at

28.5 MeV.
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the assignment of some 2=6 transfers into 174Lu.

Figure 3.6.4 shows the predicted angular distributions
for the (3He,a) reaction, The cross sections for this reaction
are quite small; the largest is predicted to be 20 ub/sr.

The high—K transitions are populated most strongly. At lab
angle ea = 35° the largest single particle cross sections_
are expected for £=6 transfers. The angular distributions
are devoid of strong characteristic features so no attempt

was made to measure them.
As has been mentioned, the (3He,d) reaction populates

states by low-{ transitions more readily than by high=-% transi-
tions. The (a,t) reaction is less selective inasmuch as it
populates all f2-values with roughly the same probability.
The expression for the cross section into an odd-A nucleus
is:

do _ 2.2

(3.5.8) .
Thus if the ratio of the experimental (3He,d) and (o,t) cross
sections is taken, all the nuclear structure information divides
out, What is left depends only on the reactions involved

and may be calculated using the DWBA programs discussed. Thus

a comparison of the predicted ratio and the observed (3He,d)

to (o,t) cross section ratio for a specific peak should be a
~good indication of the f-value of the transition. Taking a

certain angle and beam energy for each reaction, it is con-

venient to make a plot of the predicted ratio for the various
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L-values as a function of the Q-value or the excitation energy.
Such plots, with some experimental points, are shown in
fig. 4.2.1 and 5.2.1. The solid lines represent the predicted
(3He,d) to (a,t) cross section ratios for the various 2-values,
Ratios predicted for the j = 2 + % and j = & - % transfers are
identical so only one line has been drawn for each f%-value.
When the ratio of the (3He,d) to the (o,t) cross section
is taken in the case of an odd-odd final nucleus, the nuclear
structure parts in the ratio do not divide out, rendering it
less useful. This is quite clear in equations (3.5.7) and (B.9)
where the cross section is a sum of different j-values. If the
state is populated by a transition of a single f%-value, the
ratio is expected to lie on one of the predicted ratio curves.
Such would be the case if the wavefunction of the transferred
orbital has only one large Nilsson coefficient. Some of the

orbitals in 174

Lu have this property. In these special cases
in odd-odd nuclei and in all odd-A nuclei, the (3He,d) to (o,t)
cross section ratios should be similar for all members of ro-
tational bands, except for differences in Q-values. If the
wave function of the transferred orbital contains several large
Cjﬂ coefficients then the cross section ratio is expected to
show low-% characteristics in the lower spin, I, states of

the rotational band. The ratio will indicate higher 2%-values
for the transitions as the spin, I increases up the band. 1In

the odd-odd nuclei, where the level density is high and states

may be unresolved, the (3He,d) to (o,t) cross section ratio
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is useful for discriminating between states populated by high
or low-% transitions . The error in ascertaining the 2%-value
from the cross-section ratios in such nuclei is likely about
one ynit in 2.

The (d,t) to (3He,u) cross section ratio has been shown
(Burke et al, 1971) to be a good indicator of the f%-value of
the neutron transfer transitions to states in odd-A nuclei.
The predicted cross section ratio curve for the neutron trans-

fer reactions into 174

Lu is shown in fig. 5.2.2. This curve
was not too useful because of the high level density visible

in the (d,t) reaction, the very low energy resolution charac-
teristic of the (3He,a) reaction, and the very low (3He,a)'
cross sections for almost all the states except those populated
by 2=6 transitions. The (4,t) to (3He,a) cross section ratio
174

has only been used in Lu to strengthen the =6 assignment

. . 3 .
of some large cross sections in the (“He,oa) reaction.



CHAPTER 4

THE ODD MASS LUTETIUM ISOTOPES

A considerable amount of work has been carried out
on the study of low-lying intrinsic proton states in the
higher-mass region of the deformed rare-earth nuclei. A
point of special interest is the fact that several orbitals
arising from the N = 5 oscillator shell are strongly depressed
in energy with increasing deformation, and are expected to
appear among states arising from the N = 4 shell. The states
of interest in the present study are indicated in the partial
NilSson diagram shown in fig. 3.1.2 ,

Many studies have been made on the lutetium isotopes
(z = 71) in particular, with a view to studying the relative

locations of the N =4 and N = 5 states. 1In 173L

u, such studies
(Valentin et al. 1962; Brenner K 1970; Bjgrnholm et al. 1965)

have led to the identification of the 7/2+[404] grdund state

band, plus the 1/2?[541], 5/2+[402] and l/2+[4ll] bands as excited
states. A number of other states have been located at ex-
citation energies near 1 MeV, but have not been identified
further. 1In 175Lu the 7/2+[404] ground state, 5/2+[402], 1/2—[541]
and 9/2 [514] bands have been located (Bjgrnholm et al. 1965;
Johanson et al. 1969; Hatch et al. 1956; Funke et al. 1965).

Some of the known levels have been investigated via Coulomb ex-
citation studies (Bernstein and Graetzer 1960), and nuclear

resonance fluorescence (Deutch 1962). A study of the 17

77

6Lu(d,t)l75Lu
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reaction has been reported briefly also (Minor et al. 1969).

Levels in 1'’Lu have been studied in the decay {(Mize et al.
1956; Brown et al. 1970) of 177Yb, in the decay of an isomeric
state (Kristensen et al. 1964; Alexander et al. 1964) in 177Lu,

and in the 17

6Lu(n,y)l77Lu reaction (Maier 1965, Balodis et al.
1966). Once again, the 7/2+[404] ground state, 5/2+[402],
9/27[514] and 1/2+[4ll] states are identified. The interesting
1/27[541] state has not been previously observed in this
isotope.

The present study provides another approach to the
in&estigation of the intrinsic states in deformed nuclei by
using single proton transfer reactions., By measuring the cross
sections for the population of the various rotational band
members it is possible to deduce the configuration on which
the band is built. Transfer reactions may also provide rather
direct information on band mixing.

It turns ouﬁ that many of the proton states which
occur at low excitation energies in this mass region have
- fingerprints which are not as distinct as those for the neutron
states. In some cases, the value of C?Q

one rotational band member, and therefore only one strong peak

is nearly unity for

is present to represent the band. In such cases the analysis
is often limited to testing whether the observed populations
agree with the expectations for particular Nilsson states.
In the present study, the assignments noted above
for the low~-lying intrinsic states have all been confirmed.

New assignments have been made for the I = 9/2 members of the
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1/2  [541) band in 173Lu and 175Lu, for the I = 11/2 members of

173Lu and 175Lu, and for the 3/2, 5/2 and

9/2 members of the 1727 [541] band in ~’’Lu. In addition, the

the 9/27 [514] bands in

present results extend the study of these nuclei to a region
of excitation not accessible to decay studies. The 1/2 [530]
band is identified in all three isotopes near an energy of
1500 keV. The 3/2 [532] band, which shows strong Coriolis
mixing with the 1/2 [541] orbital, can be tentatively assigned

in 173Lu and l75L

location in 177Lu.

u, and some evidence has been found for its

4.l Experimental results

Figs. 4.1.1, 4.1.2 and 4.1.3 show measured spectra

l72Yb, 174Yb and 176Yb, respectively.

obtained with targets of
Each figure shows the (3He,d) spectrum at lab angle 6 = 40° and
fhe (a,t) spectrum at lab angle 8 = 45° plotted to a common scale
of excitation energy. This has been done to facilitate visual
comparisons of the cross sections for the different reactions

to the various final states. The DWBA calculations indicated
that the (o,t) angular distributions would have no fine struc-
ture and thus no attempt was made to measure angular distri-
butions. The average excitation energies from each reaction,

the (3He,d) cross sections at lab angle 6 = 40° and the (a,t)
cross sections at lab angle 6 = 45°) are presented in tables

173Lu 175Lu 177L

4,1.1, 4.1.2 and 4.1.3 for levels in ’ and u,

respectively. For strongly populated states the estimated

uncertainties are about 2 keV in the excitation energies. The



Figure 4.1.1

The experimental spectra obtained for the 172Yb(3He,d)l73Lu reaction
at 8 = 40° and the 172Yb(oc,t)173Lu reaction at 6 = 45°, A compari-
son between the intensity of a low spin state (I = 3/2) and a high spin

state (I = 9/2) in the two reactions may be made in the 1/2 [541]

band.
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Figure 4.1.2

The spectra obtained from the 174Yb(3He,d)l75Lu reaction at 6 = 40°

17

and the 4Yb(oc,t)l75Lu the reaction at 6 = 45°,
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Figure 4.1.3

17

The spectra obtained from the 6Yb(3He,d)l77Lu reaction at 96 = 40°

176 7

and the Yb(oc,t)17 Lu reaction at 6 = 45°,



STRIP

0.25 MM

PER

COUNTS

[l T IITI"] 11 ll"Tl[ TTI'IIIII'
.

1 ‘l—rlllﬂlil TV HIII'

LR B LIL) B

< | L L L LA L AL A R SN B B S N N RN B

E ITSY b(aHe,d) IT7LU

3 ©:=40" 3
- Z+[404] 2+[a02] 1 -[541] %-[532]'-" E3 =28 MeV ;
E \ 2—[5”] % T % 5,9 | 3 % % 3 7 " 3
E T %2 P 2% o ] 2 2\%_[530] 3
[ B %+[4u] ;

Il llllllll L Illlllll

T _l. . l-. [} 1
"y b(*He,t)' " Lu
8=45" 3
%ﬂwﬂf'wf Belod]  goleed] E, 30 MeV
. ' 5 %% % %-[532] 3-[53q] _
* » | ' % %% % g
5+[4n] ]
E
I. | I | J- l‘; 1 I N | L l 1 1 L I L 1 L 1 ]
1000 1500 2000 2500
EXCITATION ENERGY — KEV

Z8



Table 4.1.1

83

Levels Populated in 173Lu
do
Energy (keV) Assignment ao (ub/sr)
3
. : 3 IKT[Nn_Al] (THe,d) (a,t)
Previous (“He,d) (a,t) z 0=40° 6=450°
0 0 0 7/2 772714041 14.5:15% 55.1+ 6%
123 5/2 1/2 [541]
124 123 _ 49 +18% 38 + 6%
128 1/2 1/2 [541]
198 198 9/2 1/2 [541] 11 + 9% 57 + 7%
263 261 263 3/2 1/2 [541]1 29 + 6% 7.3+ 9%
357 354 357 5/2 5/217402] 100 + 5% 90 + 4%
425 1/2 1721 1411]
428 427 N 24 +18% 25 * 6%
435 3/2 1/27 [411]
: 5/2 17214111
546 547 545 N 8 *16% 3.4+21%
7/2 1/27 [411]1>
575 579 11/2 9/2 [514] 22 + 6% 88 + 7%
651 656 V2.4 (+31%) 4.3+ 12%
714 V2,7 (237%)
730 1.8+ 20%
889 886 3/2 3/2 [532]1? v6 (%13%)
947 953 5/2 3/27[532] 16 + 7% 5.9+ 10%
1037 6 *12%
4 1143 9/2 3/2 [532] 21 + 18%
1156 1158 1/2 1/2 [530]st+144 * 3% ,
_ 16 + 46%
3/2 1/2 [530]
1264 1267 7/2 1/2 [530] 65 = 4% 40 + 10%
1283 1288 20 *12% 13 + 9%
1363 19 + 8% <7 1+ 15%



Table 4.1.1 continued
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Energy (keV) Assignment %% (ub/sr)
Previous (3He,d) (o,t) IKW[anA] (3He,d) (o,t)
6=40° g=45°
1399 62 + 8% <4 +30%
1504 12 +12%
1700 1705 36 + 5% <7 £12%
1731 70 + 4%
1754 14 223
1846 21 *15%
1926 NV 9(211%)
1968 n10 (£258)
2009 20 (£35%)
2038 16 (232%)
2077 V10 (222%)
2125 N 9 (£35%)
2202 43 *20%
2233 13 *10%
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Table 4.1.2
Levels Populated in 175Lu
do
Energy (keV) As%ignment gQ (ub/sr)
Previous (3He,d) (o,t) IX [anA] (eijéé) (gégéo
0 0 0 7/2 172% 14041 13 & 7% 61 =+ 8%
114 115 972 772V 1404) 4.8 +16%
343. 4 5/2 5/27[402]
353.6 344 344 5/2 1/2 [5411¢4 137 =+ 2% 157 + 5%
358.2 1/2 1/27 [541]
413 414 9/2 1/2 [541] 12.5+ 7% 79 + 3%
{ 3/2 1/2'[541]}
514.9 513 524 _ 39 + 4% 80  +19%
11/2 9/27 [5141]
628 629 6.7+ 8% 6.9 + 3%
668 673 9.7+10% 17  + 9%
755 755 5.5+ 9% 4.3 +17%
859 1.6 +50%
~ 873 872 2.4+11% 5.2 £52%
~ 951 n1.7{+15%
992 3/2 3/2 [532]12 4 + 8%
1056 1060 5/2 3/2°[532] 12 +11% 7.1 +17%
1158 1172 7/2 3/2 [532]? 0.6+31% 1.5 +22%
1212 1214 4 +21% 4 +14%
1263 1262 9/2 3/2 [532] 5.4+23% 27  + 8%
1309 1308 3/2 1/27[5301&(123 + 8% 12  + 9%
1338 1338 } 1/2 1/27[530] | 42 £17% 28 = 5%



Table 4.1.2 continued
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Energy (keV) As%ignment %% (ub/sr)

Previous (3He,d) (a,t) IX [anA] ( gi&gz (SZZ;O

1406 1406 7/2 1/2 [530] 63 + 9% 58 + 4%

1426 ~10 * 8%

1504 1504 96 + 6% 10 + 7%

1550 1557 10 373  ~3.9(12%)

1598 1600 12 #1288 ~2 (:19%

1629 1629 11/2 1/2 [530]? 6 +25% 6 +11%

1695 9/2 1/2 [530]? 5 +14%

~ 1756 1743 8 (+#10%) 6 +11%

~ 1789 1788 20 + 5% 18 + 7%

~1888 1890 20 + 9% 8 +15%
1977 1963 8 +15%
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Table 4.1.3
Levels Populated in 177Lu
Energy (keV) Assignment %% (ub/sr)
Previous (3He,d) (a,t) IKﬂ[anA] ( giégl (3;22°

0 0 0 7/2 772714041 12+ 9% 77  + 4%
122 122 9/2 7/27 [404] 7.3+11%
150 3 152 9/2 9/2 [514] v (2848 5.5+13%
289 288 289 11/2 9/27[514] 16 +10% 107 + 3%
458 455 456 5/2 5/2%[402] 73 + 6% 161 + 5%
549 a6 (£15%)

570 1/2 172 [4117s
- 571 571 { 32 172" (411) 6.7+22% 15 +10%
675 676 . 4.4%22% 3 (£25%)

709 5/2 1/27 [41112
712 708 { N 13 +28% 7.6+10%

720 | 7/2 1727 [411)7
762 757 759 5/2 1/2 [541] 32 £70% 48 +30%
790 7907 15 +48% <9 (+20%)
811 810 806 9/2 1/27[541] ~15 (%56%) 92 & 4%
824 21  +16%
946 952 3/2 1/2 [541] 17 + 7% 8 *15%
1086 1092 15 + 7% 26 +15%
1116 1117 25 +33% 31+ 9%
1183 ~1178 5 120% <5 (£20%)
1287 1285 28 + 5% 20 +10%
1317 V1320 N16 (£14%) 10 (+14%)
1383 1381 5/2 3/27[532]? 8 *15% 7.5+12%
1414 1412 5 +10% 9 +28%



Takle 4.1.3 continued
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do
Energg (keV) Assignment gQ (ub/sr)
Previous (“He,d) (a,t) IK”[anA] (He,d) (a,t)
p=40° 9=45°
~ 1469 21 +20%
1501) 22 +11%
1517 19 + 8%
1528 g (+19%)
1587 1593 13 ($228) W7 (£20%)
1605 1620 9/2 3/27[532]? ~26 (+ 8%) 54  +30%
1/2 1/2 [530]& _ '
1633 1638 _ 63 + 5% 21 (£25%)
3/2 1/2 [530]?
1655 V1676 19 + 9% VT (£20%)
1718 1724 7/2 1/27[530]1? 26 +12% 41 +12%
1745 1752 16 +11% 22 +13%
1841 1850 4.5 +15% 20 +10%
1883 7 £17%
1950 10 +11%
1981 11 (£50%)
2028 2037 17 + 6% 18 + 7%
2148 20 * 63 )
2061 7.5%15%
2168 10 +12%
2412 9 +11%
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Nilsson model assignments shown in these tables are discussed
in section 4.4.

- Angular distributions for some of the deuteron groups
in the (3He,d) studies are shown in figs. 4.1.4 and 4.1.5.
The assignments of f£-values to these levels are discussed in
section 4.4. The solid curves seen in these figures are
the results of DWBA calculations described in the following

section.

4,2 The DWBA calculations

As described in section 3.6 a series of appropriate
DWBA calculations was carried out for the lutetium isotopes.
The calculated angular distributions for f%2-values of 0 to 5
are shown in fig. 3.6.1 for the (3He,d) reaction and in fig.
3.6.2 for the (a,t) reaction. In the present work, the DWBA
results have been used only to obtain the Q-dependence and
g-dependence of the reactions. Therefore, only relative
values for the nuclear structure factors have been extracted.
These were then normalized so that the structure factors
for the 5/2 5/2+[402] states had the values expected on the
basis of the Nilsson model.

There were several reasons for choosing the 5/2 5/2+[402]
level for this purpose. Firstly, the £ = 2 transitions leading
to it result in some of the largest peaks in the experimental

spectra. Also, this state had been previously assigned in



" Figure 4.1.4

(3He,d) angular distributions obtained for some known high spin
states. The solid lines are the predicted angular distributions
from DWBA calculations. Points without error bars may be assumed

to have errors approximately equal to the radius of the circles.
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" Figure 4.1.5

(3He,d) angular distributions obtained for some low spin states.

The solid lines result from predictions by DWBA calculations.
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each of the three final nuclei. Finally, the Nilsson model
and pairing theory indicate that the values of C?Q and u?
for this state should both be nearly unity and perturbations
by the Coriolis interaction are predicted to be negligible.
Therefore the uncertainties in the theoretical spectroscopic
factors are expected to be smallest for this particular
state.

According the Nilsson model calculations, the 5/2
5/2+[402] state has a value for C?Q of 0.93. As this level
appears at an excitation energy of V400 keV in each of the
three final nuclei, the value of U2 would bevexpected to be
X0.9. The normalization factor was therefore chosen so that

the average of the values of C?Q U2

states in 173Lu and 177Lu was 0.85. The corresponding group

in 175Lu was not included as it was not clearly resolved from

for the 5/2 5/21[402]

other gréups. In order to achieve this normalization, the
DWBA cross sections for the (3He,d) reaction were all
multiplied by a factor of 0.78. In a similar manner, all

the DWBA cross sections for the (a,t) reaction were multiplied
by a factor of 1.13 in order that the values of C§QU2 for the

5/2 5/2+[402] states in 173Lu and 177Lu would have an average

of 0.85. The cross sections shown in figs. 3.6.1 and 3.6.2

have already been adjusted by the normalization factors

discussed above. It should be pointed out that the uncertainties
in the experimental values of the absolute cross sections are

of the order of 20%. Thus the absolute values of these
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normalization factors cannot be regarded as good tests
for the DWBA calculations. However, the ratio of the
normalization factors for the two reactions is significant
since it involves relative experimental cross sections,
for which the uncertainties are only § 10%.

An examination of the angular distributions in fig.
3.6.1 and 3.6.2 shows that at 6 = 45° the (a,t) cross sections
for the various f2-values differ by a factor of only 2 or 3.
On the other hand, the (3He,d) cross sections at 6 = 40°
exhibit a much stronger 2%-dependence, varying by a factor of
¥ 15 between £ =1 and £ = 5. Thus it would be expected
that the experimental ratio of the (3He,d) and (a,t) cross
sections might be useful as an indicator of the 2-value. In
studies of levels in rhenium isotopes (Lu and Alford 1971)
this ratio was often found to be more useful than a complete
angular distribution for the determination of 2%-values.
The ratios of the (3He,d) and (a,t) cross sections are shown
in fig. 4.2.1 plotted as a function of the (3He,d) Q-valué.
The solid lines are values obtained from the DWBA calculations
and the data points are results from the present experiments
for transitions to states of known 2. The fact that the
2 = 2 points fall quite close to the calculated line is, of
course, a consequence of the normalization procedure described
above, as the 2 = 2 points shown are due to the 5/2 5/2+[402]
levels. The 2 = 4 and 2 = 5 data points appear to be in good

agreement with the predicted ratios.



Figure 4.2.1

Ratio of the (3He,d) cross section to the (o,t) cross section as

173L ,175Lu

a function of the excitation energy for the three nuclei: u

177Lu. The incident energy of 3He was 28 MeV and the

and
deuterons were observed at 40°. The incident energy of a's was
30 MeV and the tritons were observed at 45°. The solid lines
result from DWBA calculations for the various &% transfers. The
points represent experimental ratios for states of known %2. The
two points above the 2 = 0 line are from experimental £ =1
states. As discussed in section 4.2, the set of predicted curves

has effectively been normalized to the two experimental & = 2

points.
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Table 4.2.1

Spectroscopic Information for l73Lu
: Calculated 2 2
Ratio of Cross Section U“C
(3He,d) and Ratio for 3From From
. Energy (o.,t) cross Assigned Assigned (THe,d) (a,t)
State (keV) Sections L £ Reaction Reaction Predicted
772 7727 1404] 0 0.26 4 0.26 0.765 0.76 0.68
5/2 1/27 [541] 123 l 3 0.47 0.67%) 0.23%) 0.23
_ 1.29
1/2 1/27[541] 218 | 1 1.45 0.232) 0.272)  0.03
9/2 1/2 [541] 198 0.19 5 0.19 1.09 0.88 0.94
3/2 1/2 [541] 262 3.9 1 1.6 0.13 0.03 0,06
5/2 5/271402] 357 1.11 2 1.1 0.83 0.78 0.83
172 1721 [1411] 425 0 2.7 0.113) 0.272) 0.04
. 0.95 2) a)
3/2 1727 [411] 435 2 1.1 0.23 0.25 0.23
5/2 17274111 2 1.24 0.062) 0.04 0.09
546 2.3
7/2 1727 14117 4 0.36 0.36% 0.07% 0.06
11/2 9/2 [514] 577 0.25 5 0.22 1.35 1.08 1.00
3/2 3/2 [532] 889 (?) 1 3.1 0.017 0.003
5/2 3/2 [532] 950 2.7 3 0.84 0.18 0.10 0.08
9/2 3/27 [532] 1143 5 0.27 0.45 0.47 wu
1/2 1/2 [530] ) 1 3.9 0.03
} 1157 0.46 0.22 0.21

3/2 1/27[530] 1 3.9



Table 4.2.1 continued

Calculated

Ratio of Cross Section U2C2
(3He,d) and Ratio for 3From From
. Energy (a,t) cross Assigned Assigned (“He,d) (a,t)
State {kev) Sections L L Reaction Reaction Predicted
7/2 1/27 [530] 1266 1.6 3 1.04 0.54 0.37 0.45
654 0.55
1286 1.6
1363 2.7
(I = 1/2) 1399 216 (0) (7.6) 0.21 0.07
1700 5.1
(I = 1/2) 1731 >23 (0) (11) 0.21 <0.11
1733 1.8

a) Spectroscopic factor if the entire cross section of this doublet is assumed to be of the assigned 2

96



Table 4.2.2
175

Spectroscopic Information for Lu
Calculated 2 2
Ratio of Cross Section u“c
(3He,d) and Ratio for 3From From
Energy (a,t) cross Assigned Assigned ("He,d) (a,t)
State keVv Sections 2 L Reaction Reaction Predicted
772 7721 1404] 0 0.214 4 0.21 0.78 0.77 0.68
9,2 77211404 115 4 0.22 0.048 0.006
5,2 5/2%[402] 2 0.66 1.2%) 1.053) 0.83
5/2 1727 [541] 344 1.0 3 0.39 1.512)  0.g6?) 0.23
1/2 1727 [541] 1 1.0 0.71%)  0.90® 0.03
9/2 1/27[541] 414 0.16 5 0.17 1.14 1.06 10,90
3/2 1/27[541] 1 1.29 0.17%) 0.482) 0.06
_ 524 0.49 \ , a)

11/2 9/27 [514] 5 0.17 (2.6) 0.86 1.06
3/2 3/27[532]7? 992 (1) (2.0) 0.02 0.003
5/2 3/2  [532] 1058 1.63 3 0.62 0.14 0.05 0.08
7/2 3/2°[532] 1168 0.4 3 0.69 0.006 0.01 0.01
9/2 3/27 [532] 1262 0.19 5 0.25 0.42 0.35 0.47
3/2 1/2 [530] 1309 10.6 ‘ 1 ' 2.76 0.45 0.11 0.21
7/2 1/27 [530] 1406 1.09 3 0.84 0.57 0.42 0.45
9/2 1/2 [5301? 1695 0.47 (5) (0.28) 0.17 0.11 0.08

L6



Table 4.2.2 continued

Calculated

Ratio of Cross Section U2C2
(3He,d) and - Rat%o for 3From From
Energy (o,t) cross Assigned Assigned (THe,d) (a,t)
State (keV) Sections 2 % Reaction Reaction Predicted
11/2 1/27[530]? 1629 1.08 (5) (.27) 0.32 0.08 0.07
628 0.97
668 0.57
755 1.27
872 0.46
1213 0.95
(I = 3/2) 1338 1.45 (2) (1.5) 0.32 0.19
(I = 1/2) 1504 9.6 (0) (4.8) 0.28 0.18
1550 0.52
1599 6.05
- 1788 11.1
1899 2.4

a) Spectroscopic factor if the entire cross section of this multiplet is assumed to be of the assigned %.

o
[ee]



Table 4.2.3

Spectroscopic Information for 177Lu
Calculated 2 2
Ratio of Cross Section u~cC
(3He,d) and Ratio for sFrom From
Energy (a,t) cross Assigned Assigned (THe,d) (a,t)

State {(keV) Sections 2 L Reaction Reaction Predicted
7/2 7/2+[404] 0 0.16 4 0.17 0.86 0.91 0.68
9/2 7727 [404] 122 0.15 4 0.18 0.06 0.070 0.006
9/2 9/2 [514] 150 0.2 5 0.12 0.12 0.08 0.01

11/2 9/27 [514] 289 0.14 5 0.13 1.2 1.03 1.06
572 5/2+[402] 458 0.45 2 0.48 0.88 0.91 0.83
3/2 1/2 [541] 950 2.12 1 1.1 0.09 0.04 0.00
5/2 1/2 [541] 759 0.66 3 0.35 0.49 0.25 0.23
9/2 1/27 [541] 807 0.16 5 0.16 nl.4 1.33 0.94
172 172%1a111) 0 1.04 0.042)  g.10% 0.04

+ 571 0.45
3/2 1/72% 14111 2 0.52 0.00%)  0.10% 0.23
5/2 l/2+[4ll]w 2 0.6 O.lla) 0.0Sa) 0.09
+ 710 1.9
7/2 1727 (4111 ] 4 0.25 0.592) 0.113) 0.06
5/2 3/2° [532] 1382 1.05 3 0.51 0.10 0.05 0.08

9/2 3/27 [532] 1612 (1.1) 5 0.21 0.42 0.42 0.47

66



Table 4.2.3 continued

Calculated 2 2
Ratio of Cross Section C u~c
(3He,d) and Ratio for 3From From
Energy (o.,t) cross Assigned Assigned (THe,d) (o, t)
State (keV) - Sections 2 L % o Reaction Reaction Predicted
3/2 1/27 [530] 1635 2.98 1 0.21 0.21 0.17 0.21
7/2 1/27 [530] 1724 0.64 3 0.65 0.26 0.26 0.45
(I = 3/2) 1089 0.47 (2) (0.76) 0.12 0.22
(I = 3/2) 1117 0.97 (2) (0.76) 0.28 0.26
1286 1.46
(I = 3/2) 1517 1.14 (2) (1.04) . 0.21 0.19
1748 0.70
(I = 9/2) 1845 0.22 (5) (0.22) 0.36 0.36.
2035 0.95

a) Spectroscopic factor if the entire cross section of this doublet is assumed to be of the assigned 2.

00T
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It is seen that the calculated ratios for & = 0 and

£ = 1 transitions both lie below the empirical & = 1 data
points. This is probably due to inadequacies in the DWBA
calculations for the (a,t) reaction for the very low 2&-
transfers as there is a serious momentum mismatch for such
cases. The predicted (a,t) cross sections for £ = 0 and

£ = 1 transitions are thus considered to be not too reliable,
and in later sections the spectroscopic factors extracted
from the (3He,d) data will be given more weight than those
from the (o,t) results for £-values of 0 and 1. On the other
hand, tHe 2 = 4 and £ = 5 transitions have rather small

peaks in the (3He,d) spectra and for these cases the spectros-
copic factors from the (a,t) data are considered to be more
reliable.

SpectrOSCOpic information for most of the states
observed in this study is presented in tables 4.2.1 to 4.2.3.
Experimental ratios of the (3He,d) and (o,t) cross sections are
found in column 3 of these tables. For cases where the states
were identified, the expected values of ratio are found in

column 5.

4.3 The Nilsson and Coriolis mixing calculations

As may be seen in fig. 3.1.2,the general trends of
the Nilsson diagram in the region of § = 0.27 lead one to
expect the 71st proton to fall in the 7/2+[404] orbital.

This has been previously observed (Nuclear Data Sheets 1966)
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as the ground state of the three nuclei 173Lu, 175Lu and

177Lu. With the 7/2+[404] orbital as the ground state it

is expected that the 5/27[402] and the 9/27[514] orbitals
should be seen at approximately the same relatively low
excitation energy in all three nuclei. This conclusion is
independent of moderate changes in deformation as all three
levels exhibit a similar dependence on the deformation. At
considerably higher energies, probably well above 1 MeV in the
lutetium isotopes, the 1/27[400]1, 3/27[402] and 11/27[505]
orbiﬁals would be expected with an excitation energy again
almost independent of the deformation.

In addition to these particle states, the orbitals
1/2% 14117, 372714111 and 7/27[523] would be expected as low
lying hole states but these should not be populated strongly
in the present experiments.

The other expected low lying states are the 1/2 [541],
3/27[532] and the 1/2 [530] orbitals which are all low spin
states arising from the N = 5 oscillator shell. The energies
of all these states as a function of deformation have
opposite slope to that of the 7/2+[404] orbital. As a result
their energies, compared to the ground state, will depend
quite sensitively on the deformation. All three orbitals are
expected at about the same excitation relative to each other.

Another group of low lying states might be expected
from the N = 6, i13/2 spherical state. These are the l/2+[660],

372716511 and the 5/2%[642] orbitals, which should be near
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or below the 1/27[400] and 3/27[402] states. Evidence for
the identification of all these states except the 5/2+[642]
has been obtained by Lu and Alford (1971) in the rhenium
isotopes (Z = 73). However, none of the N = 6 states were
clearly identified in the present measurements.
The emptiness factor, U2, and the single guasi-~particle
energy were found using the results of pairing theory
(Elbek and Tjgm 1969). The pairing parameters used were
such that the Fermi surface was placed approximately 0.3 MeV
below the unperturbed 7/2+[404] band head. A diffuseness
parameter, A, of 0.8 MeV was used. These parameters lead
to a reasonable compression of the energies of the lower
lying states as well as fairly good agreement with the
observed spectroscopic factors.
In the three nuclei studied, conditions such as
energy spacings and the nature of the orbitals allow signi-
ficant mixing of certain orbitals by the Coriolis interaction.
The effects are large enough that they must bé considered in
accounting for the observed spectroscopic factors but they
are not so large that the unperturbed structure is entirely
lost, as has been observed in some cases (Borgreen et al. 1969)
A calculation was performed to show typical effects
of the Coriolis interaction using unattenuated matrix elements
such as given in Appendix A . The Nilsson calculation as

described in the previous section was used to obtain unperturbed
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band head energies; the effect of pairing was calculated
and the rotational bands were formed using a rotational
parameter (5;)of 13 keV. This is the average rotational
parameter observed (Burke et al. 1967) in the ground state
rotational bands of the even-A ytterbium nuclei. Earlier studies
(Valentin et al. 1962, Johansen et al. 1969, Maier 1965) on
lutetium nuclei, where Coriolis mixing was not considered,
have shown rotational parameters between 12.5 and 14 keV.

A comparison of the structure factors obtained
as a result of the basic Nilsson calculation and those
obtained after perturbation by the Coriolis interaction is
shown in table 4.3.1. These calculations were carried out
at a deformation, ¢, of 0.27 with the ﬁilsson well parameters
aﬂd pairing parameters as previously described. The predicted
structure factors quoted in tables 4.2.1, 4.2.2 and 4.2.3,
which include the effects of pairing and the Coriolis interaction,
result from the same calculation.

In this calculation the following positive parity
" orbitals were considered: 1/27[4001, 1/2%[660]1, 1/2%[411],
372% 14021, 372716511, 5,27 14021, 5/271642] ana 7/27 [404].
None of the N = 6 states were observed, nor were the l/2+[400],
3/2+[4ll] or 3/2+[402] orbitals. The effect of the Coriolis
interaction on the observed 7/2%([404], 5/2%[402] and 1/27[411]
states was slight as they all arise from different spherical
states. Had it been possible to identify the orbitals

arising from the il3/2 spherical state, very strong Coriolis



Table 4.3.1

Comparison of Predicted Structure Factors Before and After Coriolis Coupling

State Unperturbed Perturbed State Unperturbed Perturbed
u?c? u?c? u?c? u?c?
7/2 7727 [404] 0.67 0.68 5/2 5/27 [402] 0.81 0.83
9/2 0.01 0.01 7/2 0.04 0.03
9/2 0.02 0.01
1/2 1/2% 14113 0.04 0.04
3/2 0.22 0.23 3/2 3/2 [532] 0.01 0.0
5/2 0.08 0.09 5/2 0.12 0.08
7/2 0.06 0.06 7/2 0.05 0.01
9/2 0.01 0.0L 9/2 0.76 0.47
11/2 0.03 0.01
9/2 9/27 [514] 0.01 0.01
11/2 0.85 1.06

SOT



Table 4.3.1 continued

State Unperturbed Perturbed . State Unperturbed Perturbed
5202 u2c2 y2c2 u2c2
1/2 1/27[541]1 0.03 0.03 1/2 1/27[530] 0.02 0.02
3/2 0.04 0.06 3.2 0.22 0.21
5/2 0.19 0.23 5/2 0.0 0.0
7/2 0.04 0.12 7/2 0.48 0.45
9/2 0.58 0.94 9/2 0.16 0.08
11/2 0.02 0.06 11/2 0.09 0.07

90T
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perturbations would have been expected. Mixing of the
1/2%[400]1 ana 3/2*[402] states with the 1/2*[660] and 3/2%[651]
states might also be significant though AN = 2 mixing was
not included in these calculations.

The following negative parity states were considered
in the Coriolis coupling calculation: 1/2 [5301, 1/2 [541],
3/27 (5321, 7/2 [523), 9/27[514] and 11/2 [505]. The hg /9
spherical state is the origin of both the 5/2 [523] and the
3/27[532] orbitals. These two states were found to mix
strongly even though the 5/2 [523] state lies more than 1 MeV
above the 3/2  [523] orbital at a deformation of & = 0.27.
It was noticed that better agreement with the experimental
éross sections was obtained for the 1/27 [541], 3/2 [532] and
1/27[530] orbitals if the 5/27[523] orbital was not included
in the calculation. The 5/2 [523] band is unidentified
in the current work. This result may indicate that this
orbital, because of its very high excitation energy and many
other possible formé of coupling, has ceased to exist as
an entity capable of being handled by a simple single particle
calculation.

The only négative parity hole state considered was
the 7/2 [523] orbital. Pairing considerations indicate this
band should be weakly populated and it has not been observed
in this work. The mixing of the unidentified 11/2 11/2 [505]
state and the 11/2 9/2 [514] statetends to increase the

structure factor of the latter to slightly more than unity.
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The 11/2 9/27 [514] state was strongly populated in all three

nuclei.

The remaining strongly mixed states originate from
the 1/27[530], the 1/27[541] and the 3/2” [532] orbitals.
As may be seen from table 4.3.4 the only states with significant
perturbations are the I = 5/2, 7/2 and 9/2 members where
generally the lower lying 1/2 [541] states tend to have
increased structure factors mainly at the expense of the

3/27[532] band.

4.4 Interpretation of the results

4.4(i) The 7/27[404] Orbital

/
f

/ This Nilsson orbital has previously been assigned as
the ground state of each of the three lutetium isotopes
studied. The present results are in .good agreement with these

assignments. The only rotational member which has a large

structure factor is the I=7/2 band head, for which

C?Q = 0.98. The three % = 4 data points in fig. 4.2.1
correspond to these three I = 7/2 ground states. The wvalues
C?Q U2 deduced from the measured (3He,d) and (a,t) cross

sections are showﬁ in tables 4,2.1, 4.2.2 and 4.2.3 to range
from 0.75 to 0.9. These values arereasonable as U2 should
be appreciably less than unity for the ground states. As
these values are all larger than one-half, the Fermi surface
must lie below the 7/2+[404] orbital for all three nuclei.

The variations in these values may be due partly to shifts



109
in the Fermi surface from one target nucleus to another.
However, the combined uncertainties in the relative experi-
mental cross sections and the relative DWBA sections are
comparable to the observed variations.

The only other rotational member of the 7/2+[404]
band which might be expected to be observed in these

reactions is that with j = 9/2 for which C% has the rather

38

small value of 0.,01. Small peaks corresponding to the

previously known excitation energies for this level can be

175 l77Lu.

seen in the (o,t) spectra for Lu and These states

would be expected to have very small cross sections in the

(3He,d) reaction and, although there is evidence for weak

peaks in a number of the (3He,d) spectra, a quantitative

treatment is not practical. The values of C% U2 extracted

pLY; _
from the (a,t) cross sections are 0.05 and 0.07, in 175Lu

and 177L

u, respectively. Theée are larger than the expected
values but it must be remembered that the cross sections .
involved are very small, and higher order processes in the
reaction mechanism could be contributing to the strength
(Burke and Waddington 1972). 1In fact, the present results
are considered to be a good confirmation of the 7/2+[404]
assignment to these bands. The 9/2 7/2?[404] level has not

173Lu and has not been observed in

previously been found in
the present study. The weak peak expected for this state
has most likely been obscured by the strong peaks due to the

5/2 1/2 [541] and 1/2 1/2 [541] levels.
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4.4(ii) The 5/2%*[402] Orbital

This Nilsson state has previously been assigned in

173 175

Lu, (Valentin et al. 1962)
177

Lu (Johansen et al. 1969)
and Lu (Maier 1965) at excitation energies of 358 keV,
353 keV and 458 keV, respectively. As it forms the ground
states of the odd-mass rhenium nuclei (Z = 75) it is expected
to appear as a particle state in the lutetium isotopes.

Thus the emptiness factor, Uz, should be {0.9. The value

of C?Q is calculated to be 0.93 for I = 5/2 at a deformation
6§ = 0.27. Therefore the cross sections for the T = 5/2

band heads are expected to be quite large. It was pointed
Qﬁt in section 4.2 that the strong transitions populating
£hese levels have been used for the normalization of the

DWBA intensities. The average of the values of UZC? for

jf
173 177

this state in Lu and Lu has been set equal to 0.85.

1. (1969) have found that the 5/2 5/2%[4027],

——

Johansen et
5/2 1/27 [541] and 1/2 1/2 [541] levels all lie fairly close
together at energies of 343.4 keV, 353.6 keV and 358.2 keV,
respectively in 175Lu. Although these three levels are

not resolved in the present work, the cross section in the
large peak observed is consistent with the total expected

for all three of these states.

The higher spin members of the 5/2+[402] band are all
predicted to have very small cross sections. Although the
excitation energies for some of these states are known from
previous works, the levels were not identified in the present

study because the weak peaks were obscured by large peaks at

nearby energies.
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4.4(iii) The 9/27 [514] Orbital

According to the Nilsson diagram shown in fig. 3.1.2
this orbital is also expected to appear as a low-lying
particle state in the odd-A lutetium nuclei. It originates

from the hll/2 shell model configuration and thus even at

large deformations it has a value of C?Q X0.99 for I = 11/2.
The calculations described in section 4.3 predict that the

value of U2C§Q for this state should be slightly greater

than unity, due to admixtures of the 11/2 7/2 [523] and 11/2
11/27[505] states mixed in by Coriolis coupling. Therefore
one would expect the I = 11/2 member of the rotational

band to be populated by a strong £ = 5 transition and the

I = 9/2 band head to be populated by a very weak 2 = 5
transition. The rotational band based on this state has been
well studied (Nuclear Data Sheets 1966) up to I = 17/2 in
177Lu, with the I = 9/2 and I = 11/2 levels found at 150 and
289 keV, respectively. The strong transition to the j = 11/2

state is observed in both the (3

the value of UzcgQ extracted from the (o,t) cross section is

He,d) and (a,t) reactions and

1.03. Thus the agreement between experiment and prediction

is very good.

The value of U2C§Q

is shown in table 4.2.3 to be 0.08. Although this much larger

for the 9/2 9/2 [514] level in 177Lu

than the predicted value of 0.01, the difference is not considered
to be a serious discrepancy. As explained earlier, the extraction

of structure factors for weakly populated states may not
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be too reliable due to higher order effects in the reaction
mechanism.

The 9/2 [514] band head has been previously assigned
at 396 keV in 175Lu. The weak peak expected for this state
is not seen in the present studies due to the presence of
a strongly populated level at 413 keV. However, the I = 11/2
member of the rotational band has been found in the'(a,t)
reaction at an excitation energy of 524 keV. This state is
not completely resolved from the 3/2 1/2 [541] level at
515 keV but since the latter is populated by an 2 =1
transition with a small structure factor (C§Q ¥ 0.04), it
should have a negligible (a,t) cross section. When the (a,t)
intensity observed for the doublet is assumed to be due
eﬂtirely to the 11/2 9/2 [514] level, the value of U2C§Q
obtained is 0.86. In the (3He,d) reaction, the intensity
expected.for the ¢ = 1 transition to the 3/2 1/2 [541] state

2C§Q n0.04 is comparable to that for the & = 5 transition

with Uzcggkl. This is consistent with the observations that

with U

the (3He,d) cross section observed for the composite peak is
2.2

2.6 times larger than that for an £ = 5 transition with U ch = 1.
Thus the complex peak in the (3He,d) spectrum is interpreted
as the £ = 5 transition with U2C§Q X0.86 to the 11/2 9/27 [514]

level at 524 keV plus the £ = 1 transition with U2C§Q Avl2%

to the 3/2 1/2 [541] level previously assigned at 515 keV.
The observed centroid position for this doublet is 513 keV

in the (3He,d) reaction.
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The 9/2 [514] orbital has not been previously assigned
in 173Lu. In the present studies a strong transition with-
a cross section ratio indicating £ = 5 is observed at 577 keV.

The (o,t) cross section corresponds to a value of U2C2 = 1.08.

As the 11/2 9/2 [514] state is the only one expected to have
such a strong 2 = 5 population in this energy region, the
577 keV level is assigned to it. The rotational spacing
between the T = 9/2 and I = 11/2 members of this band is

177 175

139 keV in Lu and 133 keV in Lu. If the average of these

is assumed for the I = 9/2 to I = 11/2 energy difference in
173Lu, the band head would be expected to be at 446 keV.

In the present studies, a weak peak at this energy would

be obscured by peaks due to nearby states.

4.4(iv) The 1/2 [541] Orbital

This is perhaps the most interesting of the single
particle states studied in the present work. The theoretical
value for the decoupling parameter is 3.1, which indicates
~that the I = 5/2 member of the rotational band should be
iowered to an energy just above that of the I = 1/2 band head.
Valentin et al. (1962) assigned the l23lkeV, 128 keV and
263 keV levels in 173Lu to be the I = 5/2, 1/2 and 3/2 band
members, respectively. In the original Nilsson calculations,
the 1/2 [541] orbital was not predicted to occur at such a

low excitation energy in the lutetium isotopes. The parameters

used in later calculations were adjusted to lower the energies
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of this state and of other states originating from the

h9/2 shell model configuration.

One of the initial aims of the present study was

to make an independent check on this assignment of the
1/27[541] band. As the orbital in question originates from
2
9/2 shell model state, the value of CjQ
is quite large (0.58). Thus the I = 9/2 rotational member

the h for I = 9/2
should be populated readily by the singie particle transfer
reactions. If one makes use of the rotational parameter and
decoupling parameter found by Valentin et al. (1962), the

I =9/2 level would be ekpected at %190 kev in T73Lu. As
there were no other known levels near this energy, the proton
transfer studies were undertaken, in order to locate the

I =9/2 state. The peaks seen in fig. 4.1.1 corresponding
to an excitation energy of 198 keV have been attributed to
this level. The (3He,d) angular distribution for this
transition is shown in fig. 4.1.4 and is consistent with the
DWBA prediction for an £ = 5 transfer. The (3He,d) and (u,t)
cross section ratio also indicates that & = 5.

The value of U2C§Q extracted from the cross sections
is found in table 4.2.1 to be 0.88. This is larger than the
expected value for the pure state, for which C?Q = 0.58,
as the emptiness factor U2 should be %0.8 at the observed
excitation energy. Much better agreement is obtained when

one takes into account the Coriolis mixing discussed in

section 4.3. The calculation described indicates that the
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mixing increases the structure factor for the 9/2 1/27 [541]

state mainly at the expense of that for the 9/2 3/2 [532] level.

The predicted value of U2C§Q for the 9/2 1/2_[541] state,

according to the present mixing calculation is 0.90. This is
2.2

in excellent agreement with the value of U“C]

0 of 0.88

extracted from the (o,t) cross section.

It can be seenrfrom table 4.2.1 that the populations
of the I =5/2, I = 1/2 and I = 3/2 levels are also in good
agreement with expectations, although the first two of these
states are unresolved. The combination of the observations
described above constitute a very strong confirmation for the
previous assignment (Valentin et al. 1962) of the 1/2 [5411 band
173Lu

in

This orbital has also been observed in 175Lu by
Bjgrnholm et al. (1965) and by Johansen et al. (1969). The

I =5/2, 1/2 and 3/2 levels were assigned at energies of

353.6 keV, 358.2 keV and 514.9 keV, respectively. The present
results are consistent with these assignments, although the

I =1/2 and I = 5/2 levels are not completely resolved from
the 5/2 5/2+[402] level. Also the I = 3/2 state is unresolved
from the 11/2 9/2 [514] level as described in section 4.4(iii).
It is noted, however, that the total (a,t) and (3He,d) cross
sections to each of these composite groups are in good agreement
with the sums of the expected cross sections for the levels
assumed in the groups. Furthermore, a previously unobserved

level at 414 keV has been found, which has all the expected

properties of the 9/2 1/2 [541] state. The ratio of the
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(3He,d) and (o,t) cross sections indicates that this is an
£ = 5 transition and the (3He,d) angular distribution is

consistent with this 2-value. The value of UZC% is shown

8
17314, this is higher than

in table 4.2.2 to be 1.06. As in
the expected value for the pure 1/2 [541] orbital, and
again, the Coriolis mixing offers aAreasonable explanation
for the increased strength. The increase in the value of
U2c§9 from 0.88 to 1.06 as one goes from 173Lu to 175Lu is
probably due mainly to the increase in U2, as the band head
energy has increased from 128 to 358 keV.

The 1/2 [541] orbital has not been observed previously
in 177Lu. On the basis of the present results, the I = 5/2, .
I =9/2 and I = 3/2 members of its rotational band have been
assigned at 759 keV, 807 keV and 946 keV respectively. The
level at 807 keV has a cross section ratio and a (3He,d)
angular dependence which indicates £ = 5. The value of U2C§Q
for this state is ¥1.3 although there is a fairly large
uncertainty on this result due to nearby levels. The 946 keV
level has a cross section ratio which indicates %<1. Also,
the (3He,d) angular dependence shows a dip at 6 = 15°, a
featﬁre expected only for & = 1 transitions. Hence it has
been interpreted as the 3/2 1/2 [541] level. The assignment
of the I = 5/2 member to the group at 759 keV has been made
because the cross section ratio for this group is consistent
with an 2-value of 2 or 3. Also, it is the only state in

this energy region with a cross section as large as that

expected for the 5/2 1/2 [541] level. This assignment results
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in an energy difference between the I = 5/2 and I = 9/2
levels of 50 keV, which must be compared with 77 keV in
17314 and 65 kev in 17°Lu. The level at 759 keV is probably
the same one observed by Michaud et al. (1970) at 761.65 keV
by means of (n,y) studies. They concluded that the spin

had a value of either 3/2 or 5/2. It is not clear from the
present studies whether the 1/2 1/2 [541] band head is
included in the 759 keV group or in another group at 790 keV.
The latter is just barely resolved from the I = 9/2 level

at 807 keV. Recently, Manfrass et al. (1971) have redone
the (n,y) studies and, using the present data as a starting point,
have been able to confirm that spins I = 5/2 and 9/2 of the
1/2 [541] orbital lie at 761.6 and 811.4 keV respectively.
Also the spin I = 5/2 member was found to be an isomer

with t , =35 nsec which seems quite reasonable when compared

1/
- to the work on the 1/2 [541] isomers in the odd mass lutetium
isotopes performed by Bjgrnholm et al. (1965).

It is noted that this orbital moves up to higher
excitation energies as the neutron number increases. This
may be due to differences in deformation for the lutetium
isotopes. The 5/27[402] and 9/27[514] Nilsson orbitals,
which are more or less parallel to the 7/2+[404] state in
fig. 3.1.2 have been found to appear at approximately the

same excitation energy in each of the three isotopes. The

1/2 [541] orbital has the opposite slope in fig.3.l.2, and thus
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the increase in its excitation energy with increasing
neutron number could be explained by a decrease in de-

formation from 8§ ~ 0.27 for 173Lu to § N 0.25 for 177Lu

4.4(v) The 1/21[411] orbital

This orbital appears as a proton hole state in the
Jutetium nuclei. Therefore it does not have a large
value for U2 and is populated rather weakly in the stripping
reactions. The decoupling parameter for this band is
typically found to be about - 0.8 and, as a result, the
I = 1/2 and I = 3/2 rotational members are at nearly the
same energy. In 173Lu, the T =1/2, I = 3/2 and I = 5/2
band members were previously assigned at 425.0 keV, 434.6 keV
and 545.8 keV, respectively. In the present work the first
two of these were not resolved. Therefore, the analysis
of the data will be restricted to comparing the cross sections
in the groups observed at 428 keV with the expected values.
For the pure l/2+[4ll] state the values of C?Q predicted for
I =1/2 and I = 3/2 are 0.09 and 0.53, respectively. 1If
the value of U2 were unity, the predicted total cross sections
for the doublet would be 58 ub/sr for the (3He,d) reaction
and 65 pb/sr for the (a,t) reaction. The corresponding observed
cross sections are 24 upb/sr and 25 ub/sr, respectively,

which are 740% of the values expected for U2 = 1. Thus, the

2 of & 0.4.

experimental results are consistent with a value of U
The pairing calculations mentioned in section 4.3

indicate that a hole state at an excitation energy of RX0.5 MeV
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would be expected to have an emptiness factor of only
~0.10. The fact that the observed strength is several times
larger than expected is unexplained, but may be due to the

presence of another unresolved state near 428 keV in 173Lu.

177Lu, the l/2+[4ll] band head has been previously

In
assigned at 569.62 keV. If the observed particle groups at
571 keV are assumed to be due to the I = 1/2 and I = 3/2
doublet, the experimental cross sections are consistent with
those expected for a pure state with U2 =0.15. This is in
good agreement with the expected value. Manfrass et al. (1971)
have placed the spin I = 5/2 and 7/2 states at 694 and 714 keV
respectively. The peak at 710 keV in the proton transfer
data is more intense than expected for this assignment.
However, it is not possible to rule out the assignment of this
peak to the 1/2%[411] band.

The l/2+[4ll] orbital has not previously been assigned
in 17SLu. It is seen from the spectra in fig. 4.1.2 that
there are unassigned particle groups at excitation energies
of 628, 668, 755 and v872 keV. The only one of these groups
which has a cross section ratio and structure factor

177Lu is

similar to those for the states discussed above in
the one at 668 keV. Although the 668 keV level could be due
to the T = 1/2 and I = 3/2 members of the 1/27[411] band, it

is felt that there is not sufficient evidence to make an

assignment.

4.4(vi) Assignment of the 1/2 [530] and 3/2 [532] orbitals

The observed spectra show a remarkable similarity
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at higher excitation energies if one compares regions

centered near 1157 keV in 173Lu, 1309 keV in 175Lu

177Lu

and
perhaps less clearly above 1635 keV in . The larger
peaks in these regions have approximately the same intensities
and spacings. Corresponding peaks display similar ratios

for the (3He,d) and (a,t) cross sections. 1In the two lighter
nuclei where more complete angular distributions were taken,
the respective major peaks have similar angular distributions.
In 177Lu the partial angular distributions are consistent
with the angular distribution for the larger peaks in the
l?3Lu and 175Lu spectra. It is thus reasonable to assume

that the observed structure arises from the same orbitals

in éach of the three nuclei. An indication of the states
involved is provided in that the observed structure lies

at an excitation energy of approximately 850 keV above the
1/27 [541] state in each nucleus. It is expected that the
3/27[532) and 1/2 [530] orbitals, the next low lying states

of the N =5 oscillétor shell, would lie at about this
excitation above the 1/2 [541] rotational band. The detailed

evidence for these assignments is discussed in the following

subsections.

(a) The 1/2 [530] orbital In 173Lu a large peak lies at

1156 keV in the (3He,d) spectrum. As in seen in fig. 4.1.5
this peak possesses a characteristic dip in the angular
distribution at 6 = 15° indicative of an £ = 1 transition.

The peak is broader than the single peaks observed at lower
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energies however, and the cross section ratio is not in

good agreement with those for other 2 = 1 transitions. In-
the (a,t) spectrum the peak has shifted to an energy of
1143 keV. The energy shift and the cross sections in the
(3He,d) and (o,t) reaction are consistent with an 2 =5

transition with a strength, Uzc? of 0.45 to a state at

1143 keV and an % = 1 transition with a strength, U2C2,

of 0.46 to a state at 1157 keV. The 2 = 5 component at ‘
1143 keV is discussed in the next subsection as the I = 9/2
member of the 3/2 [532] rotational band. The only Nilsson
state with significant % = 1 strength expected in this region
is the 1/2  [530] orbital, for which the calculation in
section 4.3 predicts values for the perturbed structure

féctors (U2C2

) of 0,02 and 0.23 for the I = 1/2 and I = 3/2
rotational band members, respectively. The model predicts
- the two states ought to be less than 50 keV apart. In the
light of this information the level seen in this work at
1166 keV has been assighed as the 3/2 1/2 [530] state.

" Valentin et al. (1962) have seen a level at 1160.8 keV in
173Lu which was thought to be an I = 3/27 or I = 1/2 state.
This level, which was observed by Brenner (1970), decays

to the lower angular momentum members of the 1/27 [541] band.
Due to the uncertainty in stripping off the %2 = 5 strength
it is felt that the 1157 keV state possibly corresponds to

the level seen by Valentin et al. (1962) at 1160.8 keV.



122

Fig. 4.1.5 shows the (3He,d) angular distribution

for the 1309 keV peak in 175Lu. The characteristic dip at:

8 = 15° combined with a structure factor similar to that

of the 1166 keV state in 13

175

Lu leads one to assign the 1309

keV level in Lu as the 3/2 1/27 [530] state. Its cross

section ratio lies between those expected for £ = 0 and £ =1
transitions. The nuclear structure factor (U2C2) for the

3/2 1/2 [530] state is observed to be 0.45 in the (3He,d)

reaction. As in 173Lu this is twice that predicted for

this state. Again the cross section for the I = 1/2 member
of the 1/27 [530] band is predicted to be smail compared to that
for the I = 3/2 member.

The 7/2 1/2 [530] level is expected to have structure
factors (U2C2) of approximately 0.5 and to lie about

105 keV above the 3/2 member of the band. In each case such

a state éxists. This state has been assigned in 173Lu at

1260 keV to a peak for which the value of U2C2, averaged between

the (3He,d) and (o,t) results, is 0.45. 1In 175Lu it has

" been assigned to a peak at 1406 keV which has an average value

for U2C2 of 0.5. The agreement with the model prediction

is very good in these two cases.

177

The Lu spectra do not exhibit clean singlet peaks

in the region of the 1/2 [530] rotational band. As in 173Lu,
a high spin state appears on the low excitation energy side

of the strong peak at 1635 keV in the (3He,d) spectrum.

Although complete angular distributions were not taken, the
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group at 1635 keV has a dip in the (3He,d) cross section
at 6 = 15° as is expected for an £ = 1 transition. This
level has a value of U2C2=0.21 and has been assigned to the
3/2 1/27[530] state. The high spin state, seen clearly in
the (a,t) spectrum at 1620 keV, has been assigned as the
9/2 3/2 [532] state. The peak assigned to the 7/2 1/27 [530]
state at 1732 keV has an average structure factor, U2C2, of
0.26. It is interesting to note that the two peaks attributed

to the 1/2 [530] orbital in 17714 have about one half the

expected nuclear structure factor, U2C2, whereas in the two
lighter 'nuclei the agreement with the model is very good.
This may be an indication of the model starting to break
down at high excitation energies possibly due to coupling
with other higher lying states.

A conjecture has been made for the positions of the
I =9/2 and I = 11/2 members of the 1/27[530] band in */°Lu.
The Coriolis coupling calculation suggests those two states
ought to have nuclear structure factors (U2C2) of 0.1. The
" states at 1695 and 1628 keV have approximately the energies
expected for the I = 9/2 and the I = 11/2 members, respectively,
and the (o,t) strengths agree very well. The (3He,d) structure

factors are in poor agreement possibly because these peaks

are weak and the level density is high in this region.

(b) The 3/2 [532] orbital At a slightly lower energy

than the 1/2 [530] orbital the Nilsson model predicts the

existence of the 3/2 [532] state. This orbital is strongly
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mixed by the Coriolis interaction with the 1/2  [541] and

1/2 [530] orbitals. As mentioned in the previous subsection
the (3He,d) and (a,t) spectra indicated the presence of

173

a state at 1143 keV in Lu which was populated by an £ = 5

transition with a strength, Uzcz, of 0.45. This has been
assigned to be the 9/2 3/2 [532] level. For this state
the model predicts a structure factor (U2C2) of 0.5, which
is in good agreement with the value from the (a,t) cross
section. The nearby £ = 1 transition to the 3/2 1/27[530]
level is so strong in the (3He,d) spectrum that the 2 = 5
contribution could not be successfully extracted from the
(3He,d) data.

One should expect to see the I = 5/2 rotational band
member with a strength (U2C2) of 0.07 approximately 210 keV
lower than the I = 9/2 level. The only state of sufficient
- strength in this region is the one at 950 keV. It is probably
the 5/2 3/2-[532] stéte even though the cross section ratio
is not in good agreement with that predicted for an & = 3
transition. The observed structure factor (U2C2) is 0.14
when the results from the reactions are averaged.

Another argument for the assignment of 3/2 [532]
orbital in this manner is the existence of a level seen by
Valentin et al. (1962) at 888 keV. This level was suspected
of having a spin and parity of 3/2° or 1/2° on the basis of

173Hf. Recent measurements

measurements of the B-decay of
by Brenner (1970) indicate that the level at 889 keV most

likely has a spin of 3/2. This level is observed to decay
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by E2 transitions to lower spin members of the 1/2 [541]
rotational band. In the light of the stripping data, this
could very well by the 3/2 [532] band head. On the basis
of the Coriolis coupling calculations the I = 3/2 band head
is expected to lie 77 keV below the I = 5/2 rotational member.
The predicted structure factor (U2C2) for this state is less
than 0.003 and there is no observed population in the present
work. Similarly the 7/2 3/2 [532] state is unobserved.
Although the I = 11/2 member is expected to have a strength,
U2C2, of about 0.1 it happens to be obscured in a region
of very.high level density around 1325 keV excitation.

In the 175Lu spectra the peak at 1262 displays an
2 = 5 cross section ratio and has been assigned as the I = 9/2
member of the 3/2 [532] band. The structure factor (uc?)
is 0.42 as compared to a predicted value of 0.5. There is
a peak at 1058 keV which has been assigned to the 5/2 3/2 [532]
level. Although this state has a cross section ratio twice
as large as expected for an £ = 3 transition, the absolute
éross sections are not large and thus the ratio is sensitive
to any weakly populated unresolved staﬁés. The average
spectroscopic strength (U2C2) is 0.10; the expected value
is 0.07.

Almost entirely on the basis of energy considerations,
conjectures have been made about the location of the I = 3/2
and I = 7/2 members of this rotational band in 175Lu. A

state of low~-2% transfer is seen at 992 keV with a (3He,d)
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structure factor (U2C2) of 0.02. Another state lies

at 1168 keV with a strength, U2C2, of 0.01. These peaks
could possibly be the 3/2 3/2 [532] and the 7/2 3/27 [532]
states respectively.

The (a,t) spectrum of 177Lu reveals a doublet at
1638 keV and 1620 keV. The higher energy component has been
already discussed as being the 3/2 1/2 [530] state. The
(a,t) cross section for the lower energ& component leads
to a structure factor (U2C2) of 0.42 for an & = 5 transition.
The level at 1620 (with an error of 7 keV) has been assigned
as the 9/2 3/2 [532] state. The observed (o,t) structure
factor agrees very well with the model predictions.

The I = 5/2 compcnent of this orbital has been
tentatively identified at 1382 keV. As in the other nuclei
the weak peak does not possess a cross section ratio in
good agreement with an 2 = 3 transition. The average of
the structure factors from the (3He,d) and (o,t) reactions
is 0.07.

In each of the three nuclei the assignment of the
3/27 [532] band was based largely on a single % = 5 transition.
It is noted that the 11/2 [505] orbital is expected as a
particle state in these nuclei and could also result in
strong 2 = 5 transitions. However, it is felt that the
2 = 5 transitions observed in the present work are more likely
due to the 3/2 [532] orbital than the 11/2 [505] state, because
their excitation energies all appear to be approximately

the same amount above the 1/2 [541] band. This would be

expected for the 3/2 [532] orbital as it is parallel to the
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1/2 [541] orbital in fig. 3.1.2. However, the 11/2 [505]
orbital has the opposite slope in the Nilsson diagram
and should thus appear at a different energy relative to
the 1/2_[541] state as the deformation changes between
173Lu and 177Lu. The spacing between the I = 9/2 band
members of the 3/2 [532] and the 1/2 [541] orbitals is

173L 175 177

945 keV in u, 848 keV in Lu and 805 keV in Lu.

4.4(vii) Other Bands

In addition to the states which have been identified
in these and in previous measurements, a number of other
intrinsic states might be expected to appear in the energy
region studied here. The expected bands are difficult to
identify unambiguously solely on the basis of stripping
measurements since only a single state in each band should
be strongly excited. Although it may be difficult to decide
whether an observed transition represents a given band, the
absence of an appropriate transition makes it possible to
" conclude that the band in question in not located in the
region under study.

Two positive parity bands, 1/27(660] and 3/2%[65117,

both arising from the i spherical state, might be expected

13/2
in the neighbourhood of the observed 3/2 [532] and 1/2 [530]
bands. In the absence of Coriolis mixing, each of these

positive parity bands would give rise to a strong £ = 6 transi-

tion to the spin I = 13/2 member of the band. The Coriolis
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mixing is expected to be very strong, however, with the
result that most of the 2 = 6 strength from both bands
should be concentrated in the spin I = 13/2 member of
the lower band. Thus these bands would be characterized
by a single £ = 6 transition with U2C2>l at an excitation
of 1.5 to 2 MeV. None of the measured spectra exhibit
such a transition; and it must be concluded that these
bands do not appear below 2 MeV,

The 9/2 [514] band is well known as a low-lying
state in all three isotopes. The next band arising from

the h spherical state, 11/2 [505], might then be

11/2
expected at an excitation of about 2 MeV. 1Its characteristic

2

signature would be an £ = 5 transition with U C2%0.8 after

Coriolis mixing has been considered. ©No such transition is

175Lu. 177

observed below 2 MeV in 173Lu and In Lu, a

transition with £ = 5 and U2C2 ¥0.36 is observed at 1845 keV.

This may represent some of the expected strength, since the
177Lu

companion 9/2 [514] band occurs at lowest excitation in
Two othef bands which may be expected to fall rather
close together in energy are those based on the 1/2+[400] and
3/2+[402] orbitals. The former should be characterized by
an % = 0 transition with U%C®%0.8. Each should give rise to
a prominent peak in the deuteron spectrum. These states have
been clearly seen in the odd rhenium isotopes (Lu and Alford
1971). There, the strength of the expected strong transition
is split into two or more components, but the total expected

strength is observed. The centroid of the observed strength

lies close to the 11/27 [505] band head, as predicted by the
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Nilsson model (fig. 3.1.2). Because of the greater
deformation in the lutetium isotopes, we might expect these
bands to be located somewhat below the 11/2 [505] orbital
in the present measurement.

In 173Lu states are observed at 1399 and 1731 keV,
with a cross section ratio consistent with 2 = 0 or 1. It
is probable that they are in fact & = 0 transitions, since
if 2 = 1 they would contain considerably more strength than
is expected for f = 1 transitions in this region. Assuming
that they are 2 = 0, the total observed strength in both
states is about one third of that expected for the l/2+[400]
band. No strong % = 2 transitions are observed, and there

is no evidence for the 3/2+[402] band in 173L

In 175Lu a state is observed at 1338 keV which appears

u‘

to be populated via an £ = 2 transition, with a strength
‘ about one third of that expected for 3/2+[402] band. States
at 1504 and 1550 keV show transitions consistent with an & = 0
assignment and total strengths about half that expected
for 1/27[400] orbital.

In 177Lu, strong transitions are observed to states
which are members of poorly resolved groups. States at
1089, 1117 and 1517 keV show cross section ratios consistent
with £ = 2 transitions and a total strength of about 75%
of that expected for 3/2+[402] orbital. The only possible

candidate for an £ = 0 assignment is the state at 1296 keV.

The cross section ratio in this case is actually closer to
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that for anlﬂ = 1 transition. It should be noted however,
that the state is not clearly resolved, and furthermore,
that no additional £ = 1 strength is expected in this region.
If an 2 = 0 assignment is assumed, the state would contain
about 25% of the strength expected for 1/27[400] orbital.

It is thus seen that a substantial fraction of

the strength expected in the 1/2+[400] and 3/2+[402] bands
may be present in the odd lutetium isotopes studied here.
The strength is fragmented, however, and the part observed
appears at somewhat lower energy than expected. Thié is
guite analogous to the situation in the odd mass rhenium
isotopes where these two bands occur at lower energy, yet
still show strong splitting of the total strength. Cal-
culations by Soloviev et al. (1966) have predicted such

fragmentation of the strength of these bands in 171Lu.



CHAPTER 5

THE ODD-ODD NUCLEUS 174Lu

174

The nucleus Lu has been carefully studied by Jones

175

and Sheline (1970) using the Lu(d,t)l74Lu reaction. The odd

target proton is in the 7/2+[404] orbital and thus the only
states identified in the (d,t) reaction are those formed by
coupling the 7/2+[404] proton to the unpaired neutron remaining

after the reaction. The present chapter describes the results

174 175 174L 173 174L

of a study of Lu(3He,a) u, Yb (o, t)

173Yb(3He,d)l74

Lu using the
17

u,
Lu and the 5Lu(d,t)l74Lu reactions. It has been
shown in Chapter 4 and also by Lu and Alford (1971) that the
ratio of the (3He,d) and (o,t) éross sections can be a good
indicator of the orbital angular momentum, 2%, transferred in

a reaction on a doubly even target. Similarly, the same has been
found to be true (Burke et al. 1971) for the ratio of the cross
section in a (d,t) reéction to that in the corresponding (3He,a)
reaction. Though the states populated in the doubly odd nucleus
174Lu by single nucleon transfer reactions are formed by mixed-

%2 transitions, the technique of using cross section ratios still
provides useful clues about the 2-values transferred. This in-

formation and the characteristic intensity patterns formed by

rotational bands built on intrinsic states enabled many new

131
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levels to be interpreted in terms of the Nilsson model with
pairing and Coriolis mixing effects included.

The major part of this chapter deals with the very
restricted set of states which may be observed using the
173Yb(3He,d)l74Lu and l73Yb(oc,t)l74Lu reactions. Energy levels
populated in these reactions are those in which the odd target
neutron, in the 5/27 [512] orbital, couples to the transferred
proton., The only states which the proton transfer reactions show
in common with the neutron transfer data are members of the K'=1"
ground state band and the K'=6" band formed by the 5/2 [512]
neutron and the 7/2+[404] proton, which form the ground states
of the respective targets. As was expected from the study of
states in the odd mass lutetium nuclei (Chapter 4), strong
Coriolis coupling occurs between proton states arising from the

h9/2 shell model states.

5.1 Experimental results

17 174

Figure 5.1.1 shows representative 3Yb(3He,d) Lu and

Yb(a,t)l74Lu spectra. The (3He,d) exposures were made at

173
laboratory angles 6 = 30°, 38° and 50° with resolutions between
16 and 20 kev (FWHM). The (a,t) exposures were made at 6 = 20°,
60° and 75° with a typical resolution of 12 keV. The (a,t)

process tends to populate higher spin states more strongly than

the (3He,d) reaction. For example in fig. 5.1.1 it may be

seen that the ground state band, which is populated entirely by



Figure 5.1.1

173Yb (3He,d) 174Lu

174

The spectra obtained from the

reaction at 6 = 50° and the 173Yb(oc,t)

Lu reaction
at 6 = 60°. In these spectra all the larger

peaks up to 800 keV have been assigned to Nilsson con-
figurations. Those remaining unassigned below 800 keV

are due to impurities, for example, the weak peak below

the ground state.
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£=4 transitions, gives rise to large peaks in the (o,t) spectrum
when compared to the (3He,d) results., It is interesting to
compare fig. 5.1.1 with the spectra for the same reactions into

1730 (fig. 4.1.1).

17

Figure 5.1.2 shows typical 5Lu(d,t)l74Lu and

Lu(3He,a)l74Lu spectra. The (d,t) exposures were made at

175
laboratory angles of 6 = 40°, 60° and 120° with resolutions between
7 and 12 keV., There is no change in the interpretation pro-

posed by Jones and Sheline (1970) for the largest peaks but

the (d,t) spectrum is shown in order to contrast with the (3He,a)
exposures where the resolution is approximately 30 kev. The
(3He,d) exposures were done at 6 = 25°, 35° and 45°., The (d4,t)
reaction tends to populate the low angular momentum components

of the tranéitions whereas the (3He,a) reaction tends to popu-

late the higher angular momentum transfers. For comparison

172 l73Yb and 172 173Y

with fig. 5.1.2, the *’%yb(d,t) vb e, ) T 3vp
spectra are shown in fig. C.2. The simplicity of the spectra
of the odd mass nucleus is rather striking.
The cross sections were normalized in each reaction
using the number of incident particles elastically scattered
into a semiconductor monitor counter located in the target
chamber. The error in the absolute cross section is estimated
to be approximately 20%. Tables 5.1.1 and 5.1.2 list the energies
and cross sections of the states observed in the proton transfer

and neutron transfer reactions respectively. Only the statistical



Figure 5.1.2

17

The spectra obtained from the 5Lu(d,t)l74Lu

reaction at 0=60° and the 175Lu(3He,0L)l74Lu reaction
at 6=35°, The intense peaks attributed to the transfer
of the 7/2+[633] neutron may be seen in the (3He,a)

reaction.
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Table 5.1.1
174

Observed Energies and Cross sections of Proton Transfer Reactions Into Lu
Assignment i:zig(zHe:ZL;74Lu Ai73Yb(a,t)l74Lu g(z?:’d)
Energg Io @ 6= 50° En::gge %% @ o= 60° Experimental
1,X (keV) (ub/sr) (keV) (ub/st)
1,17 7/2+[404]p--5/2«[512]n 0 2.7+62% 0 7.6+ 8% 0.35
2,17 7/2+[4o4]p-5/é-[512]n 43 2.5%21% 45.3 6.8+ 7% 0.37
3,1 7/2+[4o4]p-5/2-[512]n 111 1.3%20% 112.6 4.1+ 8% 0.31
17514 141 4.8+10% 139.6 2.4:11%
6,6 7/2+[4o4]p+5/2—[§12]n 169 10.0% 6% 170.6 19.9%15% 0.5
4,1" 7/2+[4o4]p—5/2—[512]n 202 1.6217% 202 3.0%28% 0.53
17500 212 0.7?
3,27 1/2'—[541]p—5/2—[512]n 237 17.3% 8% 240 9.7+ 6% 1.8
4,27 1/2-[541]p—5/2[5121n | 255 16.7+ 8% 259 14.5% 5% 1.15
2,27 1/2-[541]p—5/2-[512]n 278 15.4+ 7% 284 4.8+10% 3.2
5,2° 1/2—[541]p-5/2-[512]n 298 11.9+10% 302 16.7+ 5% 0.71
7.6 7/2+[404]p+5/2-[512]n} V317 2 323 2.1+17% 0.95
5,1 7/2+[4o4]p-5/2"[512]n

(continued next page)
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Table 5.1.1 (continued)

3
Assignment 173Yb(3He'd);74Lu 173Yb(a,t) g(aH:’d)
Average do - Average do _ re
. Energy 30 @ o= 50° Energy 3 @ 6=60° Experimental
1K (keV) (ub/sr) (keV) (ub/sr)
6,2" 1/2-1541] -5/2-[512], 366 4.8+ 9% 367 10.5%15% 0.46
3,3" 1/2-[541]p+5/'2-[512]n 414 16.1+10% - 412 4.0:11% 3.2
| 42872 1.3426%
5,5 5/2+1402] +5/2-[512] 455  61.2% 3,5% 455.4 38.7+ 3% 1.57
4,3" 1/2-[541] +5/2-[512] 507 11.6%31% 505 5.0+32% 2.3
1,07 5/2+[402] _-5/2-[512] - | - (516  7.7t28%
. S 521 20.7t14% . | 1.5
7,77 9/2-1541] +5/2-[512] , 527 6.5+32%
(?) ’
- | 553 4.3+24%
0,0 5/2+[402] -5/2-[512] 555 11.7% 6% | ‘ 1.8
P , 561 2.0%60%
~578 4.0+11%
173147 591 1.4%20%
3 and 5/2+[402] -5/2-[512] 621 28.7% 6% 619 8.2+24%
2,6~ P : 1.82
627 7.6+23%
+ ’ =
5,37 1/2-[541] +5/2-[512] 640 7.6%26% w

(continued next page)



Table 5.1.1

(continued)

e Crea) o i) et
. Energy an @ 6= 50° Energy . aq @ 6=60° Experimental
I,K (kev) (ub/srx) (keVv) (ub/sr)
8,7" 9/2-[514] j+5/2-[512] | 659 10.0£10% 658 14.1+ 5% 0.71
3,27 9/2-[514]p—5/2-[512]n | 692 11.6+ 682 691 9.1+ 6% 1.3
714 5.5:118 723 0.8+26% 7.
6;3+ 1/2-1541] -5/2-[512] 746 10.4:243%) 745 3.0+11% 3.5
é;%* 9/2-[514] ~5/2-[512] 771 8.2+27% 771 9.4+ 6% 0.87
. 809 4.9:273% 808 0.6+31% 8.
833 5.2+ 9% 829 1.9414% 2.7
5,27 9/2-[514] ~5/2-[512] 875 5.5+14% 875 8.6+10% 0.64
' 903 5.7+11% 908 1.0%£25% 5.7
923 3.3:17%
951 6.2+10% 955 1.2%21% 5.2
1005 6.6+ 9% 1008 2.3+20% 2.9
1027 5.1:10% 1028 2.7+15% 1.9
1061 0.8%25% .
W
1107 8.3t 7% 1108  1.6%50% 5.2 ®

(continued next page)




Table 5.1.1 (continued)

_ 173Yb (3He,d) 1744 173Yb(oait) l74Lu g(ilff__’d>
. Assignment gx:z;ge %% @ 6= 50° ng;;ge %% @ 6= 60° Experimental
_ (keVv) (ub/sr) (keV) (ub/st)
11133 4.5+10% 1130 3.0%11% 1.5
1164 4.0:10% 1168 1.4£17% 2.8
1206 5.8+10% 1211 2.2+12% 2.6
1240 2.1+13%
3,3 1/2-1530] +5/2-[512] 1262 55 1260 7.7+ 63 7.1
- 1286 4.6:11%
2,27 1/2-1530] _-5/2-[512] 1293  26.9+ 8% 3.9
P | n 1301 2.3:19%
4,3 1/2-[530] +5/2-[512], 1326  46.4+ 4% 1329 11.2+ 5% 4.14
| 1362  19.2: 7% 1363 2.3:17% 8.3
1378 9.4+12% 1379 2.5+16% 3.8
1391 3.8+15%
5,37 1/2-1530] +5/2-[512] 1421  29.5% 5% 1423 10.7+30% 2.77
%;? 3/2-1532] +5/2-1512] 1439 8.3:+15% 1437 2.5+40% 3.3
1460 1.6:27% g
1474  14.9+ 6% 1477 2.519% 6.0 &



Table 5.1.1. (continued)

3
Assignment 173Yb(BHe,d);74Lu 173Yb(a,t)l74Lu o("He,d)
gnn Average d0 o o _cqo Average 4o , o_ 0o ola,t
- Energy aQ Y Energy aa @ 6= Experimental
I,K (keV) (ub/sr) (keV) (ub/sx)
173107 1500 4.4+13% 1498 1.1+208% 4.0
i,%+ 1/2-[5301p+5/2—(5121n 1533 18.6:158%) 1537 2.1+28% 8.9
? . ‘
5,47 3/2’[532]p+5/2—[512]n 1558 9.5+15% 1558 nd.1230% 2.3
(?)
1592 3.4+25%
1609 3.9+22%
1640 5.7+10%
1664 6.8+10%
1689 5.7+10%
1716 '8.7+238%)
1738 9.4%13%
1753 23.0% 5% 1753 3.7+ 9% 6.2
1771 7.2% 9%
1800 26.6% 4% 1801 2.5% 9% 11.6
1829 8.5t 9% | .
1847 9.1+10% 1847 3.0 30% 3.0 i
1868 5.3+14%




Table 5.1.1 (continued)

] 3
173Yb(3He,d)l74Lu 173Yb(oc,t)l74Lu ¢ (THe,d)
Assignment Average  do o Average do ola,t
T Energy ag @ 0=°0 Energy ag @ 0=60° Experimental
I,K : (keV) (ub/sr) (keV) (ub/sr)

11903 13.1+25%
1927 16.9+ 9%
1540  14.3%11%

1979 13.7+ 7%

=~ 2012 8.6+ 8%
2096 8 + 8%
2120 8.8+13%
2155 8.1+12%

a) possible unresolved multiplet.

VT



Table 5.1.2

Observed Energies and Cross sections of Neutron Transfer Reactions Into l74Lu

Assignment 175Lu(d,t)l74Lu 175LU(3He,a)l74Lu o (d,t)
: By G € oo o G5 e e o Ciie )
I,X _ (kev) (ub/sr) (keV) (ub/sr) Experimental
1,17 5/2-[512]n-7/z+[4o4]p 0 20 + 7% 10 0.5+56% 40
2,17 5/2-1512] -7/2+[404], 44.4 50.7+ 4% 47 1.3+28% ‘ . 39
3,1 5/2-[512] -7/2+[404] 111.2 57.8+ 4% . 119 1.8+23% 32
6,6 ‘5/2—[512]n+7/2+[4o4]p 169.9  89.1: 4% 178 2.8+50% ' 32
4,17 5/2-15121 -7/2+1404] 199.9 .42.0t 43 197 1.9£50% : 22
5,1 5/2-1512] =7/2+1[404] 310.4 l6.9t12%} 124 3 es1ss o
7,6 5/2-[512]n+7/2+[4o4]p 319.3 .57.8% 8%
4,4 1/2-[5121 +7/2+[404] 364 217.9+ 7% . 369 1.5:25% : 140
3952 - 1.9%25%
419 5.5x21%
7,77 7/2+1633] +7/2+[404]
3,3 1/2-1521] -7/2+[404] 432 176.7+ 433 433 10.0+6% .17

3§d 7/2+[633]n—7/2+[404]p

(continued next page)
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Table 5.1.2 {continued)

Assignment 1750 ca,t) V45 1750 Bhe, o) M4y o (d,t)
,, R foee T Geew  gomw
I,K (keVv) (ub/sr) (keV) (ub/sr) perimenta
442 11.9+25% )
458 1.7+30%
5,4~ 1/2-[521]n+7/2+[4o4]P 480 38.5+ 5% 250 3 6 a1se N
?;?' ‘5/2—[5121n+7/2+[4o4]p © 506 2.6+20%
4,37 1/2-1521] -7/2+[404], 532 5.4t 53 %) } ‘s
8,77 7/2+[633] +7/2+[404] | 538 13.9:28%
5,07 7/2+(633] ~7/2+[404] ;573 6.9:17% 582 ) Jo 8 68 ) e
6,0 7/2+fs33]n—7/2+[4o4]p 593 7.1:11% 592T
6,47 1/2-[521] +7/2+[404], 618 14.7+ 8%
5,3 1/2-[521] =7/2+[404] 655 25.4% 6%
9,77 7/2+1633] +7/2+ (4041 676 5.5:16% 6762)  18.1: 63 0.3
694 0.8:47% |
735 1.1+348 7412 0.9t 46% 1.2

(continued next page)

€VT



Table 5.1.2 (continued)

Assignment 175Lu(d,t)l74Lu 175Lu(3He,a)l74Lu o(d,t)
Average — 49 g g=goe  AVETage 9 g g_3so o (3He,a)
T 3y dg Energy i Experimental
I,K (keV) (ub/sr) (keV) (ub/sx)
7,4 1/2-[512]n+7/2+[4o4]p 779 3.9£19%
7,07 7/2+[633]n-7/2+[404]p 788 10.7+40% 1.5
6,3 1/2-[521]n-7/2+[4o4]p 801 12.3+ 8%
8,07 7/2+1633]_-7/2+[404]
. p 842 3.4+17% 847 13.6% 9% 0.25
10,7 7/2+[633]n+7/2+[404]p
8662 1.3+30%
7,3 1/2—[521]n—7/2+[4o4]p 968 © 2.5:21% 966 1.6+27% 1.6
(2) ,
1010 1.1 1027 2.5+18% 0.44
<0.7 - 1071 2.9+24%
1081 . 5.1+13%
1156 1.1+39%
2,2 3/2-[521]n-7/2+[4o4]p 1178 28.2+10%
1203 9.3+10% 1194 2.0+22% 4.6

(continued next page)
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Table 5.1.2 (continued)

Assignment 17 175 174Lu

Sru(d, t)1741u Lu(3He, q)

o(d,t)

,, Tt Seeeor  ore 20 o o Cre,a)
I,K (keV) (ub/sr) (keV) (ub/sr) perimental
3,2"'h3/2;[521]n-7/2+[4o4]p 1243 23.6% 6% 1250  3.3%11% | | 7.2

1275 5.6+13%
1294 2.6+21%
5,5 ‘3'/2-[521]n+7/2+[4o4]p 1304 32.7: 5% 1310 | 2.6+18% 13
1329 17.0+ 6%
%5?‘ 3/2-[521]n-7/2+[4o4]p 1353 11.0+ 9%
13702 2.5+20%
1406 3.4+25%
1421 - 6.2:12%)}
} 1429  3.6% 5% . 4.4
1436 9.7+20%
6,5 3/2-[521]n+7/2+[4o4]p 1456 19.32278% 1456 7.3:19% 2.6
5;?' 3/2-[521]n+7/2+[4o4]p 1481 9.5+12% 1484 10.2+17% 0.93
e 1516 4.0+15%
1551 17.1+25% 1555 16.6+ 5% 1.0

(continued next page)




Table 5.1.2‘(continued)

Assignment 17

- 175

174Lu

5Lu(d,t)l74Lu Lu(3He,a) o(d,t)
,r GE AT e TR 7 Cre,er
I,K (keV) (ub/sr) (keV) (ub/sr) perimental

1564 10.1+30%
1576 5.2+23%

1589 3.7432% 1587 7.9210%
| 1596 5.7+21%

7.5 3/2-[5211n+7/2+[4o4]p 1628 7.24308%) 1617 9.2+ 9%

1660 4.5+233%) 1651 9.1+11%

1681 5.330%%) 16827 6.5+15%

1732 8.4% 7%

1840 3.2212%

2041 5.0+11%

2082 5.4111%

a) possible unresolved multiplet.

9vT
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errors in the cross sections for a particular reaction are
shown. The energies have an error of less than 2 keV except

in the cases of unresolved doublets or very weak peaks.

5.2 Calculations

The cross sections for the states expected to be popu-
lated in the single nucleon transfer reactions were calculated
using Nilsson model wave functions. The effects of pairing,
which alter the occupation probabilities for target orbitals
were included. In several cases it was found necessary to include

Coriolis coupling between the two-quasiparticle states of 174Lu

A discussion of the Nilsson calculation performed may be found
in section 3.1. In l74Lu,as in the odd mass isotopes a defor-
mation of 6=0.27 was used. The cross sections for a single par-
ticle transfer reaction starting with an odd-mass target were
calculated using equations (3.5.7) and (B.9).

The fullness factors,Vz, for the.states observed in the
neutron pick-up reactions were obtained using the standard expres-
sions from pairing theory for one quasiparticle states (eqg. (3.2.1)).
the calculations were performed using a gap, 4, of 700 keV.

The Fermi surface was set to be slightly above the 5/2—[512] neu-—

tron orbital. These results are consistent with the V2 found

in the 7%mp(a,t)t73

Yb study (Burke et al. 1966). The emptiness
probabilities, U2, for the proton stripping reactions were cal-

culated in a similar manner. The proton energy gap parameter, Ap,
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used in this case was 850 keV. The Fermi energy was set ap-

proximately 300 keV below the 7/2+[404] orbital, which is

172 173Lu

cdnsistent with the cross sections observed in the Yb(BHe,d)

and 172 173

Yb{a,t) Lu experiments (Chapter 4).

The normalization of the proton transfer intrinsic cross
sections predicted by DWBA calculations was found by summing the
cross sections of the observed members of the K" = 1° ground state
band and the K" = 6 band at 170 keV. These states are popu-
lated by pure 2=4 transitions in the proton transfer reactions and
by a mixture of 2=3 and 5 in the neutron transfer reactions.
Initially, the normalization factor of the DWBA calculation for
each reaction was adjusted so the total cross section predicted
for these states was in agreement with the total observed cross
sections. Though these states have low intensities in the
(3He,a) and (3He,d) reactions, thié procedure gave acceptable
results when the normalization factors obtained were applied to
more strongly populated states. Except in the case of the (o,t)
reaction the normalization factors so found were close enough
to the standard values (Elbek and Tjgm 1969), that the standard
values were used. The normalization factors are included in
table 3.6.2.

It appears that the DWBA calculations did not yield a
satisfactory Q-dependence for the (o,t) cross section. At

higher excitation energies the (a,t) cross section is predicted

to decrease much more rapidly than it appears to do in the
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observed spectrum. The (3He,d) cross sections may also show a
similar effect but not nearly to the same degree. Thus in

making assignments, the cross sections predicted for the (3He,d)
reaction were given much more weight than those from the (o,t)
reaction, It was found that over ranges of approximately 300 keV
excitation energy, such as found within a rotational band, the
relative (0,t) cross sections were still guite useful,

The ratio of the (3He,d) and (o,t) cross sections as
a.function of the Q-value were calculated from the DWBA results
and are plotted in fig. 5.2.1 for various %-values. The points
marked are the obéerved ratios, taken from table 5.1.1,for states
whicﬁ have been identified in this work. The points are identi-
fied by the total spin, I, that has been assigned to the state.
If a state is populated by transition of a single f-value the
experimental points should fall on the predicted curves. It is
seen in fig. 5.2.1 that the agreement between the predicted ratio
and the observed ratio for peaks populated by a single &%-value
is not too satisfactory. As it is, the (3He,d) to (d,t) cross
section ratios are useful for discriminating between states popu-
lated by high or low-% transitions; the error in ascertaining
the 2-value from the cross section ratios for the proton transfer
reaction is likely about one unit in ¢,

The ratio of the (d,t) cross section to the (3He,a) Cross
section has been shown to be remarkably good for predicting f-values
(Burke et al. 1971). However, because the low cross sections ob-

175 174

served in the Lu(3He,a) Lu reaction, this ratio has not



Figure 5.2.1

The ratio of the (3He,d) cross section to the

(a¢,t) cross section as a function of the excitation
energy in l74’Lu. The solid lines represent the pre-
dicted ratio for the transfer of a proton with a
single f%-value. The points are the observed ratios
for states identified in 174Lu and are labelled by
the spin I of the state. The predicted curves have
been effectively normalized to the observed cross
section ratios of the states formed by the transfer of‘
the 7/2+[404] proton which takes place by essentially
pufe 2=4 transitions. Configurations resulting from

the transfer of the 1/27 [541], 3/2 [532] and 1/2 [530]

protons are populated by mixed 2 transitions.
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been considered too useful. Fig. 5.2.2 shows the predicted (d,t) to
(3He,a) cross section ratio curve. The only states included én
thié diagram arise from the transfer of the 5/2—[512] and
7/2+[633]'neutrons. The latter states are the only ones with
sufficient cross section in the (3He,a) reaction to really be
identified in the (3He,u) spectra below 1 MeV. With the low re-
solution associated with the (3He,u) reaction, and the high level
density, even these strong states were not completely resolved
from those populated by lower &-value transitions. It was con-
sidered significant that certain states were populated strongly
in the (3He,a) reaction; such a strength could be attributed only
to transitions with orbital angular momentum & = 5 or 6, the most
likely states being formed by removing a neutron from the
7/2+[633] orbital. As may be seen from fig. 5.1.2, there are

some strongly populated states in the (3He,a) spectrum near

1 MeV of excitation. It was not felt that the (d,t) spectrﬁm

was well enough understood in this region to be able to draw

any conclusions from the (3He,a) data.

The only states considered in the néutron pick-up reac-
tions were those formed by coupling the 7/2+[404] target proton
to an unpaired neutron. Similarly, in the proton stripping
reaction, the states considered were restricted to those for
which the transferred proton was coupled to the 5/2 [512] tar-
get neutron. Coriolis coupling calculations described in

section 3.3 were performed using these two sets independently.
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It is possible for some members of one set to couple with members
of'the other set. For example, in such a situation, one might
expect to see a peak in the (d,t) spectrum having the same energy
as that of a state populated in the (ao,t) experiment. This could
be due to the state having a mixed wavefunction of which one of
the components is from the proton transfer set and one is from
the neutron transfer set. This phenomenon has been observed

176H

(Khoo et al. 1972) in f. No such peaks have been observed

174L

in the low energy spectra of u. There are many combinations

of neutron and proton orbitals which could form low lying confi-

174Lu and which are not members of the two sets of

gurations in
states considered. These states would not be populated by
single particle transfer reactions unless their wavefunctions
contained admixtures of the simple configurations which may be
seen in such a reaction. Some of the weakly populated uninter-
preted levels may be of this type.

Because of the very restricted set of states considered,
standard expressions for the Coriolis matrix elements, such as
found in Bunker and Reich (1971) could be employed. However,
because of differences in the phase factors, a more general
expression (eq. (A.8)) for the Coriolis coupling of two-
quasiparticle states in a doubly-odd nucleus was used. The
mixing amplitudes resulting from the diagonalization of the ro-

tational Hamiltonian were used to calculate the perturbed cross

sections of the bands.



Figure 5.2.2

The ratio of the (4d,t) cross section to the
(3He,a) cross section as a function of the excitation

174Lu. The solid lines represent the pre-

energy in
dicted ratio for the transfer of a neutron with a
single %-value. The points represent the predicted
and observed cross section ratios for the transfer

of two different neutrons. The transfer of the

5/2 [512] neutron proceeds largely by #=3 transitions.
The states which have been attributed to the
{7/2+[633]ni7/2+[404]p} configuration have ratios in

good agreement with the predicted values. Such states

should be populated by almost pure =6 transitions.
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The unperturbed bandhead energies were adjusted so there
was good agreement between the energy spectrum predicted when
Coriolis coupling was included and the observed spectrum. In
general, this procedure also produced acceptable agreement
between the predicted and observed fingerprints. It was not
found necessary to vary the rotational parameters from band to
band.

Table 5.2.1 lists the unperturbed energies and cross
sections of the states expected to be seen in 174Lu by means of
single proton transfer reactions. The rotational parameter
(g%) of 11.1 keV,which is the value obtained from the ground
state band ,was used for all the bands. The matrix elements used
in this calculation were unattenuated but were corrected for
pairing effects. With the exception of the 5/2  [512] target
neutron orbital coupled to the l/2+[4ll] and possibly the
3/2 [532] proton orbitals all these states have been identified
in Y7Ly, The odd-even shift in the K" = 0~ band has not been
included because the cross sections of the states do not change
much over the %50 keV that the odd.spin states are displaced
from their simple I(I+l) energy rule positions. Table 5.2.1 also
shows the effect of Coriolis coupling on the states populated
in the (3He,d) and (a,t) reactions. 1In addition to the states
listed, the calculation included the configurations with lower

energy proton states arising from the N=6 oscillator shell as

well as the 11/27[505], 1/21[400] and 3/2%7[402] proton orbitals



Predicted Energies and Cross Sections of Proton transfer reactions into 174Lu

Unperturbed Coriolis Perturbed
5 Cross Section Cross Section 3
. U (3He,d)  (o,t) (°He,d) (a,t) o(°He,d) Exp.
I,K Configuration of transferred Energy 6 = 50° 6 = 60° Energy 6 = 50° 8 = 600 6{a,%) Energy
’ ’ ) proton (keV) (b /sr) (ub/sr) (keV) (ub/sr) (ub/sx) predicted (keV)
1, 17 7/2+[4o4]p-5/2-[512]n 0.75 0 3.6 7.7 0 3.6 7.8 0.46 0
2, 44 3.4 7.2 44 3.4 7.1 0.48 44.7
3, 111 2.0 4.0 110 2.0 4.1 0.49 111.7
4, 200 0.7 1.4 199 0.7 1.4 0.5 200 -
5, 311 0.2 0.3 309 0.2 0.3 0.66 (311)
6,6 7/2+[4o4]p+5/2-[512]n 0.75 171 10.1 20.0 169 10.2 20.3 0.5 170.8
7, 326 0.1 0.2 324 0.1 0.2 0.5 (320)
5,5 5/2+[402]p+5/2-[512] 0.91 458 60.3 44.2 455 61.5 45.3 1.36 455
: n
6, 591 0.5 0.8 582 0.4 0.8 0.5 (591)7?
7, 747 0.1 0.2 734 0.2 0.3 0.66
0,0 5/2+[402]p—5/2‘[512]n 0.91 555 10.3 7.0 555 10.3 7.0 1.47 555
1, 577 22.4 14.9 57¢2) 22.6 15.0 1.51 521
2, 622 19.1 12.4 619 19.7 12.8 1.54
a) . 621
3, 688 9.3 5.9 683 9.8 6.2 1.6
4, 777 2.6 1.7 770 2.9 2.0 1.45 833 ?
5, 888 0.4 0.3 g772) 0.4 0.4 1
[
(6,1
159



Table 5.2.1 (continued)

Unperturbed Coriolis Perturbed
5 Cross Section Cross Section 3
. U (°He,d) (a,t) (°He,d) (o,t) o (“He,d) Exp.
Configuration of transferred Energy 6 = 50° 6 = 60° Energy 6 = 50° ¢ = 600 6{a, &) Enexe
) : proton (keV) (ub /sr) (ub/sr) (keV) (ub/sxr) (ub/s¥) predicted (keV)
7,77 9/2—[514]p+5/2—[512]n 0.9 507 3.7 10.5 500 3.8 10.9 0.35 530
8, 685 8.3 21.9 659 10.1 27 0.37 659
2,2% 9/2—[514]p—5/2—[512]n 0.9 635 0 0.1 632 0. 0.1
3, 702 3.9 10.2 692 4.4 11.6 0.38 692
4, 790 4.5 11.4 772 5.2 13.3 0.39 771
5, 901 2.7 6.6 871 3.2 7.8 0.41 875
6, 1035 1.0 2.3 991 1.2 2.7 0.44
7, 1190 0.2 0.4 1131 0.2 0.5 0.4
2,2% 1/2—[541]p-5/2—[512]n 0.84 287 7.3 5.6 279 7.7 6.2 1.2 278
3, ' 354 7.7 7.8 234 10.7 12.1 0.88 237
4, 442 6.1 8.5 254 11.6 18.5 0.63 255
5., 553 3.7 7.1 300 9.1 20.2 0.45 298
6, 687 1.7 3.9 367 5.1 14.3 0.36 366
-7, 842 0.4 1.0 455 1.7 4.6 0.37
3,37 1/2—[541]p+5/2—[512]n 0.84 327 9.9 7.7 417 10.6 7.1 1.5 414
4, 416 8.5 9.5 528 10.2 8.5 1.2 507

SST



Table 5.2.1 (continued)

Unperturbed Coriolis Perturbed
2 Cross Section Cross Section 3
ﬂ R _ U (3He,d) (a,t) (°He,d) (o,t) o("He,d) Exp.
I,K Configuration of transferred Energy 6 = 50° 6 = 60° Energy 6 = 50° 8 = 600 g (a,t) Energy
; ) ' proton (keV) (ub /sr) (ub/sr) (keV) (ub/sr) (ub/srx) predicted (keV)
S, 527 5.4 8.7 | 649 7.0 7.3 0.96 640
6, 660 2.6 5.7 784 3.3 4.0 0.83 (746)
7, 815 0.8 1.9 934 0.6 1.4 0.43
2,27 l/2+[4ll]p—5/2—[512]n 0.2 © 200 5.1 3.8 200 5.3 4.0 1.5
3, 267 4.1 3.4 252 6. 1.
4, 355 1.7 1.5 328 3.1 2.7 .
5, 466 0.4 0.4 427 0.5 0.6 0.8
3,3 l/2+[4ll]p—5/2—[512]n 0.2 300 6.8 4.8 313 5.3 3.3 1.6
4, 389 3.9 3.1 412 3.4 2.6 1.3
5, 500 0.8 0.8 523 0.7 0.6 1.2
6, 633 0.1 0.1 547 0.1 0.1 1
l,l+ 3/2—[532]p—5/2-[512]n 0.96 1370 2.4 0.9 1370 2.4 0.9 2.67
2, 1414 4.7 2.5 1424 5.4 2.5 2.16
3, 1481 6.0 4,5 1506 6.7 4.1 1.63 :
4, 1570 5.7 6.1 1614 6.2 4.7 1.32 §
5, 1681 4.0 5.0 1749 3.8 2.9 1.31




Table 5.2.1 (continued)

Unperturbed Coriolis Perturbed
2 Cross Section Cross Section 3 _

T . _ U (3He,d) (a,t) (3He,d) (a,t) _ o(’He,d) Exp.
I,K Configuration of transferred Energy 6 = 50° 6 = 60° Energy 6 = 50° 6 = 609 &(a,t) Energ
’ ' proton (keV) (vb /sr) (ub/sr) (keV) (ub/sr) (ub/sx) predicted (keV)

5, 1814 1.7 2.2 1911 1.3 0.9 1,414 '
7. 1969 0.3 0.4 2102 0.2 0.2 1

s, 4t 3/2-15321,+5/2- 5121, 0.96 1440 7.8 3.8 1463 11.0 4.8 2.3 1439
5, 1551 9.1 7.1 1599 10.3 7.3 1.4 1558 ;
6, 1684 5.8 7.1 1760 5.7 5.8 0.98

7, 1840 2.3 3.2 1944 1.6 2.1 0.76

8, 2017 0.1 0.1 2150 0.1 0.1 1

3,3*1 1/2-[530] ;+5/2-[512], 0.96 1297 32.4 8.7 1267 47.4 14.4 3.29 1262
4, 1386 30.3 11.7 1326 35.6 16.0 2.23 1326
5, 1497 18.5 10.6 1411 19.5 11.2 1.74 1421
6, 1630 8.1 5.1 1519 6.3 4.1 1.5 1533 3
7, 1785 0.7 1.1 1650 0.5 0.6 0.83

8, 1963 0.2 0.2 1804 0.1 0.1 1

22" 1/2-[530] -5/2-[512], 0.96 1297 23.9 6.1 1295 22.6 5.7 440 1293

3, 1364 27.4 9.3 1399 5.7 2.3 2.5 1379 =
4, 1452 21.5 10.5 1521 2.1 1.8 1.2 =

5, 1563 13.0 7.5 1664 1.4 1.8 0.78



N S s T ey

Coriolis Perturbed

Unperturbed
2 Cross Section Cross Section 3
| U . (3He,d) (a,t) (’He,d) (a,t) _o(°He,d) Exp.

I,K" Configuration of transferred Energy 6 = 50° 6 = 60° Energy 6 = 50° ¢ = 600 o (a,t) Energ
; . ’ proton (keV) (ub /sr) (ub/sr) (keV) (ub/sr) (ub/sr) predicted (keV)

6, 1697 4.1 2.9 1830 0.9 1.0 0.9

7, 1852 0.5 0.7 2019 0.1 0.2 0.5

8, 2030 0.1 0.1 2230 0. 0.

a) subtract 55 keV to account for odd-even shift

Tobe 5.2.1- continues

8ST
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coupled individually to the 5/2_[512] neutron. The l/2+[4ll],
7/27[523) and 3/2%[411] orbitals from below the Fermi surface
were also included in the calculation. These additional states
were found to have little effect on the levels identified in
the low energy spectrum of 174Lu.

Though it will be discussed in more detail in sect. 5.3,
it is interesting to point out the strong Coriolis coupling which
exists between the K“=2+ and 3+ configuration formed by coupling
the 5/2  [512] neutron and the 1/27 [541] proton orbital. The resul-
tant states are almost 50% admixtures of each configuration.

It is not so easily interpreted in the case where the 3/2 [532]
and 1/27 [530] proton orbitals couple individually to the 5/27 [512]

neutron orbital, forming states of K= l+, 2+, 3+

and 4% which are
greatly perturbed by the Coriolis interaction.

A similar calculation was performed for the states ex-
pected to be populated in 174Lu by the (d,t) and (3He,a) reac-
tions. In the neutron transfer work, it was found necessary to
reduce the Coriolis matrix element by approximately a factor
of 0.7 as was done by Lgvhgiden et gl.(iQ?O) in the neutron
states of 155Gd. In addition, due in part to the coupling between
'{5/2'[512]n + 7/2+[4o4]p} and the {3/2‘[521]n + 7/2*[404]p}
configurations, the unperturbed rotational parameter used for
all the bands populated in the neutron transfer reactions was
‘g; = 12,1 keV. It would have been more elegant to be able to

use the same rotational parameter in the proton transfer cal-



Table 5.2.2

Predicted energies and cross sections of neutron transfer reactions into 174Lu
Unperturbed Coriolis Pertu&bed

_ Cross-section Cross-section o(d,t)  Experi-
I,K" Configuration v2 of Energy (d,t) (3He,a) Energy (d,t) (3He,a) o (3He,q) mental

. transfer- (keV)  08=60°  6=35° (keV) 8=60°  9=35° fézgdlc' E(’}r::;‘fy

red neutron (ub/sr) (ub/sr) (ub/sr) (ub/sr)

1,17 5/2+[512]n—7/2+[4o4]p 0.7 0 14.4 0.3 0 14.3 0.3 8. 0
2, 44 41.2 0.9 44.5 43.4 1.0 43. 44.4
3, 121 49.4 1.5 112 56.8 1.7 33. 111.2
4, 218 32.8 1.4 201 42.0 1.9 22, 200
5, 339 12.8 0.9 313 18.6 1.4 13. 310
6, 484 2.8 0.4 448 4.8 0.7 6.8
7. 653 0.3 0.1 604 0.6 0.2 3.0
6,6 5/2—[512]n+7/2+[404]p 0.7 180 73.5 1.5 171 85.7 1.8 47.6 169.9
7. 349 63.2 2.1 326 70.0 2.7 25.9 319
8 ' 543 0.8 O.é 504 1.4 1.1 1.3 5067
0,0+ 7/2+[633]n—7/2+[404]p 0.92 349 0 0 349a) 0. 0
1, . - 373 0.4 0.1 363 0.4 0.1 4
2, 422 1.1 0.2 3912 1.6 0.3 5.3

3, 494 1.7 1.1 435 2.8 1.3 2.2 433

69T

(continued next page)




Table 5.2.2 (continued)

Unperturbed

Coriolis Perturbed

Cross—-section

Cross-section

o(d,t)

Experi~

I,K" Configuration V2 of Energy (4d,t) (3He,a) Energy (d,t) (3He,a) 0(3He,u) mental
transfer- (keV) 6=60° 6=35° (keV) 8=60° 6=35° predic- energy
red neutron (ub/sr) (ub/sr) (ub/sr) (ub/sr) ted (keV)

4, 591 1.8 3.5 496a) 3.9 5.2 0.75 433

5, 712 1.6 6.1 574 3.7 9.1 0.4 573

6, 857 1.2 6.3 6722 3.3 12.4 0.26 593

7 1027 0.6 4.1 789 1.7 8.8 0.19 788

8, 1220 0.2 1.7 926a) 0.7 4.8 0.14 847

9, 1438 0. 0.4 1085 0.2 1.3 0.15 10712

7,7 7/2+[633]n+7/2+[404]p 0.92 461 2.5 1.4 414 4.9 2.7 1.8 433

8, 655 3.5 6.2 541 7.1 11.4 0.6 538

9, 872 1.6 10.2 691 3.5 17.9 0.19 676

10, 1114 0.7 5.8 865 1.5 9.7 0.15 847

4,4 l/2-[52l]n+7/2+[404]p 0.89 368 238.3 0.9 364 248.0 1.0 248 364

5, 489 45.9 1.8 480 42.0 2.0 21 480

6, 634 16.6 1.9 619 14.0 2.2 6.46 618

7, 804 3.3 1.1 782 2.6 1.3 2. 779

8, 997 0.2 0.3 968 0.2 0.3 0.66

.
(continued next page) b



Unperturbed Coriolis Perturbed
Cross—-section Cross—-section a. &)
o
I,K Configuration V2 of Energy (4,t) (3He,a) Energy (a,t) (3He,a) od.8 Experi-
transfer- (keV) 6=60° 9=35° (keV) 6=60° 6=35° O( He,a) mental
red neutron (ub/sr) (ub/sr) (ub/sr) (ub/sr) predic- energy
ted (kev)
3,3; l/2—[521]n-7/2+[404]p 0.89 433 190.7 0.7 433 190.7 0.7 272 432
4, 530 60.6 1.5 532 55.4 1.3 43 532
5, 651 21.7 1.8 654 26.8 1.7 16 655
6, 796 6.9 1.4 802 9.8 1.2 8.2 801
7, 965 1.2 0.6 973 2.0 0.5 4, 968 ?
3,3 l/2—[510]n—7/2+[404]p 0.05 1400 3.2 0.1 1402 4.2 0.1 42 (1081)
4, 1497 2.0 0.1 1500 4.2 0.2 21
5, 1618 0.5 0.1 1617 1.8 0.3 6
6, 1763 0.1 0. 1761 0.2 0.5 0.6
7, 1932 0. 0. 1949 0 0.1
4,4” 1/2-[510]n+7/2+[404]p 0.05 1500 3.3 0.1 1506 1.6 0.5 3.2 (1203)
5, 1621 1.5 0.2 1637 1.3 0.8 1.6
6, 1766 0.2 0.1 1775 0.2 0.2 1.0
7, 1936 0. 0. 1949 0.1 0.1 —
(o))
[\ &)

Tabe S 29
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Table 5.2.2 (continued)

Coriolié Perturbed

(continued next page)

Unperturbed
| ' , Cross-sgction Cross-segtion oéd,t) Experi-
I,K Configuration vV of Energy (d,t) (“He,a) Energy (d,t) (THe,q) o(“He,oa) mental
transfer- (keVv) 6=60° 6=35° (keV) 8=60° §=35° predic- energy
red neutron (ub/sr) (ub/sr) (ub/sr) (ub/sr) ted (keV)
2,27 3/2-[521]n-7/2+[4o4]p 0.95 1178 15.8 0.6 1178 13.9 0.5 28 1178
3, 1251 16.3 2.1 1249 10.3 1.9 5.4 1243
4, 1347 14.0 3.5 1344 8.0 3.6 . 2.2 13532
5, 1468 7.6 3.5 1468 4.4 3.7 1.2 1481%
6, 1614 2.3 2.1 1609 1.4 2.1 0.66
7, 1783 0.3 0.8 1778 - 0.2 0.7 0.3
5,5 3/2-[521]n+7/2+[4o4L 0.95 1303 26.4 2.1 1303 25.8 2.2 12 1304
6, 1448 16.3 5.1 1458 15.7 4.3 3.6 1456
7, 1618 6.3 4.3 1639 5.6 2.6 2.2 1628
8, 1811 0.2 1.3 1856 | 0.1 0.6 0.2
1,1% 5/2+1642]-7/2+[404] | 0.96 1100 0.3 0. 1002 0. 0.
2, | 1148 0.6 0.2 1162 0.5 0.2 2.5
3, 1221 1.1 0.8 1242 © 1.0 0.5 )
4, 1318 1.4 2.6 1349 1.3 1.6 0.8
5, 1439 1.2 5.5 1483 1.0 2.0 0.5 b
5, 1584 0.8 7.5 1642 0.8 4.7 0.2 ”



' Table 5.2.2 (continued)

Unperturbed Coriolis Perturbed
_ Cross—-section Cross-section o(d,t) E i
I,k"  Configurati 2 3 | 3 3 P
’ onfiguration Ve of Energy (d,t) (“He,d) Energy (d,t) (“He,oa) o("He,0) mental
transfer- (keV) =60° 8=35° (keV) 8=60° g=35¢ predic~ energy
red neutron (ub/sr) (ub/sr) (ub/sr) (ub/sr) ted (keV)
7, 1753 0.4 6.3 1826 0.3 3.3 0.1
8, 1947 0.1 3.2 2032 0.1 3.3 0
9, 2165 0. 0.9 2260, 0. 1.1
6,6 5/2+[642]n+7/2+[404]p 0.96 1200 1.5 0.9 1167 2.6 1.6 1.6
7, T ) 1369 2.2 4.3 1345 2.8 5.9 0.5
8, 1563 1.4 9.1 1547 1.4 9.2 0.15
9, 1781 0.5 9.3 1771 0.3 6.6.. 0.45
10, 2023 0.1 3.7 2019 0.1 1.6 0.1
6,6- 5/2-[523]n+7/2+[404]p 0.95 1200 13.0 3.6 1195 10.7 3.8 2.8
7, . . . 1369 7.6 6.7 1364 5.6 7.0 0.8
8, ‘ 1563 1.0 3.9 1556 1.0 3.8 0.26
1,17 5/2-[523] ~7/2+[404], 0.95 1250 2.9 0.5 1251 2.9 0.5 5.8
2, 1298 5.0 1.5 1305 5.7 1.5 3.8
3, | 1371 5.2 3.2 1384 7.1 2.8 2.5
4, 1468 3.6 4.1 - 1487 5.0 2.6 1.9 ;
. ' >

N ' (continued next page)




lTaple OD.4.4 (continued)

Unperturbed Coriolis Perturbed
] ; | , Cross—sgction Cross-segtion _EéQLEL_ Experi-
I,K Configuration V® of Energy (d,t) (“He,a) Energy (d,t) (“He,® o( He,a) mental
transfer- (keV) 6=60° 6=35° (keV) 6=60° §=35° predic- energy
red neutron (ub/sr) (ub/sr) (ub/sr) (ub/sr) ted (keV)
5, ) 1589 0.5 3.3 1613 1.7 1.2 1.4
6, 1734 0.1 1.6 1795 0.5 0.4 1.2
l,l+ 9/2+[624]n-7/2+[404]p 0.05 1000 0. 0. 1001 0. . 0.
2, 1048 0. 0. 1053 0. 0.
3, | 1121 0. 0.1 1127 0.2 0.4 0.5
4, ' 1218 0. . 0.3 1224 0.2 O.l_ 2.
5, ‘ | 1339 0. 0.4 1341 0.6 3.0 0.2
6, | | | 1484 0. 0.3 1479 0.3 1.4 0.2
7, 1653 0. 0.1 1638 0.4 4.4 0.1
8, 1847 0. 0. 1818 0.1 1.9 0.1
92, 2065 0. 0. 2019 0. 1.1 -
8,§+ 9/2+[624]n+7/2+[404]é 0.05 1100 0.1 0.2 926" 0.7 0.1 7
9, 1318 0.1 0.6 1340 0.2 0.2 1
10, " 1560 0 0.6 1586 0. d.

a) subtract 79 keV to account for odd-even shift

S9T
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culation as in the neutron transfer work. This difference may
in fact indicate that these two sets of states are not completely
independent has has been assumed in these calculations. The only
other free parameters in the calculation were the location of
the band heads and the odd-even shift in the XK' = 0+ band. This
calculation is discussed in detail in section 5.4(i). Table
5.2.2 lists the unperturbed energies and cross sections as well
as the energies and cross sections when Coriolis coupling is
included.

Tables 5.2.1 and 5.2.2 may be compared to Tables 5.1.1
and 5.1.2 directly to see the agreement between the predicted
and observed cross sections for states populated by these

reactions into 174Lu

No attempt was made to calculate the two quasi-particle
energies of the states from the Nilsson model, nor was any
attempt made to calculate effects due to the residual neutron-
proton interaction. The splitting between the spin singlet
and spin triplet configurations as well as the odd-even shift
are due to the residual interaction. The particle vibrational

couplings which could be important above about 1 MeV of exci-

tation have also been ignored.

5.3 Interpretation of the proton transfer spectra

5.3(4) The'{7/2+[404]p + 5/27[512]_} states

174

The ground state band of Lu is formed in the proton

transfer reactions by transferring a proton to the 7/2+[404]
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orbital. This nucleon couples to the 5/2 [512] neutron of the
target to form states with K" =1  or K" = 6. The K" = 1~ spin
triplet configuration forms the ground state band as expected

by the Gallagher-Moszkowski rule (Gallagher and Moszkowski 1958).
The K" = 6~ spin singlet coupling is experimentally found to lie
171 keV higher.

Figure 5.3.1 shows a comparison of the predicted and
observed fingerprints for the states arising from the K' = 17
and K" = 6 -configurations. The DWBA calculation for the (a,t)
reaction was effectively normalized using these states hence
the remarkable agreement. Because the 7/2+[404] proton is the

175

odd particle in Lu and the 5/2  [512] neutron is the odd

particle in 173

Yb, the'{7/2+14o4]p + 5/27[512]_} configurations
may be populated by all four reactions. These two configurations
are the only ones which may be populated in both neutron and
proton transfer reactions. The population of these states by
the neutron transfer reactions is referred to briefly in section
5.4.

The ground state band is quite strongly populated in the
(a,t) reaction and the energies of these states agree very well
with those measured by Jones and Sheline (1970) and with earlier
decay work (Harmatz et al. 1960 and Lederer et al. 1967). The
spin I =1, 2, 3, 4 and perhaps 5 members of the ground state
band have been identified in the proton transfer work. The states

formed by stripping a 7/2+[404] proton are not very intensely

populated in the (3He,d) spectra because this reaction favours low



Figure 5.3.1

A comparison of the predicted and observed finger-
prints of the {7/2+[4o4]pi5/2‘[512]n} configurations.
The bars are identified by the spin I of the state,
The I,KTr = 6,1 state is possibly obscured by other
strongly populated states in the (d,t) reaction. As
may be seen, the cross sections for these states are
very low in the (3He,a) reaction because these con-
figurations are populated mainly by 2=3 transitions
in the neutron transfer case. The proton transfer
reactions to these states is by pure 2=4 transitions

hence the rather small (3He,d) cross sections.
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orbital angular momentum transfers. Since C7/2’7/2 is almos£
unity for the 7/2+[404] orbital, the above states are populated
almost entirely by #2=4 transitions.

The K" = 6 configuration'{7/2+[4o41p + 5/27[512] )
has its band head at 171 keV. The spin I=7 member of this band
is weakly populated and is not resolved from the I=5 member of
the ground state band and another strongly populated state at
298 keV,.

The cross sections for the first three members of the
ground state band and the I,KTr = 6,6 coupling of the 7/2+[404]
proton to the target neutron were used to normalize the DWBA
calcﬁlations. The experimental 2=4 cross section ratios in
fig. 5.2.1 were obtained from these two bands. Due to large
uncertaintiés in the (3He,d) cross sections for these levels, the
lower spin states do not fall exactly on the predicted 2=4 line.

The Coriolis coupling calculations showed that none
of the configurations which could be populated in the present
proton transfer reactions would be expected to mix strongly with
the ground state band or the K" = 6 band, However, it may
be possible for other configurations to mix into the ground state
band altering its rotational parameter. When calculating the
Coriolis interaction for the other states in the nucleus which
could be observed by proton transfer reactions, a rotational
parameter of 1l.1 keV was used. This is the value observed in

the ground state band.
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5.3(ii) The {5/2*[4oz]p t 5/27[512] } states

The 5/2+[402] proton orbital may couple with the 5/2 [512]

0" or K" = 5. The Gallagher-

neutron orbital to either K"
Moszkowski rule (Gallagher and Moszkowski 1958) predicts the

K" = 57 spin triplet state to lie at a lower energy than the spin
singlet K" = 0" configuration. The splitting energy between the
two band heads is observed to be 100 keV. As may be seen from
table 5.2.1, neither of the bands is expected to be significantly
perturbed by the Coriolis interaction. The 5/2+[402] proton
orbital originates from the d5/2 shell model state and has essen-
tially all of its wavefunction in the j = 5/2 component; thus
the two configurations containing the orbital are expected to b¢
populated by strong 2=2 transitions.

The K" = 5 band head is predicted to be the most intense
peak observed in both the low energy (3He,d) spectra and the
(a,t) spectra. The largest cross sections observed in these
spectra below one MeV are at 455 keV. The (3He,d) to (a;t) cross
section ratio of this peak is consistent with that for an =2
transition. The 455 keV level has been assigned as the band head
of the K" = 57, {7/2+[404]p + 5/2_[512]n} configuration. The
other members of this band have not been identified as they
are expected to have cross sections less than 1 ub/sr.

The K" = 0 band, because of the residual interaction,
has an odd-even shift. In this band, the even spin members form

a rotational band and the odd spin members form a second band
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displaced about 50 keV from the position predicted by a simple
I(I+l) energy spacing rule. The K" = 0 band has been assigned
at 555 keV, 521 keV, 619 keV and 627 keV for the spin I=0 to
I=3 members respectively. The spin I=2 and 3 members are in
an unresolved multiplet; however, the total cross-section of
the peak in the (3He,d) exposure is consistent with the assign-
ment of the peak to these two band members and an I=5 member
from the 1/2 [541] proton orbital coupling to the target neutron.
Similarly the spin I=1 band member is unresolved from an I=4
state formed by transferring a proton into the 1/2° [541] orbital.
Higher spin members of the K" = 0° band have not been assigned.
The (a,t) cross section of the state at 853 keV agrees very well
with what is expected for the spin I=4 member of this band;
however, this energy is considerably higher than the expected
energy of the state. It is possible that the I,K1T = 4,0 state
is unresolved from the I,K" = 4,2  state at 771 keV. The
(3He,d) to (o,t) cross section ratios for the peaks assigned to
the K" = 0~ band are in good agreement with the predicted 2=2
cross section ratios.

Figure 5.3.2 shows the predicted cross sections for
the {5/2+[402]p + 5/2_[512]n} configurations and compares them
to the cross sections attributed to these states. The agreement

is excellent.



Figure 5.3.2

A comparison of the predicted and observed finger-
prints of the {5/2*[402]p + 5/27[512] ) configurations.
The bars are identified by the spin I of the state.
The odd«even shift and the relative band head
energies were treated as free parameters in this
fit. There are essentially no free parameters in

the calculation of the predicted cross sections.
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5.3(iii) The {9/2'[514]E + 5/2”[512]n} states

The only orbitals in the 71 proton, deformation &=0.27
region of the Nilsson diagram which may be populated by high-2
transfers are the 7/2+[404], the 1/2  [541) and the 9/2  [514]
states. The 7/2+[404] orbital, which is transferred to form
the ground state band, has been discussed in subsection 5.3(i).
The 1/2 [541] proton orbital coupled to the 5/2° [512] target
neutron has a strongly perturbed fingerprint due to the Coriolis
interaction and is discussed in subsection45.3(iv). Thus the
remaining states to be populated by high angular momentum

174Lu should arise

transitions in the low energy spectrum of
from the {9/2_[514]p + 5/2_[512]n} configurations. In that the

9/27[514] orbital originates from the h shell model state

11/2
the rotational bands build on these configurations should be
populated exclusively by =5 transitions.

The 9/27 [514] proton couples with the K" = 5/2° target

neutron to form KTr = 7+ and K1T = 2+ rotational bands. The

Gallagher-Moszkowski rule predicts the K" = 7% state should
lie at the lower energy. The predicted fingerprints of these two
rotational bands are shown in Fig. 5.3.3.

The spin I=8 member of the K" = 7% triplet coupling
of the {9/2—[514]p + 5/27[512] '} configuration has been assigned
at 659 kevV. This state has a (3He,d) to (a,t) cross section

ratio (fig. 5.2.1) which is consistent with an 2=4 transition

rather than %=5 which is expected for such a state. The experi-



Figure 5.3.3
A comparison of the predicted and observed fingerprints of the
{9/2_[514]p + 5/2_[512]n} configurations. The spin I=7 state
is-masked by some other strongly populated states. The spin

+ +

I,KTr = 8,7 and I,KTr = 3,2 states lie in a region which

apparently has a Very high level density.
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mental (3He,d) cross section for this level is in good agreement
with the predicted value; however, the observed (o,t) cross
section is smaller than the predicted value by almost a factor
of two. It is felt that this is due to the DWBA calculations not
predicting the Q-dependence of the (o,t) reactions accurately.
Similar problems in using the ratios of (3He,d) and (a,t)
cross sections to distinguish between %=4 and 2=5 transitions
have been encountered in the study of lSle levels using proton
transfer reactions (Burke and Waddington 1972). Based on the
above assignment for the spin I=8 member and assuming a reasonable
rotational parameter, the spin I=7 band head would be expected
to fall near 500 keV. This lies in the neighbourhood of a broad
peak in the (a,t) spectrum which has a (3He,d) to (a,t) cross
section ratio indicative of a low-% transition. The intensity of
the corresponding peak in the (3He,d) spectra can be attributed
to other states. The predicted contribution of the I=7 state to
the (3He,d) peak is only about 10% of the observed (3He,d) in-
tensity. The observed (o,t) cross section may also be attributed
to other states. Thus the relatively small peaks expected for
the spin I=7 member would be obscured by larger ones so a definite
assignment is difficult to make.

The spin I=3, 4 and 5 members of the K" = 2+,
{9/2_[514]n - 5/2—[512]n} configuration have been assigned at
692 kev, 771 keV and 875 keV respectively. The band head is
expected to be very weakly populated and has not been identified.

The spin I=3 member of the band is likely in an unresolved multi-
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plet with a low-2 state because the (3He,d) to (o,t) cross section
ratio indicates a lower value than expected for this assignmeht.
The spins I=4 and 5 members of this band have experimental (3He,d)
to (a,t) cross section ratios which are in good agreement with
that observed for the I,K1T = 8,7+ state formed from the
{9/2—[514]p + 5/2—[512]n} configuration. The I=6 member of

the band is predicted to be about 991 keV. 1In this region of

the proton spectra there are several small peaks which could be
attributed to this level though it remains unassigned.

A comparison of the predicted cross sections and the
cross sections for the peaks attributed to these configurations
is shown in fig. 5.3.3. Though the agreement is not particularly
good for individual states, other evidence such as the cross
section ratios indicating a high angular momentum (&) transfer
and energy considerations tend to strengthen these assignments.

The XK' = 7+ and K" = 2t bandheads are not observed in the
present work but their splitting is estimated, from the positions
of higher spin band members, to be 132 keV. Coriolis coupling
exists between the roﬁational bands formed by transferring the
9/27 [514] proton orbital and those originating from the transfer
of the 7/2  [523] hole state and the 11/2 [505] particle state. The
{7/2“[523]p + 5/2'[512]n} and {11/2_[505]nt 5/2'[512]n}
configurations were placed at energies greater than 1800 keV in

the coupling calculation. This energy was estimated as being the

minimum energy at which they were likely to appear. The 11/2  [505]
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orbital was not identified in the odd-A lutetium isotopes (Chapter
4) nor are there are any states in the 174Lu spectra which are
obviously due to this orbital below 2 MeV excitation. The

7/27 [523] orbital lies below the Fermi surface so the

{7/2_[523]p + 5/27[512] |} configurations are not expected to be
populated. The main effect of this Coriolis coupling, as may be
seen from table 5.2.1, is to reduce the rotational parameter of

the {9/2—[514]p + 5/2_[512]n} configurations and to slightly in-

crease the cross sections to most of the band members.

5.3(iv) The {1/2"[541]p + 5/2‘[512]n} states

Two rotational bands, with K" = 2+ and K" = 3+ , are ex-
pected to be formed by transferring a proton into the 1/2 [541]
orbital and coupling it with the 5/2 [512] neutron in the target.
These two bands should be strongly mixed by the Coriolis interac-
tion as the calculated j+ matrix element has a value of -3.45
The transfer of the 1/2 [541] proton involves mainly &=5 transi-

tions as this orbital originates from the h shell, However,

9/2
there are also appreciable %=1 and 2=3 components in its wave-

function. 1In studies of the odd lutetium isotopes with (3He,d) and

(a,t) reactions several strong peaks were assigned to the

1/27 [541] band, which started at an excitation energy of approxi-

173 175Lu

mately 125 keV in Lu and approximately 350 keV in

The experimental (3He,d) and (a,t) spectra in the present

work do not exhibit structures which resemble the predicted un-

perturbed fingerprints for the K" = 2+ and K" = 3+ bands., However,
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there is a series of states starting at an excitation energy of
appfoximately 235 keV which has not been assigned and which has
approximately the same total cross section as would be expected
for the transfer of a 1/2 [541] proton. A set of mixing calcu-
lations was done to test whether the observed structure in the
spectra could be explained by Coriolis coupling of the two bands.
These calculations assumed an unperturbed rotational parameter
of 11.1 keV for both bands, as in previous subsections. The
Coriolis matrix elements were not attenuated but were corrected
for pairing effects. The only free parameter was the separation
of the two bandheads. The actual calculations also included the
higher-lying {3/2‘[532]p + 5/2‘[512]n} and {1/2'[530]p + 5/2‘[512]n}
configurations but these did not have strong effects on the

predicted results.

It was found that for an unperturbed separation of 40 keV

+ and I,K"T = 3,3+ states, with the K" = 2+ states

for the I,K" = 2,2
lowest as predicted by the Gallagher-Moszkowski rule, the predicted
fingerprints were similar in appearance to the observed spectra.
This is shown in fig. 5.3.4 where the solid bars represent the
predicted cross sections and the open bars show the observed
values. The mixing is so strong that the I(I+l) spacing has been
lost and all.band members have comparable amplitudes of the K' =

+

2% ana k" = 3% configurations.

It is seen in fig. 5.3.4. that the level spacings have

been fitted very well and the predicted relative (a,t)



Figure 5.3.4

A comparison of the predicted and observed finger-
prints of the {1/2_[54l]pt5/2_[512]n} configurations.,
The bars are identified by the spin I of the state.
The only free parameter in this calculation is the

+

energy separation between K" = 2% ana X" = 3% bana-

heads.
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cross sections are also in very good agreement with experiment;
The'(3He,d) relative cross sections for the lower band are
also in good agreement with the calculated fingerprint except
for the I=2 member at approximately 270 keV which may be an
unresolved doublet in the spectrum. The I=7 member of this
band is expected to be weak and has likely been obscured by
the strong peak due to the I,KTT = 5,5 state at 455 keV.

The observed members of the higher energy band are in
fair agreement with the energies and cross sections predicted
in the Coriolis coupling calculation. The spin I=4 state
is part of an unresolved multiplet between 507 and 521 keV
so its energy is not accurately known. Similarly the spin I=5
member at 640 keV is part of an unresolved multiplet. In this
case the total (3He,d) cross section is in good agreement
with the sum of the individual cross sections for states assigned
to the multiplet though the (a,t) cross section is too small
by a factor of almost two. The spin I=6 member has not been
definitely assigned though there is a state at 746 keV which has
the expected (a,t) cross section. The (3Hé,d) cross section for
this peak is too large for such an assignment and the energy
is 40 keV lower than predicted by the coupling calculation,
though it might be possible to account for the displacement by
mixing to some additional states.

The (3He,d) to (a,t) cross section ratios for the two

bands are observed to decrease as the spin I of the state increases.
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This indicates that as the spin increases, larger contributions
to ﬁhe cross sections are being made from the high-% components.
From fig. 5.3.4 it may be seen that the predicted (3He,d) Ccross
section is larger than expected by almost a constant amount,

and the (a,t) cross section is smaller than predicted. This
causes the'ratios observed for the {1/2_[5411p + 5/2° [512]n}
configurations to be larger than the predicted values;

It is concluded that the observed states represented in
fig. 5.3.4 are most likely due to the {1/2‘[541]p + 5/2‘[512]n}
configurations, which are strongly perturbed by the Coriolis
mixing. The band head separation of 40 keV which resulted in
vthe best fit to the experimental data is somewhat smaller than
the typical spin triplet-singlet splittings of 100-200 keV
reported (Jones et al. 1971) for other two quasi-particle states

in this region.

5.3(v)..The'{1/23[530]5&5/2'[512]n} ana{3/2‘[532]pi5/2‘t521]n}

" states

It may be seen in the proton transfer spectra of fig. 5.1.1
that the region from 1250 keV to 1600 keV contains some large
peaks in the (3He,d) experiment. It is likely that these peaks
arise from the‘{1/2'[530]pi5/2‘[512]h} and the'{3/2‘[532]pis/2‘[512}n}
configurations since the 1/2_[5301 and 3/2 [532] proton orbitals
in 173Lu lie between 1150 keV and 1300 keV excitation.
The'{3/2-[532]pi5/2_[512]n} configurations, forming ro-

tational bands with K" = l+ and 4+ are not expected to be strongly
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populated in these experiments. Only tentative assignments have
beeﬁ made for states formed from this orbital. However, the
presence of these states influences the rotational spacings for
members of the'{1/2_[54l]pt5/2‘[512]n} bands and the fingerprints
of the {1/2-[530]p15/2-[512]n} configurations through the Coriolis
interaction,

Thé 1/2 [530] proton orbital combines with the target

+ and 3+. These states are ex-

neutron to form states of K’ = 2
pected to be fairly strongly coupled by the Coriolis interaction
as the j+ matrix element between them has a value of 2.16.

A coupling calculation was performed simultaneously to the one
described in subsect 5,3(iv).Again,the only free parameters were
the unperturbed band head energies. It was found that the ob-
served cross sections of the peaks at 1262, 1293, 1326 and 1421

keV could be explained by the coupling of the K" = 2% ana

K" = 3% configurations. Though the Gallagher-Moszkowski rule

predicts the K" = 3% band to lie at the lower energy, optimum
agreement of the observed fingerprint with the predicted one was
obtained with the X" = 2% and 3+ bandheads degenerate before
mixing. The states at 1262, 1293, 1326 and 1421 keV have been
assigned as the spin I=3, 2, 4 and 5 states respectively arising
mostly from the'{1/2_[530]pi5/2—[512]n} configurations. Figure
5.3.5 displays the predicted fingerprint and compares it to the
assigned peaks. As may be seen, the agreement is very good in

the (3He,d) case. The spin I=6 member of the band may be located

at 1533 keV though this energy is higher than predicted by the



Figure 5.3.5

A comparison of the predicted and observed finger-

prints of the {1/2—[530]p * 5/2_[512]n} configurations.

The bars are identified by the spin I of the state.
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calculation. Only one band is strongly populated as almost all
the intensity is shifted from the higher energy state into the
lower state of the same spin by the Coriolis interaction.

The positions of the'{3/2_[532]p15/2-[512]n} configura-
tions were varied in an attempt to improve the fit of the large
peaks due to the transfer of the 1/2 [530] proton, In the odd
mass lutetium isotopes the bandhead of the 3/2 [532] orbital has
been assigned at a lower excitation than that of the 1/2 [530]

band. It was found that unless the Kﬂ=l+ and 4+ states

arising from the transfer of the 3/2 [532] proton were above the
unperturbed K" = 2+ and 3+ bandheads, the spacing of the band
members of the strongly mixed'{1/2—[530]p15/2_[512]n} configura-
tion could not be reproduced. Adding the 5/2-[523] and the
3/27[521) proton orbitals to the calculation at reasonable exci-
tation energies failed to account for the observed compression

of the K" = 27

and 37 bands if the {3/27[532] #5/27(512] }
configurations were placed below the K" = 2+ and 3% bandheads.
Furthermore, placement of the {3/2_[532]pi5/2_[512]n} states in the
region from 950 to 1200 keV resulted in poorer fits of the finger-
print for the transfer of the 1/2 [541] proton orbital.

+ and 5,4+ states are the only ones from

The I,K" = 4,4
the {3/2—[532]pt5/2—[512]n} configuration which are expected,
on the basis of the Coriolis coupling calculation, to have
cross sections greater than 10 ub/sr in the (3He,d) experiment,

The spacing between these two strong peaks is predicted to be

135 keV. A tentative assignment is proposed that the spin I=4
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and 5 members of the K" = 4*,'{3/2‘[532]p+5/2‘[532]n} configura-
tibﬁ lie at 1439 keV and 1558 keV respectively. This is shown
in fig. 5.3.6. One difficulty with this assignment is that there
is no peak in the (a,t) spectrum which might correspond to the
I=6 band member. The Coriolis coupling calculation was not able
to predict the I,K"T = 4,4+ state to lie in the vicinity of

the 1378 keV peak as this was too close to the spin I=4 state

of the mixed K" = 27 and 3t bands. The K' = 1t coupling of this
configuration is expected to lie at lower energies but it is not
strongly populated and hence remains unidentified. The assign-

ment of the KTr = 4+

band should be considered very tentative as
one cannot exclude the possibility that other strongly popu-
lated states such as those at 1362, 1378, 1474, 1533 and perhaps

1609 keV could be band members.

5.3(vi) Other states in the proton transfer spectrum

The 1/2+[4ll] proton hole state has been identified
(subsection 4.4 (v)) in 173Lu and 177Lu at low excitation energies.
Table 5.2.1 includes the predicted cross sections for the
{l/2+[4ll]pt5/2_[512]n} configurations in l74Lu. Though some
unresolved states may exist in the proton transfer spectra below
700 keV, it may be seen that virtually all the intensity in this
region has been accounted for. The possible exceptions are
weak states at 428 keV and 561 keV in the (a,t) exposure which

appear to be doublets of which only one member has been assigned.

These states have cross sections roughly comparable to what may



Figure 5.3.6

A comparison of the predicteaand observed fingerprints
of the {3/2'[532]pi5/2‘[512]n} configurations
and two states which may belong to the K" = 4%
rotational band. These configurations are

strongly coupled to the states arising from the

transfer of the 1/2 [530] proton and also of

the 1/2° [541] proton .
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be expected from the transfer of the l/2+[4ll] orbital. However,
no other band members are seen to support the assignment of
these peaks to the {l/2+[4ll]pi5/2_[521]n} configurations.
Numerous unassigned states lie between 700 keV and 1250
keV excitation. These states are not strongly populated. Though
some of these states have cross sections similar to what might be
expected from the {3/2—[532]p 5/27[512] } configurations, the
Coriolis coupling calculations lead one to believe this to be
unlikely. These peaks could also be due to the coupling of other
sets of states into the simple proton transfer set considered.

It is noted that several unassigned peaks of comparable intensity

were found (Chapter 4) in the proton transfer spectra leading

173L 175 177

to u, Lu and

Lu within the same region of ex-
citation enérgies. It is known in neighbouring even nuclei that
vibrations occur in the region from 900 to 1200 keV. The sug-
gestion was made that the unidentified peaks may result from
thé'l/2+[400] and 3/2+[402] orbitals coupled into gamma vibrations,
for example, built on the 5/2+[402] and 7/2+[404] orbitals
respectively. This effect spreads the intensity of these
strong low-{2 transitions into several peaks in the spectrum.
It is possible that states formed in an analogous manner may
also exist in 174Lu.

The transfer of the 3/2+[402] and l/2+[400] proton orbi-

tals is characterised by extremely strong 2£=0 and 2=2 transitions.

The largest remaining unassigned states in the (3He,d) spectrum,
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such as those at 1753 keV and 1800 keV, have cross sections of
about one fifth what is expected for these states. Though these
configurations could lie at energies above those considered

in the present work a strong possibility exists that these
l74Lu

states are highly fragmented in the doubly-odd nucleus

171L

Such fragmentation is predicted in the odd-mass nucleus u.

(Soloviev et al. 1966) and it seems reasonable to qualitatively

generalize this prediction to the doubly-odd nucleus 174Lu

Thg Nilsson diagram predicts the 11/2 [505] proton orbi-
tal to be at higher excitation energies than the 1/2 [530]
proton orbital. The rotational bands built on the
{11/27[505]pt5/2'[512]n} configurations would be populated by
pure 2=5 transitions. Such states are expected to have comparable
(3He,d) and (o,t) cross sections. No such states are seen below
2 MeV in the spectrum.

States formed by the transfer of the l/2+[660] and
3/2%[651] proton orbitals are also expected in the region of the
{1/2—[530]p15/2-[502]n} configurations. These states should
be populated by =6 transitions as the 1/2+[660] and 3/2+[6511
proton orbitals originate from the i13/2 shell. The =6
character of these states should not be altered by the strong
Coriolis coupling known to exist between i13/2 states. Such
levels would be fairly strongly populated in the (a,t) reaction

but using the (3He,d) to (a,t) cross section ratio there appears

to be no high-% strength between 900 and 2000 keV excitation.
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5.4 Interpretation of the neutron transfer data

175Lu(d,t)l74Lu

Jones and Sheline (1970), using the
reaction, have assigned the majority of the states below 1400
keV and have offered tentative assignments for several others.
The rotational bands built on the following configurations have
been assigned by these workers: K" = 17 and 6 , {5/2-[512]n +
7/2*[404]p}; K" = 37 ana 47, {1/2"[521]n¢7/2+[404]p};xTr = 2"

and 5, {3/2—[521]ni7/2+[404]p};and "= 7%, {7/2+[633]n+7/2+t404]p}.

It was proposed that the K" = 77, {7/2+[633]n+7/2+[404]p} con-
figuration had its band head at 677 keV. The first four assign-
ments have not been altered in the present work.

The Coriolis coupling calculation performed by Jones and
Sheline gave very good agreement between the experimental data -
and the predicted energies and cross sections. Their calculation
used the moments of inerita as well as the band head energies as
free parameters.

The splittings between the spin singlet and spin triplet
energies in 174Lu were compared with those predicted by a spin-
spin type of residual interaction. The calculations, which were
further refined in a later paper by Jones et al. (1971) predicted
the sign and the magnitude of the splitting quite well.

5.4(i) The {7/2+[633]ni7/2+[404]p} states

Jones and Sheline tentatively assigned the states at

677, 843 and 1016 keV to the spin I=7, 8 and 9 members of the
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K" = 7+, {7/2+[633]n+7/2+[404]p} rotational band. The agree-

men£ of the (d,t) cross sections with the predicted values
was not too satisfactory. It may be seen from table 5.2.2
that the (d,t) fingerprint of this band is very weak in com-
parison to the other peaks in the spectrum. The 7/2+[633]

neutron wave-function, arising from the i
175

shell model state,
174

13/2
is largely #%=6 in character so the Lu(3He,a) Lu reaction
should be ideal for locating the states formed by transfer of
this neutron. Figure 5.1.2 shows one of the spectra obtained
in these experiments. It is significant that no strongly
populated states exist in the (3He,a) spectrum between 300 keV
and 1400 keV excitation. The spin I=9 and 10 members of the
K" = 7% band are expected, from table 5.4.2 to be guite intense-
ly populated in the (3He,a) reaction so it is unlikely they lie
above 900 keV as Jones and Sheline suggested.

The {7/2+[633]ni7/2+[404]p} couplings should form

+

rotational bands of K" = 0" and 7+. The states arising from

il3/2 neutron orbitals are known (Kleinheinz et al. 1972) to

be very strongly Coriolis coupled in odd mass nuclei, and thus
the bands built on configurations containing these states are
also expected to be strongly coupled in the present case. A
Coriolis coupling calculation was performed using matrix elements
attenuated by a factor of 0.75 and corrected for pairing.
Configurations arising from the 7/2+[633], 5/2+[642], 3/2+[651]
and l/2+[660] neutron hole states and the 9/2+[624] particle

state, coupled to the 7/2+[404] proton were included.
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As a first approximation the band head energies were
takén from a Nilsson calculation and the Fermi surface was
placed about one third of the way between the 7/2+[633] and
9/2+[624] states. The actual energies of the intrinsic two
particle states formed were then varied somewhat in order to
obtain a calculated fingerprint which resembled the experimental
results. The spin singlet-triplet splittings of the observed
configurations and the odd-even shift in the K" = 0% band were
also varied in later iterations to optomize the fit. It
was typical of these calculations that the lowest bands should
receive most of the strength expected from the transfer of
7/2+[633] neutrons plus some of that due to the deeper hole
states, in partiéular the 5/2+[642] state. Some of the strength
from the 1/2V[660] and 3/271651) orbitals is predicted to be
drained into the bands which contain the remainder of the
5/2+[642] strength and these are expected to occur several hundred
keV higher than the bands mentioned abdve.

In the (3He,a) spectrum of fig. 5.1.2 the group of
states between 400 keV and 900 keV excitation can reasonably
be associated with the {7/2+[633]ni7/2+[404]p} bands and
their admixtures. The strongly populated group of peaks in
the vicinity of 1500 keV excitation in the (3He,a) spectrum
is then most likely the second group of bands predicted.

The unperturbed energies of the'{5/2+[642]nt7/2+[404]p}
states were adjusted, relative to those of the {7/2+[633]n t

7/2+[404]p}‘s£ates so that the main (3He,u) strength in this
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second group would be predicted to occur at about 1500 keV.
The calculation showed that the position of these states could
be varied by * 100 keV without seriously affecting the finger-

+ and K"T = 7+ bands.

prints of the lower K" =0

The {9/2+[624]ni7/2+[404]p} configurations should not
be strongly populated in the present work as the 9/2+[624] state
is above the Fermi surface. However, they have an effect on
the rotational spacing of the {7/2+[633]nt7/2+[404]p} bands be-
cause of Coriolis mixing. In the presént calculation, the un-
perturbed rotational parameter, 5;, was set at 12.1 keV for
all bands. In order to obtain the value of 8.1 keV for the per-
turbed rotational parameter of the lower bands, as implied by
the present interpretation of the data, the {9/2+[624]ni7/2+[404]p}
band heads had to be placed 650£50 keV above the {7/2+[633]n +
7/2*[404]p} bandheads.

In addition to adjusting the relative energies of the
various intrinsic configurations, the unperturbed splitting
between the K" = 0F triplet and the K" = 77 singlet couplings
was varied. The optimum unperturbed energy difference between
the band heads was found to be 112 keV. Finally, the last
parameter to be varied was the odd-even shift of the K" = 0+,
'{7/2+[633]n-7/2+[404]§} band. It is expected that the odd
spin states should be shifted to higher energies (Jones et al.
1972 and Valentin et al. 1962) as has been found for this

band in 172Lu. With a shift in this direction and a magnitude
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of 79 keV, the predicted fingerprints as shown in fig. 5.4.1

are produced. This figure also shows, for comparison, the
experimental results. The predicted energies and cross sections
also appear in Table 5.2.2.

175Lu(d,t)l74Lu

As may be seen from fig. 5.4.1 the
fingerprint is not reproduced too satisfactorily for these very
weak states. However, there are several band members unresolved
from peaks with much greater cross sections in the (d,t) spectra
and these weak peaks are also subject to errors because of
the difficulties in predicting the cross sections of states
with large angular momentum transfers.

The spin I=5 and I=6 members of the K7T=O+ bands are
predicted to have similar cross sections in the (d,t) spectrum-
and these have been assigned to the states observed at 573 keVv
and 593 keV. The strength observed in the (3He,u) spectrum
is also in excellent agreement with this interpretation.
However, from the present results it is not certain which is the
I=5 state and which is the I=6. The best overall fit to the
remaining band members was obtained when the odd-even shift
was set to put the I=5 state lower in energy than the I=6 state.
In order to do this the even spin states had to be displaced
79 keV downwards with respect to the odd spin states as men-

tioned above; thus the spin I=5 and I=6 members have been

assigned at 573 keV and 593 keV respectively.



Figure 5.4.1

A comparison of the predicted and observed finger-
prints of the {7/2+[633]n x 7/2*[404]p} configurations.
In this case the contributions to the (3He,a) cross
sections from other unresolved states identified |

in the (d,t) reaction have been removed. If the

sfates in these bands are unresolved, the cross sections
of the band members have been summed; for example,

the spins I=5 and 6 states are unresolved in the

(3He,a) reaction,
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The proposed interpretation places many of the
{7/2+[633]ni7/2+[404]p} states close in energy to other strongly
populated states in the (d,t) spectrum. Hence, the weak peaks
expected for the bands under discussion are masked. In such
cases the large intensities observed in the (3He,a) reaction were
used to advantage although in some cases the contributions due
to known peaks in the vicinity had to be taken ihto account.,

In the case of the (3He,a) reaction the resolution is not ade-
quate to resolve all the closely spaced levels. Ih particular,
the particle group at % 433 keV excitation energy in the spectrum
has been attributed to the unresolved spin I=3 and I=4 members

of the K" = 0¥ band the I=7 member of £he K" = 77 band.

Accoxrding to the present interpretation, the predicted spread

of the energies for these three states is 31 keV. Although it is
difficult to prove all these states exist at 2 433 * 15 keV,

the summed (3He,a) cross section is consistent with this assign-
ment.

In general, the predicted (3He,a)fingerprint is in excellent
agreement with the experimental results, as can be seen from Fig.
5.4.1. It is to be noted that the interpretation given for
these two bands has used reasonable values for all the parameters
which were varied in the calculation. It is also consisteﬁt
with all the data currently available on 174Lu. However, it is
difficult to demonstrate that the proposed assignments of spins

and K-values represent a unique explanation of the experimental
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data and further experiments to test the spins would be

desirable.

5.4(ii) Other states in the neutron transfer spectra

Jones and Sheline (1970) have assigned the K" =17 ground
state band up to spin I=5 as well as the K" = 6 band which forms
the spin singlet coupling of the'{5/2‘[512]n+7/2+[4o4]p} con-
figuration. The present work confirms these assignments and has
added the tentative assignment of the weakly populated I,K1T = 8,6—
state at 506 kevV, Table 5.2.2 shows eésentially the same pre-
dicted cross sections as obtained by Jones and Sheline for these
‘bands. The fingerprints for these states obtained in the present
work are included in fig. 5.3.1.

Similarly the interpretation of the K" = 2% ana 37
bands formed from the {1/2_[521]ni7/2+[404]p} configuration is
also in agreement with what Jones and Sheline have obtained.
Though the present Coriolis coupling calculation contains more
bands, the results are virtually the same. Figure 5.4.2 shows
the excellent agreement between the predicfed and observed
cross—-sections for these states.

Above 1 MeV excitation the K" = 5 and 2~ couplings of
the 3/2  [521] neutron coupled to the target proton have been
assigned., It may be seen in fig. 5.4.3 that the K" = 5 states
have cross sections in good agreement with the predictions:

however, the K" = 27 states are anomalously strong. The K" = 2



Figure 5.4.2

A comparison of the predicted and observed finger-
prints of the {1/2_[5211ni7/2+[404]p} configurations.
The bars are labelled by the spin I of the state. These
states are expected to be weakly populated in the

(3He,a) reaction and have not been observed , with the

exception of the I,KTr = 4,4 state.
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Figure 5.4.3

A comparison of the predicted and observed finger-
prints of the {3/2_[5211ni7/2+[404]p} configuration.
The bars are labelleq by the spin I of the state.

The observed (3He,a) cross sections in this region are
much 'larger than what could be reasonably assigned to
these states., This is likely due to the high level
density and the low energy resolution of the (3He,a)

reaction.
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band was assigned by Jones and Sheline at 1185, 1252, 1337

and 1442 keV for the spins I=2 to 5 respectively, though the
spin I=4 and 5 states were tentative assignments. The Coriolis
coupling calculations performed with a 12.1 keV rotational para-
meter favour the assignment of the 1353 keV level to the

I,K" = 4,27 member of the {3/2‘[521]n—7/2+[4o4]p} configuration.
The same calculations also predict the I=5 member of the same
band to be close to the peak at 1481 keV. It is possible this
peak is an unresolved multiplet of the I=5 state and some high-2
state because it has a large (3He,a) cross—-section. Coriolis
coupling of states at higher energies to the K" = 2~ band

would reduce the rotational parameter so that the assignments

by Jones and Sheline (1970) of the spin I=4 and 5 memberé

would be more satisfactory than those proposed here. The assign-
ments of the I=4 and 5 states of the K" = 2~ band remain ten-
tative.

The region just above 1 MeV is also expected to contain
the rotational states built on the {5/2_[523]nt7/2+[404]p}
configuration. These are quite strongly coupled to the
{3/2—f52l]ni7/2+[404]p} states so the relative energies of
these four bands can have a large effect on the fingerprints.

In Table 5 fhe energies of the'{5/2_[523]ni7/2+[404]P} con-
figurations are quite arbitrary and though a variation of these
" energies was attempted it did not appear to account for the
anomalously large cross sections of the X" = 2—,'{3/2-[521]ni

7/2+[404]p}‘states. The calculation was extended to include
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several additional neutron orbitals from this region such as
the‘3/2—[532] and 1/2 [530] states coupled to the target, but no
better results were obtained. The same table shows fairly

large (d,t) cross sections to the four bands originating from the
transfer of the 3/2 [521] and 5/2 [523] neutrons. However only
the latter exhibits appreciable (3He,q) strength., It is possible
that some of the (3He,u) intensity in the region of 1500 keV
excitation is due to the transfer of this neutron state though

it has not been assigned.

Speculation was made by Jones and Sheline (1970) that
the two peaks at 1081 keV and 1203 keV were due to the band
heads of the {1/2'[510]n¢7/2+[4o4]p} configurations. This
would involve the pick-up of a particle from an almost unoc-
cupied orbital; hence, very low cross sections are expected.

173Yb

This orbital has been identified as a particle state in
where it was populated at approximately 1031 keV by a (4,p)
reaction and very weakly by the (d,t) reaction. The {1/2_[510]n +
7/2+[404]p} configurations couple quite'strongly to the
X" = 27 and 3”7 , {1/2*[521]n¢7/2+[4o4]p} states. From the
observéd rotational parameter of the latter bands, the
{1/2—[510]ni7/2+[404]p} states must have a minimum energy of
about 1 MeV.

The'{5/2+[642]ni7/2+[404]é} configurations have not been

174L

identified in u. As discussed in subsect. 5.4. (i) it is
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suspected that these states have most of their intensity above
1400 keV excitation in order to account for several strong

peaks in this region of the (3He,a) spectra. Table 5.2.2

shows that the K" = l+ band has some of its spectroscopic
strength transferred to lower lying states by the Coriolis in-
teraction, 1In particular the configurations formed from the
transfer of the 7/2+[633] neutron orbital are enhanced by
Coriolis coupling. The number of possibilities for the frag-
mentation of the higher lying configurations based on the trans-
fer of the il3/2 neutron orbitals and the low resolution

associated with the (3He,a) exposures hindered the identification

of the characteristic fingerprints of these bands.,



CHAPTER VI

CONCLUSIONS

The low lying structure of three odd mass lutetium
isotopes has been studied using the (3He,d) and (o,t) reac-
tions. Many of the largest peaks in the spectra have been
interpreted in terms of the Nilsson model. The level schemes

173Lu, 175Lu and 177Lu

of the single proton states observed in
are shown in figs. 6.0.1, 6.0.2 and 6.0.3 respectively. 1In
addition to these states, there also exist unassigned peaks
in the spectra of all three nuclei whoée energies and cross
sections have been measured. The location of these latter
sgates with respect to the more strongly populated, assigned
péaks may be seen in the experimental spectra (figs. 4.1.1,
4.1.2 and 4.1.3). |
It may be seen from the level diagrams that the

structures of all three nuclei are similar. The levels of

171 169Lu has

Lu (Gregory, 1972) are shown in fig. C.2 and
been recently studied by Foin et al. (1972). The structures for
each of the lighter twé'isotopes of lutetium is very similar

to those of the heavier isotopes reported in the present work.
Such similarities in the single particle structure of the
lutetium isotopes are expected from the Nilsson model provided
the deformation does not change greatly.

The single particle states which are identified in

the lutetium isotopes are in good agreement with the

predictions of the Nilsson model. The populations of the ro-
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Figure 6.0.1

A level scheme of 173Lu for assigned levels

populated in the proton transfer reactions.
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FPigure 6.0.2

A level scheme of 175Lu for assigned levels

populated in the proton transfer reactions.
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Figure 6.0.3

177

A level scheme of Lu for assigned levels

populated in the proton transfer reactions.
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tational bands based on the 7/27[4041, 5/2%[402], 9/27[514],
l/2+[411], 1/27[541]1, 3/2 [532] and 1/2  [530] orbitals by the
single proton transfer reactions are consistent with the
predictions when pairing effects and Coriolis coupling are
taken into account. Recent calculations by Soloviev and Fedatov
(1971) using the data presented in Chapter 4 have shown that
for the states identified, vibrational effects are not expec-
ted to seriously alter the single particle spectra of these
nuclei, It is unfortunate these same calculations do not in-
clude couplings to the 1/27[4001, 3/2%[4021, 1/27(660] and
3/2+[651] proton orbitals which are expected to lie at higher
energies than the orbitals listed above. Experimentally at
higher excitation energies, the obsefved cross sections are
often smaller than those predicted for the Nilsson orbitals

arising from the i and 51,2 states in this region.

13/2
Thus there must be appreciable fragmentation of the single
particle states at the higher energies as has been observed
in the odd neutron nuclei.

The doubly-odd nucleus 174

Lu has been investigated

using four single particle transfer reactions. This was one of
the first times that four single particle transfer reactions
have been brought to bear on a single final deformed nucleus.
Most of the large peaks below 1.5 MeV have been interpreted in

the light of the Nilsson model. Figs. 6.0.4and 6.0.5 show the

states which have been interpreted in the present work and by



Figure 6.0.4

174

A level scheme of Lu for assigned levels

populated in the neutron transfer reactions.



207

‘[vov) JE -Yls) €

7.5°

‘o) 2+ iz &

1628

1481 _....5.2" 7

657

1456

“Ivos] L& - Y[ee) %
?lvot] . “[ees) £

dvos) 3 + “[izs) K

._?oL.m - “lizs) %

968.....7.37?

1353......4,27?
1243___3.2"
nre_—22°

1304__.55"

“is] & - [vov] .

«~
'
©

‘ ©

u 4 F1 H

+ H
(28] _§ [vor] 2 i
0
<3
2]
[ ] D)
o o Qo
o N o
[ @ mnm
A ~
o R 36
*
~ 8 K
Q o ®
~ 73 ]
< "
© 5 b
. .
LA <
~ o
14 -4
e ]
t 1 )
i} i "
© o <+
3 2]
3
© 8 m

480._ 54"

3640

433

433__.77°

432___33"

36444

76 30__s)-

39

200 _ 4,1

6,6”

169.9

[ - — N

444 ___2,I°

(1K™

174
Lu

7!

(keV)



Figure 6.0.5

A level scheme of 174Lu for assigned levels

populated in the proton transfer reactions.
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Jones and Sheline. The states in fig. 6.0.4 were populated in
the neutron transfer whereas those in fig. 6.0.5 were obser&ed
using proton transfer reactions. In the latter case, the only
states considered were those where the transferred proton
was coupled to the 5/2° [512] neutron orbital. Similarly the
analysis of the neutron transfer data considered states where
the neutron was coupled to the 7/2+[404].target proton. In
all, seventeen intrinsic configurations of the odd-proton
and odd-neutron have been identified or tentatively identified
174Lu

in

It has been shown that several rotational bands in
174Lu are very strongly perturbed by the Coriolis interaction.
In particular, the two configurations arising from the transfer
of the 1/27 [541] proton are very strongly coupled, resulting
in one set of states to be grouped into a rotational band with
an extremely small rotational parameter (7;) and another set
with %;.larger than the unperturbed value. In general, the
effect of Coriolis coupling has been found to alter the ro-
tational parameters and cross sections in much the same manner
as has been observed in odd-A deformed rare earth nuclei.

In all the configurations observed, the band head of
the spin singlet coupling of the proton and neutron lies at a
higher energy than the band head of the triplet coupling, as
predicted by the Gallagher-Moszkowski rule. The present work
has not included any attempt to calculate the effects of the

residual interaction. This has been done by Jones et al. (1971)
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for the states expected to be populated in the neutron

transfer reaction. It is hoped that the data from the
.proton transfer reactions will be used in future studies
of the residual interaction. Because of the great deal
of attention odd-odd nuclei are presently receiving experi-
mentally in the rare earth region, such a calculation
should be able to make use of a significantly larger number
of measured splitting energies and odd-even shifts.

The understanding of the low energy spectrum of
174Lu has now progressed to the poiﬂt where it is feasible
to do on line y-ray and conversion electron studies using experi-

174 174 170 174

ments such as the Yb (d,2ny) Lu or Er (7Li,3ny) Lu reac-

tions. Using high resolution detection systems it should be possible
to measure spins and transition rates to confirm the assign-

ments made by Jones and Sheline and in the present work. It

is expected that these reactions will not be so selective as

the direct reactions are to the sets of states populated. Thus}
several additional configurations below one MeV will likely be

found which have not been identified.using the single particle

transfer reactions.



APPENDIX A

Matrix Elements of the Rotational Hamiltonian

The various matrix elements of the total rotational
Hamiltonian (eg. 3.0.2) are evaluated in various standard
references, for example Davidson (1968). The matrix elements
for the rotational particle coupling and particle-particle
coupling in the odd-odd nucleus are identical to those
evaluated by Jones (1969). The approach here must be
regarded as the conventional method. The results for the
odd-a nuélei quoted here seem to differ from those obtained
by Scholz and Malik (1968) using a slightly different formalism.

The matrix element of H. is a diagonal element in

ot

the representation we have chosen:

E = <IMKQ Q_|H_ , |IMRQ_Q_>
rot p n' ‘rot pn
12 2 2 2
= 77 [I(1+1)-K —Qp-Qn ] (A.1)

For an odd-Z nucleus this may be written:

~ _ h? 2
E op = <IMK|H__, |IMK> = 79 [I(1+1)-2K"] (A.2)

The matrix element of Hp , which may be interpreted

rot

as the rotational energy of the odd proton is also a diagonal

element.
Eorot = <IMKQanIHprot|IMKQan>
h? 2 A.3)
= I |c. j (5. +1 A.3
fg | j.Q I J (Jp ) ( )

jp Jpp P
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The matrix element of H is identical except the

rot
reference is to the odd neutron rather than the odd proton.

ﬁZ

E ot = 53 r|c.

in Infln

|25, (3,+1) (A.3)
This matrix element is often included in the Nilsson energy
of the state. 1Its effect is to move the states with larger
angular momentum components to higher energies. Though it
may not be justified, the contribution of this term was
ignored in the calculation of the excitation energies.

In the calculation of the particle-particle and

rotational particle coupling, the matrix elements of the I+ and

j_ operators are needed. These are (Kerman 1956):

<IMK|Ii]I'M'K‘> = GI’I,SMM, GKiI)K,/ﬁ(IiK)(IiK+l)

<JQ| >=6. .4 6

3 13" @ : J(5.59.) (520 +1)
o2 1352130 % 3,3, e L el (3priy) (3,28,

and similarly for the jn% matrix element. (2. 4)

Using these expressions the matrix element of Hype

the so called Coriolis matrix element, for an odd-Z nucleus is:

<IMK|Hrpc|I'M'K'>

Hh2 , :
= =27 S1rv Sy g ch.ch [6K:K+1/‘(I—K)(I+K+1)(3—K)(J+K+1)
+ (-1)T73 ¢ ' (I+1/2) (§+1/2) ] (A.5)

K=1/2,K'=1/2

Both K and K’ are taken to be positive and K is the minimum of the

twe K-values. It is seen from equation (A.5) that only rotational
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bands of the same parity but differing.by K'-K=1 are ccupled by the
Coriolis interaction. This off-diagonal element is the same as the
expression of Bunker and Reich (1951). It should be noticed
that a K=1/2 band may couple to itselfrby the Coriolis
interaction because the +Q term of the wave function may
mix with the -0 term. 1In such a case there is a diagonal

contribution to the energy of the rotational band.

- 1 o L
Ey = <IM' 5 IHrpc|IM 5 >
$2 I+1/2
=37 a(-1) (1+1/2)£_M (A.6)

The decoupling parameter, a, is defined as

as = § {=233"L2 409 723 c.ﬁs (A.7)
3 3 |

The expression for the Coriolis matrix element in an

odd-odd nucleus is quite complicated (Jones, 1969).

| 42
] ] 1 | 1 -
<I'M'K Qan|HrpC|IMKQPQn> 27 O 8

I'T M'M

D B I
] i Ipfp ©; S5 a' ©5 {6g 1k~ FK) (I-K+1
Jp I3y PP JPQP 3.0, 3%, KK 1 Y{I+K) ( )
1
ds 8 VT AR5 =0 FI) + 64 o 8q4
Ql @ -17qa! o' o °q' o -1
p " "n,fn PP PP p, P n, n

W (35,0 F17 ]

+ 8 YTI=K) (I+K+1)

K'K+1l
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469' 9] +169' Y] /ij_ﬂp)(?p+9p+ITr+ GQ' Q GQ' 9] +l/(3n‘9n)(3n+9n+17}
' n, n ‘P, P n, n

+ 6Kﬂ—K+l/(I+KT(I—K+IT

( l)I—jp“jn [§ S v ( D 1)
(- ) (J_ -0+
. Q'-0 +1%qr - "\
579% n, Sy P P PP

(A.8)

+ 800 g Sgu g 41/ ORI BTV}
P n, n

Thg Coriolis matrix element in the case of odd-odd nuclei

agéin couples only states of the same parity differing by

IK;K'I=1. There is, however, an additional selection rule which

réquires, for example, the proton orbitals in the two configurations

to differ in @ by one unit, and the neutron must be in the same

brbital in both configurations though it may have the opposite

fi-projection in the two configurations.

The particle-particle matrix element is:

, v 52
) 1 T ] ! g —
<I'M'K'Q' @ nIprlIMKQpQ > = 37 8141 Syuy Sxig (n.9)

L I C, 4' C. C. v C.,
;2 2
ip 3, op'p % Infa Infa

~{/(jp—9p)(jp+ﬂp+lTTJn+Q;)IJn-Qn+17

. o — I- j _j
g1 g +18qr g -1+ (17 o In 8pagi g 1800 g 41!
P, P n, n n

:t P n,

+ /ljp+np)(jp—9p+1)(jn-nn)(jn+9n+17

8 73y ' }
Bgr g —18qr g 417 (71) 7 8xolar g +1%qr - -1)
P, P n, n p n n

’ r
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In this case both Qp and Qa must differ by one
unit between bands for the matrix element to be non-zero.
One of these matrix elements occurs'along the diagonal
when both Iin=|Qpl = 1/2 and couple to form a K=0 rotational

band.

td
i

<IMKR_Q_|H__|IMRO_Q_>
o p n' pp pn

£2 T+1

= ﬂ: (“1)

#p®n GKOGIQPI, 1/2 (A.10)

the neutron and proton decoupling parameters a, and ap
are defined in analogy to equation (A.7)

In the evaluation of the Coriolis and particle-
particle coupling it is important to notice the signs of
the‘various 2's and to use the correct phase on the CjQ‘

The phase relationship is:

C = (-1)3 T /2 ¢ (3.1.6)

j-Q N

when ¢ is the parity of the orbital
It has been suggested (Brockmeier et al. 1965)

that the Coriolis matrix elements and the particle-particle

matrix elements be corrected for the effects of pairing. The

correction can most simply be made to the j, matrix element

(egq. A.4). The correction factor is:

P A (UUp, + VeV (A.11)

K,K' K K')
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multiplying the j+ matrix elements. Thus equation (A.5)

can be multiplied on the right side by P Similarly

KK'"®
the matrix elements of the Coriolis and particle-particle

interactions in the odd-odd case (eq. A.8 and eq. A.9)

must also be corrected by a factor.

) (Per)

(Pyge neutron '~ KK''proton % (UpUp'+ Vpr')(UnUn'+ VaVnt)
. (A.12)
This correction due to pairing is usually small.
The total diagonal energy for an odd-Z nucleus is
given by:
E=Ey+E o +E o+ Eg | (A.13)
Eg is the decoupling energy (eq.(A,6)). E, is the
quasiparticle energy defined in equation (3.2.4)
The total diagonal energy for an odd-odd nucleus is
given by:
E = Epo +E *tE. ot Eprot +E ¢t Epp + Bk (A.14)
Ent is the residual proton-neutron interaction. The effectsr

of the residual interaction are briefly discussed in sect. 3.4.
It is usually more convenient to work in terms of the

excitation energies of the nucleus. To obtain the excitation

energy Eex of a state it is only necessary to subtract

the energy Egs of the ground state configuration as

calculated from either eq.(A.l$ or(A.l@ from the energy, E,

calculated in a similar manner for the state of interest.

Bex = B 7 Egg
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The matrix elements contained in this appendix are
expected to be useful for the calculation of the properties
of pure two quasi-particle states, and the mixings thereof
due to the Coriolis interaction, in even-even nuclei as well.
In even-even nuclei, though, the mixing is much more com-
plicated because the first two quasi-particle states occur
at comparable energies to the vibrations. It has been shown
experimentally in 172Yb (O'Neil and Burke 1972) that even

relatively pure two quasi-particle configurations may be

strongly coupled to vibrational states.



APPENDIX B

The Transition Amplitude

The transition amplitude between the initial and

final states in a single particle transfer reaction is:

where the definitions of the wavefunctions and the potential

Vpb may be found in section 3.5

* %
Sgi = 7 VeXpXp Vpp XaXpV¥3d1pd7a8 glrdridte (g1

i
1
!

This integral extends over all the coordinates (center of mass)

of the outgoing and incoming particles (dTi, dT_.). The remaining

f
integrations are over all the internal coordinates of the target,
residual nucleus, projectile and the scattered particle.

Examining the integral:
* dr dt.dr.d
fwabvpbwawA 'A% B4 T8 s

it is possikle to perform the integration over the internal

coordinates of the target and residual nucleus first.
P>y dv.d
f<f|1> vapbxa 9T,

The problem is now to evaluate the overlap of the

nuclear wavefunctions beforeand after the reaction.

I

*
<fli> fXBxAdTAdTB

MK Q0 M.K.Q

<If‘f f ptf nf‘Il ii i> (B.2)

I
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The subscripts i and f refer to the initial and final

nucleus. The problem will be examined for the transition
from an odd target nucleus (with an odd neutron, n) to an
odd-odd nucleus, that is with an odd proton p and the same
neutron n as was in the ¢arget. This last statement is very
important as it is the réason the single particle transfer
reactions populate only a certain type of configuration in
the odd-odd nucleus. It is also assumed that the adiabatic

wavefunction (3.3.10) and (3.3.11]) may be used to represent

the nucleus.

. +1 +1 .
<£li> =f£l - fmf — 3 I cgfé c, o cit)
léw lém Jni Jnf jp nn “pp “n*n

If* I. Q *
. oL I {s D D .1 yOP
Ing Jni’  fneefly MeKe MK NI,

. . * *

Te7dne Ip Ie I —f,

+ (-1 %9 .,0; PM_-k_ DM, -k, X
' ng’"i f UfF Ui i jp
I_* I Q *

I.-5 .
+(-1) i “ni GQ

.q. D E b :
nf’ i TeE iR Jp

I - .~ .+ I.=-F_ . I_* I. -Q *
£ Inf Ip i Jni 5 p f p v.P  1ae

+(-1)

Jones (1969) emphasizes the necessity now of using the

consistent phases of the CjQ coefficients.

CjQ CjQ =1

c..c. (-1 = (-1yIL/2

and i0-§-Q m

. . ™M

(B.3)

(B.4)
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As Jones points out, the last expression here results in the
only difference between Jones (1969) and Macfarlane and
French (1960).

Because the reaction is performed in the lab frame, it
is most convenient to rotate the wavefunction of the transferred
particle into the space fixed orientation

X 3

D g xpj n (v'). (B.5)
PP “pP

= I

m
P p
This may be seen to lead to integrals of the following form

in the equation for <f|i>

_ 81
= TiTEITT <1112M1M2|I3M3>

<I,I KK |I3K

1727172 (B.6)

37
Now using the symmetry properties of the Clebsch Gordan

coefficients the overlap integral reduces to

j‘21i+1 :
<f|l> = § T F1 Cj Q <Ii']pmi'mf—millfmf>

D f PP
: (P)[<1.3 K.Q |I_K_>
wjp,mf—mi ijp i"p!'TffE

+ (-1) 1 ﬂn<Ii,jp,Ki,—Qp|If-Kf>]

*®
% <Ii,jp,mi,mf—mi|1fmf>wj 0 _mpﬂs (B.7)
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The last line defines the reduced particle width B. The guan-
tity B has a value for each jp; because of parity conservation
there is a corresponding lp. In B it is customary to include
the positive root of the occupation probability U2_ and the

core overlap factor:
n

The core overlap factor is the degree to which the initial and
final vibrational states are the same. It does not seem un-
reasonable that the overlap should be near unity because both

the initial and final nuclei are assumed to be in their vibratio-

nal ground states and they only differ by one nucleon. Thus?

21i+l
By = fi‘f;ﬁ" <bgleg>uCy g

PP
I.-%

1

[<Ii3pxigp|1fxf> + (-1) ﬂn<Ii,jp,Kerp!If,—Kf>](B.9)

If the target spin Ii=0 it is a straightforward calculation to

evaluate Bj using the properly symmetrised wavefunction for

P
the ground state of an even-even target:

1

| I
|IMK> = Dy + (-1)7 Dy o .

MK (Bsd0)

In the case of a stripping reaction on an even-even target

leading to an odd-Z nucleus Bj becomes:
p

21,¥1 |

8. = v2 [—Ef _ u<o_|o.>C. § 5.
2T %1 0°%¢ a % K . B.11

J £ T odpYp Ypp d ( )
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Now returning to the discussion of the scattering ampli-

tude, we have shown that (from eg. (B.1l)):

* . * ,
Sgi = J be T By <Ij. i mgmem|Tome> f t"jp,m-—m,i("’-

Jp p £
Vpbxb widradtbdtide (B.12)
The integral
F F * () * \Y% d | a (B.13)
, =r , = . T T .

is called the form factor and the integration of this is much

simplified by using the "zero-range" approximation.
y

b-rp) . (B.14)

This approximation means that the proton and the outgoing par-
ticle must be at the same place before an interaction of strength
DO can take place. This implies the incoming particlé must
also be at the same place as the reaction taking place. The

form factor essentially gives the degree to which the incoming
particle looks like the outgoing particle plus a proton in a
specific shell model orbit with the given interaction. Some

type of wavefunction for these particles must be assumed, This

integration with a specific wavefunction for the incident and
scattered particles also generates the normalizing factor for
the predicted cross section. The form factor is referred to

again in section 3.6.

~
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Thus the scattering amplitude ist

*
Sfi = I lpf ;: ij <Ii'3p'mi'mf-mi'Ifmf>Fj,mf—miwidTide * (B.1l5)
: P

A NOTE ON THE PHASES USED

The correct CjQ coefficients must be used in the wave- -
function for an odd-odd nucleus (eq. (3.3.10)). This is particularly
important if an Q-value is negative for an orbital in the con-
figuration under consideration. The CjQ coefficient for an orbi-
tal with a negative Q is related to the coefficient of the same

orbital with a positive §i-value in the following manner:

v — f_qyJ-1l/2_.v

This phase relationship must also be carefully included in the
Coriolis matrix element (eq.(A.8), the particle-particle matrix
element (eqg. A.9) and in the partial width for the single
particle transitions (eq. (B.9).

The expressions for the matrix elements of the rota-
tional Hamiltonian (Appendix A) and the partial width for the
single particle transitions are consistent with the wave-

function chosen in equation (3.3.10).



APPENDIX C

Energy Levels of Some Neighbouring Nuclei

The level scheme of 171Lu as determined by Gregory

(1972), is shown in fig. C.1l. This is to be compared with

the level schemes reported in the present work for 173L

175 177Lu. The structure of 171Lu is very similar

ua,
Lu and
to that of the heavier lutetium isotopes shown in figs.
6.0.1, 6.0.2 and 6;0.3.

A comparison of the (3He,a) and (d,t) spectra of

173y, is shown in fig. C.2. This is to be contrasted with

figure 5.1.2 for 174Lu. The odd-odd nucleus 174Lu has one

more proton than l73Yb and this proton may couple in two ways

to the transferred neutron, hence a more complicated spectrum.

224



Figure C.l

An energy level diagram for 171Lu (Gregory 1972). These

data were obtained using single proton transfer reactions
as well as (HI,xn) reactions and observing y-rays in
singles and coincidence. Internal conversion electron

studies were done with the (0,2n) reaction.
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Figure C.2

Representative spectra from the 174Yb(d,t)l73Yb

and 174Yb(3He,a)173

Yb reactions. These spectra
have been adapted from Burke et al. (1971) and

Burke et al. (1966).
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