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ABSTRACT o ~

/

Two-quasiparticle states in l66Er have been studied

166Er 167 166Er 165

using the lG?Er(d,t) ; Br(3He,a) , Ho(3He,d)

and 165Ho(a,t)l66Er reactions. Beams of 15 MeV deuterons,

24 MeV 3ﬂe*+, and 27 MeV o particles were produced by the’

]

.McMaster University model FN tandem Van de Graaff accelera-

tor. The reaction products were .analyzed with an Enge
split-pole magnetic spectrograph and detected with photogra-
phic eﬁulsions. Angular distributions were obtained for

the (d,t) and (3He,d) reactions at twelve and ten angles,

"respectively. The data were fitted with a peak finding pro-

gram to yield peak ;nergies~and cross sections up tq v 2700
keV i;Qexcitatiog energy, although selected peaks were in-
vestiga;ed at somewhat higher energies.

The interpretatién' of the data was éerformed within

the framework of the Unified model, incdorporating pairing

effects. In the neutron transfer study, two-quasiparti%lé

states formed by removing a particle from the predominantly

16‘7Er ground state were investigated, while the

+
7/2 [633]
proton transfer study dealt with two-quasipérticle states

formed by adding a particle to the 7/2 [523] ground state of
165H

many new ones are suggested or proposed. In contrast, several

other assignments proposed in an eaftlier proton transfer study

have been refuted.

iii

166E

0. Several previous assignments have been §ﬁpported while

?

Ay
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Earlier observations that several states were popula-

-

ted in béth the neutron transfer and proton tfansfer reactions
have been confirmed and extended., In addition, the.obser—
vation in the (4,t) réaction of several states populated by
2=0 qeutron'transfers.has been interpfeted in terms of a
complex mixing ;cheme involving the 7/2+[633]il/2+[400] con-

-

figurations.
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CHAPTER 1

INTRODUCTION

This study of the rare earth deformed nucleuglGGEriS
‘ properly categorized as being in the field of low energy
nuclear physics. The field is generally considered to have
two basic divisions: the stgdy of the makeup of the nucleus

(nuclear structure physics), and the study of the processes

through which the nuclear structure is investigated .{primarily

decay mechanisms and reaction mechanisms) . .
;

Nuclear structure physics deals with the interactions
between the particles which make up the nucleus, the couplings
and configurations of these particles, and thé evaluation of
the parameters describing the nucleu§ilé.g. spins, parities
and other quaﬁtum numbers ). These p&éameters are obtained
either by observing the results of natural decay processes
:_involvingnthe nﬁcleus, or by ébserving the interactions of
test particleg with the nucleus.

These test particle interactions are generically
known as nuclear reactions, and the detailefl investigation
of how nuclear reactions take place combined with their
éarameterization constitutes the study of reaction mechanisms.
Analogously, the detailed'mechanisms whereby the decay

© processes take place are also'studied, and these are likewise

: ‘ .
parameterized. While the studies of the decay and reaction

e

A
>



mechanisms are somewhat interdependent with the investi-
gations of £he nuclear structure, the two disciplines can
in practice be tolerably well separated, particularly if
variations introduced into the study from the brarch Aot
being pursued are minimized. The study of 166Er by direct
reactions, as discussed in this thesis, is an investigation

of the nuclear structure of l6613

r. The direct reaction
mechanisms are presumed to be well-enough known so that one
can extract nuclear structure information from thé data with
adequate reliability.

A standard method of investiéating nuclear structure
is to construct a reasonablé model of the nucleus and to
predict the results of commonly used reactions with this
model. These are compared with £he gxperimentally observed
daéa and on the basis of this comparison, the validity of the
model is assessed.

In the study of odd mass deformed rare earth nucléi,
it has long been known that the Unified model geneially
explains the low lying bpserved spectra. This model combines
single particle excitations in a deformed potential with
collective excitation modes,.resulting primarily in rotational
bands built upon single particle or vibrational states.

Many examples of this application of the model appear in the
literature, and by now most of the readily accessible odd mass

rare earth nuclei have been fairly well studied. A more

comp{ex level of nuclear structure is found in the even-even
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/o . 3
nuclei, where two similar nucleons, each in a Nilsson orbital,
couple together to form the simplest type of state. It is
configurations of this type in 16'6Er that form the main sub-
ject in the present study. As with the odd nuclei, the even-
even nuclei exhibit collective vibrational modes of excitation,
and rotational structure is observed to be built upon botﬁ

the two-quasiparticle and vibrational states.

In the present work, the two-quasiparticle states in
166Er are studied by single particle transfer reactiéns,
These are "direct" reactions in that £he transfer of the
single particle between Fhe incidenf projectile "and the
target nucleus is considered to take place at the nuclear
surface, directly involving only the Nilsson orbital into
which or from which the translocation takes place. Thus,
apart from gross nuclear rotational effects, the remainder
of the target nucleus is considered to bg essentially un-
affected, and compound' nuclear effects (whexeby the ex-
citation energy is shared by many or all the nuclear particleé
in a ﬂearly infinite number of excitation modes) are avoided.

16 167 6

The 7Er(d,t)lesEr and Er(3He,u)16

Er neutron

pickup reactions were used in the present work to study

166

" states in Er formed by removing a neutron from the target

ground state of 167Er, while the 165

lGSHO(u,t)lGG

in 166Er by adding a proton to the ground state configuration

Ho(?He,d)lsGEr and

Er proton stripping reactions populated states

165

of Ho. 1In all of the reactions the residual nucleu%



could, in general, be left in an exc%¢ed state. As the in-
cident particles in the beam'were essentially monoenergetic,
the excitation energies for the various states could be
determined by measuring the energies of the corresbonding
reaction products. The orbital anguiar momentum transferred
to a state, could be determined by observing the angular
distribution (with respect to the incoming beam direction)
of outgoing particles from reactiéns populating the state
(particularly for the (d,t) and (3He,d) #eactions). Often ,
the same information was :available from ratios of the cross
sections for the two reactions populating the state
(do/de (CHe,a) o /d0/88(d, ) o do/da (CHe, d) o /30/a0 (6, )
the angles, 6, refgr to the direction of the outgoing '
particles with respect to the incomingrbeam).
‘ For states suspected (on the Easis of their energy
. < ’ 4
spacings) of forming a rotational band, the configurations
couid often be determined by noting the relative intensities
with which the levels were populated. The relative inten-
sities for the member; are p;edidtéd to vary from band. to
band, and these characterigtic intensity "fingerprints" are
therefore of considerable importance for paqgfidentificatioh.
In the experiments of this study, the incoming~peams
of particles were provided by a tandem Van de Graaff accel-
: . a
erator, and an Eﬁge split-pole magnetic spectrograph was

used to determine the energies$, intensities and directions

of the outgoing, particles with respect to the incoming beam.



o
In the past, a number of studies of l66Er levels

were made. Three natural decay processes populate the low
l66Er, the 166Ho ground state B—decéy, the

166Ho metastable state (1200 years) B-decay and the 166Tm

lying states 1in
ciectron capture decay. All these processes have been well &
spudied (e.g. Reich and Cline, 1970; 2Zylicz et al., 1966);

the populétion of states in 166Er has been observed up to an
excitation energy of v 1830 keV in the Ho decays, and

up_to ~ 2300 keV in the Tm decay. Above "~ 1500 keV most of
the assignmeﬁts from those works have been tentative, and
prior to this work several particle transfgr reaction studies
have been performed in attempts to resolve the ambiguities

and investigate the spectra at higher energies. These =«
'studies have met witﬁ varying degrees of .success.

165 166

The Ho(3He,d) Er angular distribution study by

Rubo (1968) suffered primarily from poor resolution due to

the very thick holmium targets employed (~ lOOuQ/cmz). As

that. study was undertaken primarily to investigate the
structure of the K" = 2~ octupole vibratiohal band up to
v 1850 keV, levels above that energy were not analyzed in

detaiL: . . -

In a 167Er(d,t;iGGEr reaction study Burke et al.
(1969) made assignments of levels onl? up to ~ 1850 keV
because of the complexity of the higher lying spectrum.

The reaction was studied at three .angles_so angular distri-
r . i
butions sufficiently detailed to permit identification of
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the neutron transfer %-values were not obtained. 1In parti-
cular, the\forward peaking displdayed in the present étudy

by the many neutron transfers having major £2=0 components’
was not observable. A further éroblem with that work arose
as the accuracy .of the energy calibration of the Niels Béhr
Institute's Elbek magnetic spectrograph was in question at
the time the experiments were performed.

In a 165Ho(3H2,d)166Er and 165Ho(a,t)166Er study,

publiébedijll974, Katori gt'al. (1974) presented assignments

for about a dozen levels and tentative assignments for about-

a dozen more. Several major errors in that study have been

uncovered in. the present work, and these .findings invalidate

all except twq of their assignments (these two were previously

. discussed in the work of Kubo and in the decay studies). The

errors arose from twé,main sources. First, the experimen?al ‘
r&solution was of the order of ~ 50 keV FWHM, fﬁr téo great
for this type of séhdy, and in-many cases, the multiplet
nature of the peaks was not di;covered.

The second problem concerned the determination of
transferred g-values. Normally in (3He,d) reactions, the
Q-values (typically zero to * a few MeV in this mass region)
resqlt in the'transferged pérticle carrying very little
energy and hence very little angular momentum to the target
nucleus. 'Thus_(BHe,d) reactions favour low vélueé of
angular momentum transfer. (In theineutron pickup reagtions,

this is similarly true for the (d,t) reactions.) On the



other hand, the large negative Q-values of the (a,t) re-
actions (typically =10 to -16 MeV in this mass ;egion)

result in the transferred proton carrying a 13;ge amount

of energy and thus potentially a large angulaf momentum to
the target nucleus. (In the neutron pickup gase the analogous
reaction ,is (3He,a).)

It would appear that Katori et al. reversed this re-
lationship by attributing large éeaks in the (3He,d) reaction
- to states populated by high 2-value proton transfers, and by
attributing large peaks in the (a,t) reaction to states
pépulated by low f-value transfers. It is not clea;*from
their paper just why this was done, but many obvicusly in-
correct assignments followed ?rom 1t.

The observation of some of these difficulties
prompted the proton transfer studies of the present invest@—

¢
gation. By using long collection times with stable beams

and relatively thin targets, a good, set of 165Ho(3He,d)166Er

165Ho(o‘rt)l“Er

angular distributions was obtaimned. The
reactions provided furthér information on the transferred
2~values. Tﬁese were of particular use for the confirmations
of severél assignments where the states weré populated by
high g¢-value proton transfers. The daéa in these studies
were investigated up to ~ 2700 keV with occasional assign-
ments up to v 3500 keY.

’ At' the time that the proton transfer work was under

167

way, separated isotope targets of Er were obtained. The



167Er(d,t)lGGEr reaction study was repeated to obtain com-

plete angular distributions, and the l67Er(3}ic,a)166

Er re-
action was studied to aid in the identification of states
populgted by high f-value neutron transfers. Analysis in

the present work is much more extensive than in the previous
study, with assignments now being made up to ~» 2700 keV in
expitation energy. The accurate energy determinations of ‘\
the present studies confirmed and extended the earlier ob- .

servation that several states were populated=~in both the

neutron transfer and proton transfer reactions.
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p (_ . CHAPTER 2

4 EXPERIMENTAL DETAILS

2.1 Introduction

The experimental programme consisted of populating
e

and studying states in the even-even rare earth nuclide

166Er, using four different reactions. Two of these, (4,t)

and (3He,a), "picked up" a neutron out of a target of 167Er;
., the other two, (3He,d) and (a,t), . ."stripped" a protdn from
the incident projectile \iﬁto a target of 165Ho.

The beams of incident ions were providea by the .
McMaster UniversigxmgN Tandem Accelerator, and the outgoing
particles were momentum analyzed at selected angles to the
incoming beam using an Enge split-pole magnetic spectro-
graph (Spencer and Enge, 1967). Fig. 2.1.1 shows the shapes
of the magnetic pole faces and typical trajectories of
charged particles in this type of spectrograph. The light
reaction products were getected at the spectrograph focal
plane with photographic emulsions. After they were developed,
the photographic plates were scanned in 0.25:;m strips by
microscope to obtain the number of tracks &s a function of
distance along the focal ﬁlane. In the neutron transfer
reactions the range scanned included excitation energies up
to ~ 3200 keV, although due to the increasé in the density

™

of states with excitation energy the data were“analyzed'to



et
v

-

Fig. 2.1.1

o }

Typical particle trajectories through the
]

Enge split-pole magnetic spectrograph-.

*
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only ~ 2700 keV. The proton trénsfer reaction data were
scanned up to ~ 3600 keV for the (3He,d) and (a,t) reactions.
While certain peaks were aﬁalyzed up to these energies, de-
tailed analysis went to only ~ 2700 keV.

In the analy§is, these data were fitted with a peak
finding program. The resulting peak areas were normalized
to provide differential cross sections for the states in

166y, in. a manner described in Sect. 2.5.

<

2.2 Targets

As natural erbium has several stable isotopes, and
the direct reaction cross sections on the even mass nuclides

are typically'twice as large as those from 167Er, separated

isotope targets had to be prepared. Targets of 167Er

v 45 ug/cm2 thick were deposited directly on 40 ug/cm2
7 : .
carbon foils by R. Leonard, using the Florida State Univer-

sity isotope separator. This procedure resulted in enrich-

ments estimated to be > 99%. The target thickness was

‘determined from elastic scattering measurements during the

experiments. | . ‘
| The targets for the ﬁroton transfer react%ons were

made at McMaster University by|evaporating metallic 165Ho

I

which is the only stable iéotqﬁe of holmium, @nto 20 ug/cm2
/ *

"_ carbon foils on glass slides. The foils were then floated
off the slides onto a surface of distilled water and picked

up on target frames. As these targefs became exceeaingly



brittle within a few days, and holmium is readily available,

new targets were prepared immediately prior to each run.

The thickness of 165Ho used in the present experiments was

35-40 ug/cmz.

2.3 Neutron Transfer Reactions

(a) The *®7gr (a,t) 1°°

the ®7Er (a,t)

Exr Reaction
166

~

Er reaction was studied at twelve
angles (6%, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60 and 75°)
using v 1.8 pA beams of 15 MeV deuterons. (The forward
angle was limited to about 6° by the position of the
shielding seéarating the Faraday cup from the spectrograph
entrance window.)

As the density of states was known to be quite high
above the pairing gap, it was particularly important to
optimize tﬁe resolution. Various effects contribute to the
peak width and, where possible, attempts -were made to
minimize these. The coptributions can generally be sepa-
rated into those arising\iﬂ the target ktarget thickness
effects) and those coming from the propeities of the beam
and spectrograph. |

One target thickness effect resulted ffom the fact
tHat the reactions could take place at different depths in
the target. This fact, combined with differept values of

dE/dx for the incoming and outgoing particles, broadened

the peaks. Another consequence of the target thickness was

12
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the energy straggling of the beam and reaction products in
the target. By Keeping the targets thin, compatible with
obtaining.reasonable count rates, the contribution from
each effect was.limited to about 3 keV.

Increases in the peak width due to “variations in
the beam energy arose in several ways. These beam energy
variations (due %ainiy to terminal voltage ‘instabilities)
were usually < 2 keV (C%irns, 1974), while straggling of the
beam, mainly in the stripper foil, contributed =< 400 eV.
Further peak broadening came from theXfinite beam spot size
on the target. This spot size is translated into a peak
width contribution on the focal plane because of the finite
magnification of the spectrograph. Theihstrument'snmgnifica£ion
is M‘H =-0.35, and as the focal plane is at an angle 6f ~45° to the
bgrticle'trajectbries, thenmgnificatign factor is ~0.5. Thus, a
typical:‘beam spot size of ~1 mm would contriBute 6 keV to the peak’
_width for tritons of ~12 MeV. This effect was minimized in the (4d,t)
experiment by placing a 0.5 mm wide vertical slit at the
tafget position ;mmediately prior to the measurements
(Jolly, 1975). The beam was focussed througﬁ this opgning
and care was taken to avoid any further adjustments of the
beam handling paraﬁeterg once the siit-wés replaced by the
target. In this way thé,beam.spat width contribution was
reduced to ~ 3 keV.

In practice, Secaqse.of the dispersive properties of

the beam handling system, there is a partial correlation
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between the energy of the incident particlé in the beam
and the point within the beam spot at which this particle
hits the target. Thus, one can use a combination of the
spectrograph's dispersion and its horizontal magnificatio
to achieve "dispersion compensation” which partially
corrects for the beam energy spread across the b%amspot
(Tippett, 1972).

Contributions to the peak width from aberrations
in the spectrograph are minimal with the solid angles
employed in these experiments (£ 2 msx). This is deduced
from a comparison of the (3He,d) and (o,t) reaction data,
where, for similar beam spot sizes, the peak width in mm
is not constant (as would be expected if the spectrograph
aberrations predominated). Instead, the OQServed peak
widths were approximately éonstant in energy, suggesting
that effects due to target thickness or beam energy in-
stabilities were dominant.

ﬁith all the abgve factors contributing to the total
peak width, the overall resolution obtained was a respect-
able ~ 7.5 keV FWHM for almost all of the (d,t) spectré.

The tritons were detected with Kodak A¥TB emulsions
50 micppn% thick. Aluminum absorbers (0.10 mm thick) ;ere
placea on the plates to stop kﬁock~on carbon atoms which
originated-in the target backing./ For collection times of
1-2 hours (6000-10000 pcC thrdugh the target) and a spectro-

graph acceptance solid angle of 1.8 msr, a maximum of about
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1000 counts per 0.25 mm strip was obtained. All the
spectra in this study were fitted with the computer code .
SPECT, As a first step this program fitted a sample peak
in a spectrum to a éaussian shape with an exponential tail.
This generated shape was'thén used to.locate the other
peaks in the spectrum and to yield the number of counts in
each peak. Checks on these génerated intensities were per-
fprmed by compgring them with peak areas summed by hand.
For well fitted peaks the agreement was usuéliy within 5%
and for isolated peaks it was within 1%.

The precision of the measured excitation energies
is limited by uncertainties in the ﬁeasuredtpeak positioﬁs

®

and in the spectrograph calibration. Most of the peaks of

interest in the (d,t) spectrum had shapes, Widths and in-

tensities that were good enough to reduce. the statistical '

error on the peak positions to £ 0.5 keV. On the other hand,
the uncértainties in the spectrograph calibratiqn contri-
bute possible errors of 1-2 keV in the excitation energies
6btained froﬁ the (4,t) ééecrra. The°energy calibration .

212Pb at

was determined by placrng a radioactive source of
the target position. The positions along the focal plane at
which the 8é78 MeVv a—partlcles (Rytz, 1960) appeared were
measured as a function of the magnetic field for the
spectrograph A least squares fitting routiné was‘uéed to

) generate a fourth order polynomial’ relatlng'p, the radlus

‘of curvature in the magnetlc field, to.the posiition on the

. 4
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focal plane. The uncertainty in excitation energy which
arises from this method has been estimated by comparing
" measured values with those obtained much more precisely from
gamma decay studies in several cases where this has been
possible. For example, excitation energies from previous
studies of’166Er are listed in Taéle 2.311 for comparison
hith avereged values from the (a,£) and (3He,a) reactions
of the present work: The energies shown for levels below
2.0 MeV agree with previduSl§ known values usually to
within 1 keV.

A typical fltted spectrum ;; shown in Fig. 2.3.1.
Where aSSLgnments are known, thegpeaks are 1abelled with
the spin and the two- quas1partlele Nilsson orbltal con-
figuration. The region from 1360 to 3200 keV is shown with
an‘expanded scale in Sect. 4, and in this region assignmente
are presented on that drawing (Fig. 4.1.1) The angular
distributions from the (d,t) reaction are presented in Figs..
4.2.2 to 4.2.7. '
‘ Experimental diff‘erentiai créss .sections et 0.=4S‘° and
8=50° for the (4, t) and ( He a) reactlons, respectlvely, are

T
also shown in Table 2.3.1. For each’ level with a smooth

(a,t) angu}er distribution that was compared yith a.
ﬁheoret%bal distribution, the cross seetion presented in
the tabie is the value a* 6=45° for the theoretical fit to
all the data points. Ix Sect. 4. these “averaged"\cross

sections at 6=45° are used as measures of the observed



Fig. 2.3.1
' 'y4

1
The spectra obtained from the 1°
" 167

6

Er(d,t)16 Er reattion

166

a# 0=45° and the Er(3He,a)- Br reaction at 6=50°.

e fits to the data were produced with the fitting
rogram SPECT. Several peaks Are labelled with their
~ /spins and configuration assigpments. Furthex assign-

-, Wents are presented in Figur¢ 4.1.1. The broad peak

at’ ~ 250 keV in the jd,t) spectrum is due to a 13C

~

impurity in the target ba
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strength for each state in comparisons with predicted
values. This is a convenient way to effectively use data
from almost all angles in comparison with theory, instead
of data at one angle only.

In Table 2.3.1, where an assignment has been made
for a level, the level is labelled in the final columns
with either the spin, proiection and parity, and its pre-
dominant two—quasipartic}e Nilsson configuration or with
the predominant f2-value(s) of the transferred particle.
The y-vibrational band is labelled under that title and
tentative assiénments are enclosed in parentheses. Com-
parisons of the cross sections with prediéted values will
be presented in Chapter 4 for many of the states.

le7 166

Er Reaction.
166

Exr (3He,a)
167

(b) The

The Er (3He,a)

Er reaction was investigated at
angles of 25, 50 .and 60° with 1.0to 1.5 uA beams of 24 MeV
3He++, The « particles ffpm this reaction were detected
with Ilford K-1 emulsions, 50 microns thick; covered with
aluminum absorberé 0.25 mm thick to stop tritons produced in

. competing reactions. The 167

Br target used in the (d,t)
reactions was also used in this study, but longer collection
times were requifed (4-5 hours or ~ 20,000 uC through the
target). With a spegtrograph acceptance solid angle of 1.8

msr a maximum of ~ 150 counts per 0.25 mm strip was

obtained.
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The spectrum at 50° is shown in Fig. 2.3.1 (and
Fig. 4.1.2). Due to the decreased dispersion of the (3He,a)
reaction, compared with the other reactions, and because
not all the peaks were well resolved the excitation energy
uncertainties could be as great as.* 5 keV, though generally,
they were somewhat less than this. The best resolution ob-
tained for the (3He,a) reaction was ~ 21 keV FWHM, the main

contributions to the peak width coming from tdrget thickness

effects and spectrograph aberrations.

2.4 Proton Transfer Reactions
165 166

Er Reactions
166

(a) The *®°mo (3ge,q)

165

The Ho (3He,d) Er reaction was studied with

1.0 - 2.0 WA beams of 24 MeV SHe't

at ten angles; 6, 10, 15,
20, 25, 30, 40, .45, 60 and 75°.

The deuterons were detected with Kodak NTB type
emulsions, 50 microns thi&k. At the same time, Ilford K-1

emulsions were used to detect a particles from the 165Ho

(3He,a) 164Ho reaction, but these data were not analyzed as
a'part of the present study. To stop tritons from competing
reactions, aiuminum'ébsorbers 0.56 mm in.thigkness;were
placed on the NTB plates, while the absorbers .on thé X-1
plates‘were 0.25 mm aluminum.

With the taréet thicknesses tﬁat were used (cf.

Sect. 2.2) and a spectrograph acceptance solid angle of

1.8 msr, the data were collected for about 4 hours per ex-
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posure (%20,600uC through the target). This resulted in 13
approximately 500 counts per O.éé mm strip for the strongest
peaks‘in the spectrum.

A typical spectrum is shown in Fig. 2.4.1. The
observed resolution for the (3He,d) reaction was " 13.5 keV
FWHM. The assignments, where known, are labelled in the
same manner as on the neutron transfer figures. The region
from 1300 to 3200 keV is shown with assignments on an ex-
panded scale, in Fig. 4.1.2. The (3He,d) angular distri-
butions are presented in Figs. 4.3.é to 4.3.7.

Table 2.4.i lists averaged excitation energies for
‘the (3He,d)'and (a,t) reactions, a3 well as excitation

166

energies from previous studies of Er for comparison.

In addition, the experimental cross sections at 6= 45° and

3

6. = 60° for the ("He,d) and (a,t) reactions, respectively,

are pfesented'in the same table. The values from the
(3He,d) study were'obtained by applying the "averaging"
procedure used for the (d,t) cross sections of Tqble 2.3.1.-
The labelling convention is also that of Table 2.3.1.

Er Reaction

= \
(b) The %%Ho (o, t) 186

The 165Hoh(a't) 166

Er reaction was studied with

1.3 - 1.5 uA beams of 27 MeV «a parficles at angles: of

50 and 60°. The tritons were deéected\on Kodak NTB emulsions,
" 50 microns thick, and aluminum absérbgrs 0:10 mm thick

were used to prevent- knock-on carbon atoms from the target

backings and singly charged « particles from reaching the
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Fig. 2.4.1
The spectra obtained from the l65Ho(3He,d)166Er reaétion
at 6=45° and the 165Ho(a,t)lGGBr reaction at 6=50°. The

fits to the data were produced with the ﬁitting’program
SPECT. Several peaks are labelled with theif spin and
configuration assignments. The parentheses around the
label ihdib%te a tentative assignment and the broken line
indicates a tentatively assigned spin. The dashed curve
indicétes a broad peak due to a l3C imﬁurity in the tar-_

get backing. "
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plates.

Collection times of v 6 hours per exposure (50,000 ucC

through the target) resulted in ~350 counts per 0.25 mm

strip for the strongest peaks in the spectrum. The spectrum

at 60° is presented”¥™n Fig. 2.4.1 (and Fig. 4.1.2). The ‘

resolution for the (a«,t) reaction was n~ 14.5 keV FWHM.
4 *z’ -
- 2.5 Normalizations and Cross Section Calculations

During the experiments, a monitor detector was
mounted in the scattering chamber *to collect particles |

elastically scattered off the target at 30° to the beam U
: \
diregtion. When the number of such scattered particles,

N

mon’ Was combined with the known monitor and spectrograph

solid angles (dQmon and dQs

p’ respectively) and the elastic |

scattering cross section from the DWBA calculation (cf.

Sect. 3.4.b), the peak intensities in the reaction spectrum,

1
NSP' could be converted into differential cross sections. |
. . |

o
30 N

do _ ,do sSp - v

an - & XN *aFa. *T.p. ~ Yworm ¥ Ngpr 2-5-1.
elastic mon .

~
’

The factor T.P. is thé'target purity expressed as a decimal
J
fraction.

The monitor detectors were Si(Li) particle detectors
and Si surface barrier devices'with'sufficient resolution to
séparaﬁe particles scattéred off the.target material from
~ those scattered by the carbon backings or light impurities in.

the target. Typically, the detectors that were used had

s



resolutions of 40 keV FWHM on the 5.48 MeV o line from an

34

1Am source. The 30° position for the counter was employed’

s

as the count rates (which increase rapidly at forward angles)

were not too high, while the elastic cross section is still

~ 100% of the Rutherford scattering value and could thus be

~

obtained reliably from DWBA ‘calculations.

g

A second method of normalization involved making a

short exposure immediately before or after a. regular exposure.

ki

With the spectrograph seét at 30° to the incident beam

direction, the particles elastically scattered from the

target material were collected on a photographic emulsion.

These tracks were later counted to yield Nsp (short) . The

regular and short runs were normalized by comparing the
spectrograph solid éngles and integrateg currents thrgﬁgh
the targets (dQSp and_dQsp (short), I.C: and I.C. (short)
respectively), and tﬁé differential cross section was cal-

culated using the expression

/

o
dog _ {gg 30 x Nep ¢ x d%p (short) I.C. (short)
do do’ oiastic Nsp(short) dﬂsp . I.C.
= YNORM X Nsp - . - 2.5.2
"The YNORM Yalues obtained by the two methods usually agreed
t

to within. 10%. A

The eyxror in the. Y calculation is estimated to

NORM

L d

.be v15%, while the error in the counting and fitting‘bf the

S . . . &

1
T.P
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data 'was A5 - 10% N When gombined with the statistical error,
these gave a £ota1 error in the cross section of typically

16 - 20% for the largest "clean" peaks in the spectra, a
value consistent with observations' from repeated measure-

ments.



CHAPTER 3

THEORETICAL CONSIDERATIONS

»

3.1 General

The nucleus l66Er exhibits the rotational band

structure characteristic of a deformed nucleus, and so in
this work it is studied in the context ;f the Unified model.
This chapter will briefly discuss some of the theoretical
aspects of nuclear shapes and vibrational excitations. The
Unified model with pairing and various mixing effecté will
be considered, and finally, an outline of the reaetion
formalism will be presented.

Many comprehensive treatments of the theo;y, as
applied to nuclei in the deformed rare earth region dlready
exist (Buhker and Reich, 1971; Jones, 1969). Thus, much of‘

the material covered in this section is based, to a large

extent, on these previous studies.’

3.2 Nuclear Shapes and Vibrations

The shape of a deformed nucleus can be defined in
terms of the spherical harmonics, the nuclear radius being

(Bohr, 1952) o

R(6,4) = RO(l.-i‘- Azu a5, YXu(e"”))’ 3.2.1

ﬁgre, RO e l:éAl/3fm, the aAu are coefficients defining

the nucleaf shape.and the qu(8,¢) are normalized spherical

1) { *

36 | K
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harmonics of order » and projection p. As X = 1 is equi-
valent to a translation of the system, the lowest term
considered in the cxpansion is commonly A = 2 {quadrupole
deformation). The paramcters of the gquadrupole deformation
are usually expressed in terms of two new parameters, R and

vy, such that

a1 =23 =0
a20 = B Cog v 3.2.2
a = 3 = i B sin ¥

22 2=2 /3

and
_ /5 2 = . .2
R = Ro[l+ Ten 8(cos y(3 cos“6-1)+ V3 sin y sin“6cos 24)] 3.2.3

Thus, B 1s a measure of the departure from sphericity
(0 < B £ ») and vy is a meadsure of the departure from axial
symmetry (0° £ y £ 60°). Another commonly used deformation

I3

parameter, §, is related to B8, according to

§ = 3/—2; B =0.958.

As the hultipole/terms-of odd order do not contri=-
bute té the equilibrium ground séate and the x» = 4
(hexadecapole) terms are small (cf. Sect. 3.3d), the}de-
formed nuclear shape is commonly charécterized by 8. If
the Jradius" along the symmetry axis is longef‘than that

along the minor axes (8 > 0), the nucleus is "prolate"
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(football shaped); if the "radius" in a plane normal to the
symmetry axis is ionger than that along this axis (B < 0),
the nucleus is "oblate" (hamburger shaped). Of course,

B =’0 defines a spherical nucleus.

Osci&lationsijmthe nuclear shape can occur.
Theoretically, thesé collective motions of the nuclear
matter can be viewed as complex "surface waves" moving
around the nuclear body, giving rise to the appearance of
Yibrational motion. The angular momentum associated with
these coherent ﬁarticle motions allows the classification
of the oséillations (in quanta called'phonéns) by their
multipoie order A and projection x(zu). The quadrupolé
(A = i)-vibrations ¢can exist as osc}llatiQns of either the
parameter B(x = 0) or y(x = 2). In this mass region the
quadrupole phonons typically have eﬁergies of 0.5 to L.0
MeV. o
While a static octupole (1 = 3) deformation does
not have good parity and hence cannot exist, ocpupole
vibrations aré permitted. The k = 6 octupOlé vibration has
z pear shape with the bhlgé alternating between thé ends of
the nucleus. The other‘projeétiéns have mofe complicated
shapes; forx = 2 it is & eim¢cosasin26 which would appear as
~an annular.cbllar oscillating on the nuclear surface in a

direction parallel to the principal axis.

o



3.3 The Unified Model - P

(a) The Model

The well known spherical shell model (Mayer .and
Jensen, 1955) successfully aescribes such nuclear effects
as the shell closures (magic numbers) and the spins of
low lying single particle levels in odd nuclei. On the
other hénd, the liquid drop model (Rainwaté:, 1950) accounted
for observed deformations by minimizing the total nuclear
energy as a function of. the nuciear shape. However, neither
model adequately described the observed spectra ;f,deformed
nuclei (such as those in the rare earth region), and so the
unified model was developed. This model combines the shell
and deformed liguid drop.modelslby using a deformed potential
to determine the single particle energies, If also incor-
porates collectiﬁe effects such as’vibrational and rotational
motions. Thus, the Unified model gives rise to ‘three terms |
in £ha nuclear Hamiltonian: HDSé"HVIB and HROfT

The nuclear Hamiltonian, used to thebdretically des-
cribe the experimentally observed nucleus, further-includes

effects due to pairing and ﬁixings other than the rotational

Coriolis term, so that

H =

nuc = Hpsp * By * Bpor * Hparring * H

MIXING® 3'3'1

Before discussing these terms in detail, digressions con-
cerning the.separability of the nuclear wave functions and

the angular momentum notation are made. ’



&

40

(b) Wave Function Separability

When the Unified model for the odd nucleus was pro-
posed, the_separation of the'wavefunctiqn into 'an inert de-
formed core and a single particle outside this core was -

adopggg as an approximation to simplify the problem. In

-

this approximation, the core rotations and vibrations were

AY

not considered to interact with the single particle motion,
but this was soon modified to accept the now familiar
Coriolis (iotationhparticré) coupling. Other theoretical
alternatives.are available (e.g. Immele ané Struble(>;977),.
but due to its simplicity, this separability approximation
is still in general use. Specifically, iﬁ,lGGEr; the vibra-

tional modes can be considered to result from coherent -

. particle motiops. Thi; may result in large two gquasi-

particle components appearing in the vibrational wave-
functioné (cf. Sect.'4.?.c).-
(cs Angular Momentum Notation
In discus;ing the.angular.momentum notation,
separability of the wavefunction is assumed. Thus, for this
ideal case the Coriolis interaction does not exist, and.K

1sconsmderaito be a good quantum number, -

R With reference to Flg. 3.3. 1a, an axially symmetrlc

deformed-nucleus has an angular momentum vector R associated
with a ‘rotation of the nucleus about an axis perpendicular
to the symmetry axis z. If there is only one odd particle

moving in an.orbit rotating with the core, it has angular



Fig. 3.3.1 ° |

Angular momenta coupling schemes for a)'odd A nuclei, and

b) two-guasiparticle states in éven-even or odd-odd nuclei.



Space Fixed” Axis (z')
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z
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~

momen tum §(= % + 8) which is not a conserved quantity.
However, the.total spin ;(= 3 + E) is a constant of the
motion as are its projectionslM and K on the space fixed .
gnd'nuclear symmetry axes respectively. As K is a good
quéntum number, so too is @, the projection of‘g along the
symmetry axis. The projections qf ? and S on the symmetry
axis are A and I respectivedy, such that @ = A + I,
I =+ %. The coupling of two particles outside the core is
shown in Fig. 3.3.1b. Again, I,”M and K =;iﬂll+|92| <t
(parallel coupling as shown) or K = llnllvlnzll (anti-
'parallei coupling) are constants of the mgﬁion. (This is
true for K, barring any miking dué to the Coriolis inter-
action (cf. Sec. 3.3.f).) -
(d) The Nilsson Model

The properties of a nuclea; in-a deformed potential
well were studied by ﬁilsson (Nilsson, lgii) with the

‘

Hamiltonian (cf. eq.3.3.1)

Hpgp =

S

+ v(r) +ct.2 + pt.3 u 3.3.2

\

where V(r).is amdefofmed harmonic oscillator potential

V(r) = hmu_r®(1-26¥)(6,9)) . ' . 3.3.3
-
C, D and w, were chosen so as to reﬁ%oducg the spherical
shell model eneégies (B = 0). They are_usuélly.reﬁlaegd by

the parameters x and given by
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K = —C/Zflwo . ‘9

and : | , 3.3.4

2b/C

=
i

For the rare earth region commonly used values for these

parameters are (Lamm, 1969; Nilsson et al. 1969)

A
H

It

0.0637 u 0.600* (for protons)

kK = 0.0637 u

i

0.420 (for neutrons). .

The Nilsson Hamiltonian (HDéP) can be rewritten with a

“spherically symmetric term Hg, and a deformed term, HG’

such that
. 0 ) > -+
| Hogp = Hg o Hg + ct.s + DQ.Zf 3.3.5
where . ' ' \Ji:>
0'_ 1. 92 2
CHy = %ﬁwo [~9V"4+p“] »
! . mo 2 ®
. and p2_= ° r . . 3.3.6
N , .

‘The Hgy term can be expanded (Nilsson et al., 1969)'in terms

of the spﬁerﬁcal harmonics or Legendre polynomials

_ 2, 2 ) SR
Hg = %h@o pe(1 3¢ PZ(COSG)). ) 3.3.7

Nilsson et al. (1969) also introduced the hexadecapole de-

formation a?ia P4(cosa).term,



24 -
H, = Yiw_ ¢ (1-% ¢, P.(cos8)+2¢,P, (cos0)) 3.3.8
5 of (173 €5 By 1P 4 : -3

The Nilsson Hamiltonian with the hexadecapole term included

in H is used in the code NILS to genérate the single

particle energies év (cf. Sec. 3.3.g). In this work on

166Er the values of 52(=0.29) and €y =~0.0125) were obtained

from a study of the systématic variation of these parameters

-

over the rare earth mass region.

The Hamiltonian (eq.3.3.5) was solved using the

basis |N2j9> (Chi, 1967) in which all the terms, except H

6"
are diagonal such that -
2, 2 ol : .
Y[~V 4+ p°)|NLeja> = (N+3/2) |Neja> N=0, 1, 2, ...
22 |NLje> = 1(g +1) |NL3R>  %=N, (N-1),...,1 or 0
> y . o ©3.3.9
3¢ |N23a> = §(5 +1) [N2IRs  g=¢ £ %
j, INeie> = g INe5R>  @=-3,-(3-1),...,(5-1),3.

Thus, all terms with N'#N vani§h except for those in@olving
H;, which connects states with AN = 0, £2 (gf;-Sect?'3.3.h.2)
: The energy levels resulting from such a calculation
aré shown as a function of the deforr.nation.e2 in Fig. 3.3.2
fof neutron states and in_Fig. 3.3.3 for proton states
where they are labelled with the asymptotic quantum numbers
Q"[anA]. Each level can contain a pair of nucleons, one

nucleon having projection 9, the other -2. For ease of,

notation the parity is often not included in Ehg.orbitél

N
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Fig. 3.3.2

t
Nilsson diagram for neutron orbitals. (k = 0.0637 and

p = 0.42)."
. . « - P
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Fig. 3.3.3
, V4

Nilsson diagra‘m for proton orbitals. {(k = 0.0837 and

M= 0.60).
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label and is (~1)N.

The deformed single particle wavefunctions, T
co;responding to the labels QIanA] are commonly expressed
as a sum of spherical basis functions |N&ja>, ‘

= I CjQ(N,Q)INﬁjsb Q 2 3 2 N+k. 3.3.10

X
NQ g

The spherical expansion coefficients le indicate the
amplitude of each spherical state contained in the Nilsson
orbitaf. For all calculations involving these wavefunctions
the phase convention of Chi (1967) was followed for
the le coeffic%ents.
(e) The Vibratioqal Hamiltonian \
The vibrations which commonly occur in the rare
- earth nuclei have been discussed in Sec. 3.2, but in
general, the vibrational statgs have not been considered
théoretically as a microscopic treatment is beyond the
scope of'this work. (cf. e.g. Zheleznova et al., 1965;
Immele and Struble, 1977) . In addition, the single particle
transfer reactions, such as those used in this study, do
not usually populate purely collective excitations. However,
'in the. case where one two-quasiparticle component makes up
"/f\éylarge part of the vibrational wa&efgnction (e.g. the
K = 2" octupole vibration), population of these states by.

direct reactions can occur, and a more detailed investigation

is attempted.

»

vy



(f) The Rotational Hamiltonian

48

The rotational energy of a deformed nucleus is given

by
2

h 2
Heor = 2% R

3.3.11

where £ is the moment of inertia and the quantitydgi is

known as the rotational parameter, A. With reference to

Fig. 3.3.1 and to the angular momentum quantities discussed

above |
4
L R=1T -3
+ -r + . ’
and J =34 + Iy fog the two particles outside

the core. R can be further expanded such that

22 - R2%2 4+ R %
X Y

]

.\ 2 .\ 2
(IX“JX) + (IY"JY)

By writing the second term in component form

*2_ .2 _ 22 .2 .2 . . s
S B P N PR [P PO I P R P

and using the following labelling

— 2 2
HR = A[I Iz -

2 .2 +2 2.+ 2
jlz 322 31

Hpp = 2R{31,dox%31430y]

2 2 +2 ., 2 ) C oy
(1 -1, + (3%-3.% - z(1x3x+1y3y)

3.3.12

3.3.13

3.3.14%

3.3.15

&



= -2 I + 1
and Hppe AlL 3, yjyl 3.3.16

the rotational Hamiltonian can be written

HROT = HR + pr + ”RPC' 3.3.17

The antisymmetrized wave function for the even-even

nuclear states is given in the separable form by (Hirning,

)

1975),
| IMK=0. +0. = 21+1 Vi g R, 0, 0 2,
1 "2 (148 )32“2 L CL CL {Ixs T (WyyLT(2)
12 Ny 3y 3 N I
Q Q . . -0 -0
- AW o + () I e ha v B @)
I J1 ) J2
=y % I
- v () x.t(2) 1D L) ' 3,3.18
sz( )le( )] M-K

where the x's are the intrinsic Nilsson wavefunctions

(cf. Sect. 3.3.4) D's are the usual rotation functions and

the Cg are the Cjz's defined above.

When +he matrix elements of this wavefunction are

taken with Hp the diagonal matrix elements of

oT

HR and HPP give non-zero contributions,

49
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= <IMK = . +u = 0
E 51AGONAL IMl ) 2[HR+HPPIIMK Qg +2y>
- E +§i{11(1+1)—x<r+1)1+(-)I+1 5. 6
= Eg*7g ' 21%2%k0° 01 ,%

. 0, Q. Q
I 1 2.1.,°2 . T v :
+(=)" ¢ c.'c.°c,7c_"s,.6 8 Y3, (3,+1)+3,(3,+1) }.
SEMREIRE REPAEE kKo°N N, % (1) (2) 79111 2132

N\

off-diagonal matrix elements are also generated for

the rotational Hamiltonian. For Hp these are given by

A

s

Egp = <IMK = Qi+Qé|HR|IMK = Q,+0,>
"ﬁz{z[cgi cQl 8 8 cQé cgza 8 13 (3+1)
—-2_' . , . +C . . 1 J\]
=533 2;0,°2'2°73 T a0, 11
2y 9, Qy 9
- I[C.TICL 8 o 8., +C.T CL 84 840,13 (3%1)
3 3 QlQZ 2'1 73 ] 9291 1'2

) Qi Qé R, 2,
T CLY CLT CLF4 (G, ) +5, (5 ,+1)
K, 0 i, 31 €3, ]2[31 J1 3,03, ]

X Sov g Ogr,-a.. R 3.3.20

The term & implies the Nilsson state corresponding to

2'2

Qé must be the same as that corresponding to Qz.

The particle-particle interaction couples states
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with the same K, but having .'s differing by 1, e.g. if

= Q- = o1 .
Ql l 1 then 92 Q2+l.

Epp = <IMK = Ql+0!

PP 1 ZIHPPIIMK = Q. +Q,>

1 72

2 Q! ! @
h 1 2
= x—= I C.7 C.7y C.7C.° V(j, +Q 111 (37-05) (3,=9,+1) (3,+0,)
22X jljz J1 J2 31 Js 1 1 2 2
31792
x[8515 8515 81418010 ~17 (- )31 326&06 8a1-q —iég'—g +1]
J1J1 J2d2 %y 2%2 , 3231 J13p 957071978

+v +Q,+
(3, 1y (3,-95) (34~ Ql+l)(11+9 )[631313 i, Qi N ~16 9202+1

I-3,-3 ‘
+ 1l -“26 S. § -8§.,. 8.,
(- ) O( Jljl J 32 Ql,-g"‘l 9'1“92-1 Gjéjl jijz 3.3.21

Snr _ & o
25 Qz+l Q1,95 1)1},

The breakdown of the separability assumption in-

volving the rotational and particle motions is accounted for
h

by the Coriolis or Fotatlon—partlcle coupling, HRPC‘ HRPC

: ‘% .
has the effect of mixing states with AK = %1, implying that

</

for the Coriolis mixed'states K is no longer a good éuantum

number,



<IMK' = Q! + @

1

n?

23

Q] o

(1 + 8y, §1,) 7

1
{[; Cj Cj (3 - Q, + 1) (3 +a) ¢

ﬂ'

(-

1

+ 1) (3 + 2,) ¢

1

Qz"l"l)(j +QZ) §

+ 1) (3 + nl) 6959 1

| /%1 = ﬁ + 1) (I + K)

RV

j + 2, + 1)(3

e

+ Q'2 + 1) (3

= Ql +Qz>

5112)

1

Q1Q,-1

a'q -1

2

1

"o +1
9,

'
92ﬂ2+1

Qo _+1
1 2

'
QZQI+1

Ql~1



X & 8 Y({(I + K + 1) (I - K)

K'K+l "N'N

‘ . Q!
_\I+1+N_+N R R PR B -
+(-) 1 2[;( )1 Cj Cj V(3 al+l)(3+91)691 d91+162.2
-%Z (—)N2+j'%cQ;cQ2/('—Q +1) (3+%.) & 8
#L 5 C5 7O, (340,) S5 _g 41 %2y
J 1, 2
. Q! Q
_ W No+I- 2 Y -
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The Coriolis interaction will be particularly im-

portant when three conditions are met. First, the C?'s

J
should have reasonably large values in both séates for the
same values of j. This is ensured when both interacting
states involve orbitals originating from the same shell
model configuration in the spﬁprical limit. Second, when
these Cg with large values are found for large values of j,
the matrix elements will be enhanced. The enhancement is
somewpat more pronounced if the projections of the j’'s
Ql'and 2,, are rather small in value. The third factor
producing an incfeased Coriolis interaction is a 1§rge
value for I, combined with smaller values for K. For ex-
ample, very strong Coriolis mixing would be expected
between the high spin (I) members of the 7/2+[6331-5/2+[642]
K = 1 band and the 7/27[633]-3/21[651] K = 2 band. As both
\the 5/2+[642] and 3/2+[6511 orbitals originate with the
il3/2 shell model state in the’ig?q—deformation Iimit, the
Cg from both configurat}ons will bé 1§rge for 3 = 13/2 (and
the @ values aré'only 5/2 and 3/2). Thus, all the
conditions for a strong Coriolis interaction are satisfied.

All the above matrix elements.are modified by

multiplicative factors due to the pairing interaction.

These are presented at the end of the following subsection.

~
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a

(g) The Pairing Interaction

A well known feature of even-even nuclel is the
existence of an energy gap between the ground state and the
intrinsic (non-collective) excited states. This is attri-
buted to the pairing interaction, as these excited states
are formed by the coupling of two unpaired particles, as
opposed to the ground state where the much lower energy
(typically 1-2 MeV) is due to the pairing of particles in
the same orbital. The pairing force is responsible not
only for this energy gap, but also for the diffuseness of
the Fermi surface (Fig. 3L3.4). In the absence of the
pairing interaction thé single .particle Nilsson levels
would be filled- (with two nucleons each) in.ordér of in-
creasing energy. The level: at wgich all nucleons would have
been accounted for represents a sharp Fermi level (eF). No
population of levels above the Fermi level would occur, and
below ;t all levels would be completely filled (bottom,
Fig. 3.3.4).

The BCS formalism is used to describe the effects
of the pairing interaction (Bohr et ?1" 1958; Nathan and
Nilsson, 1965). In the second gquantization notation the

.pairfng Hamiltonian is written as (Bardeen et al., 1957)
HpatRING ﬁev (a; a] agag)+y vfp ajaga,ay 3.3.23

* where a: is a creation operator for the particle in the

kY
[



Fig. 3.3.4

The fullness parameter vs. the.single particle energy
for a finite pairing interaction (upper) and for no

pairing interaction (lower). £€_ is the Fermi level.
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deformed single particle state v,

a is the corresponding annihidation operator,

v 1s the time reversed state of v,
and évis the energy of the single particle state v. (cf.
Sec. 3.3.4).

In this formalism the ground state of the even-even

nucleus is written as .

v =

(W +vata¥lo» 3.3.24
g Vv v

m
v
\Y
where the product is over all single particle energy levels
v, and |0> is the vacuum state. 'Us is the probability
that the level v is.empty; Vgnis the probability that the
' £

level v contains a pair of nucleons. Obviously

u- + Vi = 1. ) 3.3.25
This groE?d state is represented in the upper—-part of Figqg.
3.3.4. It implies.that there is a probability for pairs of

¥
{

particles to exist in levels above the Fermi surface, and.
<

for partially filled levels to exist below it.
The wave function for an odd A nucleus with the

odd particle in level f is given by (Soloviev, 1961)

!

+ + + ‘
boaqa = ap T (U (E)+V (£lajay)|0> ~3.3.26

v#FE

where the U (f) and Vv(f) are calculated with the "blocking"
'\) .

of level f taken into account. "Blocking” implies that if
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the odd particle is in a given single particle level £, a
pair of particles can no longer enter that level without
violating the Pauli gfinciple. Thus, the pairs are
"blocked" from level f, and in the Bcs calculation this
is effected by dropping the level f and the odd particle.
It should be emphasized that the concept of 02 or V2 does
not apply tq a level with one real particle in it.

The concept of a quasiparticle can be introauced at
this point. In eq. 3;3.26, the single particlp in level £
is due to the particle creation operator at

f
vacuum state |0>. Alterna%ively, by defining the quasi-

acting on the

particle creation operator (Bogoliubov, 1958; Valatin, 1958)

+ + _ ,
ae = Uaf Vaf 3.3.27

and having it act on the even-even BCS ground state

(Nathan and Nilsson, 1965), the spin down particle (f) is
destroyed to the extent that it existed in level £, and

"the rest" of the sbin up particle (f) is created.‘ This
results in the same situation as before, a spin up real
particle'exisfiﬁg in the level f.. As this particle was
created out of the BCS ground state where it already existed
with probability V2, it is in some sense incorrect to state
that a whole particle has been created in the level £,

Rather, it is said that a quasiparticle has been created in .

level £ from the BCS ground state where it already
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"partially" existed. '

For the case of no blocking «

€ - 2
U2 = 5(1 + Y )
v 2. 2
,J(GQ-X) +4
And . , - 3i3.28
r e - A
v = x(1 - Y ).

/(Ev-xr2+A2

L)

The palrlng gap parameter, A, can be empirically

determlned from the separation energies (Nilsson, 1961).

— ,

i ’
! /

e (2,N) =5[25_ (2,N) -8 (2+1,N) =S _(2-1,0)]. 3.3,29

The valpes of the nucleon separation energies,.sn,
in this ﬁass reglon have been compiled by Meredith and
Barber[(l972). In this region 4 is typlc;lly 0.7 té 1.2 MeV
The Eérmi energy, A, can be estimated with reference to the
ehergy level diagrams (Figs.13.3.é, 3.3.3) by knowing, a
priori, the ground state éonfiguration and the deformatién

kd

of ‘the nucleus under consideration. .
However, it is also poss;ble to solve for A and A

on an iteratlve ba51s if the average number of neutrons or

protons, A/, their single parthle energies €$i and the

pairing interaction strength G are known, .using

1 » .
2/G =1 — ¥ - 3.3.30:
N Y& -2)“+A R
£ v NE
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é - A
and V=1 {1 - Y ). 3.3.30

-V /(év-A)2+A2

Typical values of G are 0.170 and 0.156 for proton and
neutron states respectively {(Vallieres, 1976).

A computer code to perform these calculations was
acquired (Vallieres, 1976), and the various U's and V's re-
quired for the theoretical cross section (cf. Sect. 3.4) and
the Coriolis mi®ing (cf. Sect. 3.3.f) were obtained. In
the cross section calculation when U, and V  are evaluated
for orbitals in the odd target nucleus, the target ground
state orbital must be blocked. This is readily accomplished
with the program by dropping the single particle energy for
this orbital from the sums and by reducing /V to N-1 or 2z-1.
For the Coriolis mixing, the U, and vV (vsk or k') for
eq. 3.3.22 originate in the definition of the quasiparticle
creation operator (eq. 3.3.27) and as such, thgy are the
unblocked values-of the BCS %round state of the final even-
even nucleus. ‘ ‘

The sinéle quasiparticle eﬂergy for the odd nucleus
ground state, which is composed of one particle in an orbi;
téi with single particle energy £o_out§ide a deformed core:

is given by
- L 4

L a2, 2 .
E0 = /(Eo A)T+AT. 3,3.31
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For excited states, the excitation energy is given by

E = /(& - A 248 - E . 3.3.32
\V Vv O

In the even-even nucleus one is interested in
two-quasiparticle states. To first order, their energies
are approximated by adding the excitation energies of the
two appropriate single quasiparticle states from the
neighbouring odd nuclei, and then adding the pairing gap
(z24) to that sum for each state except the K=0 ground
state. This procedure has been adopted as more highly
model dependent estimates of the two quasiparticle states
(e.g. Gallagher and Soloviev, 1962), produce values for o
these energies which do not appear to be -any mofe precise
than those produced by the much simpler first order approxi-
mation.

The pairing effects contribute correction factors ?oi
the off diagonal mixing matrix elements aiscussed in ’
Sect. 3.3.f. For the rotational matrix elements (eq. 3.3.20)

v

each term is to be multiplied by &n expression of the form
(U30; = VjV)) _ 3.3.33

LI

where particle 2 is assumed to be the common Nilsson orbital

(2

2').

i

For the particle-particle matrix elements (eq. 3.3.21)

each term is to be multiplied by an expression of the form

»

L)

toe
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(U ulu.u

A AN LE 3.3.34

J

The éoriolis matrix element will have each term

multiplied by an expression of the form
] ]
(UlUl,+ YlVl) 3.3.35

where particle 2 is assumed to be the common Nilsson orbital.

'(h) Mixing Interactions
= . ?hree different forms of mixing are described in
this supsec%ion, the first geing common to eli nuclei with
two-quasiparticle states, and the.others particularly,
though not exclusively, noted in 166, ’
1)~ The 1.3 Splittiﬂg Interaction
‘) This interaction has the effect of splitting the
degeneracy of the two-quasiparticie states for nuclear
L. A spins coupled rn parallel and antiparallel manners.
. (cf. Sect. 3.3.c). The effect is typically 30 to 300-keV
(occasionally ub to‘éOO'keV) and . it dramatically alters the

- energy spectrum.

<
1 . '

e In ‘the case of coupllng the spins of a ‘proton and a

" neutron (doubly odd. nucleus), a deuteron type of 1nteractlon
1735'L‘q" (E =, 21 + 22 1) lS favoured (Gallagher and MOSZkOWSkl,

f‘iz IQ@S?.‘ hus the n=l ‘state lies lower than the 2 0 state,

whrch 1s a statement commonly referred tQ as the Gallagher~
'\" \g I (’
Mnézkowskn ru1e. A sxmllar rule was proposed fbr evenngven )
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nuclei. (Gallagher, 1962) where the interaction is between
identical particles. In this case, the I = 0 bandhead lies

Yower than that for £ = 1.

-

Calculations of the splitting energies were per-—

formed with the code SPLIT (Cheung, 1974), based on a spin

dependent central potential in a zero range approximation

(Pyatov, 1963),

2

> > > >
Hi . = —47g G(Irl—rzl)[l-u+aoi:02], 3.3.36

where g is a dimensionless strength parameter, (g = 146.3)
and o (= 0.11l) determines the contribution of the spin forces-

to the general pairing forces (0 < o < k). H, is diagona-

int
lized with Nilsson model wavefunctions from the NILS calcula-
tion. (These wavefunctions were modified to follow the Chi

phase convention.) This procedure results in splitting

I

energies given by

2970 = 20 (a[1#(-1) 12 5 148} for odd-odd nuclei
14
and - . 3.3.37
" AE®TC = (1-4u){A[1+(-1)I+N1+N2 6x 0]+B} for even-even nuclei.
’ s

Here, A and B are rathe:'complex expreséiong involving the
radial parts of the Nilsson wave functions. From eq. 3.3.37
i£ is evident that only the spin forces contribute to" the
odd-odd splitting, whereas in even—éven'nﬁblei the SPlit;ihé
is mainly due to Wigner (Elton, 1966) forceé with the spin

L4
. e

forces :decreasing the effect. ¢
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In cases where the parallel coupling lies lower,

the splitting enexrgy must be increased by the factor
2
2(——) K2, where K2 is the smaller value of the spin pro-

Jeiilon for the two orbitals being coupled.’ When the anti-
parallel coupling lies lower, the splitting energy must be
decreased by the same factor.

The lower lying coupling is.commonly denoted by a
"<" subscript on tﬁe K symbol, e.g. the Tower lying (pa—
rallel ) coupling of the 7/2 [523] and 17211411 proton
orbitals would form a'Kz = 4 band in 166Er. Analogously,
the higher lying coupling is labelled with a ">" subscript.

w

e.g. K = 37 in this case.

2)° The AN = 2 Mixing

No;:mally the AN =2 interactiondue toH, ineq. 3.3.5is
neglected as states from different fiajor shells are far apart and
any mixing effects are small. However, in the rare earth region
the 1/2 [4001]- and 3/2 {402]neutron cmbltals can be at about
the same 31ngle particle energies as the 1/2 [660])] and
/ [651] orbltals, respectlvely fElbek and Tijgm,
1969). Tpps, the mixing effects cquld'conceiyably be quite
substanfial. Evidence suppprtiné thés is presented in the )
studies‘of Né, Sm, Gd and Dy nucleiﬂ-ahd in Sect. 4.3.9g

f of the present wqu (Burke et al., 1973 Nelson et al.,
1973- Elbek and ngm, 1967; Grotdal et al., 1970)

;n_a theoretical treatment oﬁ ﬁhe effect AnderSen'

" ", . -: .
et ., i 1 - 3 b 19
.

-
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(1968) found that a Woods-Saxon potential gave interaction
strengths which were closer by an order of magnitude to the

159Gd (Elbek and Ti¢gm, 1967) than

experimental values for
were the strengths from the harmoniz\oscillator potential
used in the original Nilsson_model. However, the AN = 2
matrix elements were not calculated as a part of the present
study, but rather, they were taken from studies of neigh-
bouring nuclei. The effects of these matrix elements were
evaluated simultanequsly with the Coriolis mixing effects
by constructing and diagonalizing a matrix invodving the .
elements of both interactions. .The Coriolis terms used ;n
this calculation were evaluated with egs. 3.3.22 and 3.3.35.
It should be noted that the phase convention of Chi {(1967)

was consistently used for both the Coriolis ‘and AN = 2.

matrix elements.

(3) The Neutron-Proton Interaction

The observation of level energies in the neutron
tranefer'study which were coincident to within ~ 2 keV with
level energies observed in the proton transfer study (cfk_
Sect. 4.2.c) implied that some.form of n-p interaction was
present in 166Er. The deﬁerminatioﬁ of the exect form of
the .interaction potential was beyond the scope of this study,
but some general features ‘of thls type of interaction have
been noted for a finite- range Gausslan central potent}al of

.

the form (Massmann et al, (1974)).

- =7
LY
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2
_ —(r /r )
np = © VeePretVroPro*VsePsetVsoPso! - 3.3.38

The P's are projection operators for spin triplet (T) or
singlet (S) and even (E) or odd (0) relative orbital
angular momentum. The Hamiltonian for the interaction is

given by (following Massmann's notation).

-P = 'nt + + .3.3.
VgESIDUAL npi.p. <np|vnpln P> 8y 8 38, 3.39

The n and n' (p and p') represent all the quantuﬁ numbers
necessary to specify the qilsson orbitals occuéied by the two
neutrons (protons)l This gives for the off diagonal matrix
element -

' %
SIDUALl"’plp2 . A : | 3.3.40

L
]

For parallel angular momentum projections e + @  and
. ' 1 T2
f +.- Q
Py By

EZ.
il

U v + V. p. |V _|n
|( 1 2U91VP2 V‘nlun2 PlUpz) <n,p, | np|n2p1>
_ o 3.3.41
- (U v V.U 4V U U V. ) <n.p. |V _|f.p.>
,( n1 2 P1 P N Ny Py Pz) ,lpll np (P2P2”

N
1

) Similai forms for antiparallel and “mixed” cases may be de-

rived, but the 1mportant point is that they all ccntain

terms 1nvolv1ng This. ;mplies the '

v .
nucleepl nucleon2
sﬁrongegt n-p interactlon is for states where the two protons

K
LR N . d o
T P , ~ . . - LN
s - « . : -
PR roe, v BN vt . P
. . ' « - B ", e
s L. A - PR <a .
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-
come from opposite sides of, but close to, the Fermi

surface. The same holds true for the two neutrons. However,
fairly strong interactions will still be evident where the
two Nilsson orbitals for one type of particie are found on

- the same side of, but near to, the Fermi surface.

3.4 Cross Section Calculation .

(a) Formalism
' -~ s
The differential crxoss section foxr the transfer of a
: N
single nucleon either to or from an odd target nucleus with
a mixed ground state, thereby populating a mixed level in

the resulting even-even nucleus, is

do ~ 2 DWBA '
g (@) =N =& lngI 9y (8) 3.4.1
3,2 ‘
where
i £ 1 Xk
B., = I a, a [ ]
£ . 1+
] ng ¢ oMy 6-nlnz .
{ ! |
x {P C. <jK I. K I, K +K_> §
no3k 1t ony Eompomy np b
3
. gy 1=k »
x {6y K +(~-1) "1 ““2 S ‘-KE)
nz E ) : l’]z .
. n . v Q,‘ ‘:’
2 - . - ! . PR :::L,‘-"*"v
- P C.Y <JK_ XI;K''|I.K +K_ >§ 8y Fo o 3.4,2 70
Nng 3% “Tny"17ng TE TRy ny TnyLE K_nl. K&; ST

The o

jL

DWBR(6) is the DWBA cross section at the angle 6,

P

®

HEEETREE
.o Jatr ® .
LI .

SR IAR PN

A R

LT

Y

IR

‘;1 *a
e
and N .-
»9 DDA
. PRI PR

P
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is the DWBA normalization (cf. Sect. 3.4.b). The az are

the amplitudes of the Nilsson orbitals in the ihitial wave-

function. The af n are the amplitudes in the final wave-
172
function of the state formed by ooupling the Nilsson orbi-

tals, ny and Moy to a’state with XK = Kn1 + an. The Cj
,are the spherical expansion coefficients of the Nilsson

model (cf. Sect. 3.3.d4), and the L refers to the parity of
the orbital n (7 = (-1)V).

The Pn are the pairing factors for the orbital n,
Y N

appropriate for the reaction and final state under consid-
eration: _ - C
forzagirippiﬁg reaction into the ground state,
Pn'= unblocked V of the ground state in the final'
nucleus;

for a stripplng ‘reaction into an excited state,

“

N SR n blocked U of the Nilsson orbital n in the -~ v
" jardet nucleus;

LI o f

© for &.piéiup reaction into the ground -state,

, '-‘vn unblocked U of the ground ‘state in the final

(

. nu¢leus, ' ' : i .

\: and fog a plckup reactxon 1nto ‘an excited state,

.
PR - -
. Sy, W L .u‘.
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The cross section calculations, both with and without
Coriolis mixing were performed with the program EVEPLT
(Hirning and Panar, 1976), for the neutron and proton states
in 166Er. The DWBA cross section in eq. 3.4.1 is dis-
cussed in the following subsection.

(b) DWBA Calculations

The kinematics and angulgr dependence of the cross
sections are contained in the si;gle particle cross sections
obtained from the Distorted Wave Born Approximation (DWBA)
with the computer codes DWUCKII and DWUCK4 (Kunz, 1969,
1975) . These calculations assume that the reaction is a
direct reaction, i.e. a single particle is transferred
either to or from a nucleus in such a manner that all the
other nucleons in that nucleus remain undisturbed. The
assumption is also made that the préjectile moves-in the
average potential generated by theltarget nucleons. The
potential is considered to be an optical model potential
with the parameters chosen so as to reb¥odqu data from
.elastic scattering off the targét nucleus.

In addition to the optical potential, the incoming

and outgoing particles are subjected to a Coulomb field of

the form _ .
: A

2 . <N ' ’ .

_ Ze" - (X 2 Lo ’ PN

Vo = 35~ I3 (R) { r 2 R - Co :

3.4.3
Ze2 * o
= 2=_ ¢+ r > R, . .



where R = r Al/3

and r is t 1 ] .
oc oc Ehe Coulomb radius

The optical potential is of the form

— 3 1) [} d 1
Vopt—vof(r,ro,a)+1{wof(r,ro ,a )+4ND = f(r,rO a2’} 3.4.4
where

. r—roAl/3 -1
f(r,ro,a) = [l+exp(~——g————)] T 3.4.5

is a Woods-Saxon well shape. The radius of the nuclear

1/3

shape is rOA and the diffuseness of this surface is a.

VO aqd WO are the real and imaginary volume potential well
depths, and WD is the surface imaginary term. The latter
term produces absorption at the nuclear syrface, reflecting
the fact ehat the direct reactions aie presumed to eccur at
this surface. .

The bound particle is further subjected to a spin-

orbit potential - :

\ = + v
bounq O€E~/lﬂ§0

W@ere’ 3.4.6

- A1 . ~
Vso = o757 T ar fiFirorp) LLs.

-

:

]

The spin-orbit . strength paramete is usually set as

xzs.“" " .

« -
i’“’.,

: i{‘tThe optlcal model parameters uéed are 1lsted in

'Tab;e 3 4. l ,The (d t) parameters were taken fxom a (d t)

p)‘\'«

70



"97o713xed punoq jo Abxsud uoTjesedss sonpoxdeax o3 Wmuwnﬂwﬁw.

.
-

PR
- PO S

posn sadjleurevrvd ydpd

1" ¢ °T98L

- m. -
S lo o | o 8 o | o o 0 |059701SE TISE'T | *  pumog
) o 0 0 o loosolos-tl o 0°05-| 00970 07°T|{SZ°T | 002~ ~ 3
e “ —_ . L} . -~ d
. o o 0 o loos ol o1l o 0°0z-{ 0090} 0b"T{SZ T | 002 .
_n Alﬁ
d
0 0 0 0 8 0 0 0 0 069-0|sz Tisz 1| * punog
{ 0 0 0 0 o |vecolvz | 8'0c! o l|ess-olso ti{sz'T|TTI- P .
0 0 0 0 o fotg'olos | o s r1-|€zeofvrotlor T | sL1- o
. To7eH
- u
0 0 0 0 8 0 0 0 0 059°0|S2° TSz ﬂ ¥ punog
0 0 0 0 0 |eTs olTy 1| O 8'sz-| 615 0lTp T{0E"T | LOZ~ 0
0 0 0 0 o |otsg'olo9:t| o STLT-|€TL O|pT T|OV'T | SLT-  H .
0 (F73Hy
) L] - - H‘N
0 0 0 0 0 0 0 0 0 069°01sz Tlsz T | « ounog
$z" 0 0 0 0 |o068°0lzrT| 0 |zv'9r-lo0L"0|¥Z T|SZ"T |€ST-. 3
bo S0'T mm.o_mm.mm- 0o |t€9s-olgsz T|soros ! o sz8 0|0T T|Sz"T | s01- p
(3'p).
1a3oueae ] (WU3) 1 (uz) | (AsW) |3032e3] (w3)| (w3I) | (ABKW) [(AS) (wg) |{wg) | (wF) |(ASW) STOT3
TESOTUON 5 qm. S AH S A> 0 w> e ou Qz M P 1 UouH A -Ied UoOTI3Oo®BIy

»



.

» . .
.t - . PR v o N - .
N s N
v
. Py,
T f )
LI . . -
i . . ;
N P [ » PR
‘ e .y . - .
N M , .
b T «
’
bl ©
.
.

72

0
1306 by Oclert et al., (1975). The (°He,a)

study of
parameters are. from similar studies on targets of even Yb
isotopes (Burke et al., 1971). Both the (3He,d) and (a,t)
DWBA parameter sets were from a study of odd Re isotopes

(Lu and Alford, 1971). The same sets of proton stripping
parameters were successfully applied (Wagner et al., 1975;

Panar et al., 1977) to a series of nuclei in the l6fEr mass

l57_.165}10 odd A nuclei) with a scaled down lower

region
cutoff of 9.43 fm, and this was therefore adopted in the
present study.

) The normalization constant, N, .in eé. 3.4.1, was set
to 3.33 for the (d,t) reactions (Kunz, 1974) and 6.0 for the
(3He,d) reactions (e.g. Straume et al., 1976). The (3He,a)
and. (a,t) normalizing constants were determined bi com-
paring the experimental (3He,a)/(d,t) and (%He,d)/(a,t)
Cross sectioqxatiosto predicted vaiges fA;\states where the
f£-value of tﬁe'transferred particle is expected to be pre;
dominantly one value (Q'Neil, 1971). 1In the present study
the ado?ted values were N = 28 for the (3He,a) reaction
(cf. Sgpt: 4?2.a) and N = 78 for the (a,t) reaction (cf.
Sect. ;:4.a); 'Boéh.these values are reasonable and cor-

respond.well to values found in a similar manner in previous
R . .

studies (e.g. Burke et al., 1971; Wagnex et.al., 1975).



CHAPTER 4
INTERPRETATION

4,1 General

A Y

In the (4,t) and (3He,a) reactions, states in
167Er

166Er

are populated by picking up a neutron out of the

target. Members of the ground state rotational band are
-«

formed when the picked up particle is the odd neutron in
the target ground state. If any other neutron is picked out
of a pair in the target, the unpaired neutron left behind

will couple with the odd target neutron to create excited
166Er

two-quasiparticle states of

The (3He,d) and (a,t) reactions populate states in

165

l66Er, by stripping a proton into the Ho target. Ground

state rotational band members are formed when the stripped
proton goes into the orbital of the odd particle in the
target ground sta£e resulting in a K = 0 pair. If the
stripped proton goes into any other orbital, it couples
with®the unpaired particle in the target ground state to

create excited two-quasiparticle states of 166Er

Cross sec¢tiong depend both upon the structure of

t

the target ground state and upon the orbital involved in
the nucleon transferx, (cf. Sect. 3.4). For the neutron
pickup reactions, the I = 7/2 (Smith and Unsworth, 1965)

167

ground state of Er has a 0.996 amplitude for the 7/2+[633]

73
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accorxrding to Stott, et al., 1975), the largest of the minor

orbital (Xanestrgm and Lgvhgiden, 1971) (or 0.979

components being the 5/2" [642] orbital. The other orbitals
. from which a neutron can be removed to populate iow—lying
two-quasiparticle states will be found, in general, lying
just below the Fermi level. As the Fermi level is located

near the 7/2V71633) orbital in 1°7E

r, the pertinent Nilsson
states will be the 5/2 [523], 3/2 [521], 11/27(505],
5/271642), 3/2Y (6511, 172716607, 3/2%(402) anda 1/271400)
orbitals. Not only are these "hole" states populated, but
in addition, the smearing of the Fermi surface due to the
pairing interaction permits the pickup of a neutron from
orbitals just above the Fermi level. These include the
1/27{521] and 5/2 [512] orbitals.

In the proton stripping reaction the target nucleus
is.the 1" = 7/2" (e.g. Lindgren, 1965; Lederer et al., 1968)
ground state of lGSHo. This is an essentially pure
7/2-[523] orbital, in contrast to the mixed configuration

167

of the Er reaction target. The effectively pure ground

state of 165Ho is a reflection of the relatively high ex-

citation energies (2 1500 keV) of any levels which could
H
strongly Coriolis mix into it, whereas in 167Er, levels >

which have substantial Coriolis mixing with the ground

state are found as low as 800 keV in excitation enerxgy.

g -

The orbitals involved in the proton stripping

reactions are located just above the Fermi level. As this

Ea



1s found near the 7/2 [523) orbaital in lGSHo, the relevant
N1lssor states will be the 1,/2V(411), 7/2% (4041, 5/2 Tt402],
9/271{514) and 1/2 {541) orbitals. The smearing of the

Fermy surface should also allow proton stripping into or-
bitals below the Fermi level, for example, 1into the
3/2%(411] orbital.

Tables 4.1.1 and #.1.2 list the Nilsson single
particIe~energies and pairing factors, Pz, for the neutron
and proton orbitals respectively. The single particle
energles were obtained with the code NILS as described in
Section 3.3.4, and the pairing factors were calculated with
the program ?AIRBCS as described in Section 3.3.g.

The assignments of the levels observed in this study
are discussed in the following subsections. The states
populated in the neutron transfer reactions are treated first,
followed by those populated in the proton transfer reactions.
Most subsections have associated with them a table listing,
for the states under discussion, the averaged energies from
the direct reaction studies, the experimentally determined
cross sections, theoretically determined cross sections
from the code EVEPLT (without and with Coriolis mlxing
included, cf. Sect. 3.4.a), and the assignments for the
states. Tentative assignments are indicated by parentheses.

, Figs. 4:1.1 and 4.1.2 show portions of the spectra
of Figs. 2.3.1 and 2.4.1 on an expanded scale, with the

state assignments indicated. Dashed lines and numbers in

At A A i o
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Neutron State Single Particle Orbitals

Table 4.1.1

~

Orbital S.P. Energy "p" p?
(MeV) -

1/2 [530) 49.149 v 0.991
1,2 {660 49.155 v 0.991
1727 1400) 49.462 v 0.989
3/27[532) 49.538 v 0.988
372" [402) 49.654 v 0.987
3727 (651] 49.872 v 0.985
11/2 [505) 51.048 v 0.951
572  [642] 51.069 v 0.950
3/2 (521} 51.146 v 0.944
5/2 [523] 51.758 v 0.837
7/271633) 52.595 u 0.720
1/27 (521} 55.717 \Y 0.218
5/2 [512] 53.378 \ 0.064
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Table 4.1.2

‘moton State Single Particle Orbitals

Orbital S.P. Energy "p" 'PZ
(MeV) .

3727 (411, . 40.328 (EL/’ 0.236
7/2"[523]{ " 41.049 . v 0.519
1727 a11) 41.590 - .U 0.825
7727 (404] 42.090 0.911
1/2 [541) 42.218 0.923
5/271402) 42.616 0.949
9/2 [514) 42.690 0.953
1727 (400] 42.729 - 0.955

~———

-
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"ig. 4.1.1
P Fig

Lxpanded portions of Fig. 2.3.1 showing the two neutron
configurations. Tentative assignments are indicated by
parantheses around the configuration labels. Tentatively

asiiqned spins are indicated by broken lines.
//

The dagger (+) indicates that the state is primarily com-
posed of the 7727 [523]+1/727 (411] k" = 47 two proton confi-

guration.

The single asterisk (*) indicates that the label refers to
_the major component of this state, although population in
the\(d,t) réaction is predominantly through a 7/2+[633]i
1/£+[4001 admixture. A complex mixiﬁg scheme, discussed
in the text, can introduce several minor components into

this state. .

The double asterisk (xx) indicates that these two states
are predominantly composed of the two components indicated.

The complex mixing scheme, noted above, can introduce

various minor components into these states.

PR
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rig. 4.1.2

Expanded portions of Fig. 2.4.1 showing the two-proton
configurations. Tentative assignments are indicated by
parentheses around the configuration labels. Tentatively

assigned spins are indicated by broken lines.

The dagger (1) indicates that the state 1s primarily com-
posed of the 7/2(633]1-3/27(521] K" = 27 two neutron com-

ponent of the K" = 27 octupole variational band.

The asterisk indicates that the label refers to the major
component of this state, although the two conf%gurations

so marked are strongly mixed. POpulatignoof both configu-
rations is almost entirely through the 7/2  (523]1-5/2" [402]

K" = 17 conmponent.

i
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parenthesis indicate tentative assignments. The (d,f)
angular distributions are presented in Figs. 4.2.2 to 4.2.7
and the (3He,df angula{ distributions are presented in
Figs. 4.3.2 to 4.3.7. For cases where assignments have been
made to the levels,'the observed distributions are compared
with curves calculated for Coriolis mixed configurations.
The comparisons are made by scaling the curves up or down
until the best visual fit was obtained.

Ratios of the (3He,a) experimental cross sections
at 50° to the (d,t) cross sections at 45° are presented in
Fig. 4.2.1, and ratios of the (3He,d) cross section at 60°
to the (a«,t) cross section at 60° are presented in Fig. 4.3.1.
In both figures, the solid curves are predictions from the
DWBA calculations for pure transitions of the f-values

indicated.

4.2 States Populated in the Neutron Transfer Reactions

(a) The Ground State Band

The X" ot ground state band is formed in the

neutron pickup reactions by removing.the 7/2+[633] neutron
from the ground state of 167§r. The I = 0 final ground
state is predicted to have a vanishingly small cross section,
but the spin 2, 4, 6 apd 8 members of its rotational band
are populated in the (d,t) reaction at energies of 79, 265,

545 and 911 keV (cf. Table 4.2.1) (Burke et al., 1969).
. »

These energies are in good agreement with the values from

e — h =



Fig. 4.2.1
Ratios of differential cross sections for the (3He,u)50°

and (d,t)450 reactions as a function of excitation ener-
gies in keV. The solid lines represent the predicted

ratio for the transfer of a neutron with the 2-values
indicated. The points are the observed ratios for lgvels
in 166Er,labelled by their excitation energies. The pre-
dicted curves have been normalized to members of the ground

state band (see text).

The short bars with downward pointing arrows are upper

limaits for the value of the ratio, R.
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A
the decay studies of 166Ho and 166'I‘m {(e.g. Reich and Cline,
1970). As the 7/27(633] orbital originates from the i, . |
shell model séaté in the spherical laimit; high t-value ,/’“‘-
neutron transfers are expected. This 1s particularly'true
for the spin 6 and 8 states which ére pgbulated by aimoét
pure ¢ = 6 transfers. These states are populated fairly
strongly in the (3He,u) reaction, and are used_to norma}ize
the cross section ratio plot, Fig. 4.2.1, as discussed in
Sect. 3.4.6. The (d,t) angular distributions, which are

consistent with the high 2-value transferred, are presented

in Fig. 4.2.2.

¢

166

If the ground state of Er is considered to be

the two-quasiparticle configuration 7/2+[633]—7/2+I633],

2 = 0.72, the predicted'(d,t) cross sections calculated

with Vv
without Coriolis mixing of the final states are smaller than

the experimental values by arn average of ~30% for the
ground state band. However, the ground state rotational
band is more properly dgscribed'as a highly complex com-
bination of many two-quasiparticle configuraéions. Unfor-
tunately, as the amplitudes of thése configurétions age
unknown (Volkov, 1977), predicted cross sections, cal-
culated taking all the configurations into accéunt, are
unobtainable., In Table 4.2.1, Coriolis mixed'predicted
cross sections are presented, but these were evaluated
using the approximation that the unmixed ground state ig
populated solely through the 7/27[633) -7/2(833) K =0

4
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Fig. 4.2.2

\

lG?Er Er angular distraibutions to the spin 2,4,6

(d,t)166

and 8 members of the ground state band. The solid lines
are angular distributions gencrated by the computer code
EVEPLT for mixed ft-value neutron transfers. These genera-
ted shapes have been scaled up or down to produce the best

visual fit.
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configuration. Evidence that this approximation may not be
so bad is found :in that the Coriolis mixed values agree
reasonably well with the experimental cross sections.

A further complication arises from the previously
discussed admixture of the 5/2+[652] orbital into the 167Er
ground state (Stott et al., 1975). It was originallw,
hoped that the present work could provide additional tests
for the degree of this admixture by studying the population
of the ground state band in the neutron transfer reactions.
However, the uncertainties in the structure of this ground
state, as just discussed, precluded any such results. The
amplitude of this admixture as reported by Stott et al.
(~0.2) was therefore adopted for the 5/2V[642) orbital.

(b) The X" = 2%

y~-Vibrational Band

This band has been identified in decay studies up
to spin 8 (Reich and Cline, 1970). Previously, the band
had been observed up to spin 6 in the (d,t) reaction (Burke
et al., 1969) and in the present work the known spin 7
member is also observed.

This band is weakly populated, the largest peak
having only ~2% of the intensity of the largest peaks in
the (d,t) spectrum. As noted in the previous (d,t) study,
these band members are expected to have small cross sections

(Zheleznova et al., 1965). As with all such weakly popu-

~-lated states, uncertainties in the nature of the rcaction
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mechanism and in the theoretical composition of the wavefunc-
tions preclude any definitive comments concerning their
nuclear structure. The (d,t) angular distributions to the
first four members of this band are included with the unfit-

ted distributions in Fig. 4.2.8.

(c) The K' = 2~ Octupole Vibrational Band and Transfer of
the 3/2° [521] Neutron Orbotal

From the previous decay studies of l66Tm and meta-
stable 166Ho a series of negative parity s§ates has been

identified immediately above the energy gap in 1i66}3r:

1™ = 27 at 1458.0 kev, I"” = 37 at 1514.0 keV, two I" = 4

levels at 1572.1 and 1596.2 keV, two I' = 5 levels at
1665.8 and 1692.3 keV, and two with I" = 6 at 1786.9 and
1827.5 keV (2ylicz et al., 1966; Reich and Cline, 197Q).
Zylicz et al. suggested that the spin 2 and 3 levels were
the lowest lying members of the K" = 2° octupole band,

and this was confirmed in the previous (d,t) investigation
by Burke et al. (1969, who proposed that the neutron
transfer population of the band was via the 7/2+[633] -
3/27[521) K" = 27 component of the octupolé vibration. The three
pairs of states with spins 4, 5 and 6 were also populated
in that (4,t) study, and with the aid of prepublication
data from Reich and Cline, Burke et al. assigned the spin
4 state at 1597 keV to the octupole band. The other spin

4 state (1572 keV) had been tentatively assigned as the

B o



two proton 7/27[523] + 1/2V(4111 k" = 47 bandhead by
Zylicz et al., and this was confirmed by Kubo (1968) in the
(SHe,d) rgaction on a 165Ho target. -

The two spin 5 states and the two spin 6 states
were fairly weakly populated in the earlier (d4d,t) work.
Therefore, while these levels were assumed to be associated
with either the K" = 27 or the K' = 4 bands built on the
1458.0 and 1572.1 keV bandheads, respectively, evidence
was not available to indicate which state belonged to which
band.

The octupole band assignment was confirmed by the
strong population of the I1"=3" member in 1inelastic scattering
experiments (Tjgm and Elbek, 1968). 1In the earlier (4,t)
study the cross sections to the first three band members
were observed to be +50% of those predicted for a pure
7/27(633) - 3/27(521] K" = 27 configuration. Zheleznova
et al. (1965) had predicted an admixture of ~58% of this
two neutron .component into the octupole vibration.

In the present'study,'these states have all been
observed in the neutron transfer reactions. (The pairs of
states with sping 4, 5 and 6 have nlso been observed in
the proton transfer reaction, but this point will be re-
turned to later in this subsection and in Sect. 4.3.c.)
With reference to Table 4.2.2, it appears at first glance

as tpough the theoretical cross sections for the lower band

~
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are reasonably well matched by ghe expef&hental values,
while the higher spin states (I = 4, 5 and 6), taken all
together, have a predicted strength which is larger thgn
the experimental value by roughly a factor of 2. However,
if it is recalled that according to Zheleznova et al. the
theoretical cross section should be larger than the experi-
mental value by just this factor, it is now realized that
the agreement for the higher spin states is reasonable,
while the spin 2 and 3 members are deficient in theoretical
intensity.

This can be explained by referring to the (d,t)
angular distributions (Fig. 4.2.3) where a deficiency of
#=1 strength is noted in the predicted shapes of the lower
spin band members. (The &£ = 1 component results in the
maximum seen between 6 = 10° and 6 = 159) . ’The 2 =1
component of the calculated cross section cames from the
C3/25_coefficient in the wavefunction (cf. eq. 3.4.1,
3.4.2), and it would appear as though this coefficient,

which was obtained from a Nilsson calculation with reason-

able parameters, is too small. While the C coefficient

3/2 1
v 0.07), the & =1 (gJﬁ) cross

’

2
(Cy,0 1

section can be quite substantial, and a reduction in the

is fairly small

size of this coefficient can markedly reduce the predicted
cross section. As the lower spin members are the ones
which should have large parts of their intensities pro-

duced by the & = 1 contribution, it is reasonable that

r

g s wr



Fig. 4.2.3

16 6

7Er(d,t)le Er angular distributions to states of the

7/27 1633)-3/27[521] two neutron configuration.

The KZ = 27 band is mixed with the K" = 2~ octupole
vibrational band; further mixing with the predominantly
7/27(523)+1/27 {411) two proton configuration gives rise
to two states each for spins 4,5 ar'd 6. (Note the similar
experimental distribution shape for both states of each

spin.)

The first two members of the 7/27 [633]+3/2 (521] Kz =5

band are also shown.

The dagger (1) indicates that the state 1is primarily com-

posed of the 7/2 [523}+1/27[411] X" = 4~ two proton confi-

guration. \

The solid lines are angular distributions generated by the
computer code EVEPLT for mixed f2-value neutron transfers.
These generated shapes have been scaled up or down to

produce the best visual fit.
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primarily they, but not the higher spin members, should
exhibit the reduced theoretical cross sections.
This effect is not completely unexpected, as in

the odd Er nuclei the experimental value of Cg/%/é is

16l

seen to fluctuate by a factor of two or more. In Er it

agrees with the predicted value of 0.10 while it rises to

0.23 for 169Er. In contrast, for all the odd Er nuclei,

the experimental C%/z 3 coefficient (the largest coefficient

for this orbital) is seen to remain in good agreement with

the predicted value of 0.53.

k-4
The Nilsson parameters which were used to generate

the ng's used in the present study were from Lamm (1969),
and they produced a theoretical yalue of Cg/z 1= 0.07 as
noted above. From the study of the odd Er nuclei, it can
be seen that it is reasonable to expect this coefficient
to fluétuate by more than a factor of two (implying
fluctuations in the Nilsson parameters or perturbatigns to
the model itself). Further calculatiqns were thus made to

see how sensitive the C coefficient was to reasonable

3/2 1

variations in the Nilsson parameters. For example, with

¥ changed from 0.0637 to 0.050 and u changed from
9 -
3/2 1

This raised the predicted intensity of the spin 3 state so

= 0.42 to 0.45 (Chi, 1967) one obtains C =0.11.
that the Zheleznova et ?1. prediction is roughly satisfied
and the predicted angular distribution is in better agree-

ment with the experimental one. However, the theoretical

e

—
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strength for the spin 2 state 1s still ~35% too small at

O

v = 45 The theoretical values obtained with the larger

C3/2 1 coefficient are not listed in Table 4.2.2 as 1t 1is

possible that a more complete parameter scarch may produce

2
3/2 1°

not been attempted as 1t is still not clear that these

still larger values of C However, this search has
variations are the only ones contributing to the effect.
For example, 1t 1s possible that higher order effects 1n
the reaction mechanism may also be important®

In conclusion, 1t should be noted that 1in the
previous (d,t) study the experimental cross sections were
~50% of the theoretical values for all the states (completely
supporting the Zheleznova et al. predictions). However,
empirical values of Cjz 9, from neighbouring Yb nuclex
were used, thereby avoiding the present problem of obtaining
a correct C3/2 1 value. It thus appears that the admixture
of the 7/271633] - 3/27(521) K" = 2 configuration in the
octupole vibration is of the order of 50% as calculated.

As noted above, the pairs of states with spins 4,
5 and 6 weré observed in both the proton transfer and
neutron transfer reactions. While the spin 4 state at
1572 keV. is primarily the two proton 7/271523)+1/2% [411)

T(

K

]

4~ bandhead, and the state at 1597 keV is mainly the
two neutron 7/2+[633] - 3/27(521] X" = 2  configuration,

mechanisms for the population of the 1572 keV level in the

1]

o ko b i g Aot &
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(d,t) and (3He,a) reactions, and of the 1597 keV level in
the (3He,d) and (a,t) reactions were not proposed.

. The present study suggests a possible explanation
for thesg populations. fﬁ addition, the outlined scheme
accounts for the equal populations of the two spin 5 states

at 1665 and 1692 keV in both the neutron transfer and proton

transfer reactions, and certain 'qualified commments can be
maae regarding the association of the two spin 6 states with
the two bands.

It is this equal population of the spin 5 levels which
provides the impetus for explaining the paired nature of the
spin 4, 5'and 6 states. The assumption is Made that the spin
5 levels are mixed states which were approximately degenerate
prior to mixing, one state being the two neutron configuration,
the other the two proton configpration. +This not only implies
that a neutron-proton mixing interaction (like the Massmann type
type) is present (cf. Sect. 3.3.h.3), but ghe separation of the
two spin 5 levels yields an effective matrix element of ~13
keV. Substantial support for this idea is found in the (d,t)
angular distributions, where similar shapes are found for
both members of each pair with a given spin. This would be
the case if for both members of the pair the nuclear structure,

and hence the population, is the same.

Some possible mixing schemes are as follows:

fad



CI
A
CI
A >
or
CIl
F -
where
A =
B =
C =
D =
E =
and F =

CI
B +» C
! np
D :
B
$ np Ck .
E «> D,
CI
B > D,

7/2% 16331 -3/27 (521"
7/27(6331%-1/27 (521"
7/271633)™+1/27 (52117
7/2715231P+1/2% (411]P
7727 (523)P-1/2%(411)P

7/2715231P-3/2% (4121P

e

K =2
T=3
"= 4

K" = 4

K" = 3
T =2
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In these schemes the two-quasiparticle configurations which

are connected by the double-headed arrows may be mixed by
the interactio indicated; CI is a Coriolis interaction,

and np is a neutron-proton (possibly Massmann type) inter-

action. (Note that all the oxbitals invoLQéd in the
b 4

mixing lie near the Fermi surface.

introduce admixtures into the 7/2+[633]

n —

K" =3

the spin 4 and higher band members to be populated in tne

single proton transfer reactions.

The couplings sh%yn in the first two schemes would

4 two neutron configurations which would cause

1/2 (521}

cf. Sect. 3.3.h.3.)

This is supported by

- ——
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the observation of the spin 4 states of these configurations
(at 2022 and 2149 keV, cf. Sect. 4.3.e) in the proton
transfer studies. Convergely, the two proton 7/2 [523)-
172%1411) X" = 37 spin 4 state at 2002 keV (cf. below) is
observed in the (d,t) study, particularly suppor}ing the
second scheme. The spin 5 level of the 7/2+[633] + 1/2 [521]
K" = 4 two neutron configuration falls at the edge of a
large multiplet in the proton transfer study. Therefore,
its énergy in the proton transfer spectrum cannot be
determined accurately enough to allow céﬁparisons with
peak energies in the (d,t) spectrunm. |

The third mechanism is proposed as the octupole
vibration is predicted to have a 36% intensity admixture
of the 7/271523] - 3/27 (4111 K™ = 27 two proton configuration
(Zheleznova et al., 1965). ‘However, no significant popu-
lation of the spin 2 state at 1458 keV is observed in the
present proton transfer reactions. Assuming U2 = 0.236
for the 3/2+[4ll] state in 165H0 (cf. Table 4.1.2), an
upper limit of ~4% can be given for this admixture. Thus
the Zheleznova et al. calculatién of the microscopic
structure of the K" = 2~ octupole vibration is successful
in. predicting the ~50% 7/2%1633) - 3/27(521] component,
but predicts a much larger 7/2 [523] - 3/2+{411] component
than is observed.

The association of the higher lying I" = 6 state



with the octupole band is based upon the comparison of
its cross section with the theo;etically predicted wvalue.
This theoretical value 1is NlSub/gr, for a pure
7/271633] - 3/27[521] configuration and it is unaffected
by any shortcomings in the C3/2 1 coefficient, as the
Clebsch~Gordan coefficient for the j = 3/2 contribution
to the cross section of this state is identically zero.
Considering the expected 58% admixture of the pure two-
quasiparticle state in the octupole vibration a cross
section of ~9ub/sr should bé expected for the spin 6
state(s). The I" = 6 levels at 1787 and 1829 keV have
cross sections of 3.5 and 9.9%ub/sr, respectively, so the
latter appears to be a more likely candidate for the
octupole band. However, some uncertainty remains as the
intensities of such weak transitions may be affected by
multistep processes in the reaction mechanism.

The 7/2%1633] + 3/271521] K" = 5~ bandhead is

assigned to a peak at 2244 keV and the spin 6 band member

is assigned to a peak at 2366 keV. This excitation enexgy

is in keeping with the known relative energies of this
band with respect to others in the region (Tjgm and Elbek,
1969; O'Neil and Burke, 1972; Burke et al., 1966). The
calculated splitting energy between the K = 2 and K = 5
bands is 170 keV, but the K< band's interaction with the

octupole vibration has greatly reduced its energy and

96
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noticeably increased this faigure.

The experimental cross section for these states is
very well matched by the predicted values (Table 4.2.2),
but as with the K band the angular distributions in-
dicate an + = 1 theorectical strength deficiency (Fig. 4.2.3).
Apart from this small deficiency, the bandhead distribution
1s well fitted by the predicted shape,as is the spin 6
level.

A large (3He,a) peak is observed at 2244 keV, at
about the energy of the spin 5 level. This is due to the
presence of an unresolved state populated by a high f-value
neuytron transfer and it obscures the (3He,a) peak of the
bandhead. Thus, the ratio of the (3He,a) and (d,t) cross
sections was unobtainable for this level. However, this
ratio was available for the spin 6 state and it is consistent

with the predominantly % = 3 neutron transfer expected.

(d) The 7/270(633) ¢ 5/27(523] Bands
As the Fermi level is placed between the 5/2 [523]

and 7/2+[633]neutron orbitals in l6613

r, these two orbitals
coupled to K" = 6 are expected to form the lowest lying_
two-quasiparticle state above the pairing gap. The

K" = 6 band is predicted to be populated significantly
with most of the strengtk in the spin 8 and 7 levVels

(cf. Table 4.2.3). Suitable candidates for these states

are found at 1910 and 2050 keV. The spin 6 state is

e e s ol Al i SBee W S8
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expected to be populated by a mixture of 5§ = 3 and ¢ = 5
neutron transfers, and this is consistent with the (3He,a)
to (d,t) cross section ratio for the 1910 keV state
(Fig. 4.2.1). The (4,t) angular distribution is also well
matched by the predicted shape for this state (Fig. 4.2.4)
The spin 7 band member is assigned to the level at 2050 keV
on the basis of its ¢ = 3 and 2 = 5 mixed angular distri-
Bution (Fig. 4.2.4) and cross section ratio (Fig. 4.2.1).
Small Coriolis interaction effects are expected for this
band as the only configurations having reasonably sized
matrix elements with it are the 7/27(633] + 3/27[532]
K" = 57 and 7/27(633) + 7/27(514] K" = 77 couplings, and
these are far away in energy. Thus, the asgignment of the
spin 6 and 7 levels implies a rotational parameter of ~10.0
keV, consistent with the value of 9.7 keV obtained from
the lower states of the K' = 2~ octupole band.

For both the K" = 6 states, the experimental
cross sections are only ~55% of the predicted strength. A
similar effect is noted for the transfer of the 5/2 [523]

orbital in 165

Exr (Tjgm and Elbek, 1969) where the experi-
mental cross sections to the spins 7/2, 9/2 and 11/2 levels
are only ~55% of the predicted values. In both nuclei,

165Er and 166E

r, the major components of the wavefunction
of the respective states are provided by the C9/2 5

spherical expansion coefficient. Thus, the discrepancies
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Fig. 4.2.4

167 6

Er(d,t)16 Er angular distributions to states of the
772V 16331+5/27(523) k" = 6~ configuration. The first
two band members are shown. The solid lines are angular

distributions generated by the computer code EVEPLT for

mixed f£-value neutron transfers. These generated shapes

-

have been scaled up or down to produce the best visual fit.

Fig. 4.2.5 4

167 6

Er(d,t)16 Er angular distributions to states of the
7/2716331£1/27 [521] configuration. The K = 47 band head,

and the first two members of the K: = 3 band are shown.

The solid lines are angular distributions generated by the
computer code EVEPLT for mixed %-value neutron transfers.
These génerated shapes have been scaled up or down to

produce the best visual fit.
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between the observed and calculated strengths are likely
a result of too large a value for this coefficient being
used in the theoretical calculation;. As the same effect
1s observed in these neighbouring nuclei, the present
assignment appears to be reasonable.

The splittigg energy between the K: = 6 and the
Ks = 1 bandheads is predicted to be 450 keV. As the
strength to the upper band is spread among several members,
the largest single cross section' is predicted to be_%lS ub/sr
and the splitting energy would put these states in a region
where there are many strongly populated levels. Hence, the
K" = 17 band has not been identified. Reich and Cline
(1965) have tentatively assigned the 1  state at 1830.5 keV
as the K = 1 bandhead; however, this would place it below
the K{ = 6 bandhead, violating the Gallagher-Moszkowski

rule.

(e) The 7/271633) *+ 1/27[521] Bands

The 1/2 [521] Nilsson orbital has a single particle
energy only about 100 keV above that of the 7/2+[633]
orbital. (cf. Table 4.1.1). Therefore, in spite of their
designation as "particle states" in l66Er, some of the
772716331 + 1/27(521] band members are predicted to have
appreciable (d,t) cross sections. In addition, the only

significant Coriolis mixing involving these states should

occur between the parallel and antiparallel couplings.

-
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Since this interaction matrix element is quite small
(typically ~20 keV) the two bands, with K< = 47 and Ko = 37,
shduld be readily identifiable.

The state at 2623 keV is assigned as the spin 4
bandhead on the basis of its excitation energy, cross
section (cf. Table 4.2.4), and (d,t) angular distribution
(Fig. 4.2.5). The ratio of the (3He,u) to (d,t) cross
sections was found to be somewhat higher than the value
expected for the mixed 2 =1and 3 neutron -transfer 'to this
state. This, however, is probably because in the (3He,a)
spectra this level is not well resolved from the spin 5
state of the 7/27(633) - 5/2%7(642] k" = 17 band (tentatively
assigned at ~2034 keV in Section 4.2.g9). The spin 5
level is predicted to have a much smaller cross section and
is expected to lie at ~2122 keV if a rotational parameter:
of +9.7 keV is assumed. A peak at that energy, only
partially resolved from the multiplet at ~2128 keV, is
tentatively assigned as this spin 5 level. The higher
spin states of this band are predicted to have very small
cross sections, and they are not expected to be observed.

The most likely assignment for the K, bandhead
is the level at 2080 keV which has the correct cross
section and (d,t) angular distribution (cf. Table 4.2.4,
Fig. 4.2.5). The spin 4 band member is tentatively

assigned at 2149 keV on the basis of its cross section,

e S et Al
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(d,t) angular distribution and rotational spacing above
the bandhead. The cross section ratios for these spin 3 and
4 levels are not available as the states are expected to

be very weakly populated in the (3He,a) reaction and are

—— i o =

obscured by the spin 6 and 7 members respectively of the
77216331 - 5/27(642] K™ = 1¥ band (cf. Sect. 4.2.q).

A problem with these tentative assignments for the

R,

KZ = 3~ band is that while the Gallagher-Moszkowski rule

is not violated, the experimentally observed splitting AN
eénergy is only V60 keV instead of the predicted ~260 keV.

A possible K! = 3~ bandhead assignment more in keeping with
this calculated splitting energy is the level at 2216 keV.
However, while the (d,t) cross section at 45° agrees with
the predicted value, the (d,t) angular distribution is
definitely deficient in & =1 strength. Moreover, the
(3He,q) cross section to this level is considerably too

large. On the basis of a rotational parameter of 9.7 keV

B L e P

the spin 4 member should be found at ~22393 keV. 1In the
{(d,t) reaction, any peak at that energy would be obscured
by the large % = 0 neutron transfer state, while in the
(3He,w) reaction, the observed cross section far exceeds
the predicted strength precluding any meaningful comments
about the validity of this selection for the spin 4 member.
The first choice for the KJ = 3~ band is preferred

because differences of this magnitude between the predicted

b I e AT s
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and observed splitting enecrgies do not seem to be unusual.
In the proton transfer studies (cf. Sect. 4.3) similar

discrepancies are also obscrved.

-

(f) The 7/2%(633] + 11/27(505] Bands

For the Kz = 9 band, the angular momentum coupling

rules allow population of only the spin 9 bandhead. The

11/27{505) orbital is found at ~600 keV in 165Er and at

167E

A A et

~1000 keV in
166E

r, and so with a pairing gap of 1.76 MeV
for r, this bandhead is expected to be observed at
~2560 keV in the present study. With reference to Table
4.2.5 this level should appear as one of the strongest
peaks in the (3He,a) spectrum, and such a peak at 2496 keV
exhibits the required £ = 5 cross section ratio. In the
(d,t) spectrum this state is found in a doublet w4ith

another populated by a stronger £ = 0 neutron transfé?,

and so the (d,t) apgular distribution is unavailable,

TN Ahenmih A e s )

particularly at the forward angles. However, the (é,t)
experimental cross section at 45° agrees with the pre-
dicted value to within experimental error.

None of the states populated by removing a neutron

from an i orbital are predicted to have unmixed (3He,a)

13/2

cross sections with even half of the value of the cross
section for this K' = 9  bandhead. Nonetheless, this
bandhead assignment is considered to be tentative, as it

is conceivable that states with substantial unmixed

113/2
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cross sections could mix in some complex manner so as to
produce a state with the characteristics of the 2496 keV
level.,

The cross section to the KZ = 2 band is spread
among several states with the largest single (3He,a) CXoss
section predicted to be only v10ub/sr. The calculated splitting
energy of ~160 keVv wquld place these levels in a region of high
densiuyofstatesandthejwouldnotstandout,thusnmking their
identification difficult. The identification of these states in the
(d,t) reaction would be even more difficult, as the cross sections
would be ~10ub/sr at post. There are many peaks in this region

with much larger cross sections, cf. Fig. 4.1.1.

(g) The g = 0 Neutron Transfers and the 7/2+[633] + 1/2+I400],
7/27633) & 372714021, 7/2%[633] = 1727 [660],
7/271633) - 3/27 (651 and 7/2%[633] - 5/2V(642] Banas

Of the approximately seventy-five angular distri-
butions studied in the (d,t) reaction, about a dozen had
large cross sections at forward angles indicative of & = 0
neutron transfers (Fig. 4.2.6). fhese states had energies
of 1939, 1979, 2161, 2293, 2318, 2386, 2438, 2499, 2514,
2588, 2633 and 2734 keV (Fig. 4.2.7). The only configuration
in this mass region which would be expected to generate
large & = 0 (d,t) cross sections is the 7/2+[633] )
l/2+[400] coupling. From comparisons with the odd Er

nuclei (Tjgm and Elbek, 1969) this configuration is likely

ok s o




Fig. 4.2.6

N

167 6

L‘r(d,t)16 Lr angular distributions to states populated
w&th prominent £=0 neutron transfer components. The 2=0
+
transfer 1s due to admixtures of the 7/2+[633]tl/2 {400)
configuration into these states. For a pure configuration,
T + + ' +

only three states (I,K" = 3,3 , 4,3 , and 4,4 ) would be
expected to be populated by £=0 neutron transfers; the

dozen states observed in this work are accounted for by

a complex mixing scheme (see text).

The solid lines are pure £=0 angular distributions from
'

the DWBA calculation with a Q value of -2.0 MeV. They

have been scaled up or down to produgce the best visual

fit.
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Fig. 4.2.7

The 167Er(d,t)166

Er spectrum at 6 1/2° from ~ 1300 to
Vv 2800 keV. The energies denote the positions of peaks
populated by neutron transfers displaying 2=0 charac-
ters. The four labels raised above the others are for
levels with configurations which are predominantly a
mixture ‘of the 7/2" [633]121/2¥ (4001 and the 7/2V(633):

1/271660] couplings.
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to be found at about 2400 to 2800 keV in “°®Er. con-

sidering only the two bands from this coupling, three
states populated by ¢ = 0 transitions should be found viz.
the spin 3 and 4 states of the "antiparallel"” K“=3+ band, and
the "parallel" K = 4+ bandhead. To account for the
additional 2 = 0 transfers, various mixing interactions
need to be invoked.

Coriolis mixing between the 7/2+[633] - l/2+[400]
and 7/2+[633] - 3/2+[402] bands can give rise to two more
states populated by 2 = 0 transfers, the spin 3 and 4
members of the k" = 27 band. This mixing is not expected
to be strong, however, as the l/2+[400] and 3/2+[402]
orbitals originate from different shell model states re-
sulting in small Coriolis matrix elements (I 30 keV). Thus,
this Coriolis interaction is. probably not responsible for
the 1ar§e cross section of many of the states populated by
£ = 0 neutron transfers. Moreover, the number of such
transfers generated by this interaction is insufficient to
account for the observed data.

To explain similar multiple strong £ = 0 neutron

transfers, previous works have introduced AN = 2 mixings

between states involving the orbitals 1/27[400]and 1/2%[660],

and the orbitals 3/2V[402] and 3/27[651]. (e.g. Jolly, 1976;
Tjgm and Elbek, 1969). To investigate the effects of all

these mixings quantitatively in the present study, a symme-

R
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tric interaction matrix was set up. In this matrix, the
diagonal elements were the pre-mixing energies of the
states involved, and the off diagonal terms were the
Coriolis and AN)= 2 interaction strengths. These were all
treated d% input parametecrs. The matrix was diagonalized
with the routine EAOlB, acquired from the McMaster University
Computer Program Library (Milis, 5.3.265, 1974). Eigen-
values and eigenvectbrs were obtained as output, and the
latter were used with DWéA cross sections to obtain pre-
dicted cross sections for the mixed statés, Calculations
were performed separately for spin 3 and spin 4, the
former with a 5 x 5 matrix, the latter with an 8 x 8 matrix.
The input matrices labelled with the relevant configurations
for each column are presented in Table 4.2.6 and 4.2.7 for
spins 3 and 4, respectively. The eigenvectors and c}oss
sections at 6%0 are presented in Tébles 4.2.8 and 4.2.9,
again for spins 3 and 4, reséectively. The experimental
cross sections at 6%0 are also presented for comparison.
Many attempts to reproduce the experimentally
observed spectrum were tried by changing, first, the pre-
mixing order and spacings of the states, and second, the
values of the interaction matrix elements. While the
effects of varying the interaction matrix-elements were
quite considerable, théy were not as drastic as the results

of the first changes. In fact, the schemes presented in

e
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Tables 4.2.6 and 4.2.7 were basically the only ones which /
came c¢ven close to reproducing the observed data.

In comparing the predicted gnergies and cross
Saftlons to the obscrved data, the great complexity of the
mikﬁngs lead to two problems: first, the states can become
so thoroughly mixed that they cannot be meaningfully
labeiled by any given Nilsson configufation; and second,
where one configuration is expected to predominate and
labglling is possible, if the predicted cross section is
fairly small and several smalyl peaks exhibiting 2 = 0
populations are present it is cften difficult to decide
just whicﬁ experimental state should be matched to this
predicted state. Generally, for the very large peaks
characterized by £ = 0 transfers, neither problem really
exists.

Four large peak§ are observed in the 6%0 (4,t)
spectrum (Fig. 4.2.7) at 2293, 2318, 2514.and 2633 kev, all
with the requisit? £ = 0 angular aistributions, and these
have been tentatibely assigned. The level at 2633 keV is
the most strongly populated, and on’that basis it is
assigned as being predominantly the 7/2+[633] + 1/2+[400]
K" = 44+ state; the level at 2318 keV is suspected to be
predominantly the 7/2+[633]‘+ l/2+[6601 K" = 44+ state.
These twostates mix mainly with each other. The equally

intensely populatedxstates at 2293 and 2514 keV are

" e ——
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tentatively assigned as the pair of ;K“ = 33" 1lcvels both
predominantly being composcd of the same two configurations.
Their roughly equal populations imply that, barring any
further significant mixings with other states, they were
nearly degencrate prior to mixing. This provides an
estimate of the AN = 2 matrix element, aﬁd the value of

~110 keV is consistent with similar matrix elements for
165 163

Exr (~117 keV, Tjgm and Elbek, 1969) and Dy (v107 keV,
Grotdal et al. 1970).

These mixings can also account for the other £ = 0
neutron transfers. Once the & = 0 strength is injected
into the 7,/27[633) * 1/27(660] bands, the Coriolis inter-
action will pass it on to the 7,/27(633] - 3/27(651] K" = 2%

band and the 7/271633] - 5/2%1642] kK" = 1% banda. &

further AN = 2 mixing can transfer 2 = 0 strength between
the 7/2716331 - 3/2%(6511 k" = 2% band and the 7/2%(633]-
3/2+[402] K" = 2+ band. In all these cases only spin 3 and

4 band members will share in the ¢ = 0 character.
A level previously labelled as 1" = 3(+) at 2160.2

1660 (zylicz et al., 1966) is

keV in the decay study of
associated in this (d,t) work with the state populated by an

L

0 transfer at 2161 keV. It is assigned as being the

I = 3 member of the 7/27(633] = 3/27(651) K" = 27 band,
although its population in the (d,t) reaction is primarily

through the 7/2%(633) - 1/27(400] X" = 37 admixtdre. The

T e A e gt e T
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I = 4 band member has not been identified.

The I = 3 and 4 members of the 7/2"[633] - 5/2%(642)
" = 17 pand have been assigned to the levels at 1939 and
1979 keV, respectively. The level at 1938.2 keV was

previously assigned as 1" = 2% or 3% (z2ylicz et al., 1966),

and its £ = 0 population demands the 1" = 3% 1abel. The

same study ascribed "= 2t or 37 or at to the state at
1379.0 keV, consistent with the present 1" = gt assignment.
The spin 5, 6 and possibly the spin 7 members of this

K" = l+ band are tentatively assigned to the levels at 2031,
2090 and 2149 keV mainly on the basis of their (3He,u) to
(d,t) cross section ratios (cf. Fig. 4.2.1) and their con-
formation to the expected rotationél pattern. The experi-
mentally observed rotation parameter of ~5 keV for this

band is based on the spin 3 and 4 members.

In comparing the data involving £ = 0 transfexs to
the predicted values (Tables 4.2.8 and 4;2.9), it is
noteworthy that while an exact reproduction of the observed
spectrum was not obtainable, most of the, strongly populated
states were reasonably well matched by the calculation, both
in energy and intensity. 1In additién, the £ = 0 strength
was, in fact, brought down into the lower eneygy bands -in
agreement with experiment. In some of the atEempted cal-

culations with different input matrices, this effect was

far more spectacular, 'but in those cases, the fit to the

%
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hicgher lyving levels was not as good. The results presented
in Tables 4.2.8 and 4.2.9 show the best overall agreement
between calculation and experiment that was achieved by
manual variations 1in.the 1nput matrices. |

One of the fgchst pcaks in the (d4d,t) spectrum
was the level at 2336 keV, and on the basis of 1ts intensity,
strong ¢ = 2 anqular distribution (Fig. 4.2.6) and ¢ = 2
cross scction ratio ('ig. 4.2.1) it has been assigned as
the KT = 5% bandhead of the 7/27(633}) + 3/2%(402)confiqu-
ration. The predicted splitting ehergy of 185 keV 1s

cons®stent with the placing of the KZ = 27 bandhead (prior

,
to any mixinés) at v2535 keV. This 1s the energy for the
k“ = 2" bandhead that is obtained from the "best fit"
energies of the 1" = 3% and 4% band members {(prior to
mixing) 1n the complex mixing calculation. They were used
as input parameters (diagonal matrix elements) for that
calculation. Thus, the mixing calculation is compatible

+

with the placement of the K. = 5° bandhead.

(h) Miscelianeoﬁs States

The level at 1868 keV is observeé in both the
neutron transfer and proton transfer reactions. Its (d,t)
angular distribution (Fig. 4.2.8b)and cross section ratio
imply an 2 =5 neutron transfer. As no unassigned states

populated by high & ncutron transfers are expected to be

found in this energy region, the appearance of this peak

© M 2l i s b
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in the (d,t) and (3He,u) spectra remains unexplained.

Another peak observed in both the neutron transfer
and proton transfer reactions ‘is found at ~2128 keV. 1d”
the proton transfer study this pcak is a multiplet assigned
to at least three individual states with different spins.
(cf. Table 2.4.1). This multiplet nature is also evident
in the (d,t) study, and its population in the neutron
pickup experiment remains unexplained.

In the ;egion between ~1950 and 12650 keV there
are approximately fourteen levels which appear in both
the proton transfer and the neutron transfer spectra, at
excitation -energies that are identical within the. experi-
mental uncertainty of *+ 2 kéV. Four or five other levels
exhibit less certain "coincidences". If the number of -
random "coincidences" that migﬁt be efpected between such
states is calculated, the probability peaks' at about twelve
with a standard deviation aof about three. Thus,‘@hiie
some "coincidences" are poFSibly due to a form of n-p
interaction, most are prob;bly accidental and so in general
it is not assumed that the levels populated in the neutron
transfer pfocesses have to be the same ones as.observed in
the proton transfer reactions.

The ;ngular distributions to the remaining un-
assigned states oﬁserved in this study ar§ shown in Fig.

4.2.8. Their (d,t) cross sections range from a few ub/sr
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Fig. 4.2.8a
N\

167 Er angular distributions for miscellaneous

Er(d,t) 160

states observed in the pﬂesent study. The first four
states (786, 859, 957 and 1075 keV) are the first four

members of the y-vibrational band. The other angular

distributions are for states unassigned in this work. )
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Fig. 4.2.8b

167Er(d,t)166Er angular distributions for miscellaneous

states observed in the present study.E Assignments have

not been made for these states in this work.
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Fig. 4.2.8c

6

167Er(d,t)l6 Er angular dastributions for miscellaneous

states observed in the present study. Assignments have

not been made for these states in this woxk.
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Fig. 4.2.8d

167Er(d,t)lsGEr angular distributions for miscellaneous

states observed in the present study. Assignments have

not been made for these states in this work.
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to almost 100ub/sx. While some of these states may be due
to predominantly one two-guasiparticle configuration,
many are doubtless states formed by second order mixing
effects between the states already described. Others
likely come from particle-vibration interactions similar to
those described in Section 4.2.c, or from y-vibrations
built upon particle states as seen in the odd Ho and Tm
nuclei (W%?ner, et al., 1975; Panar et al., 1977; Cheung,
et al., 1974). These states do not, however, comprise a N
large fraction of the total cross section. In the 45°

(d,t) spectrum almost 80% of the strength has been either

tentatively or definitely assigned in the above sections.

4.3 States Populated in the Proton Transfer Reactions

(a) The Ground State Band

166

The K" = 0+ ground state band of Er is formed in

the (3He,d) and («,t) reactions by adding\ikproton in the

7/2 {523] orbital to the 7/2 [523] proton

in the 165Ho target ground state. Peaks corresponding to

already present

rotational band membexrs up to spin 8 are observed in.ﬂoth
reactions (cf. Fig. 2.4.1, Table 4.3.1) (cf.also Kubo, 1968).
In agreement.with the cross section prediction, the spin 0
and 8 members bf the band are weakly populated, while for
the otﬁer observed band members, whiye comparisons between

the experimental and predicted cross sections can be made,

the agreement is reasohably good.
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- Fig. 4.3.1

Ratios of differential CrOSS-SeCtiOnS for the (3lie,d)600
and (u,t)600 reactlions as a funétion of excitation ener-
gies in keV. The solid lines represent the predicted ratio
for the transfer of a proton with the f-value indicated.
The points are the observed ratios for levels in 166Er
labelled by their excitation energies. The predicted

curves have been normalized to members of the ground

state band (see text).

s

The short bar with an upward pointing arrow is a lower

limit for the value of the ratio, R.
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Fig. 4.3.2

165 6

HO(BHe,d)l6 Er angular distributions to the spins 2, 4

and 6 membexs of the ground state band. ‘The solid lines

N
\

are angular distributions generated by the coméutér code
EVEPLT for mixed 2-value proton transfers. These genera-
ted shapes have been scaled up or down to produce the

best wvisual fit,

e s e g it S
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This band will be predominantly éopulated by higher
t-value transfers (2 ~ 5) as the 7/2_[523] orbital ori-
ginates from thé hll/2 shell model state and Cll/2 5 is
expected to be the largest ng coefficient. The (3He,d)
angular distributioﬁgf shown in Fig. 4.3.2 .are consistent
with the calculated mixed ¢ = 3 and 5 transfer to the spin
2 and 4 levels. From the angular distribution it is evident
that an impurity peak obscures the spin 6 state at forward
angles, destroying the almost pure % = 5 shape which is pre-
dicted by the theory. The ratio of (?5e,d) and («,t) cross
sections for levels with spins 2 to 8 are presented in
Fig. 4.3.1.. The ratio plot is normalized using the ground
state band, with the (a,t) DWBA normalization being 78 for
a (3He,d) DWBA normalization of 6 (cf. also Sect. 3.4.b).

(b) The K" = 27 y-vibrational Band

The members of this band have been observed in this
study up to spin 6 in the (3He,d) reéc%ion,,and up to spin
5 in the (o,t) reactioﬁ‘(qf. Fig. 2.4.1). All the band
member§ are very weakly populated in these reémxions,
tybicél cross sections being V1% of thoée for the largest
peaks in the specira. Thus, as in the neutron transfer

studies, the structure of the band has not been investigated.

{

-y

() The 7/27(523] * 1/27[411] Bands
The 1/27[411] orbital forms the lowest lying

"éarticle" state in lgsﬁo (Wagner etq&l., 1975) . Therefore,

-

N oA
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the band built on the K: = 4~ coupling of the 7/2 [523]+
1/2+[4ll} configuration should be the first one observed
above the pairing gap in 166Er. It was discussed in

Section 4.2.c along with the K' = 2~ octupole band, which

was populated in the neutron transfer reactions through an

admixture of the 7/2V[633} - 3/27(521] k" = 2~ configuration.'

In that section "pairs" of levels were noted: I' = 4~ at

1572 and 1596 keV, 1" = 57 at 1665 and 1692 keV, and
1" = 6"} at 1786 and 1828 keV (cf. Fig. 4.1.2). It was also
noted that the K{ = 4~ bandhead assignment for the 1572 keV
state was suggested by Zylicz et al. (1966). This assign-
ﬁent was confirmed in a previous (3He,d) study of 166Er
(Kubo, 1968),, and while this suggestion is still considered
to-be essentially‘correct, a small admixture of the two
neutron 7/27 (6331 - 3/27[521) K" = 2~ confi'guration into
this state is proposed in the present. study. This admixture
is'the result of a form of mixing between this K" = 2~ t@é
neutron configuration and the 7/2 [523] + 1/2+[4ll] K" = 4~
two proton configuration. As noted in Section 4.2.c, the
mixing gives rise to the paifs of state; for spins 4, 5 and
6 observed in both the neutron transfer and proton transfer
reactions.

The similarity in the Shapes of the (3He,d) angular

distributions for each pair (Fig. 4.3.3) is also considered,

along with the cofincident excitation energies for the
: g

G

L




Fig. 4.3.3

16 6

5Ho(3He,d)i6 Er angular distributions to states of the
7727 1523]+1/21 [411] two proton éonfiguration. Mixing

with the K" = 27 octupole bands produces two states each
for the spins 4, 5 and 6. %Note the similar experimental

aistribution shape for both states of each spin.)

The first two members of the 7/2  [523]-1/2" [411] K" = 3~

band are also shown.

The dagger (t) indicates that the state is primarily com-

posed of the K" = 2~ octupole vibrational band.

The solid lines are angular distributions generated by
the computer code EVEPLT for mixed f£-value proton trans—
fers. These generated shapes have been scaled up or down

to produce the best visual fit.
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states in the neutron transfer and proton transfer reactions,
to be evidence for the n-p mixing discussed in Section
3.3.h.3 (cf. Tables 4.2.2 and 4.3.2).

With reference to Table 4.3.2, the experimental
cross sections are well matcﬁed by the predicted values for
the spin 4 states. The only appreciable Coriolis inter-
action matrix elements for this band are between members of
the KX = 4~ and K5 = 3~ bands of this configuration
(typically 30 to 40 keV), and between both these bands and
those of the 7/2 [523) # 3/2+[402] configurations. The
latter mixings are highly sﬁppressed due to the large energy
separation between the 7/2—[523] + l/2¥[411] and
7/27(523] + 3/2V(402] levels. Thus, the Coriolis inter-
action does not play a large part in the current discussion.
From the table it can be seen that the spin 5 and 6 levels
have Fxperimental cross sections which are somewhat
greater than the predicted values, possibly due to an as
yet undetermined mixing. However, as these are relatively
small peaks, this is not considered to be a serious dis-
crepancy. ‘

Upon closer inspection of the cross sections to the
spin 6 levels, it is seen that the valuexﬁg the upper state
is considerably too large iﬁ the proton transfer reaction,
while' the cross section is feasonably well matched by the

lower state. The implication "here .is that the upper state
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is considerably mixed and the lowér level is thus pre-
dominantly the 7,/27(523] + 1/2[411] configuration.  This
is consistent with the results of the neutron transfer
study where the upper spin 6 level is considered to be
associated predominantly with the K" = 27 octupole band.
The assignment of these states to the K{ = 4~ band
yields an average rotational parameter of ~10.6 keV for the

two-proton states of 166Er

As the three pairs of states with spins 4, 5 and 6
have been discussed both in this section and the neutron
transfer, a brief summary of the main conclusions concerning
their make-up is in order. The I" = 4 state at 1572 keV
is predominantly the 7/27[523] + 172%1411] K" = 47 two

proton configuration as is the I" = 6 state at 1786 keV.

Both states have &mall admixtures of the 7/2+[633] - 3/271521}

K" = 27 two neutron configuration. Conversely, the higﬁer
lying 1™ = 4~ state at 1596 keV and the higher lying I ='6-
state at 1828 keV are both predominantly the two neutron
configuration with a small admixture of the two proton com-
ponent. On the other hand, the two I" = 5° states‘(1665
and 1692 keV) appear to have egual admixtures of the two
proton and the two neutron copfigufations.
'Beforé'd?scussing the K> band, a Qiéréssion is made .

concerning the multiplet-nature of ﬁény of the states ob-

served in the proton transfer reactions. The presence of at

|
.
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least four multiplets, all with substantial total

cross sections and having at least three components perx
multiplet, greatly increased the complexity of the proton
transfer data analysis. During the caurse of the analysis,
many schemes were hypothesized to interpret particularly
the;péaks and multiplets with large cross sections; it

was foundﬁ however, that the §cheme finally settled upon
and presented in this“étudy {(cf. Fig. 4.1.2) was the

only one which afforded any degree of credibility.. Not
only were all the states which were expected to have

lafge cross sections accounted for, bqt the total cross
section observed for each multiplet was well matched by

the total'predicted cross section for the states in that
multiplet. This was true for bgth the (3He,d) and (o,t)
spectra. In Table 2.4.1, these multiplets are indicated
by brackets beside «the differential cross sections. It
should be further naqted that e&en though from Fig. 4.1.2

it is hard to pick gut the individual members of the
§arious multiplets, the peak fitting program consistent&y
did so at the different angles studied.

The KZ = 3 7/27(523) - fy2+[4ll] bandhead is
predicted by the splitting caléulation to lie 340 keV
above the KT = 4~ spin 4 state. The level at 1916 keV is
at the right energy to bé this K, state, and Zylicz et al.

(1966) identified the state_ag\}" = 3~ and tfntatively
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assigned it as the K  bandhead. The present work confirms
this suggestion. The level at 2002 keV was tentatively
assigned in the 1966 study as the spin 4 member of the

K, band on the basis of its preferential decay to the
1916 keV level and the present study also confirms this.
The spin 5 member is tentatively assigned %D\;he/barely
resolved peak at 2113 keV.

The (3He,d) angular distributions for these states
are well matched by the predicted shapes, althoﬁgh the
spin 4 distributién had to be extracted from a rather
complex multiplet (Fig. 4.3.3). ' The ratios of the (?He,d)
to (a,t) cross sections also agree with the predicted
value, indicating a mixed 2 = 0 and 2 transfer for the
bandhegd, and a predominantly & = 2 transfer for the spin
4 and 5 members.

The cross section to the bandhead is ~30% lower
than predicted for both reactioné (qf; Table 4.3.2), but
this deficiency may be due to mixing of this state with
the two-proton components of the K" = 27 octupole band.
Evidence for this éomes from the-preferential y-decay of
the 1916‘state to the octupole bandhéad 5bserved in the
166Tm electron capture decay (Zylicz: et al., 1966).

| The energies for the three states 'in the K,
band results iQ a rotational parameter of ~10.7 keV,

consistent with the average observed spacings of the

-
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Q

K' = 4~ band discussed above.

(@) The 7/271523] + 7721 (404) Band

A barely resolved peak at 1989 keV, located in the
same multiplet as the spin Z state of the 7/2 [523] +
l/2+[411] K: ; 3”7 band, was noted as having the largest
cross section in the 60° (q,E) spectrum. (cf. Table 4.3.3).
In addition, the ratio of (3He,d) and ‘(a,t) cross sections
was indicative of an & = 4 proton transfer. (cf. Fig. 4.3.1)

As the 7/27(523] + 7/2¥(404) K] = 77 bandhead is expected

to be the most strongly populated state in the (a,t)

1

reaction at that angle, and as it is expected to be popu-
‘5 .

lated by a pure % = 4 transition (the 7/2+[404] orbital
orig%nates with the 97,2 shell model state in the spherical
limit), the peak at 1989 keV is assigned as this bandhead.
The (3He,d) angular distribution to this state is consistent
with this assignment (Fig. 4.3.4).

The only state having an apprecigble Co;iolis
matrix element (v 60 keV) with this state is in the
7/271523] + 5/2¥1413) kT = 67 band. However, in *®Ho the
5/2*[413] "hole" bandhead is located at 995 keV thle
the 7/27(404) "particle" bandhead is found at 716 keV.

The hole state band, formed by coupling the 5/2+[4l3]
orbital to the target ground state orbital, will be fur%her

166Er as a result of

the shift in the Fermi level in going from 165Ho to l66Er.

removed from the KZ = 7° bandhead in
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Fig. 4.3.4 ¢

6

165“0(3He,d)16 Er angular distributions to the 7/27 (523]+

" bandhead. The solid lines are aﬁgular dis-

7/2% (404) K
tributions generated by the computer code EVEPLT for
mixed f-value proton transfers. These generated shapes

have been scaled up or down to produce the best visual fit.

Fig. 4.3.5 a
l65Ho(3He,d)166,Br angular distributions to the 7/2 [523])%
1/27(541] K" = 4%, 3¥ pands. The first two members of each
band are shown. The solid lines are angular distributions
generated by{the computer code EVEPLT for mixed 2-value
proton transfers. These generated shapes have been sgéled

up or down to produce the best visual fit.
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Thus, very little Coriolis mixing is expected for this
level at 1989 keV, and the full strength is expected to
be observed consistent with the experimental results
(cf. Table 4.3.3).

Almost no single proton transfer cross section
to the higher members of the KZ = 7 band is expected for
elther reaction. Consequently, these states have not been
identified in this study.

In the Katori et al. (1974) study, because of the
poor;esolution obtained, the peak at 1989 kev waé not re-
solved from the multiplet (in fact, the multiplet nature
" of this peak was not recognizéd): This led to their
assigning it as the 7,/27(523] - 1/2¥(411] " = 37 bana-
head, despite the fact that this designation would imply
a low {-value for t%e transferreg proton whereas the
large (a,t) population implies a high f-value transfer.

The K“_= 7 bandheéd was ipstead assigned in their work

to a state at 2611 keV which was strongly populated in

the (3He,d)reaction. Dﬁtheprésentstudyboththex3He,d)angu-

lar disttribution and the ratio of the (3He,d) to (a,t) cross

sections support an 2;2 proton transfer to the state at 2608 keV
(presumed to be the state towhich Katori et al. refer) disallowing
the2=4txansferrequiredkn/theK"=7_assignment. The origin

of these errors in determining the transferred 2-values

is not clear from their paper.

-
e v —
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4

A second problem with their study of these K: =7

rs

.and K] = 0” bands is their assignment of the K" = 0~
bandhead at 2005 keV, well below the K" = 77 bandhead.

* This violates tH; Gallagher-Moszkbwski coupling rule (cf.
Section 3.3.h). In the prgsentfstudy, the majority of

the intensity of the KZ = 0 band is predicted to be

4

divided among_the ‘first five band members. The predicted
splitting enefgy of n420 keV implies that these'states
will lie in a region where they woﬁld be obscured by

many larger peaks. Heace, they have not been identified.

(e) The 7/27(523] * 1/27{541] Bands : : 3
Another configuration expected to produce large
proéon pransfer cross sections ?t energies just above the .
pairing gap is the poupl;ng gfhéhe 7/2~[§23] and 1/2 (541]
orbitals. Substantial Coriolis mixing between the K: = A+
and the K:_= 3+ bands is expected to increase the cross

sections to the lower band,’ while the strong Coriolis

matrix elements between thé,upper band and the much higher
lying 7/27[523] - 3/2_{532]7"K1r = 2% configuration are ex-
pected‘to slightiy enhance the K: =.3+ Cross séctioﬁs.

fhe bandhéad and spin.S members of the K: ;’4+
band aié'tenéati¥ely asgignéd to,stétgs at 1976 and ~2043
kev,lrespectiveiy. The spin 6 member is“probabiy located

at ~2132 keV. The first two band members are’ resolved .

(ba:eI&)-from»thé,mﬁltipleﬁs in which they are unnd while
£ co

R g

’ T et
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the spin 6 state is found in an unresolved multiplet, hence
its more tentative assignment (cf. Fig. 4.1.2, Table 2.4.1),

For the two "resolved" levels the experimental
(3He,d) cross sections agree quite well with the predicted
valueé, and both the (3he,d) angular dispributions and
the ratio of the (?ﬁe,d) and (a,t) cross sections support
the prediéted mixed £ = 3 and £ = 1 proton transfer to
the bandhead and the primarily & = 3 transfer to the Qpin
5 state. (cf£.~Fig. 4.3.5, Table 4.3.4). The observed
rotational parameter from the spins 4 and 5 states is a7
kev which is in goéd agreement with the valué of ~6.7 keV
predicted by the Coriolis mixing calculation (the value
prior to mixing was input as ~10.7 kev, in accordance with
the value from the preceding subsections).

Possible support for the assignment of the 1976 kevVv
state as a bandhead c§mes from the decay studies of 166Tm’
(Zylicz et al., 1966{ where é level at 13#9.0 keV, assigned
as I" = (2, 3, 4)+, (and conceivably the level con-
sidered here) has.no confirmed coincidence decéys to any
possible lower band méﬁbers. Rather, it decays to stétes'

\

of the 'y-vibrational band, suggesting that it is itself

the lowest member of a band.
The obsefveﬁ rotéfional parameter from the lower
Jband members placed the spin 6 members in the multiplet

at ~2132 keV. For this multiplet, as well. as for others

[

el Et
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143 .
as noted, above, the total predictedrcross sections from
all the components of the mulfiplet match the total
experimental ¢rogs sections very well both in the (3He,d)

and (a,t) reactions. Thus, the assignments are supported

for each component of each multiplet. For the spin 6
state, the unresolved nature of the level prevents the
‘genergtion of either a cross section ratio or a (3He,d)
angular distribution to provide further tests for the
interpretation. Thus, a firm assignment would be pre-
nature.. ‘ ') \

The first two membé%s of the K: = 3¥ band have )

been tentatively identified &Tabié 4.3.4). It is proposed
| that the spin 3 bandhead l%es in the multiplet at 2132 keV,
consistent with the predicted splitting energy of 160 keV.
The spin 4 state is tentatively assigned as the state at
2240 kev.

As in.the cage of the spin 6 state (noted above as
bein§ pgrt of the same multiplet), the bandhead's predicted
cross section is consistent with the‘predicted values fBr
the'éther'membeés of the multiplet and the total experi-
méntal cross section. Aéain, no (3He,d)'angu1ar dis&ri-
bution or cross section ratio was available. For' the

spin 4 state, the ratio of thef(sﬂe,d)land-(a,t) cross

sections indicates'a mixed ¢ = 3 and % = 5-proton trans-

fer, consistent with the assignﬁent, and the‘(3He,d)
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angular distribution is reasoﬁably well fitted by the pre-

dicted shape. (Fig. 4.3.1, 4.3.5).

~(f) The 7/27[523] + 5/27[402] and the 7/27(523] * 3/21(411)

Bands ‘

Although many levels had been assigned thus far
in the present proton transfer study, not only did an
appreciable amount of experimental strength’still remain
unassigned below 2650 keV, but it was spread among *
several different multiplets and individuéi levels. The
only unassiéned configuratioméwifhqppmeciable Cross-

sections in this energy region were the 7/2"[523]*‘5/2+[4021

couplings. Wlth reference to Table 4.3. 5\xhe states ex-

i WU
pected to have large unmixed cross sections were the.,_ e
K: = 6 bandhead and the spin 1, 2 and 3 members of the -~
- o .
KI = 1 band. These two-quasiparticle .bdnds were expected

166

to be at ~2500 keV in Er, based on the excitation

energy of the 5[2+[402] band. in 165Ho (Wagnér et al., 1975),
and the predictéd splitting energy was ~v150 keV.

The identification of the K, = 6 bandhead as the
peak at 2608 keV was. read%ly accompllshed as this band-
head is predlcted to form the, 1argest peak in the ( He d) .
spectrum at 45° The _angular dlstrlbution and the ratxos
of the cross sections indicate that the groton transfer o

to thls state is predominantly &.= 2, as expected since the

5/2+[402] orbital originaﬁeg from a 65/2 shell model statep

oo

A\
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in the spherical limit. (Fig. 4.3.6, 4.3.1). The ob-
served cross sectiops are in excellent agreement with pre- e
dictions for this state (cf. Table 4.3.5). The cross
sections to the higher band membe;:\aré all predicted
tovbe very small. ’

As noted in Section 4.3.d, the large (°He,d)
peak observed by Katori et al. (1974) at 2611 keV was

erroneously aésigned to be the 7/27[523] + 7/2+[404] K" = 7°

bandhead. No consideration of the 7/2;[523] + 5/2+[402}
configuration was taken in their work, and thiq\omissioq .
contributes to the many discrépancies in the éssignments
noted between that study and Ehg present one. } T
The assignment of the KZ = 1~ band presented more
of .a problém: no'lérge~peaks appear in the ‘spectra at
v160 keV below the K = 6 bandhead, as predicted by the
splitting calculation, and in fact, no unassigged peaks of
the strehgﬁh required to pé the lower spin membérs of the

“ Kj =1 band.appear at all, particularly not in a f(I+l)

<
rotational pattern.

A possible explanation for the deviation from the

165

unmixed predictions is available by noting that in Ho

the 3/2+[4ll] "hole" -statd bandhe;d is located ~700 keV

¥
below: the 5/27[402] "particle" state bandhead (Wagner,

et al., '1975). If in going from?IGSHo'to 1665 the Fermi -

‘level moves upwards by ~400 keV, the 7/2—[5?3] % ?/2+[hll]' . . .

-~
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Fig. 4.3.6

SHo(3He,d)166Er angular distributions to the 7/2 [523]-

S

5/27.1402] K™= 17 band and the 7/27[523]1+5/27 (402] K" = 6~

bandhead. The spin 1 and 3 levels form doublets with
levels of the 7/27[523]1-3/27[411] X" = 27 ¢onfiguration
but the proton transfer popu}ation is almost entirely
through the K' = 1~ components (cf. also Fig. 4,1.2).
The solid lines arenaﬂéulax'distributiohs generated by -
the computer code EVEPLT for mixed R-Qalue proton trans-
fers.‘Ehese generated shapes have been scaled up or down
ﬁo_producethebestvisualfit.

) .

v

* Y




N

100

do/dQ (ub/sr)

AR
T T 1T \\Tq

147

T

Ill T Ty

I\Y[

LRRRL] T

T

LU

- 2055 keV

L]

I,K =1, 1"

2151 keV
I.K" =21

2223 keV
1,K"=3,1

1 L

100

T

T

I T TTTIT

.

]
40 60 80

O (degrees)

1 | 1 |
0 20 40 .60 80

\




148

.

configuration will lie very near to the 7/2 [523] 5/2+[402]
configuration prior to any mixing. As the Splitting

energy for the former is predicted to exceed that of the |
latter configuration, it is quite possible that the

7/2*[523] - 3/2+[4ll] K:'= 2" bandhead will lie below the

spin 2 member of the 7/27[523) - 5/27[402] K} = 1~ bang,

and the spin 6 member of the 7/27[5231 + 3/2%(411] K: =5

band will lie above the 7/27[523] + 5/27[402] K = 6~
bandhead. Although these K( bands do not have large Tel
Corioli® matrix elements (typically ~30 keV) for the spin
2 and 3 states, the Coriolis mix: g in%graction can trans- ;
fer much of the strength from the ﬁ%\ijl‘ band to the > *
K. = 27 band (cf. Table 4.3.5).

A possible interpretation is presented involving
the associétion of these mixed levels with the unassigned

strength in the aforementioned multiplets. The peak at

2055, barely resolved from the spin 5 state at 2043 keV

(cf. Fig..4.l.2), is attributed to a combination of the

KT =.17 bandhead and the K' = 27 bandhead. The total ob- :
served cross section for this hultiplet (cf. Table 2.4.1) e
1s reasonably weil matched by the predicted values fqr

both the (3He,d) and fa,é) reactions.(cf. Table 4.3.5).
The cross section ratio is consistent withvthe required

- A . £
£ = 2 proton transfer (Fig. 4.3.1), and the (3He,d)

angular distribution is quite well matched by“€h§pmedicted
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shape (Fig. 4.3.6).

The spin 3 member of éhe K: = 2”7 band is assigned
as the third member of the multiplet at 2132 keV. With
its inclusion, the total predicted cross section agrees
very well wiﬁh observed values for both the (3He,d) and
(a,t) reactions. The spin 2 members of the KZ = 1 band
is assigned to the state at 2151 keV on the basis of its
intensity (cf. Table 4.3.5) and its & = 2 cross section
ratio (Fig. 4.3.1). 1In additioﬁi the angular distribution
is ver§ well matched by the predicted shape for this state
. (Fig. 4.3.6). The spin 3 member of the quf 1~ band and
the spin 4 member of the K. = 2~ band have the correct
predicted mixed cross sections to be located in an unre-
solved doublet at 2223 keV. The (3He,d) angular distri-
bution is fitted we}l by the expected & = 2 shape for
these states (Fig. 4.3.6) and the cross section ratio‘is
consistent with the & = ﬁ proton transfer assignment.

The k! = 57 coupling of the 7/27[523] + 3/27{411]
band is not identified in this study‘as it is expected to
be quite weakly populated. As noted éboﬁe, it is logical
to expect that the spin 6 member of this band will lie
above the K] = 6~ bandhead of the 7/2 [523] + 5/27[402]
configuratiop, a position supported-by the fact that .the
latter s#ate is observed with its complete strength.

Tﬁe reason for the splitéggavénergi;s being 400 keV

}
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larger than expected for these bands is not completely

understood. Interactions with vibrational configurations

may be responsible for these effects as noted in the neutron
transfer study where the 7/2"[633) =3/27[5211k} =27 band is
depressed 590 keV more than predicted by ‘the splitting

energy calculation (cf. Section4.2.c). In spite of this

only partially explained difficult&, the total scheme is
supported by the fact that the cross sections are so well
matched for the several highly complex multiplets ob-

served in both the (3He,d) and (a,t) reactions.

(g) The 7/27[523] + 9/27[514] Bands
Two states have been assigned in this study for
the two members of the 7/27[523] + 9/27[514] K[ = 8"

’

band, at 3075 and 3273 keV (Table 4.3.6). Their ratio

of (3He,Q) and (a,t) cross sections indicates & = 5
proton transfers (Fig. 4.3.1)_con§istent with the hll/é
shell model state origin in the spherical limit for the
9/27[514] orbital. ﬁb Coriolis mixing is expecéed for the
spin 8 state, and‘only very‘iittle is expected for the1
spin é level, the 7/2 [523) + li/z-ﬁSOS] K = 9% band

being considerably higher in energy.

The K: =_1+ band i$ not identified in the present
- , '/‘ \b
study as the,strengtq is predicted to be spread among
several band members, and they -are expected to lie in a

region where they would be obscured by many larger peaks.
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(h) Miscellaneous States !
The state observed in the neutron transfer study .

at 1868 keV may be the same one found at 1865 keV in the

proton transfer-reaction (cf. Tables 2.3.1 and 2.4.1).

The (3He,d) to'?a,t) Ccross section ratio indigates an

£ v 3 proton transfer (or mixed & = 2, 2 = 4) while the

(3He,d) angular distribution shows an 2 = 2 shape if the

point at 6%0 is attributed to an impurity (Fig. Q.B.?a)-
The level is not assigned in this study.
The peak at 3501 keV is seen to have a large (3He,d)

cross section and a small (a,t) cross section yielding an o
"2 =0 (orrpossibly & = 1) cross section ratio. In addition,

the (3He,d) angular distribution is fitted by an 2 = 0

shape (Fig. 4.3.7a),and so this peak is associated with

the 7/27(523] = 1/27(400) configwration. Despite the

fact that the observed (3He,d) cross section is quite

large, it is still only a fairly small fraction of the

. \
total strength expected for this configuration and the’

peak at 3501 keV is likely due to an admixture of one of }

the strongly populated bandheads into a vibrational state.

* L .
As the Gallagher-Moszkowski:' rule predicts that the K" = 3

state will lie lowest and this is the lowest lying state o

populated by an'2 = 0 transition, it is possible that the

levsl is populated by an-admixture of this spin 3 state.

« !

However, this should be regarded as a highly\teptat?ye




3
A U ate et e ke e

-

Fig. 4.3.7a

165Ho(3ne,d)l66

Er angular distributions for miscellaneous
states observed in the present study. The state at 1865
keV is compared with an ¢=2 shape, scaled to produce
the best visual flf, while the state at 3501 keV 1is

similarly compared with an £=0 shape. The other angular

distributions are for states unassigned in this work.
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Fig. 4.3.7b

165 )166

Ho(3He,d Er angular distributions for miscellaneous
states observed in the present study. Assignments have

not been made for these states i1n this work.
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lb5Ho-(3He,d)166Er angular distributions for

states observed in the present study. Assig

not been made for these states in this work.
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Fig. 4.3.7d

165Ho(3He,d)166Er angular distributions for miscellaneous

states observed in the present study. AsSignments have

not béen made for these states in this work.
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assignment.

b

The (3He,d) angular distributions for the un-

assigned states, where available, are also shown in

PR PR

v

Fig. 4.3.7. As.in the neutron transfer study many of
these levels are probably . due to higher order mixing
interactions between the states already considered, or

between thos@ states and various vibrational configurations.

P R L e T N L

Again, as in the neutron transfer study, these states do

not comprise a large fraction of the total observed cro®s

T

section. 1In the 45° (3He,d) spectrum, ~80% of the total
observed strength has been accounted for up to an energy

of ~2610 keV.
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CHAPTER 5
CONCLUSIONS

This nuclear -structure study of the rare carth

deformed nucleus 166Erfuusused the 167Er (d,t) 166Er,

54
167Er (3Hc,u) 166Er, 165Ho (3He,d) 166Er and 16)Ho {a,t)
166

Er reactions.

In the neutron transfer study the (d,t) Yecaction
was studied at twelve angles and sixty-six angular distri-
butions were generated. The (3He,u) reaction was investi-
gated at three angles and ratios of the (3He,a) and (d,t)
cross sections were obtained for twenty states. Up to an
excitation energy of ~2650 keV, almost 80% of the strength
has been accounted for.

In the proton transfer study the (?He,d) reaction
was studied at ten angles and forty-eight angular distri-
butions were generateds The (a,t) reaction was investi-
gated at two angles and ratios of the (3He,d) and (u«,t)
cross sections were obtained for twenty-five states. Up
to an excitation energy of ~2610 keV, almost 80% of the
strength has been accounted for.

A great deal of new information on the structure
of 166Er has been assembled in this work, with many new
assignménts being proposed for two-quasiparticle stateg.

In addition, scveral previous assignments were confirmed,
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and 1n some cases, other carlier labhellings were refuted.
Generally, the rogults of the decay studies of Zylicz ct al.
(1966) , and Reich and Cline (1970f were confirmed, as (
were the results of the (d,t) study of Burke et al. (1969)
and those f UN>(3Hc,d)sH1Kh'ofKubo (1968). In contrast,
almost all the results from the (3He,d) study by Katora

et al., (P974) were disputed.

Substantial amounts of evidence for both AN = 2
and neutron-proton interactions in 166Er have also been
presented. These, combined with the new inEBfmation re-
garding the two-quasiparticle assignments have helped %0
‘increase the understanding of 166Er in the context of the
Nilsson model.

Future work with this nucleus could follow three
major lines. First, a better tpeoretical understanding of
the grpund‘state band structure of even-even nuclei(could
aid in the determination of the 167Er target4nucleus
configuration. This, of course, implies an adequate
knowledge of the multistep processes whiéh populate lower
lying states in the single particle transfer reactions.
Second, a y-ray study of the higher lying states by,
typically, the (a,xny) reactién méy{bossibly shed still
more light on the configurations above 42 MeV in excitation

energy. And finally, a more rigorous theoretical treat-

ment of this nucleus which fully incorporates the many vib-
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