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ABSTRACT

ROTATIONAL BANDS IN '7ORe
AND
IBA CALCULATIONS FOR ODD-ODD Re ISOTOPES
By

Wen-Tsae Chou

Rotational bands in odd-odd 176

159

Re have been studied via the heavy-
ion reactions, > Tb(®*Ne,5nY)'™®Re at Msu NSCL and '%Ho('®0,5ny) ! T6Re
at SUNY Stony Brook, using in-beam Y-ray spectroscopic techniques. Ge
detectors, with anti-Compton shields, were used to take singles,
coincidence, delayed-coincidence, and angular-correlation spectra.

Two rotational bands have been characterized. One of the bands is
the so-called "doubly-decoupled band" with AI=2 E2 intra-band
transitions. This band shows backbending at a crossing frequency (=0.29 -
MeV) close to that of even-even W but lower than that of 177Re. This
suggests that the effects of the odd neutron and odd proton on the
crossing frequency seem to cancel each other out in this particular
case. The observation of this band supports the mechanism of heavy-ion‘
compound-nucleus reactions forming particle states highly-aligned with
rotation, with the subsequent Y-ray cascades feeding down through
similar states.

The other band is a regular rotational band connected by AI=1

transitions. No linking transitions between these two bands have been

identified; therefore, spin could not be assigned uniquely. In general,
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our results agree with some previous studies (Santos et al.), but our
delayed-coincidence results showed the existence of meta-stable states,
which were not mentioned. In addition, they observed a 70.5-keV
transition, which we did not. Such ambiguities make assignments
difficult. They assigned the band K“=6+, a coupling of 75/2%[402+] and
v7/2+[633¢]; whereas, we favor an assignment of K"=7+, a coupling of
19/27[514+] and v5/27[512+].

IBA calculations have proven to be able to give an accurate
description of the properties of low-lying collective levels in even-
even and odd-mass nuclei. We have extended this model to odd-odd
nuclei, applied to the Re isotopes. Our calculations make no
restrictions as to orbits because of the particular, very efficient
model-space truncation scheme used. The results are compared
qualitatively with exberimental data, and have achieved remarkably good

agreement in what is a very stringent test of the IBA methods.
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CHAPTER I

INTRODUCTION
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In-beam Y-ray spectroscopy of deformed nuclei is not a relatively
new subject; however, most studies have concentrated on even-even and
odd-mass nuclei. The reason odd-odd nuclei have received less attention
is because of the suspect complexity of their spectra. Also, a fair
understanding of the neighboring odd-mass nuclei is needed to interpret
the spectra of odd-odd nuclei. But studies have shown them to be less
complex than anticipated, especially highly deformed odd-odd nuclei
[S184], where states come in bands rather than singly. A possible
mechanism consistent with this unexpected simplicity invokes a
rotational alignment of particles to assist the core in handling the
large amount of angular momentum brought into the compound nucleus in
heavy-ion reactions. Once such "klokast" states (with large Coriolis
matrix elements) are populated, the subsequent Y decay preferentially
feeds into similar states, populating a select subset of lower-lying
states.

During recent years, the development of experimental and
computational techniques has extended the study of nuclear structure to
new dimensions. One of the most extraordinary phenomena was the
discovery of the discrete-line superdeformed band in 152Dy [Tw86].
Since tﬁen many instances have been found in the light rare-earth
region, with the possibility of such bands also in Os and nearby
isotopes. It has been found [Ta88] that optimum population of such
bands probably requires a relatively cold compound nucleus rather than
the highest possible angdiar momentum consistent with a particular
reaction; also, superdeformed bands thus far reported in odd-mass nuclei
[Wa88] receive greater population than those in even-even nuclei. If

this is generally true, then it is likely that superdeformed bands in




3
odd-odd nuclei could even receive more population, which makes the study
of odd-odd nuclei even more interesting.

Backbending has been a popular subject since it was first observed
in even-even nuclei in the early 1970's [Jo71]. It is believe to be
related to the pairing correlations in nuclei, where large amounts of
angular momentum are known to weaken the pairing. The standard
mechanism is that the Coriolis force acts oppositely on the two members
of a pair, lifting their degeneracy and ultimately aligning the particle
angular momentum as much as possible with the rotation axis. For odd-
mass nuclei, depending on the position of the single nucleon, its
blocking could weaken the pairing correlation and thus make the
backbending occur at lower frequencies, or it could occupy ehe favorable
orbits and delay backbending until higher frequencies. Many nuclei in
well-deformed regions show backbending, but only a few odd-odd cases
have been reported so far (and not until 1985 [Fo85]). This stimulates
our search for backbending in other odd-odd nuclei. Hopefully, we could
learn more about how single unpaired nucleons affect the backbending.

There are many other reasons for studying odd-odd nuclei. Among
these probably the most important is that odd-odd nuclei offer us a good
source fér studying proton-neutron residual interactions. Normally
these residual interactions are masked by the rest of the nucleus, but
if the last odd-odd nucleons are decoupled from the core, then these
"doubly-decoupled bands" offer a relatively clean source of information.
The first such band was characterized by Kreiner et al. [Kr84] in 1984,
and since then several such bands have been discovered, most of them in

176

the Ta-Re-Ir region. From systematics, it is obvious that Re is a

good candidate for exhibiting a doubly-decoupled band.




Y
It is important to learn the systematic behavior of a series of
odd-odd nuclei, and a few heavier odd-odd Re isotopes have been studied.
Therefore, we elected to study the more neutron-deficient Re nucleus,
1;gRe101, via in-beam Y-ray spectroscopy. We wished to test the
aligned-state mechanism, to look for doubly-decoupled band(s), and also
to analyze the continuum Y-ray spectrum for possible superdeformed

176Re by the 159'.['b(22Ne, 5nY) reaction in order

behavior. We produced
to emphasize high-spin states, using 108- and 113-MeV 22Ne beams from
‘the MSU NSCL K500 superconducting cyclotron. Excitation-function and
angular-correlation experiment, as well as coincidence experiment, were
conducted at SUNY Stony Brook, using a 96.9-MeV 160 beam on a 165Ho
target.

Not many theoretical calculations have been done for odd-odd nuclei
because of the same reasons that caused experimentists to hesitate. The
IBA model has proven to be able to give a rather accurate description of
the properties of low~1ying collective levels in even-even nuclei.
Likewise, its extension to odd-mass nuclei, the IBFA model, is able to
reproduce a large variety of properties in phenomenological
calculations. Recently, we have developed a computer code with which it
is possible to calculate odd-odd nuclei in the framework of the IBA
model. We call it the IBFFA model. A series of calculations has been
performed for 176'184Re in order to examine the extension of this model
to odd-odd nuclei.

Chapter II of this thesis is a brief discussion of some of the
theoretical models used in describing nuclear structure. Chapter III

will include some important features in studying nuclear structure via

heavy-ion reactions. Detailed experimental set-ups and data analysis
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will be covered in Chapter IV. 1In Chapter V the experimental results
and construction of the level scheme will be presented and discussed.
Finally, a short outline of the IBA model, results of calculations, and

qualitative comparisons with experimental data will be presented in

Chapter VI,




CHAPTER 11

THEORETICAL CONSIDERATIONS
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To understand and correlate the properties of nuclei requires
knowing the appropriate laws that govern the interactions among
nucleons. The nuclear problem is very complicated because the force
between two nucleons is not completely known. Under these circumstances
there is no other choice but to make simplifying assumptions, which can
provide approximations of the fundamental forces. Many models have been
worked out, each adopting its own approximations, which are usually
suggested by experimental evidence. Among them are the shell model, the
Fermi-gas model, and the collective model.

The shell model starts with the assumption that each nucleon moves
in an effective spherically symmetric potential, which is an approximate
representation of the interaction of that nucleon with all of the others
[Mc68,5e77,Fr81b]. The greatest success of the shell model is the
prediction of the magic numbers of closed shells. Much evidence that
supports the shell model is associated with these numbers.

The nucleons are distributed with spherical symmetry in space only
for nuclei having a complete, filled shells. Any nucleons outside the
closed shell tend to deform the nucleus away from the spherical shape,
and the potential energy for this deformed nucleus is no longer
sphericaily symmetric. As a consequence of deformation, there are many
phenomena for which the shell model fails to explain, here the
appropriate model turns out to be the collective model.

Coriolis effects are not very strong or apparent in our daily life,
but they are very apparent”in the case of rotational nuclei. Sometimes
these effects can completely obscure the behavior of rotational bands.
To.a first-order approximation [St75], the Coriolis effect is

proportional to j, the particle orbital angular momentum, so it is
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comparatively large for nucleons occupying states with, for example,
J=13/2.

1;gRems, which has both proton number and neutron number far away
from magic numbers, is a well-deformed neutron-deficient nucleus. For
the present study, there is no need to review the theory of the shell
model, but some of its ideas are useful‘and will be mentioned at
appropriate places. The intrinsic states of an odd-odd nucleus are the
coupling of the single-particle states of its odd-mass neighbors [Ga58].
From the level schemes of the odd-mass neighbors of odd-odd Re nuclei,
we note that their low-energy states are usually occupied by a single
unpaired i13/2 (neutron) or h”/2 (proton) nucleon. Such states are
expected to show large Coriolis effects, and these effects should remain
when they are coupled with otﬁer states. Thus, we belieVe there are

176

sizable Coriolis effects in Re, making it necessary to look into the

Coriolis force a little deeper.

A. COLLECTIVE MODEL

There are different kinds of collective motions in nuclei
[Mc68,5e77,Fr81b,DiBlU]. The most important excitation mode that appears
in the energy region we are interested in is rotation. Therefore, we
shall restrict our discussion to collective rotation of deformed nuclei.

The earliest experipéntal evidence for nuclear deformation came
from the measurement of odd-mass nuclear Quadrupole moments, which are
many times larger than those expected for a single odd nucleon moving in

the field of a spherical core. It was first suggested by Rainwater
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[Ra50] that the motion of an odd nucleon might cause nuclear deformation
and all of the nucleons in the nucleus could contribute collectively to
the quadrupole moment. Consequently, the deformation might be
reinforced by adding more nucleons, and, indeed, strongly deformed
nuclei are always found toward the middle of the shells.

Nuclei with nonspherical shapes have distinguishable orientations
in space; thus, it is expected that they may exhibit rotational levels,
which can be built on each intrinsic state [Bo75]. The shell-model
states are no longer valid for deformed nuclei. The angular momentum of
the single-particle state is not a constant of the motion anymore, but
only its projection, which is labeled by Q, on the symmetry axis. Most
of the degeneracy of the shell-model states will be lifted, and they are
now called Nilsson states, usually labeied with the asymptotic quantum
numbers Q“[N,nz,A,Z] [Bo75,Fr81b]. Here N is the total number of
oscillation quanta as in the shell model, n, is the number of nodes
perpendicular to the symmetry axis, A and £ are the respective
projections of the orbital and spin angular momentum on the symmetry
axis, Q=A*L, and 7 is the parity. In odd-odd nuclei the intrinsic
states consist of the coupling of the single proton state with the
single neutron state, producing I = L + Zn (triplet) or L = L - L

P
(singlet) [Ga58]. Generally, the collective rotational band is composed

n

of regularly spaced levels having enhanced intra-band E2 transitions
because of the large quadrupole deformation.

The energy levels of a”fotational band can be expressed as

E = Ey(K) + AI(I+1) + BIZ(1+1)2, (1I-1)
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This equation shows the familiar rotational term plus correction(s) from
Coriolis coupling and centrifugal stretching [Bo75]. To derive this
equation would immediately lead us into a discussion of the Coriolis

force. Therefore, it will be left to the next section,

B. CORIOLIS FORCES

A convenient way to describe a rotating nucleus is by particles
coupled to a rotor having a symmetry axis. The coupling scheme [Mc65]
and the notation are shown in Figure II-1. The total Hamiltonian for

the system can be written as [Mc65,Bo76,F176,E181a]

2 2
= Hintr‘ + 7%/2T (R%)

T
|

= Hinge * Heog * He + Hpn * Hipot (11-2)

and each term can be expressed as:

Hinee = Hgp(R) + Hsp(n') + Vo | (11-3)
Ho . = 82/27 (1262 ), (1I-4)
Hy = 0%/27 (1,3 + 13, )
= 2T ML+ 1.3, )+ (L +13 )1, (11-5)
Hpn = ﬁ2/2’j{( ijn_ jp’jm_ ), (11-6)
and H__ = 1%/27 [( ji -"c')f) Y+ (2 -8, (I1-7)

Here we use the relation j} = 12 =T , being the moment of inertia,

and K = Q = Ithin.
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Figure I11-1.

- angular momentum of proton or neutron
projection of j on the symmetry axis 2'
total angular momentum of particles
rotational angular momentum of the system
total angular momentum of the system
projection of I on the symmetry axis 2'
projection of I on a space-fixed axis Z

- S o B S Y SO
[T T TR T TR TR

The coupling scheme for particles and a rigid rotor.

from Reference [Mc65].

Taken
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The It and J¢ are normal shift operators but operate in different
inertial frames. In the nuclear-fixed frame where we normally operate,
I+ becomes a lowing operator and I a raising operator. The basis
functions are chosen to be the eigenfunctions of Hsp(p) + Hsb(n) + Hrot'
Vpn is the residual proton-neutron interaction, which is the reason for
splitting the K:IQp & 4 in doublet. Hirot is an intrinsic contribution
from the rofational degree of freedom. Since it involves only intrinsic
variables, it would not affect the relative position of the members
within a band. Thus, it is usually included with Vpn as a constant
term. There is an contribution from the coupling of particle degrees of
freedom through the rotational motion Hpn’ which can connect proton and
neutron states that have Q's differing by two units. Thus, it can shift
the odd and even members of a band with respect to each other, but it
can do this only for K=0 bands made up from a coupling of Qp = Qn =
*1/2. However, this operator may be ignored except in special cases.

The Coriolis force is the force that, when we move something in a
rotating system, causes it to be pushed sidewise. In the rotating
nuclear system, initially the particles are bound to the core in some
way prescribed by the usual forces in the absence of rotation, but as
the nucieus rotates, the Coriolis force tries to decouple them from the
core and align them along the rotation axis [St72,St75,Di84]. The
matrix elements of Hc’ the Coriolis coupling term, are single-particle
operators and have the form:

< I, K, j t‘H; | I, K, §, Q >

p(n)
= -n2/27 [(I(I+1)-K(Kz1)]1/2[<06

p(n)

() p(n) 1% (n) > D (n) 1B (n)>1-
(11-8)
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This coupling term is larger for high j and small Q, and it increases
with I. There is no cross term in Hc, so for an odd-odd nucleus it is
applied to protons and neutrons separately. The selection rule for this
coupling is AK = %1 = AQp(n)' In odd-mass nuclei, it has a diagonal
term only when Q=1/2 [Bo76], and this term is responsible for the
usually staggered K=1/2 bands (and sometimes can even invert the order
of the members in the band). For odd-odd nuclei, usually the terms in
the second bracket are non-zero for only one of the two single
particles. However, for K=0 and K=1 bands [Em73], which come from
special couplings, namely, K = Qp + Qn =1/2 +1/2 = 1and K = Qp - Qn =
1/2 - 1/2 = 0, both terms are non-zero, and this is the situétion where
Coriolis effects can be large. This is the main reason for the
existence of doubly-decoupled bands in the odd-odd nuclei., This will be
discussed further in Chapter III.

If the Coriolis force is not large, then it can be treated as a
perturbation on rotational energy levels [Bo75]. It would give a
negative contribution proportional to the I(I+1) term and a positive
contribution proportional to the 12(I+1)2 term, so we reach the equation

for rotational energy:
2 2
E = EO(K) + AI(I+1) + BI®(I+1)".

For most nuclei, the contribution to A comes from‘hz/Zj'; B is down by
about 10'3 and is usuallyJ; negative value, resulting from centrifugal
stretching (which we have not corrected here). However, in some odd-
mass or odd-odd nuclei, because of the large Coriolis mixing, the B

coefficient becomes positive. We need detailed wave functions and to
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take into account all the bands that could be mixed in order to
calculate the magnitude of this effect, and this is beyond our scope!
However, understanding it qualitatively will help us to interpret the
band structure of the nucleus.

As mentioned above, the Coriolis effect is in general larger for
high-j and low-Q orbits and increases with spin I. One of the extreme
cases, of special interest to us, is for the K=1/2 bands of odd-mass Re
nuclei. Here the Qp=1/2 states originate from the h9/2 spherical
states. The Coriolis effect is so large that it even shifts the
unfavored signature band members to much higher energies. It also
distorts the spacings of the neutron bands built on states originating
with j=13/2 in the odd-mass Os nuclei. The effects in these odd-mass
states remain when they are coupled to form states of odd-odd nuclei.
All of these will be discussed again in later chapters in light of

specific examples.




CHAPTER III

SPECIAL FEATURES OF DEFORMED NUCLEI

15
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A. HEAVY-ION FUSION REACTIONS

Coulomb excitation has been widely used to excite nuclei to high
spins and to study rotational behavior of deformed nuclei. Indeed, it
was born with the rotational model [Hu53]. However, since Coulomb
excitation is only an electromagnetic excitation, i.e., the reaction
energy is insufficient to allow the projectiles penetrate close enough
to where nuclear forces are involved, this process cannot excite the
nucleus all the way up to the highest possible spins, nor can it excite
other than collective features. Also, it can only be used to study
stable nuclei (at the present!). Fortunately such disadvantages have
been overcome by heavy-ion compound-nucleus fusion reactions. With the
availability of various heavy-ion beams, nowadays it is possible to
study neutron-deficient nuclei via in-beam Y-ray spectroscopy.

The compound nucleus, having both high excitation energy and spin,
will decay by particle emission [Di80,Di83,Di84], usually by neutrons
since which do not have to cross thev Coulomb barrier, until the
excitation energy is about one neutron binding energy. Because of the
angular momentum barrier, evapor‘at_:ed particles will usually carry away
only a s;nall amount of angular momentum. Then, Y-ray emissions take
over and de-excite the nucleus, which at the beginning of the Y-ray
cascade still retains most of the angular momentum, to its ground state.

There are two basic types of Y-ray transitions [Ri81,DiB3,Di84] in
the de-excitation process;"as sho.wn in Figure III-1. The "statistical"
transitions cool the nucleus toward the yrast line (for a given spin,
the state wit:,h the lowest excitation energy is called the yrast state),

but remove little angular momentum. Most of the structure information
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Excitation energy is plotted against angular momentum
in a nucleus (with mass around 160) that is the product
of an (“%Ar,l4n) reaction. The populated energy and
angular momentum range is shown, together with the
proposed cascade pathway to the ground state. Taken
from Reference [st75].
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is contained in the "yrast-like" transitions, which decay roughly
parallel to the yrast line and remove angular momentum. In the higher-
spin region, the level density is so high that transitions can not be
resolved, producing a continuum spectrum. In the lower spin region, the
transitions can be resolved, producing the discrete spectrum,

Studying the discrete spectrum, one can learn detailed information
about the band structure, such as the intrinsic states of the yand heads
ahd the spins of the band members. This is the main subject of our
present work, and many variations will be discussed.

The study of continuum spectra is focused on extracting the dynamic

moment of inertia 342) [Di80,DiB3,V083,Di8Y4], which is defined as
72, 62 - (a®e /a2 ) - d1 / fde . (111-1)

The idea is that if the nucleus is a perfect rotor, there is a high
correlation between energy and spin. One aspect of this correlation is
that there are no two Y-rays with the same energy. Thus, in a two-
dimensional plot of E(;) vs. E(s) [De80], no point should be found along
the diagonal line, and the pattern is like a series of ridges parallel
to the diégonal. The width W of the "valley" along the diagonal is
determined by the difference between Y-ray energies and is related to

the moment of inertia of the band by

) ) 2 2 _ an2, er(2)
W= 24E = 8(d°E, / dI®) = 8( dw / dI) = 8h /Iband. (I11-2)

This useful piece of information can be obtained without resolving the

spectrum, with the requirement that the populated bands have similar
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moments of inertia at a given Y-ray energy. Actually, the first
indication of superdeformation outside the actinide region came from the
study of the continuum spectrum of 152Dy [Ny84]. The :Tbgié was
evaluated from the width of the valley between 0.80 and 1.35 MeV, shown
in Figure III-2 to be (85 + 2) h2 Mev’1, which corresponds to a

quadrupole deformation of € = 0.51 (e, the quadrupole deformation which

is =AR/R).

B. SUPERDEFORMED BANDS

Superdeformation was discovered by Polikanov and his colleagues
[Po62] in the spontaneously-fissioning isomers in some actinide nuclei,
which decay with half-lives orders of magnitude smaller than expected.
It was not until 1967 that Strutinski [St67] explained that those nuclei
have a secondary minimum in the potential energy surface and are prolate
shape isomers with a major to minor axis ratio nearly 2 : 1,

Calculations [Ne75,Ra80,Sc82a] of the high-spin structure of nuclei
in the Dy region, with A=150, have predicted that these nearly
sphericai, or slightly oblate, shape nuclei will become prolate with a
large deformation before they eventually decay by fission. The first
indication of such a superdeformed rotational band was in the continuum

Y-ray spectrum of 152

Dy [Ny8U4], where a deformation of €>0.5 was
extracted. With the develdﬁment of better techniques, multi-detector,
Compton-suppressed Ge detector arrays became available. This progress

extended the studies of discrete Y-ray spectra to much higher spin and

gave birth to the first characterization of the superdeformed band in
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E'(YZ.)[MeVl

E(Yi)[MeV]

Figure I1I-2. Correlation spectrum of E(Y,) vs. E(Y,) for '32Dy.
' Vertical and horizontal stripes are due to discrete lines
from yrast Y rays below spin 40. The superdeformed
prolate structure is identified by the ridges parallel and
close to the E(Y,)=E(Y,) diagonal for energies between

0.80 and 1.35 MeV. Taken from Reference [Ny84].
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152Dy [TwB6], with observed discrete transitions up to spin I = 60.

(Actually a band with unusually large deformation was observed in 132

Ce
by Nolen et al. in 1985 [No85], but it has somewhat smaller deformation,
an axis ratio of 3:2.) Since then, about a dozen such discrete
superdeformed bands have been identified. They can be grouped into two
regions: (1) Gd, Tb, and Dy with mass around 150 [Ha88,De88a,Ja88b,
De88b,Rz88]; (2) La, Ce, and Nd with mass around 130 [No85,Be87b,Be87¢c,
Wa87,Lu88].

These two groups have similar properties. States in superdeformed
bands are connected by regularly spaced transitions with AI=2, strongly
enhanced E2 transitions due to the large quadrupole deformation. They
behave nearly like rigid rotors, with deformation € ~ 0.6 for the mass
150 group and € = 0.4-0.5 for the other gﬁoup. The population mechanism
for such bands is not yet clear. However, it is believed that it
depends on the maximum angular momentum and excitation energy which are
brought into the reaction [Ma87]. A recent experiment [Ta88] shows that
to populate such a band a relatively cold residual nucleus needs to be
formed, but one with angular momentum higher than the spin at where this
band becomes yrast. In general, the superdeformed bands receive on the
order of‘1% of the total population.

How a superdeformed band decays to normal bands is not clear
either, because of the weak, scattered intensity of this decay. 135Nd
is the only nucleus where the linking transitions to the ground state
band have been established‘fBe87b]. Superdeformed bands have also been
studied in other Nd isotopes, 133-137Nd [Be87c,WaB8]. Experimental
evidence shows that bands in the odd-mass Nd nuclei receive more
133

population than in even-even ones (in Nd 20%, the current maximum)
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and it seems that such bands lie at lower excitation energy in odd-mass
Nd. It is hoped that, because of their much larger populations, more
linking transitions can be observed in odd-mass nuclei and some of the
questions about superdeformed bands can be answered.

Searches for superdeformed bands have also been carried out in
178’18003 (BuB8,Rz88] and 184Pt [Wa88a]. The latter search failed,
whereas for Os nuclei, although the analysis is not yet complete, there
is strong indication that a superdeformed band might exist.

It is encouraging to learn that such bands could be found in the
mass region we are exploring now. Although we do not expect to observe
discrete transitions from superdeformed bands, we could still analyze
the continuum spectrum. Hopefully, our studies can contribute useful

information to the understanding of superdeformed bands.

C. BACKBENDING

A plot [St75] of energy E versus spin I for the ground state band

162

of Er (Figure I1I-3) looks rather ordinary. However, if we plot

these dafa as moment of inertia versus the square of the rotational
frequency w (proportional to the slope of an E vs. I plot), a drastic
change is found around I=16. This interesting phenomenon is called
"backbending", and it was first observed in 1971 by Johnson et al.
[Jo71] in the ground-state rotational band of 1BODy.

The ground state of an even-even nucleus, in the collective model,
has K=0 with all of the nucleons paired up. However, when the nucleus

starts rotating, the Coriolis force acts oppositely on the members of a
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The insert shown the same data in the

type of plot generally used to show backbending behavior.
Taken from Reference [St75].
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pair of nucleons, breaks the symmetries, and reduces the pairing
correlations. This is what causes the gradual increase of the moment of
inertia in Figure III-3. Eventually the nucleus will align a pair of
high-j particles rather completely along the rotational axis, while
still keeping the pairing correlations among the lower-j nucleons
[St72,5t75,Ma81,Di84,Ga88). This situation shows up in the ¥ versus
(‘hw)2 plot as a sudden change. This process also corresponds to a band
crossing between the completely paired ground state band and a two-
quasi-particle1 band (S-band), the latter having a larger moment of
29inertia so it is energetically more favorable and becomes the yrast
band after the crossing.

Earlier observations of backbending were in rare-earth nuclei with
mass A=160. In that region nucleons in the 113/2 orbits are the ones
with the highest angular momentum Js and they suffer the Coriolis force
the most. The experimental proof that backbending is from aligning a
pair of 113/2 quasi-neutrons comes from blocking experiments. In such
experiments the backbending frequencies are compared between an odd-mass
nucleus and a corresponding even-even core nucleus. A good example is
161Yb [Ri80a], which has an extra neutron outside the 160Yb core. The
band, built on v3/27(521] (from the h9/2 spherical state), backbends at

160

a similar energy as Yb [Ri80b]. On the other hand, a band built on

1. Quasi-Particle
Due to the residual interaction between the particles, the picture of a
particle occupying a state in the extreme single-particle view becomes
partly a particle and partly a hole occupying a state. This combination
of particle and hole is known as a quasi-particle.
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v3/27[651]1 (from the 113/2 spherical state) backbends at much higher
energy (0.36 MeV), because the most favorable position was blocked by
the odd-neutron. Other examples, such as 157'159Er {Gr73] and 165Yb
[Ri74], also showed that this band, which occupies 113/2 neutron orbits,
delays its backbending until higher energy; on the other hand, odd
neutrons in iower-j orbits [Ga80] weaken the pairing force, but the
effect, depending on the orientation of the orbits, on.the bagkbending
ffequency is not so strong. 159Tm, which has one fewer proton than

160Yb, backbends at an energy similar to 160

Yb [La81]. It shows that
one fewer (or one more) proton does not affect the alignment of the core
neutrons. In addition, odd-mass Ho isotopes [Gr74] also backbend at
about the same frequencies as their even-even neighbors. The odd-proton
has very little effect on the neutron pairs. This is what one would
expect [Ga81], since they are in different shells.

158 [Le771, '®Ovb (Be79a,Ri80b], and '62uf

Many nuclei, like
[RiBOc], show a second backbending after the 113/2 neutron alignment.
Calculations have predicted that this must result from the alignment_of
h”/2 protons [Be81,Fa78,Fr81a], agreeing with the experimentally
observed crossing frequency.

Many experiments have been performed studying the nature of
backbending. It is clear nowadays that the alignment of i13/2 quasi-
neutrons, in general, causes the first backbending in heavy rare-earth
nuclei, while alignment of h”/2 quasi-protons causes it in light rare-
earth nuclei. The studies éiéo show that the frequency of band crossing

depends strongly on the deformation of the nucleus and the position of

the Fermi surface within the high-j subshell [Be88,Ga88]. These are
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very essential points when considering blocking effects.

Most of these studies of highly aligned bands were done across the
N=90 region. Recent studies in the Pt-Au regioﬁ [Ka78,LaB86,Ja88a], also
one instance in W isotopes [Ra86], propose an almost simultaneous
crossing of vi13/2 and nh9/2 Quasi-particle pairs. The evidence of this
surprising behavior came from comparing ix2 and the crossing

frequencies of the neighboring three types of nuclei. Why these nh9/2

quasi;protons align at such a low frequency (=0.24 MeV) has not yet been
fully understood. However, it was proposed that the configurations of
the quasi-particle would drive the nuclear shape toward a prefer
deformation [Ga82,GaB88], and this deformation effect might be

responsible for such low crossing frequencies caused by nh9/2 quasi-

protons.

Although many even-even and odd-mass nuclei exhibit backbending,

158

the first example in odd-odd nuclei, Tm, was not reported by Foin et

al. [Fo85] until 1985. The band has the configuration,

2. Rotational Alignment
I is the projection of the total angular momentum I along the
rotational axis, and I_ is the mean value of the two angular momenta
involved in the trans&%‘ion2 1;Een Ix can be evaluated by [Be79b]

Ix(Im) = [(I_+ 1/72)° - K] . (I11-3)
Anoth€r procedure for deducing I was developed [Be80,Fr81a,Pi81] by
adopting the Harris forgula [Ha6§ﬁ:

i, =1 (w) - (Jy + J,0° Jw (I11-4)
Here J xand J, are inertia parameters characterizing the collective
motion, and i_, which is usually called the alignment, the projection of
angular momenfum J along the rotational axis. When backbending occurs,
there will be a sharp increase of i_. S0, nowadays, the most common
method to extract the crossing frequéncy is to plot hw, which is = E /2,
versus i_. J, and J, are derived by least-squares fitting of the first
few expegimengal data points.
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[h11/2]p[i13/2]n, and backbending occurs at 0.35 MeV, which is higher

than 158Er (the corresponding even-even core) and 159Tm, owing to the

blocking argument, but is the same as 159

136

Er, which has similar blocking
effect. Pm [BeB7al], a different case, backbends at a frequency of hw
~ 0.28 MeV because of the decoupling of a pair of h11/2 protons. From
these few available examples, we would like to conclude that odd-odd
nuclei can backbend readily as other types of nuclei. But, the problem
is that there have not yet been extensive studies of odd-odd nuclei, and
there are still plenty of cases waiting to be dug out. From the
intrinsic states in the odd-mass neighbors of 176Re, we know that
neutron 113/2 and proton h9/2 orbits are available for 176Re.
Therefore, there is a good chance that we can observe backbending.
Also, the fact that even-even [Dr82] and odd-mass [Dr83,Ne76] Os
isotopes, as well as some odd-mass Re isotopes [Ne76,Ya83], do show

backbending encourages us.
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D. DOUBLY-DECOUPLED BANDS

Way back in the early 1970's, experimentalists were puzzled by the
spin assignments for the ground states of 18‘4’186Ir‘. From the results
of radioactive decay studies [Ho73], the spin of the ground state seemed
most likely to be 5 for both nuclei; however, finding the proper odd-
proton and odd-neutron states to couple and give a spin-5 ground state
was difficult. Emery et al. [Em73] investigated this situation and
concluded that it was because that the odd-proton orbit involved in the
ground-state configuration of 184’1861r is an Q=1/2 orbits, which has
such a large decoupling constant that the I=K state is not the lowest
state of the band. Kreiner et al. [Kr8l4,Kr85] -studied 186Ir' later via
in-beam Y-ray spectroscopy and observed a AIz2 band built on tile I=5
ground state, which truns out to have both its odd-proton and odd-
neutron occupying Q=1/2 orbits. After this first characterization of
the doubly-decoupled band, many such bands have been observed, most of
them in the Ta-Re-Ir region [kr84,Kr85,Kr86,Da86 ,Kr87a,Kr87b,Kr88a,
Kr88b,sSh88].

Since the doubly-decoupled bands are the coupling of Q Qn =1/2,
to understand the nature of these bands it seems that we should look
into the Q=1/2 orbits in odd-mass nuclei first. In odd-mass nuclei,
rotational bands built on a K = Q = 1/2 orbit always show peculiar
behavior. They are famous for having staggered spacings or for being
split into two parts dist'i'nguished by the signature factor, (—1)I+K
(usually only one part is observed experimentally). Sometimes there is
even an inversion of the normal spin sequence. This comes about because

there is an additional term in the rotational-energy expression, the




29

diagonal effect of the Coriolis forece acting in the rotating system
(Em73,Bo75], and this term is proportional to a(-1)1+1/2(1+1/2). How
much this term affects the rotational levels depends greatly on the
magnitude of a, the decoupling constant (Coriolis matrix element), which
can be derived from two consecutive transitions of the same signature.
It is clear that this Coriolis term would shift members of one signature
up in energy and the members of the other down, thus staggering the band
spacings or, in the extreme, splitting the band into two parts.

In an odd-odd nucleus, if both the odd-proton and the odd-neutron
occupy Q = +1/2 orbits, the effects discussed above will certainly be
transmitted into the odd-odd nucleus. This special coupling will
produce K = Qp + Qn =12+ 12 =1and X = lQp - in =1/2 -1/2 =0
bands. The Coriolis operator can connect these two bands and give a
effect which is equivalent to the diagonal effects in odd-mass systems.
The magnitude of this effect depends on spin, signature, and the sum of
the proton and neutron decoupling conétants [Kr85]. 1If, for example,
both ap and a are positive, then odd-spin states will have large
couplings and be lowered in energy.

In addition to the Coriolis effects, two other terms also affect
the K = OQbands [Bo73,Kr85]. Recall that in Chapter 1II, Hpn makes a
contribution to K = 0 bands coupled by Qp = an *1/2. This term is
signature and decoupling constant dependent, but not I dependent. Thus,
it affects most low spin states and favors even-spin states if ap and ay
have the same sign. A third term comes from Vpn’ which also contains an
additional term for K = 0 states. However, vpn is not well understood,

and this term is also I independent. It should be emphasized again that
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we do not try to do any quantitative analysis here, but try only to
understand the origins of doubly-decoupled bands qQualitatively.

Looking across the nuclear chart, we see that odd-mass 177-18‘5Re
[Br88,Fi84,Fi87,E181b,Le72,Ya83] all have bands built on the m1/27[541]
states with quite large (>5) decoupling constants. This is able to make
the I = 5/2° instead of the I = 1/27 the state with the lowest

excitation energy. The odd-neutron nuclei, 177-185

Os [Dr83,Br88,Fi8Y,
Fi87,E181], also have a staggered K = 1/2 band (in general a~1.0) at
rather low energies. Since the intrinsic states of an odd-odd nucleus
are the coupling of odd-proton and odd-neutron states, it is no wonder
that doubly-decoupled bands appear in the odd-odd Re isotopes. We
believe that the odd-proton nucleus is the driving force for this
doubly-decoupled band, since it has by far the larger decoupling
constant.

Since ap and a are both positive, the odd-spin members of the K =1
band are the favored states; indeed, only these states have been
observed experimentally so far. The lowest state of this K = 1 band is

I <5 op 186 184

Ir [Kr85], while it is I = 3 for Ir [Kr88b] and the Ta
isotopes [Kr87a,Kr88al. It seems that there is a certain relation
between tﬁe spin of the lowest state of the K = 1 band of the odd-odd
nucleus and that of the K = 1/2 band in odd-proton nucleus. For the
heavier odd-mass Ir isotopes, I = 9/2 is the lowest state. On the other
hand, I = 5/2 is the lowest state for the odd-mass Ta isotopes and
lighter Ir isotopes. For the Re isotopes, although I = 5/2 is found to
be the spin of the lowest state [Le72,Si74], the 9/2 » 5/2 transition

Was not experimentally observed in some isotopes because its energy is

S0 low that it can be easily masked by x-rays, or because it is highly
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converted. There have been no 5 -~ 3 transitions observed yet in the
known doubly-decoupled bands of Re nuclei [Da86,Kr87b]. Therefore, the
situation is somewhat ambiguous for them. Also, the K = 0 band, which
is the singlet coupling, has never been observed so far, probably

because of its higher excitation energy.
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To study the rotational levels of the well-deformed, neutron-

deficient, odd-odd '7°

Re, heavy-ion fusion reactions were chosen to
produce it. Experiments have been done both at NSCL, Michigan State

University, and at SUNY Stony Brook.

A. EXPERIMENTS AT NSCL

1. Reaction and Detecting System
159

The reaction Tb(22Ne,5nY)176Re, was used in order to emphasize

high-spin states of 176 2

Re. The target was a self-supporting, =1img/cm
thick foil of 159Tb (100% abundant). For our first exploragion of this
barely known nucleus, we used 108-MeV total beam energy. This beam
energy was chosen according to the excitation functions, which are shown
in Figure IV-1, calculated by the code CASCADE [Pi77]. We could not run
an excitation function, because of the difficulty in changing beam
energies. Two bare intrinsic Ge detectors were used. They were placed
at 190o or 90-125o with respect to the beam direction. These detectors
were 15% efficient, with 2.Y4-keV FWHM resolution for 1.332-MeV 60Co»
line. Tﬁin Cu and Cd foils were placed in front of the detectors to
minimize the x-rays emitted by the Tb target and compound nucleus.

For our second set of experiments, the beam energy was increased to
113-MeV in order to reduce the probability of producing 177Re. The same
two Ge detectors were uséa, but each had a NaI(Tl) annulus, with sizes
20.3x20.3- and 30.5x30.5-cm, as anti-Compton shields. A photograph of

our set-up is shown in Figure IV-2. Besides the Ge detectors, a low-

énergy photon spectrometer (LEPS), having better resolution for
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Figure IV-1. Cross sections versus beam energies calculated by CASCADE
for a *?Ne beam on a '*°Tb target.
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Figure IV-2. A photograph of the set-up at MSU NSCL.
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low-energy Y transitions, was positioned at =-1500. It was hoped that
the LEPS could resolve the low-energy Y transitions from X-rays. Also,
seven 7.6x7.6-cm NaI(Tl) detectors, clustered around the target at
various angles and distances, were used as a multiplicity filter. No

fold requirement was set on the multiplicity filter during the run, oniy

for off-line sorting.

2. Data Acquisition System and Analysis

The electronics set-up could be divided into two main portions
according to their functions: energy signals and logic signals. A block
diagram of the electronies is shown in Figure IV-3. The signals from
the pre-amp detectors were sent to spectroscopic-amplifiers and then to
amplitude-to-digital converters (ADC's), which convert analog signals
into binary digits that are ready for data acquisition (DAQ) system.
This spectroscopic amplifier distorts the steepness of the risetime of
incoming pulse, which makes accurate timing measurements more difficult.

The Y-transitions that deexcite the vast majority of nuclear
excited states are always related to each other, and they usually occur
Within one nanosecond. This time interval is shorter than the resolving
time of éhe electronic modules, so these transitions are considered as
"prompt coincidence". In order to obtain accurate timing, the pre-amp
signals were sent to a timing filter amplifier (TFA) then to a constant
fraction discriminator (CFD), which utilizes the property that the time
for a peak to reach a set fraction of its maximum value is almost time-
invariant. The output signals at this stage are well-timed and can be
used for all kinds of logical purposes.

Meta-stable states occur quite often in well-deformed nuclei and
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Figure IV-3. A block diagram of the electronics set-up
at MSU NSCL.

ADC: Amplitude-to-digital converter.
AMP: Spectroscopic amplifier.

BGO: Bismuth germanate

CFD: Constant fraction discriminator.
COIN: Coincidence unit.

DAQ: Data acquistion system.

DISC: Discriminator.

FI/FO: Fan in/fan out.

GDG: Gate and delay generator.

Ge: Ge detector,

LOGIC: Logie unit.

NaI(Tl): NaI(T1) detector.

RD: Rate divider.

TAC: Time-to-digital converter,

TFA: Timing filter amplifier,
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the life time of these states can be around tens of nanoseconds. In
order to catch any of these states, we set the coincidence as an overlap
of 250-ns wide logic pulses. Any two of the three Ge detectors fired
was taken as a valid coincidence event. Because of the long resolving
time set on the coincidence unit, we‘no longer collected prompt
coincidences only. Thus, a time-to-digital converter (TAC) was adopted
to give time relation of these coincidence transitions. It used signals
from one of the two intrinsic Ge as start and signals from the other one
as stop. By gating on different portions of the TAC spectrum, we could
acquire various information, such as prompt coincidences and delayed

coincidences. This is the so-called three-parameter (EY.x E, x t)

Y
coincidence.

The data were recorded on magnetic tapes via the NSCL 68000 data-
acquisition system. It is capable of handling several thousand events
per seconq without any unendurable dead-time. With the present set-up
singles as well as coincidences events could be collected
simultaneously. Each kind of events, namely, singles, coincidences, and
Compton-suppressed coincidences, has its own bit register, which is the
index for off-line sorting. However, after a few hours of data
collectioh, usually the singles collecting rates were scaled down by a
factor of the order of ten, so as to enhance the amount of coincidences
events within a Eape and to reduce the number of tapes that we might end
up with.

The data recorded on tapes were filtered off-line by selecting
certain bits or setting appropriate gates on histograms using a program
FILTER [Sh83]. Afterwards, the filtered data could be sorted into

various gated-spectra according to needs using program SARA [Sh83].
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3. Calibration

Standard Y-ray sources, such as 133Ba, 137Cs, and 152Eu, Wwere used
to calibrate the efficiency and energy of the Ge detectors. The spectra
were taken with exactly the same experimental set-up. The spectra were
analyzed by fitting the peaks with Gaussian curves and varying
exponential tails using program PHAEDRUS [Sc83]. The areas of the peaks
then were compared with known intensities, normalized, and plotted
versus energies as efficiency calibration curves. For energy
calibration, the known energies of the transitions were plotted versus

peak positions. Least-squares fit was used for both curves.

B. EXPERIMENTS AT SUNY STONY BROOK

Because the data we collected at NSCL had poor statistics, some of
the Y-transitions could not be definitely assigned to 176Re or 177Re.
Another experiment seemed to be necessary and for this we run at the
Nuclear Structure Laboratory at SUNY Stony Brook with its
Superconducting LINAC. By using the detector array there, it was
possible‘to gain more statistics in a short time period. In addition,
angular correlation information can be obtained and excitation function

A 165 16

experiments could also be conducted. Ho target and a '~0 beam were

chosen.

There were problems iﬁ/trying to adhere a thin Ho layer to a Pb
backing. In the case of using a thin target without backing, the
recoiling compound nuclei can leave the target before Y decay, so there

Will be significant Doppler effects and the resolution can be poor.
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Since we needed good resolution in order to distinguish Y-rays coming

from 176Re op W17

of ~51.7 mg/cm=.

Re, we decided to use a thick target with a thickness

The detector array is shown in Figure IV-4., It contains six n-type
Ge detectors, each surrounded by a bismuth germanate (BGO) anti-Compton
shield of the transverse type [Hi86]. The distance from the detectors
to the target was 14.2 cm, and they were positioned at angles of 35°,
98°, 165°, -158°, -90°, and -35° (the one at 165° was not working
properly and was disassembled from the array), respectively, to the beam
direction. The Ge detect_ors had an efficiency of *25% relative to a
7.6x7.6 cm NaI(Tl) detector for 1.3-MeV Y-rays, and the resolutions are
2.3-2.7 keV. There were also fourteen hexagonal BGO'siworking as a
multiplicity filter, covering a solid angle of about 80% of 4w. Seven
of them were located above the target chamber and seven were below. The
threshold was set at approximately 100 keV for these BGO's. A
photograph of this set-up is shown in Figure 1V-5.

The principles of the the electronic set-ups were the same as used
in NSCL, but there was no time-to-amplitude converter (TAC). A block
diagram of the electronics is shown in Figure IV-6. A Y-Y coincidence
was def'i\ned by the overlap of 50-ns wi}de‘ logic pulses. The requirement
set on the multiplicity filter was 3. So a valid coincidence event was
considered as at least two Ge detectors and at least three BGO's fired.
This greatly reduced background radiation, x-rays, and Coulomb
excitation lines from the target.

The valid coincidence events were stored on magnetic tapes for off-
line analysis. About 50 million events were collected during a 48-hour

run. Gains were checked and matched for all the detectors and every
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Figure IV-5. A photograph of the Set-up at SUNY Stony Brook.
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tape. Coincidences between any two Ge detectors were sorted out and
.added together to produce a symmetrized array of EY versus EY‘ This
array was used to generate background-subtracted gated-coincidence
spectra and to construct the level scheme,

Angular-correlation information can also be extracted from the
coincidence data. The two detectors at 98° and -90° were sorted against
the other three detectors to produce a two-dimensional array. Gates
then could be set on the known quadrupole tranSitions of this array at
both axis to produce one horizontal and one vertical projection.
Average directional-cqrrelation [Kr73] intensity ratios of other

transitions could be extracted from these two spectra and used to

distinguish whether the transitions were dipoles or quadrupoles,
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A. RESULTS FROM THE REACTION, 159Tb(22Ne,5nY)176Re

1. With 108-MeV Beam Energy

1.1 Singles

176Re was barely known prior to our study. Only a few transitions

176

from Os decay [Ho76] were ever reported. Fortunately, its odd-mass

177

neighbor, Re, was well-studied. Figure V-1 shows the singles spectra

taken at angles 90° and 125° with respect to the beam direction. Y-

177

transitions from Re were observed; however, there are new transitions

that could not be assigned to background radiations or radioactivities,
and they are believed to come from 176Re. Also, in the radioactivity
spectra, which were taken just after the beam was shut off, the two
lowest ground-state-band transitions of 176w were observed. (The half-
live of 176Re is 5.7 minutes, and it decays to 176w.) This is a proof

that 176Re was produced during the reaction.

1.2 Coincidences

This was the first time that the K500. cyclotron had been run on the
second-harmonic mode and was able to provide a beam with such a low
total ene;gy. The intensity of the beam was only =10nA on a Faraday cup
placed behind the target. This intensity was so low that not enough
statisties could be collected during a 48-hour run. An integral
coincidence spectrum is shown iﬁ Figure V-2, Also, as can be seen from
this spectrum, because only two bare Ge detectors were used, a large
portion of the spectrum was from Compton scattering. Although about

3><107 events were recorded on magnetic tapes, the "real" events were

few.
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Figure V-1. Singles Y-ray spectra from the '*°Tb(%2Ne,5nY) 7 ¢Re
reaction at a beam energy of 108 MeV. (a) at 90°.
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Figure v-2. Integral coincidence spectrum from the reaction
'**Tb(2?Ne,5nY)""¢Re at a beam energy of 108 MeV.
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Coincidence is the "key" for solving relations between Y-rays. In
other words, we want to know when one of the detector "sees" a certain
transition, what the other one "sees". 1In order to obtain this sort of
information, energy gates have been set on the strong transitions on one
of the Ge detectors, and the tapes were sorted event by event to
generate spectra of the other detector, using the program SARA [Sh83].
Spectra obtained under such circumstance are called gated-coincidence
spectra. Several flat regions, i.e., where there is no apparent peak,
across the integral coincidence spectrum have been chosen as background.
The bagkground spectra were added together to form a total background
spectrum, which then can be subtracted from the gated-coincidence
spectra.

Several transitions of the K=1/2 decoupled band of 177Re were
observed in these spectra. In addition, there were some other strong
transitions in the spectrum with very close energies to those of 177Re.
However, in this mass region Y-rays with similar energies are not
unusual. Therefore, we could not exclude them simply because of their
energies. We analyzed them, but did not reproduce the same kind of
coincidence relations as reported [Le72,Ya83] before. Although this is
most likély due to the statistics, we hesitate to draw any conclusions
at this moment.

Among the new transitions observed, excluding these ambiguous ones,
there are only four transitions, namely 171-, 268-, 359-, and 4U42-keV,
that are definitely in coincidence with one another. They are those
labeled in the integral coincidence spectrum shown in Figure V-2,
Figure V-3 shows selected gated-coincidence spectra for these

transitions. Although the standard background subtraction method was
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used, it was not possible to clean up the gated spectra very well.

2. With 113-MeV Beam Energy

From the results of 108-MeV 22Ne experiment, it was clear that
quite a bit of 177Re was produced. Therefore, the beam energy was
increased to 113-MeV, trying to emphasize the production of 176Re.
Also, the higher the beam energy is, the larger amount of angular
momentum can be brought into the compound nucleus in the heavy-ion
reactions. |

According to the experience from the last experiment, minimizing
Compton background is essential. The only devices accessible were the
two NaI(Tl) annuli. These NaI(Tl) anti-Compton shields significantly
reduce the background and with them we can reach a peak-to-total ratio
of roughly 40%. Singles and integral coincidence spectra are shown in
Figure V-4 and Figure V-5, By comparing these spectra with the one
shown in Figure V-2, the effect of Compton suppression is readily
appreciated (note that Figure V-2 and Figure V-5 have about the same
energy range, although the channel numbers are different). However,
because of the bulky size of the annuli, the distance from the target to
the centér of the Ge crystal had to be increased. The final effect was
improved the quality of the data but at an expense of cutting the open
solid angle of the Ge detectors. Although most of the events collected
were valid, the only way to improve the statistics was longer counting
time. One million suppbéssed-suppressed coincidence events were
collected in 90 hours.

The beam energy was increased by 5 MeV; nevertheless there was

still a noticeable amount of 177Re being produced. Again, we tried to




54
X10*
150 g r . .
2 ]
/ L
125 y
O
o
é © © & ‘
o 100 S8 ©° B
e -9 4
3 | « |
., Hi >
5 75 l
0,
a
- L
o |
© 25 | 2
[ @
|
L
| M
0 N . 1 . N N N i N - N N 1 N N N N
200 400 600 800

Channel Number

Figure V-4. Singles Y-ray spectra from the '®*°Tb(2%Ne,5nY)'”°Re
reaction at a beam energy of 113 MeV.




55
X10°
5 — T T T
[ o
| /
) ir ]
o ‘I
A
o i _
5 3fF 3 -
& ' I
0 b
n‘ L
" 2
)
=
3
3 .
O 1r
0 N A 2 A i " N s N 1 . . 2 . 1 s ]
800 1000 1200 1400

Channel Number

Figure V-4. (cont'd.).




56

3000-”'""'&:""""”"
b o q l\. - 4
L il 8o = ?
2500 | ~ S ]
ot : © - !
g; [ 3 = 0 _
= \ ~ 8 ® ]
@ 2000 F 1 priR - . |
= 8 s ¥ ]
g |3 |
£ ! l 2 1
o 1500 ‘ .
(o d l
3z
5
© so0f & Uy
-
"
0 [ " uiP P I B P P
0 200 400 600 800 1000
Channel Number
Figure V-5, Integral coincidence spectrum from the reaction

'#°Tb(*?Ne,5nY)'"¢Re at a beam energy of 113 MeV.




57
re-construct the rotational bands that have been reported before. We
were able to reproduce the coincidence relations among the lowest
several transitions of each band. Although the complete rotational
bands could not be constructed from our data, we believe trans1t10ns

that have been reported for 177

Re can be excluded from the spectra,
unless some of them are indicated as multiplets.
Table V-1 lists the energies and intensities of the Y-rays

observed, excluding transitions from 177

Re and other activities. Some
of the transitions are part of unresolved multiplets. Their intensities

were obtained by fitting the peak with assuming multiplicity based on

the width of the multiplets.

2.1 Methods of Analysis

Since in the experimental set-up a coincidence event was defined as
the overlap of 250-ns wide logic pulses, all sorts of events, including
those having measurable half-lives, were collected. Therefore, in our
analysis we shall distinguish events as prompt coincidence, and late or
early coincidence. To be specific, the signal of Ge-detector-2 was
delayed by 250 ns with respect to that of Ge-1. Thus, if signals
occurred ét both detectors simultaneously, a signal would appear at the
250-ns position in the TAC spectrum. This is the prompt peak.
Coincidence spectra (prompt gated-coincidence spectra) generated with a
time gate set on the TAC prompt peak, in addition to an energy gate,
gave prompt coincidence information. If a signal occurred later at Ge-2
than at Ge-1, a signal would appear at the right side of the prompt
peak. Then with a time gate set on the right side of TAC prompt peak

and using Ge-1 as energy gating detector and Ge-2 as the displaying
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Table V-1. Energies and Relative Intensities of Y-rays in the Singles
Spectrum from the '*°Tb(22Ne,5nY)'’*Re Reaction.

Y Y
78.8 100
99.6 41(2)
104.1° 28(2)
122.0(0.6) 34(3)
137.4° 20(1)
158.9 13(1)
161.0 29(2)
171.3 23(2)
180.3 14(1)
197.2 53(3)
200.3 18(2)
222.7(0.7) (1)
252.3 9(1)
267.7(0.6) 28(3)
273.7 4.1(0.4)
315.1 9(1)
359.0(0.6) 19(3)
420.5. 8(2)
441.9(0.6) 12(2)

B T E T S E T E L T E E L S o T o o v it o o o = v 2t " o o - " . - -
e e i R It - - - -+ -

* The uncertainty is 0.2 keV unless otherwise indicated.
' Y-rays from the Coulomb excitation of the '*°Tb target.
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detector, the spectrum shows whatever occurs later than the gating
transition. Following the same procedure but gating on the left side of
the TAC spectrum, early coincidence could be obtained.

There were only about 10-15 counts for the strong transitions in
the prompt gated-coincidence spectra. Therefore, the tapes were read
three times and the resulting spectra were smoothed. By doing this the
peaks became much more visible.

| The half-life of a delayed transition can also be derived from the
TAC spectrum. To do this, we simply set an energy gate of that
transition on one of the Ge detectors and displayed the TAC spectrum.
Under such conditions, the TAC spectrum no longer gave a symmetrical
peak, but a peak having a tail on one side. The slope ;f the tail

corresponds to the half-life of the gating transition according to the

following equations:
log(counts) = ¢ - b x (time) , (v-1)
ty/p = log2 / b, (v-2)
where b is the slope, ¢ is a constant, and t1/2 is the half-life.

2.2 Prompt Coincidences

The prompt coincidence relations among the 171.3-, 267.7-, 359.0-,
and U41,9-keV transitions, which have been identified in the previous:
run, were confirmed. Two gated-coincidence spectra are shown in Figure
V-6, and Figure V-7 shows the sum of four gated spectra. The energies

of the 267.7-, 359.0-, and 441.9-keV Y-rays can not be determined
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Figure V-6. Two gated-coincidence spectra from the reaction
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precisely from the singles spectrum because of contamination from 177Re,
and they have been derived from gated-coincidence spectrum. Because of
lack of statistics, these have errors as large as *0.6 keV. Two more Y-
rays, 565- and 600-keV transitions, were also in coincidence with the
group mentioned above. Their energies are also derived from coincidence
spectra and thus have the larger uncertainty. From the Spacings between
the levels, it strongly suggested that there should be another
transition between the 441.9- and 565-keV transitions. However, there
is no good candidate besides the 511-keV peak. It is most likely that
there is indeed a transition under the huge 511-keV peak, because its
energy is so close to 511 keV that it could nbt be resolved from the
electron-positron annihilation peak. Energy gates have been set on .the
left and right portion of the 511-keV peak, as well as on the whole
peak, to obtain gated-coincidence spectra. But no clear coincidence
relation could be derived from these spectra. This is understandable,
since 511.0- and 509.7-keV transitions from 177Re are also mixed in.
Transitions at 99.6, 122.0, 161.0, 197.2, and 222.7 keV are in
strong coincidence with one another, possibly also with the 252.3- and
273.7-keV transitions. Two selected coincidence spectra and a sum of
gated-coincidence spectrum are shown in Figures V-8 and V-9,
respectively. The 122.0-, 161.0-, as well as 222.7-keV transitions, are
Superimposed on transitions from 177Re and their energies were
determined from gated coincidence spectra, rather than from singles.
The 197.2-keV transition is-in coincidence with itself (see Figure V-8).
Apparently there are two Y-rays with almost the same energy, because the
width of the 197.2-keV peak is not wider than a single-energy peak. One

of the two 197.2-keV peaks is in coincidence with the 99.6-keV Y-ray,
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etc., and the other is in coincidence with the 315.1- and 420.5-keV Y-

rays.

2.3 Delayed Coincidences

By now, almost all the strong transitions in the spectrum have been
found to be in prompt coincidence with some other transitions. However,
the strongest transition, at 78.8-keV in the singles spectrum, is only
weakly in coincidence with the 104.1-keV transition. This results from
Coulomb excitation of the 159Tb target [Di63,Se67]. However, from the
intensity of the 104.1-keV transition (see Table V-1), Coulomb
excitation cannot account for the entire intensity of the 78.8-keV
transition. (Remember these M1 transition with energies less than 80-
keV have large internal conversion coefficients, and need to be
corrected. For example, a is 4.63 [R678a] for a 79-keV M1 transition
and only 2.12 for a 10U4-keV transition.) Also, from the 137.l4-keV
transition, which is the cross-over transition from the same level as
78.8-keV has a ratio to the 78.8-keV transition of 1:6. It also reveals
that only 41% of the intensity of 78.8-keV transition comes from Coulomb
excitation of the target. Another transition of 79.6-keV from 177Re
decay migﬁt also contribute to part of the observed intensity. However,
checking a related delayed transition (94.9 keV, IY=3.6) and considering
the multipolarity of these two transitions, the contribution from 177Re
decay comes out to be only about 3% of the 78.8-keV intensity. Since
nothing else was found in prompt coincidence with it, this transition
might be in delayed coincidence with other transitions.

A total prompt coincidence spectrum, obtained with a time gate set

on the TAC prompt peak but no energy gate is shown in Figure V-10.
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Comparing this spectrum with the one shown in Figure V-5, which was
obtained without setting any condition in the TAC spectrum (i.e., a
wide-open TAC gate), it is clear that the intensity of 78.8-keV Y-ray is
significantly reduced in the former spectrum. This explained why this
78.8-keV transition appears only weakly in prompt coincidence with
others. A total-delayed-coincidence spectrum was also obtained and
shown in Figure V-11. The intensity of 78.8-keV transition is enhanced
over that in the integral coincidence spectrum (Figure V-5). A list of
the relative intensity of this transition in various coincidence spectra
is given in Table V-2, where the 171.3-keV Y-ray was used as
normalization. Data in Table V-2 convince us that the 78.8-keV is a
delayed transition.

The half-life of the 78.8-keV Y-ray was determined by the method
described in section 2.1, with the resulting TAC spectrum prompt portion
subtracted. This is shown in Figure V-12. The statistics are too poor
to give an accurate half-life from this spectrum, but a rough half-life
is extracted to be 25 * 10 ns.

Those transitions that have been identified in Section 2.2 were
analyzed by the late coincidence method in order to learn whether they
are related to the 78.8-keV delayed transition. The 78.8-keV transition
has shown up in all the late coincidence spectra gated by these known
transitions. This fact suggests that all the known transitions so far
are delayed by the 78.8-keV transition. The sum of the gated spectra
for two groups is shown in Figures V-13 and V-14. But, no linking
transition can be assigned.

There are two other transitions, at 99.6 and 122.0 keV, that are

also enhanced in total-delayed-coincidence spectrum (Figure V-11), and




1500 ——— —————

1250

Counts per Channel

Figure V-11.

1000 .

68

78.8
99.6

122.0

—r

197.2

et ottt

-— 161.0

M ISP

750 |- ﬂ

-

600 -

250

-
=
~

200 400 600

Channel Number

Total-delayed-coincidence spectrum from the reaction
'2*Tbh(*2?Ne,5nY)"'"“Re with a beam energy of 113 MeV.




69

Table V-2.  Relative intensities of 78.8-, 99.6~, and 122.0-keV Y-rays
in the various coincidence spectra.

Relative Intensity

78.8 keV 99.6 kevV 122.0 keV
Singles 4.3 1.8 1.5
Total coincidence 1.4 1.3 1.5
Prompt coincidence 0.30 0.49 1.1
Delayed coincidence 3.6 2.5 2.6

__-.._—__—..—..___-_.._________.._-_--..___—.._.-_—____-___--_-_-—-——--—--——-———

i e R P e 2 1 -

* The uncertainty is *10%.
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their relative intensities have also been listed in Table V-2. Notice
that especially the 99.6-keV transition becomes very weak in the total
prompt coincidence spectrum.

Both the 99.6- and 122.0-keV transitions show up in the 161.0-,
197.2-, 223.7-, and 252.3-keV sum-gated late-coincidence spectrum
(Figure V-14), Therefore, we have to check what comes earlier
or later than the 99.6- and 122.0-keV Y-rays. These late and early
coincidence spectra are compared with prompt gated-coincidence spectra
in Figures V-15 and V-16, respectively, for 99.6 keV and 122.0 keV. The
situation is very complicated here, because both the 99.6- and 122.0-keV
Y-rays are contaminated by background (in addition, the 122.0-keV Y-ray
is also contaminated by 177Re). Moreover, both of them have been found
in coincidence with the same group of transitions. The contaminations
prevent us from drawing any conclusions, and the low statistics dot not
allow us tq do any advance analysis such as doubly-gated studies.

However, one more thing we can try is to set a narrower TAC prompt
gate on the 99.6-, 122.0-keV, and related transitions, for example at
197.2 keV. If a transition is a delayed one, it will disappear much
more quickly than a prompt transition as the TAC prompt gate gets
narrower.ﬁ These results are shown in Figures V-17, V-18, and V-19. The
relative intensity of the 99.6-keV Y-ray becomes much weaker in the
upper part of Figure V-19, whereas, that of the 122.0-keV Y-ray remains
nearly unchanged. This suggests that the 99.6-keV transition comes
later than the 197.2-keV 'but the 122.0-keV transition does not. The
Same sort of conclusion can be made from Figure V-18, viz., that the
99.6-keV tranéﬁtion is delayed respect to the 122.0-keV transition. And

from Figure V-17 it can be seen that the 122.0-, 161.0-, and 197.2-keV
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transitions keep the same intensity relations, whether the TAC prompt
gate is narrow or not. Unfortunately, a quantitative analysis cannot be
made. But, it is still safe to conclude that this 99.6-keV transition
is a delayed one, and it is the same one that has been found in
coincidence with transitions of energies 122.0, 161.0, 197.2 keV, etc.
The half-life, 21%7 ns, was extracted from the gated TAC spectrum, which

is shown in Figure V-20.

2.4 Results From the Low Energy Photon Spectrometer (LEPS)

The function of the LEPS in the set-up was to resolve low energy Y-
rays that could not be resolved by intrinsic Ge detectors. But our LEPS
did not retain particularly good resolution anymore. It is down to 1.8-
keV FWHM for 80.99-keV '33Ba line. Also, the bulky size of the Nal(T1)
annulus prevented LEPS from being placed closer to the target and
limited its solid angle. This, plus the fact that the LEPS has low
efficiency, resulted in the LEPS collecting few events. The consequence
was that no new transition could be clearly identified in the LEPS total
coincidence spectrum, which is shown in Figure V-21.

No surprising results come out when we set energy gates on the LEPS
and looked what was in coincidence in one of the Ge spectra. We also
tried to set gates in the reverse way. A combination gate on either
171.3, 267.7, 359.0, or Ul41.9 keV was set on Ge detector, and we record
the events from the LEPS. A peak with energy 85 keV, marked by an
arrow, seems to be enhancéd in the gated spectrum in Figure V-22 when
compared with Figure V-21. We must not draw any conclusions, of course,
by this weak evidence along, but it might indicate something we have

missed in Ge detectors. The same kind of energy gate has also been set
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on transitions at 99.6, 122.0, 161.0, or 197.2 keV. Nothing interesting
was found in this gated spectrum, shown in Figure V-23, but one bump
might be the transition claimed by Santos et al. [Sa89]. This will be

discussed again in later section.

2.5 Multiplicity Filter

The multiplicity filter, composed of seven 7.6x7.6-cm NaI(Tl)
detectors covered only a small portion of Uf. Thus, many valid signals
escaped. The capability of this filter and the fact that the data were
already in low statistics, made it difficult to set .any requirement on
the multiplicity filter. Therefore, this part of the analysis did not

provide us any valuable information.

3. Analysis of the Continuum Spectrum

We analyzed the continuum Y-ray spectrum for evidence of large
deformation. The coincidence events were sorted into a two-dimensional
matrix. The matrix was unfolded and uncorrelated Y-rays subtracted by
the method of Andersen et al. [An79]. Figure V-24 shows three cuts

perpendicular to the diagonal in the symmetrized EY -EY matrix. These
1 2

cuts correspond to energies of 400, 904, and 1120 keV. The dynamic
moment of inertia, 3(2), was deduced from the width of the valley by
Equation III-2, yielding values of 36, 53, and 67 A2 Mey™ ',
respectively, for the 400—,’904—, and 1120-keV regions. These values
are smaller than that for a superdeformed band (85 ﬁ2 MeV-1for 152Dy).

Also, since we did not see a clear valley developed along the EY =EY
1 2

diagonal line, like what was observed for the superdeformed band [Ny84],
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this may not be the indication of superdeformed bands.

165

B. RESULTS OF '®to('%0,5nY)'"®pe REACTION

1. Excitation Functions

Excitation function experiments were conducted, taking the
advantage of SUNY Stony Brook LINAC, injected by a FM tandem Van de
Graaff accelerator. Beam energies were varied in the range from 122.8
to 72.78 MeV. Some of the singles spectra at various energies are
compared in Figure V-25. As some of the important transitions are
labeled, it can be seen that the production cross-section of 177Re was
dominant at all energies. This came about because of the very thick
target used, for the beam eventually got degraded inside the target.
Thus, not only the nuclei that can be produced under that certain beam
energy will appear in a reaction slice, but also any other nuclei that
can be produced below that beam energy. This made the excitation
function experimenté a little difficult to analyze and make choosing an

176

optimum beam energy for producing Re difficult. Thus, after

consultiné the CASCADE calculation (the result is shown in Figure V-26),
we chose to run our Y-Y coincidence experiment with a 96.9-MeV 16O beam,

because, all else being equal, higher beam energy at least can excite

the interesting nucleus to higher spin.

2. Y-Y Coincidence Results

A total coincidence spectrum is shown in Figure V-27, with the

176 7

Re transitions labeled. As expected, transitions from ! 7Re (not




87

X10°
30 N A A 1 | | B '.
(a)]
25 +: Re y
20 l: 1pe é
15 .

P

Counts
o

l: 17®Re

400 500 600

E, (keV)

Figure V-25. Singles spectra of excitation-energy experiments from the

reaction, '¢%Ho{'¢0,nY).

(a) 86.3-MeV. (b) 92.9-MeV.




88

(c) ]

[ 177

I . Re
4_
[ l:lvﬂRe '

Counts

100

| RN TSI PP EEE B

200 300 400 500

E, (keV)

Figure V-25. (cont'd.). (c) 101.1-MeV. (d) 115.3-MeV.




89

600 —— T

500 |

400 |

300 |

200 |

Cross Section (mb)

100 |

Beam Energy (MeV)

Figure V-26. Cross-sections versus beam energies calculated by program
CASCADE, for the reaction of '¢0 beam on a '¢*Ho target.

U




90

20 F

223.1

15

Counts

L
—

197.4

PP B

O PE—Y A
0 100 200

Figure V-27. Total coincidence spectrum from the '¢%Ho('¢0,nY) reaction
at a beam energy of 96.9 MeV.




91

Counts per Channel

600 700 800 900 1000 1100 1200

o..‘.l....l....l.. 1

E, (keV)

Figure V-27. (cont'd.).




|
|

92
labeled in Figure V-27) are much stronger than those from 176Re. This
is too bad, but fifty times of events have been collected, so some new

transitions should be able to be extracted from this experiment.

2.1 Analysis of Side Product -- ''IRe

Again, a careful analysis has been done for transitions that belong

177

to Re. Almost all the transitions that have been reported before can

be confirmed by our data, except for some minor disagreements. In
addition, a few new transitions can be assigned to 177Re.

We observed the K=1/2 decoupled band up to spin I=U45/2 as Yang et
al. [Ya89], but a discrepancy appears for two transition in the band.
Two gated-coincidence spectra are displayed in Figure V-28, and a sum of
six gated-coincidence spectra in Figure V-29. Especially note that
transitions at 656.0 and 659.0 keV are an unresolved doublet in the Y-Y
coincidence spectrum (Figure V-27), whereas they are revealed in the
gated spectrum in Figure V-28. Our data show that the energy of 37/2 -»
33/2 transition is 677.7 keV instead of 687.4 keV; 723.9 keV for 4g/2 -
U5/2 instead of 729.0 keV as reported before. Two more transitions, at
805.1 and 895.9 keV, are also related to the K=1/2 band, and are
believed to be the next two intraband transitions based on intensities
and spacings of those established transitions. This K=1/2 band now is
extended to spin 1:=57/2.

Of course, it is not exciting that we confirm the data that have
been reported before. However, this assures us that our analysis and

interpretation are correct.
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176Re Data

2.2 Analysis of

By taking a quick look of the Y-Y coincidence spectra, we did see
some high-energy transitions that we could not see before. But we saw
no new transitions in the low-energy area. Energy gates of all the
known transitions from previous experiments have been set on the
two-dimensional array and produced gated-coincidence spectra.
Background has been subtracted from these spectra, adopting the method
described in section A.2.1. The energies of the Y-rays were determined
from the Y-Y coincidence spectrum in general. But when a transition
appeared as part of a multiplet, its energy was derived from gated-
coincidence spectra. |

The group of transitions at 171.4, 268.0, 359.5 keV, etc., in
coincidence with one another, can be confirmed, as can be seen from the
gated-coincidence spectra shown in Figure V-30. Only the 171.4-keV
gated spectrum is clean, where the intensities of the coincident
transitions change smoothly. Four new transitions, at 552.9, 596.5,
601.0, and 661.8 keV, can be picked up from these gated spectra. And
they can been seen better in the sum of gated spectra of the 171.4-,
268.0-, 359.5-, Ul1.3-, and 565.7-keV transitions shown in Figure V-31.
The 722.2;kev transition stands out cleanly, too, and could very well be
the next transition. Unfortunately, the gated spectrum on 722.2 keV is
contaminated by the 723.9-keV transition from 177Re, SO We were unable
to confirm it with the reverse gate.

We suspected there might be a transition between the 441.3- and
565.7-keV transitions with an energy very close to 511 keV. The
requirement on the multiplicity filter was set to be three as mentioned

before. Consequently, most of the garbage transitions, for example
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x-rays, Coulomb excitation lines, and electron-positron annihilation
peaks, should be eliminated. But, there is still a very strong peak
near 511 keV. This tells us that it is a real peak. Figure V-32 gives
the 511-keV gated-coincidence spectrum. Although this transition is a
multiplet (509.7-keV Y-ray in the K=1/2 band in '''Re, and a 511.0-keV
cross-over transition from the K=9/2 band), it is not difficult to see
transitions at 171.4, 268.0, 359.5 keV, etc., as pointed out by the
arrows. From the sum gated-coincidence spectrum (Figure V-31), the part
that belongs to 176Re has energy 509.9 keV. This value can also be
obtained in all the singly-gated spectrum (Figure V-31).

The other group of transitidns, constituted of the 99.6-, 122.4-,
161.1-, 197.4-, and 223.1-keV Y-rays, was also analyzed. These
transitions are severely contaminated by the neighboring odd-mass 177Re.
Some of the gated-coincidence spectra are shown in Figure V-33. The
coincideqce relations can be firmly proved in spite of the
contamination. The 252.2- and 275.0-keV transitions, which can hardly
be seen in the previous experiment, show up much more clearly, and their
energies can be determined quite precisely. In addition, three more
transitions, at 294.2, 313.7, and 326.7 keV, seem also to be in
coincideﬁce with the transitions mentioned above. 1In a sum gated-
coincidence spectrum (Figure V-34) consisting of. the 161.1-, 197.4-,
223.1~-, and 252.2-keV, which have less interference from 177Re, we do
confirm that the 294.2-, 313.7-, and 326.7-keV transitions belong to
this group.

Doubly-gated coincidence analysis can also be performed since there
were five Ge‘detectors. Two out of the five Ge detectors were gated by

known transitions, allowing us to look at what appeared in the remaining
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three detectors. The contamination from other stuffs should be reduced
by doing this. This kind of analysis has been done for both groups of
transitions. Of course statistics are much less in the doubly-gated
coincidence spectrum. Therefore, only spectra with gates set‘,on all the
possible combinations of pairs of each group are given in Figures V-35
and V-36. From these spectra, we confirm all the coincidence relations
among Y-rays once again. Especially, notice the much wider peak near
600 keV, which is a combination of 596.5- and 601.0-keV Y-rays.

The gated-coincidence spectra of each of the two groups are free of
transitions from the other group. In other words, no linking transition

connecting these two groups can be identified.

3. Angular Correlations

The standard method for obtaining average directional correlation
intensity ratios [Kr73] is to set gates on a known quadrupole transition
[PaB9], then compare the intensities of transitions collected at 90°
with that at non-90°. If the transition is a quadrupole, the intensity
ratio is usually 21.0, whereas it is $0.7 for a dipole transition. The
171.4-keV transition was chosen to be the gating transition, because it
is a rather clean transition. The results are listed in Table V-3,
where the 565.7-keV Y-ray was used as normalization. All the intensity
ratios are larger than one, and 268.0-, 359.5-, 4U41.3-, 509.9-, 565.7-,
and 552.9-keV are all quadrupole transitions. For the other group,
197.U4-keV transition was the gating transition and 99.6-keV transition
Was used as normalization. The results are also listed in Table V-3.
Here, the intensity ratios are smaller than 0.7, except for 122.4 and

161.1 keV. E2 transitions alWays mix with M1 transitions and make the
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Table V-3. Relative Intensities and Intensity Ratios of Some Y-rays of
the Angular-Correlation Array Gated by (A) the 171.U4-keV and

(B) the 197.4-keV Transition.

Relative Intensity

Ey (keV) Horizontal Vertical Ratio

(4) 268.0 3.59 3.46 1.04
359.5 2.93 2.55 1.15

hy1.3 2.04 1.93 1.06

509.9 2.1 1.79 1.18

552.9 0.953 0.894 1.07

(B) 122.4 2.26 2.80 0.805
161.1 5.27 7.02 0.751

223.1 3.64 6.53 0.557

252.2 1.99 3.94 0.505

275.0 1.30 3.28 0.397

294.2 1.26 3.18 0.398

313.7 0.782 1.98 0.394
326.7 0.665 1.70 0.390

-——-_—-.__-.__-._.._..-__----—-——-—-----——---—.-..—-_---—-—_-——_--—_---———-—-__

' The uncertainty is t10%f
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ratios larger than those for pure M1 transitions. Therefore, these

transitions are mainly M1 with small portion of E2.

4, The Continuum Spectrum

The continuum spectrum of this experiment was analyzed using the
same method as described in Section A.3. Figure V-37 shows cuts
obtained for the 800- and 870-keV regions. Values of 3(2), the dynamic

2

moment of inertia, were 58.8 and 76.9 & MeV'1, respectively. The

latter value already approaches the value for a superdeformed band.
However, we could not obtain nice cuts showing the ridges beyond 1000

keV.

C. DISCUSSIONS AND CONCLUSIONS

1. Level Scheme

The two sets of transitions that are strongly coincident within the
groups are summarized in Table V-4 with their energies, intensities (IY’
corrected for detector efficiency), and total transition intensities
(It’ corrécted for assigned multipolarity). The intensities are from
sum-gated coincidence spectra and were normalized to a selected
transition of each group (171.4 and 122.4 keV, respectively, for group A
and B). It is not very meaningful to extract intensities, because some

of the transitions in group‘A are not only in coincidence in 176Re, but

also in coincidence in 177

Re; thus, their intensities arise from both
nuclei. However, this table is most important for those transitions

with energies above 550 keV. They are not contaminated, and their
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Table V-4,

(A)

110

Y-ray Energies, Intensities, and Total Transition

Intensities from the Reaction '¢3Ho('¢0,5nY) ' ¢Re.

_——------—_--—_-_—_-_.._..-—-——--—-—--_----—-—-_-_—--_--_--—

Ey (keV) I I Multipolarity
171.4 100 =100 E2
268.0 172(9)" 122 E2
359.5 172(9)" 114 E2
4y1.3 163(8) 106 E2
509.9 266(13)* 167 E2
565.7 95(8) 59 E2
601.0(0.8) 89(9) 56 E2
552.9 76(6) 48 E2
596.5(0.8)  66(7) 41 E2
661.8(0.6) 55(4) 35 E2

* The uncertainty in energy is *0.2 keV unless otherwise indicated.

! These transitions are contaminated by '""Re, and the contaminant

transitions are in coincidence with each other.




T
Table V-4. (cont'd.).
(B) EY (keV) IY It Multipolarity
99.6 42(2) 65 M1
122.4 100 =100 M1
161.1(0.5)  146(15)3 87 M1
197.4 142(15)3 63 M1
223.1 133(10) 51 M1
252.2 118(18) 41 M1
275.0(0.5) 118(21)? 38 M1
294.2(0.5) 124(25)3 39 M1
313.7 87(9) 26 M1
326.7 T77(8) 23 M1

? Unresolved multiplets in spectrum.
? Contaminated by neighboring nuclei.
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orders within the bands strongly depend on their intensities. We

propose the level scheme as in Figure V-38.

2. The 171.4-keV Band

The spacings of this band are too large for typical AI=1 M1
intraband transitions for well-deformed nuclei in this region.
Comparing these spacings with neighboring nuclei, they appear like the
AT=2 E2 transitions of the ground-state band of even-even W [Dr78] or Os
[Dr82] nuclei or the K=1/2 decoupled band of the odd-mass Re nuclei
[Ne76,Ya83]. Indeed, several other odd-odd nuclei in this mass region
show similar characteristics, and this kind of rotational band is called
a doubly-decoupled band, as was discussed in Chapter III. Checking the
low-lying single-particle orbits of the neighboring odd-proton Re and
odd-neutron W and Os nuclei, we find that both odd-proton and odd-
neutron Q=1/2 orbits (proton 1/2[541] from h9/2 and neutron 1/2[521]
from p3/2) lie very low in excitation energy. Therefore, it is very
possible that they couple together in 176Re. We thus believe these
transitions must be the components of AI=2 E2 transitions of a doubly-
decoupled band. Santos et al. [Sa89], who also studied 176Re at about
the same time as we did, have also assigned this as a doubly-decoupled
band. However, they observed only up through the 509.9-keV transition.
They measured the internal conversion coefficients for these lower-lying
transitions and adopted E2 multipolarity for all of them. Another proof
comes from the directional-éérreiation intensity ratios listed in Table
V-3, where we assumed the 171.4-keV transition was a quadrupole

transition.

As stated in Chapter III, the spin of the lowest state of the
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doubly-decoupled bands seems to be correlated with the spin of the
lowest state of the K=1/2 decoupled band of the neighboring odd-proton
nuclei. 3% is believed to be the spin of the lowest state of 176Re
based on this hypothesis, Therefore, we need to determine whether the
lowest energy transition, 171.4 keV, is the 5 » 3 transition or not. A
characteristic of doubly-decoupled bands is that their spacings are
similar to those of the ground-state band of the even-even core and
those of the K=1/2 decoupled band of the neighboring odd-mass nucleus

[St76,Kr86a,Kr87a]. We thus compare the doubly-decoupled band of 176Re

with its counterpart in '7“w and 177Re in Figure V-39. (We should
compare it with 175Re y but since that is unknown, we take 177Re and
include ‘76w as well.) Similarities can be found in 172Ta {Kr88a] and
182-186

Ir [Kr85,Kr86a]l. It is apparent that 171.4 keV is too large for
a 5 » 3 transition but is suitable for a 7 - § transition. Comparison
with other doubly-decoupled bands suggests that it is a 7 » §
transition. Actually, a simple way to solve this question is to use the
fact that the moment of inertia of an odd-odd nucleus is larger than
that of the neighboring odd-mass nucleus. Then we can use Equation II-1
and get a feeling for the spin of the level from which the 171.4-keV Y-
ray originates.

Then, why did neither we or Santos et al. observe the 5 - 3
transition? Could it be that 5% is the spin of the lowest state of the

176Re doubly-decoupled band? The energy of the 5 +» 3 transition of the

172 174

Ta and Ta doubly-deééupled bands is around 80 keV. The internal-

conversion coefficient for a 75-keV E2 transition is 15.2 and for a 82-
keV transition is 9.55 [R678b]! Thus, we could not have observed such a

transition. In the gated LEPS spectrum (Figure V-22), a peak seems to
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be enhanced when compared with the total coincidence LEPS spectrum
(Figure V-21). Its energy is about 85 keV. This could be a candidate
for the 5 +» 3 transition we were looking for. However, this is such
weak evidence that we can not make any definite assignments. It
certainly needs careful étudy to find out whether there is a 5 - 3

176

transition for Re, and, if so, what its energy is.

In conclusion, we have observed eleven transitions from the doubly-
decoupled band and observed spins up to I=27. The band has positive
parity, as both the available proton and neutron Q=1/2 orbits have
negative parities. The spacings of the first few transitions do
increase smoothly, but become irregular at I=21. This indicates

backbending. We thus plot Ix versus hw (rotational frequency, =E,/2) in

Y
Figure V-40, and this produces a typical backbending curve. In order to
make it more obvious, we also plot the alignment ix versus hw in Figure
V-41, along with that of nearby even-even W isotopes [Dr78] and of 177Re
[Ya83]. i, was calculated by the Harris formula (Equation III-4), and
JO and J, were derived by least-squares fitting of the first few data

1

1
points. J, = 38.2 2% Mev™ ! and Jy = 86.2"1‘11l MeV ™3 were obtained.

176

The crossing frequency in the Re band is very close to that in

17”w and‘even might be slightly lower. The 113/2 neutrons are typical
of backbending for this mass region. The doubly-decoupled band does not
occupy 113/2 neutron orbits, so it does not block the available orbits
for backbending [Ri81]. The odd-neutron in 176Re weakens the pairing
correlations [Di83,Ga82]; thﬁs, it makes the backbending a little easier
than in the even-even core nucleus. On the other hand, the odd-proton

drives the nucleus to larger deformation [Be88,Ga88] and makes the

backbending more difficult. These two factors seem to cancel each other
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Figure V-40.
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out, resultlngv in nearly the same crossing frequency as in W.
Conversely, the odd-proton band in 177Re backbends at higher frequency

because it does not have the odd-neutron to compensate the deformation
change driven by the odd-proton. Studies [JaB88a,Ka78,La86,Ra86] have
shown that h9/2 protons align themselves almost simultaneously with

113/2 neutrons for the backbending in many nuclei in this mass region.

However, this would not occur for 176Re, because the h9/2 proton orbits

have been blocked, and, if the protons were responsible for backbending,

it would occur at higher frequency then that for the even-even core

176

nucleus. A cranked-shell model calculation of Re [Xu89] predicts

that the crossing frequency for 113/2 neutrons is 0.33 MeV and for h9/2

protons is 0.48 MeV. These results also support the conclusion that

alignment of a pair of 113/2 neutrons causes backbending in the doubly-

176

decoupled band of Re.

3. The 99.6-keV Group

The spacings of Y transitions of this group increase regularly and
are comparable to AI=1 intraband transitions in nearby nuclei. The
intensity ratios from the angular-correlation experiment reveal that
these transitions are most likely M1 transitions mixed with a small
amount of E2. Therefore, we suggest this group of Y transitions forms a
"normal" rotational band. We observed neither cross-over transitions
nor any connection between this band and the 171.l4-keV band. Therefore,
Spin cannot be assigned uniqi.iely.

This band was also reported by Santos et al. [Sa_89], and we agree
on the energie-s of the transitions commonly identified. However, Santos

et al. observed a 70.5-keV transition, which also appeared to be in
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coincidence with the 99.6-keV transition, etc., and was placed as the
first transition in the band. The Ge spectrum at that energy region in
our 22Ne beam experiment was entirely blocked by x-rays, so no Y-ray
could be resolved. We have looked for this 70.5-keV transition in the
LEPS spectrum, and we might see it as a slight bump (Figure V-23).
Based on the spectra of Santos et al., we believe this transition is in
coincidence with others, but how they defined a coincidence event is not
clear. This transition was not clearly seen in the experiments with 160
beam, either. An energy gate was set on where the peak is supposed to
be, but no conclusions can be drawn from this gated-coincidence
spectrum.

We think the 99.6-keV transition is delayed, as discussed before.
Santos et al. [Sa89] did not perform delay analysis, nor can we confirm
its being delayed by doing delay analysis of the data from SUNY Stony
Brook because of the limitation of that set-up. This 99.6-keV Y-ray was
quite strong in the singles spectrum from our excitation-function
experiments but weak in the total-coincidence spectrum. However,
comparing the singles spectrum (see Figure V-25) with the coincidence
spectrum (Figure V-27), we find a severe cut-off below roughly 150 keV
in the céincidence spectrum. The intensity of the 99.6-keV transition
(Table V-4) is less than that of the 161.1- or 194 . 4-keV ﬁransition,
even after correcting for internal conversion. This might be a sign
that the 99.6-keV Y-ray is indeed delayed, but we are not sure how much
the cut-off affects the collection of data from this transition.

Santos et al. [Sa89] have discussed a possible configuration for
this band. They think it is a rather compressed band, based on the

first two transitions (70.5- and 99.6-keV), and this reflects the
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coupling of a odd-particle having a large decoupling constant. Table
V-5 lists the low-lying single-particle orbits [Sa89] from nearby odd-
mass nuclei, along with their excitation energies. The excitation
energies of proton orbits come from 177Re, while those of neutron orbits

"5y [Wa78] and '"0s [Dr83]. Two orbits

are taken from an average of
show such characteristies, 71/27°[541] and v7/2+[633]. Coupling of the
former with v5/27[512] is noﬁ a favored choice, because the spin of such
a band is too low for receiving such large population in high-spin
reactions. Thus, the only candidates left are couplings of the latter
with 15/2%[402] or 19/27[514]. Santos et al. favored the w5/2%[402]
coupling because a similar band was found in 180Re. Their arguments,
based on the structure of the band and systematics, prob;bly are the
best one can do under such circumstances. Although this band would have
a rather high excitation energy (=300 keV from Table V-5), its high K
value and involvement of the highly-decoupled neutron orbit would
compensate for the energy factor.

The discussions of Santos et al. are based on the fact that the
70.5- and 99.6-keV transitions belong to the same band as the 122.2-keV
and other transitions. However, our studies indicated that the 99.6-keV
transition is delayed. If tgis is indeed true, the configuration
assigned by Santos et al. would not be appropriate, because then the
70.5- and 99.6-keV transitions cannot belong to the same band as the
122.4-keV transition. Now this band looks rather regular, neither
compressed nor staggered;“ Therefore, the configuration should not
involve orbits such as 71/2°[541] and v7/2+[633], and possible
configuration are couplings of 15/2%[402] or 19/27[514] with v5/27[512]

or v1/27[521]). We plot the predictions of IBFFA calculations, which
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Table V-5. Zeroth-Order Estimates of the Energies (in keV) of the
States in '"¢Re from Couplings of the Nilsson Orbits in the
Neighboring 0dd-Mass Nuclei.

Only Triplet Couplings Are

Listed.
1727541+ ] 5/2% 402+ ] 9/27[514+]
0.0 0.085 ~0.0Y
1/27[521+] 3* 2" y*
0.0 0.0 0.085 ~0 .04
5/27[512+ ] ot 5~ 7"
0.128 0.128 0.213 ~0.168
7/271633+] 3 6 8
0.268 0.268 0.353 ~0.308

I e e R R R RS L 2 2+ S S S 5 S 2 F L P P
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will be discussed in details in Chapter VI, of all the states from Table
V-5 in Figure V-42, along with 122.4-keV and other experimental
transitions in the band. As expected, bands numbered 5, 6, 7, and 8,
those involving coupling of #1/27[541] or v7/2+[633], are either
compressed or staggered (or even invert the level orders); thus, they
can be excluded. None of the remaining four calculated bands gives such
good agreement with experimental data that we can definitely assign it
to be the correct configuration. However, bands 1 and 4 (K“ = 27 and
7+) seem to give somewhat better spacings than the others.

If the spacings of a rotational band follow Equation II-2, then in
the (EI-EI_1)/2I versus 212, a straight line could be obtained.
However, Coriolis effects will distort the regular spacings and zigzag
the straight line [S184]). In Figure V-43, the four IBFFA-calculated
bands and the experimental energies are plotted in this manner, assuming
each of the four possible K values. It is apparent that lines for K" =
4% and 2° bands are much zigzagged and the experimental points resemble
those of the 5 and 7" bands. This evidence supports the fact that the
122.4-keV and higher transitions form a rather regular band with K = 5~
or T* likely to be correct value.

The ‘IBFFA calculations can also give predictions of B(E2) and B(M1)
values. However, this kind of calculation has not proven to be very
accurate for odd-odd nuclei (because of lack of experimental data to
. calibrate and test the model), so we will not discuss this further. We
therefore conclude, based ohﬂ energy spacings and band structure, that 7
is a better spin assignment for the band-head of the band having the
first transition at 122.4 keV. Further, we prefer 7% also because it is

predicted to have lower excitation energy, and its higher spin is more
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likely to receive large population from our reactions.

i, The 78.8-keV Transition

In the excitation-function experiments conducted at SUNY Stony
Brook, we observed a small 78.8-keV peak. [Recall that in the
159Tb(22Ne,5nY)176Re experiment part of the strong 78.8-keV peak came
from target Coulomb excitation.] And no 78.8-keV transition was found
in the Y-Y total-coincidence spectrum. The same limitations affecting
the detection of the 99.6-keV Y-ray also affect this transition. Santos
et al. [Sa89] did not mention this transition. (There is a peak having
an energy of about 79 keV in the singles spectrum, but they assigned it

177

to a transition from Re decay.)

If this 78.8-keV Y-ray is real and the 171.l4-keV state does decay
through by this transition, then the level which this transition decays
to must be the ground state or lie very close to it. The spin of the

ground state of 176

176

Re was tentatively assigned 3% from studies of its

decay to W [Ho76]. The only likely candidate for a 3+ state is

w1/27[541] x v1/27[521], but this is the configuration of the doubly-
decoupled band and could not do for the level here. However, the three
proton ofﬁits in Table V-5 lie very closely together in 177Re, and their
order could be inverted by the proton-neutron residual interactions in

the odd-odd nucleus. Besides, the order of these orbits is unknown in

175Re, so the predictions of excitation energies could very well be

different from those listed in Table V-S; The spin 3 assigned to the

176

ground state of Re was based on the fact that it decays to both y*

176

and 2 states of W and on systematics of adjacent odd-mass nuclei
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[Ar75]. This is a very shaky assignment when the odd-particle states

are not well understood.

5. The other 197.4-keV Transition

There are two 197.U4-keV transitions in the experiment conducted at
NSCL MSU. One is found in coincidence with the 122.4-keV group, and the
other with the 315.1- and 420.5-keV Y-rays. The spacings of tt.lese three
tf-ansitions are similar to that of the doubly-decoupled bands, and we

thought this might be another doubly-decoupled band or the unfavored

~ signature of the band (with even-spin). However, such a situation was

not seen in the spectra collected at SUNY Stony Brook. Therefore, we
suspect the 197.4-, 315.1-, and 420.5-keV Y-rays come from a neighboring

nucleus. In reviewing the total-coincidence spectrum, we found that Y-

rays of 176

the 22Ne beam. This means that the beam energy lies most likely towards

Re were stronger than those of 177Re in the experiments using

the lower-mass side of the excitation function, so some 175Re might be

16

produced. On the other hand, in the "0 beam experiments, because of

the =51.7 mg/em2 thick target, the beam eventually got stopped inside

the target (the stopping range for a 96-MeV beam is 43.3 mg/cmz), and

was able to produce large amounts of 177R

177

e. This can be seen in the
spectra, where transitions from Re were the strongest ones. More
important, the intensities of these three transitions became quite
strong at higher beam energies (for example, 115- to 130-MeV).
Therefore, we prefer that the 197.4-, 315.1-, and 420.5-keV Y-rays are
transitions from the K=1/2 decoupled band of 175Re. Indeed, the

spacings of the K=1/2 bands of odd-mass Re isotopes increase with
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decreasing mass number, and the three transitions here can fit into the

trend very well.

D. SUMMARY

From the results of our 159Tb(zzNe,nY) and 165Ho(160,nY) reactions

and the results of Santos et al. [Sa89], two rotational bands have been

confirmed for odd-odd 176Re. One of the.two bands is the doubly-

decoupled band, such a band having been found for a series of odd-odd
nuclei in the mass region 172-186. The band is established up to spin
27, but the lowest level of the band is not clear. The observation of
this band supports the mechanism [S184] of heavy-ion compound-nucleus
reactions forming particle states highly-aligned with rotation, with the
subsequent Y-ray cascades feeding down through similar states.

The other band is a rather normal rotational band with ATl=1
intraband transitions. There are a few possible configurations for this
band. However, to narrow down the choice, one needs to confirm whether
or not the 99.6-keV transition is a delayed transition. The status of
the 78.8;kev transition is also questionable; also, the spin of the
ground state.

We have analyzed the continuum spectra from both experiments. None
of the experiments showed us a clear valley along the diagonal line
above 1 MeV for an extensivéﬂrange, say 0.5 MeV, in the symmetrized EY,'

EY matrix. Although at some energies, the dynamic moment of inertia is
2

comparable to that of a superdeformed band, the absence of a well-
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established valley prevents us from drawing firm conclusions.
Nevertheless, it is clear that the nucleus becomes much more deformed as
excitation energy goes up.

Both reactions we used are suitable for producing 176Re, if the
right beam energy and thickness of the target are chosen. In future
experiment will be important to lower the threshold in order to see low
energy Y-rays and resolve those Y-rays from contaminations such as x-
réys. It will also be necessary to obtain half-life information and
perform delay analysis, since meta-stable states are quite common in
this mass region. Of course, statistics are very important for
observing weak high-spin transitions. To resolve the broblem of so many
similar transitions in neighboring nuclei, some methods for filtering
the interesting nucleus from others, such as collecting three-fold

coincidence data or perform doubly-gated coincidence analysis will be

essential.




131

CHAPTER VI

THE INTERACTING-BOSON MODEL
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A. INTRODUCTION

The interacting-boson approximation (IBA) model was introduced by
Arima and Iachello [Ar75b] in 1975. They added monopole s-bosons in
addition to the quadrupole d-bosons. The boson number is conserved in
the IBA model, which makes different from other boson models. Also, a
boson can be regarded as a collective pair of nucleons [Ar77]. The IBA
model describes only phenomena which are based on the same collective
degrees of freedom [Sc88]. This limitation is the result of a truncated

_basis set. For low-lying states this is sufficient; however, more
complicated phenomena such as backbending can only be deseribed in the
IBA framework using an extended model space [Ge80,Ha83].

The IBA model [Ar76a,Ar76b,Ar78,Ar79,Sc79a,Ca78,Ta83] has proven to
be able to give a rather accurate description of the properties of low-
lying collective states in even-even nuclei. Likewise, its extension to
odd-mass nuclei, the interacting-boson-fermion approximation (IBFA)
model [Ia79,Sc82b,Sc84a,Sc85a,5¢85b], is able to reproduce a large
variety of properties in phenomenological calculations. In this chapter
we shall examine the extension of the model to odd-odd nuclei, where we
call it éhe interacting-boson-fermion-fermion approximation (IBFFA)
model.

0dd-odd nuclei have been calculated before in the framework of the
IBA model. The earliest calculations were done using supersymmetries
[Ba81,Hu84] and were appliéd to nuclei in the Pt-Au region. With the
use of these symmetries it becomes possible to treat rather complicated
Systems in a very simple manner. The disadvantage of such methods is

that they assume the Hamiltonian of the system exhibits specific
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symmetries. In realistic cases such symmetries are present in only
relatively few nuclei. The large majority of nuclei do not lend
themselves to such treatment; hence, a full numerical treatment has to
be done. Paar et al. [Pa87] and Blasi et al. [Bl] have performed
calculations of this sort. However, in order to keep the calculations
tractable, they had to limit themselves to only the unique-parity
orbits. Similarly, calculations of two-quasiparticle states in even-
even nuclei [Ba81,Br84,Fa83,Ge80,Lo86] within the IBA framework have
been limited to unique-parity orbits. In our present work we present
calculations for odd-odd nuclei where there is no restriction to unique-
parity orbits. These calculations were made possible by the particular,
very efficient model-space truncation scheme used.

We selected the present odd-odd isotopes of Re because of our long-
standing interest in these nuclides and because reasonably well-
understood experimental data exist for some of the odd-odd isotopes and
for many nearby odd-mass nuclides.

In Sec. B we present a short outline of the IBA model and its
applications to the even-even Os isotopes. These will serve as the
cores to which the odd particles are coupled in the subsequent
calculations for the odd-mass nuclides and odd-odd Re isotopes. In Sec.
C we discuss the case of the coupling of a single odd particle to the
core, the IBFA model. There we present our results for the odd-mass Re
and Os isotopes. These calculations serve to determine the parameters
that govern the coupling of‘ the odd proton and odd neutron to the even-
even Os cores. In Sec. D we cover the actual calculations for the five

odd-odd Re isotopes, including an outline of the IBFFA model used and
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some details of the calculations. Finally, in Sec. E we summarize our

results and make comparisons with experimental data.

B. THE EVEN-EVEN '70-18605 coREs

1. Excitation Energies

To described the structure of an odd-mass or an odd-odd nucleus in
the IBA model, first a description of the appropriate even-even core
should be obtained. Only the valence nucleons are important when
counting the number of bosons [Sc80]. Hdwever, if the shell is more

than half filled, then the number of hole-pairs should be considered.
180-184

Since in the 75Re nuclei both the protons and the neutrons are past
the middle of the 50-82 and 82-126 major shells, respectively, the A;gOs

nuclei constitute the even-even cores. The bosons are hole-like, and

therefore only the degrees of freedom of holes should be coupled to the

system of bosons. On the other hand,176’1;203 nuclei are the even-even
cores for 176’178Re, and now the neutron bosons are particle-like. 1In

Table VI-1, we list the even-even cores, the number of particles
(outside ghe closed shell) or number of holes (toward the next closed
shell), total number of bosons considered, and the odd-mass and odd-odd
nucleus that will be calculated later using the particular core.

-In the odd-odd nuclei we will be interested exclusively in states
below 2 MeV in excitation ene;gy. Only the structures of the lowest-
lying states in the even-even core will enter into the calculations for
these odd-odd states. Since these are predominantly symmetric in the

proton-neutron degree of freedom, a description in terms of the IBA-1
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Table VI-1. Even-Even Os Cores, Their Number of Particles or
Holes, Boson Number, and Related Odd-Mass and
0dd-0Odd Nuclei Associated with the Cores.

- R R R b e
I et R S+ S R S -

|
i
i

186 184 182 178 176
Even-even core 7605 7608 7605 76Os 7603
Number of neutrons 20 18
or holes 16 18 20
Number of proton holes 6 6 6 6 6
Total number of bosons 11 12 13 13 12
185 183 181 177 175
odd-proton nucleus 75Re 75Re 75Re 75Re 75Re
185 183 181 179 177
odd-neutron nucleus 76O 7603 760 7603 7608
184 182 180R 178Re 176

odd-odd nucleus

-—-.-__--_—-__-__-__----_—---——--—-—-------—----—-_--_-------———--—-—_
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model [Sc80], where no explicit distinction is made between proton and

neutron excitations, is sufficient. The IBA-1 Hamiltonian in general

can be written as
H = nded + K"PeP + k'LeL + kQeQ. (Vi-1)

Here ny is the number of d-wave bosons at an energy €q PeP represents
pairing interactions between bosons, LeL is the "dipole" or angular-
momentum interaction, and QeQ is the quadrupole interaction. The
Hamiltonian can be diagonalized numerically, so the IBA model is able to
give detailed descriptions of many different nuclei not only the three
limiting cases (an anharmonic vibrator [Ar76b], an axial rotor [Ar78],
and a Y-unstable rotor [Ar79]), but anywhere in between the three
limits. For our calculations a simplified Hamiltonian for an axial

rotor was used, which corresponds to k"=0. Specifically,

= /10 (ata)(V (VI-2)

r
1

and

(sTa + a's)@) 4 yata)@ | (VI-3)

o
"

The constants, k, k', and X are determined empirically. The program
which does the calculation is PHINT [Sc84b]. The sét of parameters we
used for our calculations, adjusted so as not only to obtain a good
overall agreement in the-excitation-energy spectra, but also retain

consistently varying trends, are list in Table VI-2. 186'19“03 [CaT78]
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IBA Parameters for the Even-Even Os Core Nuclei. .

0.0000 0.0015 0.0025 0.0000 0.0005 0.0015
-0.0140 -0.0150 -0.0160 -0.0200 -0.0235 -0.0245
-1.163  -0.929 -0.760 -0.537 -0.581 -0.514
-0.276 -0.263 -0.249 -0.236 -0.212 -0.195

-—---—-—_.....--_-_—--—-—-_----——--—-----_-_-_-——.——
--_-_--_—--———-—--—-_----_------.-—-----------—_-_-_---_-————-
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have been calculated before. However, those isotopes have higher mass
numbers and are closer to the O(6) limit (an anharmonic vibrator), which
corresponds to k=0. Thus, their calculations were performed in a
perturbed 0(6) scheme. Chiang et al. [Ch88a] also calculated 180'18803
but they used the general Hamiltonian, so their parameters are somewhat

different from ours.

The calculated energies are compared with experimental energies in
Figure VI-1. Although 18008 was not used for later calculations, we
still calculated it in order to maintain smobthly varying parameters
through all the Os isotopes. All six isotopes show a well-developed
ground-state rotational band, and some of them have B- or Y-vibrational
bands. Our calculations reproduce the general features of these
spectra, although they overestimate the staggering in the Y-vibrational

bands. However, since these vibrational bands lie at at least several

hundred keV above the ground state, they are not crucial for later

calculations.

2. Electromagnetic Properties

Since at a later stage we shall calculate electromagnetic
propertiés for the odd-odd nuclei, we need to determine the boson
effective charge and the d-boson g factor by reproducing the relevant
quantities in the even-even core nuclei.

The operator used in the calculation of quadrupole properties is
1) - e (sta + a'8)® + y(dfa @y, (VI-4)

where ep is the boson effective charge. In the E2 operator the boson
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Figure VI-1. IBA-calculated excitation energy spectra for the even-even
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~ Purely systematic values were chosen for
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effective charge and the parameter x, were adjusted for 182'18605 50 as
T

to obtain the best overall agreement with the experimental B(E2) values.

176'1800s because of lack of

experimental data.

Some calculated and experimental [Mi71,Ch72,La72,Wa72,Ho77,Ru77,
Ra87] B(E2) values for important transitions in the even-even Os
isotopes are shown in Figure VI-2, and electric quadrupole moments are

shown in Figure VI-3. We used the experimental B(E2) values for the

+ +

of + 27 and of -+ 2f " 22 transition was not used

1 1 1 2
because of the possibility of M1 admixture; note that the agreements are

transitions (the 2

less good for this transition) and varied the values for ep and Xq in

186

order to get the best fit. (It has been checked for Os that other

known B(E2) values are also reproduced.)

The M1 operator can be written as

™) . ¢ /75 (T (1), (VI-5)

where g4 is the d-boson g factor. By comparing Equation VI-5 with

Equation VI-2, it can be seen that the M1 operator is proportional to

the total angular-momentum operator L in the boson space. This operator

thus does not induce M1 transitions but only magnetic moments. For

even-even medium-heavy nuclei this is realistic, since B(M1) values are

indeed very small compared with the magnetic moments. From the value of
+

the known g factors of the 21 states we deduée that gd=0.25 nm for the

d-boson g factor [LeB2].
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C. THE ODD-MASS NUCLEI

1. Short Discussion of Theory

Odd-mass nuclei are described in the framework of the IBA model by
coupling the degrees of freedom of a single odd particle to the system
of s and d bosons that describes the even-even core nucleus. The

general Hamiltonian for such a system can be written as [Sc82b,Sc84,

Sc85a,Sc85b]

HIBFA = HIBA + HF + VBF , (VI-6)

where HIBA is the usual s-d boson Hamiltonian as given by Equation VI-1i,
HF is the fermion Hamiltonian, and VBF is the boson-fermion coupling
interaction. Since only a single odd particle is coupled to the bosons,
HF contains only one-body terms and it can be expressed by the creation
(or annihilation) operator for an odd particle, using single quasi-
particle energies. Most of the interesting physics goes into the
structure of the boson-fermion interaction, which contains three
components [Sc82b, Sc8Y4,ScB85a,S¢85b,Ch88b]. The first component
represenés the direct component of the quadrupole interaction between
the odd particle and the bosons. Because of the two-particle nature of
the bosons, bringing the Pauli exclusion principle into play, there is
also an exchange component. The last component, the monopole force, can
result from a variety of caﬁses, in particular, from the blocking of
certain degrees of freedom by the odd particle. 1In practical
calculations Lhe strength of the third component is such that it has

only a minor influence on the structure of the spectrum. In the actual
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calculations, by using the program QDDA [Sc85¢c], BFQ, BFE, and BFA are
the parameters that determine the magnitude of the three components in

VBF' In addition, VBF is related to the occupation probabilities of the

single-particle orbits.

175-185

2. Re: Odd-Proton Couplings

2.1 Excitation Energies

The 7gRe isotopes are described in the IBFA model by coupling the
degrees of freedom of a single proton hole to an A;gOS core. The
calculations were performed separately for positive- and negative-parity
states. In the description of negative-parity states, in addition to
the h”/2 unique-parity orbit in the 2=50-82 shell, we also included the
h9/2 orbit from the next major shell because states originating from it
have been observed experimentally. Since we included the h9/2 state in
the basis set, for consistency we included all positive-parity orbits
(37/2, dg /0 d3,5, and S,,5) in the Z=50-82 shell, even though the last
two have rather high single-particle energies and contribute very little
to the wave functions.

In the calculation of negative-parity states, all parameters
describiﬁg the boson-fermion interaction, including occupation
probabilities, were adjusted so as to yield a best agreement with the
experimental excitation energies. The only constraint on the parameters
was that they vary smoothly and systematically from isotope to isotope.
The same principle was foliéwed for calculating positive-parity states,
except that the occupation probabilities were calculated via the BCS
formalism. The single-particle energies used in the BCS calculations

are listed in Table VI-3. These values were extrapolated from the
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Table VI-3. Single-Particle Energies for Odd-Mass Re
Positive-Parity States.
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87/2 /2 43/2 S172
175g¢ 0.000 MeV  1.525 2.449 2.497
177ge 0.000 1,445 2.469 . 2.495
179, 0.000 1.365 2.489 2.493
81pe 0.000 1.285 2.509 2.491
1835, 0.000 1.202 2.522 2,489
185; 0.000 1.125 2.555 2.487
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experimental single-particle energies of nuclei having closed-shell
configurationsi To improve the fit, in some instances they were varied,
but by no more than 200 keV. The complete sets of parameters used in
the calculations are listed for negative-parity states in Table VI-4 and
for positive-parity states in Table VI-5. Note that the occupation
probabilities are such that all particles in the 2=50-82 valence shell
are accounted for,.

The Re isotopes lie in the well-deformed region, and their
excitation-energy spectra clearly show features of rotational bands.
Al]l the isotopes in which we are interested, except 175Re which we know
nothing about, have similar spectra. K“=5/2+ is the ground-state

rotational band for 181-185

Re, 9/27 is the second lowest-lying band, and
a K“=1/2_ band comes down in energy with decreasing mass number. This
last band originates from the spherical h9/2 state from the next major
shell. For 177’179Re these three bands all appear, but their excitation
energies have not been established; only that they are excepted to lie
very closely together. A point to note is that the spacing between the
5/2" and the 9/2” members of the K"=1/2" band is uncertain because the
transition energy is toq low for the Y-rays to have been observed.
These enefgies were determined from Coriolis-coupling calculations and
systematics by Leigh et al. [Le72] for 177’179Re and by Singh et al.
[Si74] for '81,183p

We show a comparison between calculated and experimental
[Ar75a,Br88,E181b,Fi84,F187;1e72,Ne76,Si74,Ya83] excitation energies for
the negative-parity states in Figure VI-4, The K“=9/2' rotational band
has a large h11/2 single-particle component, the only negative-parity

orbit in the 2Z:50-82 shell. The other band, 1/27, has a large hg/z
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Table VI-U4. IBFA Parameters for Odd-Mass Re Negative-Parity States.

- 4 D W A 4 M R Y S . S DGR D TP T MR AP T D NP P W mw ww Wm s A G AS M MR AR A G S T T e e e e e Tm e W W M WY M wn W e we we 4B M e
|- 3B R P A T I T R R -

175Re 177Re 179Re 181Re 183Re 185Re
BFE 1.28 1.36 1.38 1.40 1.48 1.68
BFQ 1.25 1.02 0.839 0.736 0.627 0.510
BFM -0.10 -0.10 -0.10 -0.10 -0.10 -0.10
X -1.20 -1.2 -1.20 -1.20 -1.20 -1.20
. .
LA PR 0.58 0.59 0.60 0.62 0.65 0.68
2
v h9/2 0.05 0.05 0.05 0.05 0.05 0.05
E(MeV) h9/2 5.200 4.500 3.900 3.125 2.35 2.036
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IBFA Parameters for Odd-Mass Re Positive-Parity States.

D o o wr o ™ o - = -

—-—.-__-_-.._..__--_---—_-_——-—---—--_-_-__—_—._—_—
—-——-—_--_-_—-------—-----—-—_—_---_-_-_—_—-———

S L L L T D S S e T o E o e o o o e v o e " - ——
e i e - 2 P 2t S S F R




151
175 177
Re Re
| 2.5
g Th Ex Th Ex Th Ex Th Ex
S - __27-
2O — ]
! ———
—— 25‘
—~~ —_— 23
> 15 — 23" /-—zs'
() — 25~ - —
P - —_———021
~ - 21
V] - —_— 19 oy
= 1.0 — 190 21~ _ 2
—  ar T
0.5 —_ 15~ — 17 ————1" ___ 17T
_— 13- ———18"
e 13- —_——13"
_ 11- _ —_——11"
— 9 —_—
0.0 — 9~ — 5 9 5"

Figure VI-l, IBFA-calculated excitation energies for negative-parity
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experimental data. States are labeled with 2J.
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component coming from the next major shell. Although this band is not

too well defined in 185

Re, we show it for consistency. Also, since no
states have been identified, the parameters for 175Re come purely from
extrapolation of those from the other five Re isotopes. Our
calculations reproduce the rotational features of these two bands quite
well, including the strong decoupling in the 1/2” band. Members of the
negative signature branch of this band were fit somewhat better than
members of the positive branch. It may be necessary to include more
single-particle orbits from the next ma jor shell, e.g., f7/2, in order
to improve the fits to this 1/2” band. However, this would make the
calculation considerably more complicated, which we wanted to .avoid. It
should be noted that in our calculations we did not employ a Coriolis
force attenuation. Had we included this as a free parameter, as is
often done in calculations for odd-mass nuclei, we would certainly have
been able to improve our fits.

Results for the positive-parity states are shown in Figure VI-5,
Since, in general, the boson number we dealt with is around 13, we
usually truncated it by one or two in order to make the calculations
more feasible, especially for calculations like these, where four orbits
have beén involved. Fits are very good for the 5/2% bands and
reasonable for the other bands. The excitation energies for the band
heads could probably be improved by varying the single-particle energies
in the calculations, but we chose not to do that so long as an overall
reasonable fit could be achieved. Other positive-parity bands in the
three heavier Re isotopes either have higher excitation energies or are
not well knan experimentally, so we do not consider them further in

this investigation; also, no other states are known for the lighter




|
!
i
z
i

2.5

2.0

1.5

E, (MeV)

1.0

0.5

0.0

Figure VI-5. IBFA-calculated excitation energies for positive-parity
states in the odd-mass Re isotopes compared with

experimental data. States are labeled with 2J.

155
17 177 17
*Re Re *Re
' Th Ex Th Ex Th Ex
—_ 23* ——\
: +
—21*
— 19* _\ —~——19*
—19*
+
N it TNt N 17
+
B 15" —— — 15... ———— 15
— 13* —_——gt —-—13"
—_— 11+ —_——— gyt —_——11*
m— 9# e — 94' e o ey 94’
— 74' e — 7+ —— e e 7'0'
— 5"‘ e e s 5‘0’ —— . s 54’




i
!

E, (MeV)

Figure VI-5,

2.5 T

156

(cont'd.).




s S A

i

E, (MeV)

Figure VI-5,

2.5 |
2.0 |
1.5 |
1.0 |
0.5 |

0.0 |

157

183R€3

Th Ex

—r—23%
Y 2um 21+
—r—19*

17t

—_—11t
——— gt

———— t

e e e 5*

Th Ex Th Ex

Th Ex

+ ++

|
NN

3

(cont'd.).




i
i
|

E, (MeV)

Figure VI-5,

2.5 |
2.0 |
15 |
1.0 |
0.5 |

0.0 ¢

158

185Re

Th Ex

——15"
—_13"*

—_—11t

PR 9"’

—_—

—— e 54'

Th Ex

—\_

—/—%

Th Ex

\—_1'
3

Th Ex

T\,

—-—3*

(cont'd.).




159

isotopes.

2.2 B(E2) Values and Quadrupole Moments

In the IBFA model the E2 transition operator [Sc84,Sc85a,Sc85b]
contains contributions from both the bosons and the odd Fermion:

T(EQ) = epQp + epQp (VI-T7)

Here QB is the same as Q defined in Equation VI-Y4, while

= 3Q j'(aT~J')(2) . (VI-8)
JJ'

We used the g values given in Section B.2 for the Os cores; also, ep=ep

[Sc82b].

Some selected B(E2) values for crossover and stopover transitions
between lower-lying members of the more well-defined bands are shown in
Figure VI-6. The contributions from the odd fermion appear to be rather
small for these transitions, as can be seen from the fact that the
curves for the six isotopes can almost be superimposed. The quadrupole
moments of some low-lying band heads are shown in Figure VI-T7.
Unfortunately, the experimental data are relatively few [Bi67,Bii81,Er81,
Ha81,0n87,Sp80], making it difficult to 6btain quantitative tests of the

values. However, data do exist [Bi67] for the
5/2%1/2[4024] ~ 5/2%5/2[402+]

and
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IBFA-calculated B(E2) values for the first five crossover
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transitions in bands as follows: a, 9/2° stopover; b, 9/2°
crossover; ¢, 1/2° crossover; d, 5/2% stopover; e, 5/2%
crossover. The left-most point represents the lowest
transition of its kind in that band, with the successively
higher transitions following in order.
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IBFA-calculated Q values for selected band-head states in
the odd-mass Re isotopes compared with experimental data.
The squares are the calculated values; the crosses (with
error bars) are the experimental values.
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transitions in Re. The respective experimental (calculated) B(E2)

values are 1.0 (1.24) and 0.31 (0.36) eb.

2.3 Magnetic Moments and B(M1) Values
Contrary to the case of the electric quadrupole properties, the
magnetic properties of odd-mass nuclei depend strongly on the properties

of the odd particle, so they should provide a good test of the wave

functions. For our M1 operator [Sc84,Ch88b] we used

M1

= /37EE[gd/76(d*a)“) )(')],

L, & INERN/3 (a}é

JJ' J'

(VI-9)

where 84 is the boson g factor and gjj' is the odd-particle g factor,
which can be written as a linear combination of g, and g [Sc8U4,scB5b].
We extracted the boson g factor from the magnetic moment of the 2:
states in the even-even Os cores [Le82], obtaining a value of gd=0.25
nm. Following the procedure used for similar calculations in the Eu
isotopes [Sc82b], we quenched the value of 8 by a factor of 0.7 from
the single-particle estimate down to 4.0 nm.

Some selected magnetic moments are shown in Figure VI-8. It can be
seen that they are determined essentially by the fermion part of the

operator, Equation VI-9. Some calculated B(M1) values are shown in

Figure VI-9. Unfortunately, no experimental data exist at this time to
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test the predictions.

3. 177'18503: Odd-Neutron Couplings

3.1 Excitation Energies
The odd-mass 7608 isotopes are described in the IBFA model by

coupling the degrees of freedom of a single neutron hole (for 181-185

0s)
or a single neutron particle (for 177’17903) to an appropriate Os core.
In general, the same procedure was followed as in the calculations for
the odd-mass Re isotopes. Again, all the single-particle orbits (f7/2,
h9/2, P3/2: f5/2, and p1/2) in this region, the N=82-126 shell, were
included. This made the calculations rather time consuming, so no
detailed fit to the experimental excitation energies was attempted. The
single-particle energies were obtained as in the Re case. For
simplicity, we tried to keep these values constant; however, if no
satisfactory results could be obtained with the initial values, they
were modified (by no more than 300 keV) in order to obtain better
agreement with experiment. The list of single-particle energies used is
given in Table VI-6. The complete sets of parameters used in the
calculations are listed for positive-parity states in Table VI-7 and for
negative;parity states in Table VI-8.

For the odd-mass Os isotopes having N=101-109, the 113/2 orbit is
the only positive-parity orbit entering the calculations. We show the
results of the calculations for positive-parity states and compare them
with experimental values [Be72,Br88,Dr83,E181b,Fi84 ,Fi87,LaT5,La78] in
Figure VI-10. |

As expected for high-j (low-Q) orbits, Coriolis coupling is strong

for states originating from the 113/2 state. Thus, there is a
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Table VI-6. Single-Particle Energies for Odd-Mass
Os Negative-Parity States.

e o S R R N L R S T TS L T T L T C S e T o e T T o o o et e ot o T2 o0 = o 0 e o i e e > o o e = = - = =~ = . ——
it et e R e - 422 S S L 3 F S E S F I F T X T 2

| 172 Rg/2 P3/2 f5/2 P1/2
Mo 0.000 MeV 0.360 1.800 1.820 2.120
1790 0.000 0.430 1.750 1.860 2.170
1815 0.000 0.460 1.700 1.880 2.220
18305 0.000 0.510 1.605 1.928 2.273
185

R R L N L L L T L T S T T o T T T T N o o T o o e o 0 o oo om e o 0 o i o o o0 e o > o T T e . " - - - ——— - -~ - —
e e - - 2 3
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Table VI-7. IBFA Parameters for Odd-Mass Os Positive-Parity States.

| 1770 17905 181, 183, 185,
BEE 2.760 2.450 2.430 2.021 2.010
BFQ 0.380 0441 0.486 0.468 0.307
BFM -0.10 -0.10 -0.10 -0.10 -0.10
X -1.00 -1.00 -1.00 -1.00 -1.00
vt 0.300 0.350 0.375 0.600 0.780

D M e . S . e WL M W SR P W M M e m e M e e D R e S WS D D ED W AP W SR B N D YS W ER ER G A AR AR G am e e
23—t G e dfpef el S g P PP P PP P R R R T
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Table VI-8. 1IBFA Parameters for Odd-Mass Os Negative-Parity States.

T T o O o o T o = 0 %0 % = =n =n mo = o o T T T S D D . SR R e e e e e = S W WY = Y e v W e - - e
- e T YD R S " = " R MM G T G e A M e M —. BN e ER.- S e e Ee e e Ee S sEs

| 177, 190 181, 183, 185,
BFE 0.941 0.809 0.732 0.800 1.100
BFQ 0.180 0.228 0.286 0.190 0.120
BFM -0.10 -0.10 ~0.10 -0.10 -0.10
X ~1.00 -1.00 -1.00 -1.00 -1.00
v2 £,,,  0.801 0.846 0.884 0.863 0.854
| v hy,  0.683 0.734 0.798 0.740 0.703
v Pyp  0.139 0.190 0.277 0.260 0.276
vV £, 0.135 0.166 0.219 0.172 0.151
v2 Py,  0.0965  0.115 0.143 0.114 0.102
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Figure VI-10. IBFA-calculated excitation energies for positive-parity
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experimental data. The states are labeled with 2J.
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177

considerable amount of staggering for the positive-parity bands. The

177-181

three lower mass isotopes, Os, show greater Coriolis coupling

than the higher mass ones, as seen from the spacings of the first few

transitions of the bands. These spacings (18.3 and 43.7 keV for the

177Os and 179Os) are too small for

a band with K=7/2 or 9/2. Moreover, in 18103 the band has been reported

first transitions, respectively, for

[Ne76,Fi84] as being a mixed 113/2 band, namely, the Nilsson states
9/2+[62M] and 7/2+[633] combined. In our calculations, we find
inversion of order between members with opposite signature. This
situation does appear in experimental data but at higher spin values
than predicted. This fact suggests that the Coriolis force is
overestimated in our calculations. However, notice that there is no
free parameter controlling the Coriolis force; it arises naturally in
the IBFA model [Sc87]. Nevertheless, our calculations do reproduce the
features of these positive-parity bands reasonably well.

Results for negative-parity states are compared with experiments in
Figure VI-11. A similar K=1/2 band, though not built on the same
Nilsson state, exists in all the five Os isotopes. Both signature
members have been observed from in-beam Y-ray experiments only for 17703

18505 [E181b]; for the other isotopes, only a few states of

(Dr83] and
positive signature are known, mostly from decay studies [La75,La78]. In
Figure VI-11 we show both signature members, and we have pretty good

agreement with experiment data for 171 185

Os and Os. This and the fact
that there is no inverting ofdérders at low spin members as in the odd-
mass Re cases suggest that the Coriolis coupling is not so large as in
Re isotopes. Therefore, we think that for all five Os isotopes, the

members having positive signature do not shift to higher energies




178

9
177OS 17 OS
2.5
Th Ex Th Ex Th Ex Th Ex
I — e
2.0 - —\ -—-\ gg_
| N—25_ —_—
23 —23~ \ -
— — —23
~~ ; \ - ___\___21" —_—
> 1.5 —\y 21 19" N—21-
o | TEN—21] \
2 19 —19" _\._._ 19~
] —_— p—
= 1.0 | e 17 _\ 17 — T 15" TTN—ar"
[ T —15" TN y5-
| TN\ ae yq —
| =—=<—180 T\ 13_ =" " s
0.5 - 11 —\—11 —\___ 11"
[ - )9 —_——0 _\ -
== 9 T\__ .- = - —\— 9
(A R
3 — — s 5_ ——1 g_ "
o0} ==% ==

Figure VI-11, IBFA-calculated excitation energies for negative-parity
states in the odd-mass Os isotopes compared with

experimental data. The states are labeled with 2J.
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respect to those having negative signature.

The relative positions of the two band heads in 18103 are not known
experimentally. It was suggested [Ne76] from systematics that the
ground state is 7/27, with the 1/2” state lying at very low excitation
energy. Because of this ambiguity, we did not try to force the 7/2° to
be the ground state in our calculations but rather sought an overall
good fit to these two close-lying bands. We actually obtained a 1/2°
ground state, with the 7/2° band starting at 21.6 keV.

Spin assignments for the 7/2” band in 18503 are uncertain [E181b],
which made any precise determination of parameters for this nucleus
rather difficult. We thus chose a set of parameters that gave the best
agreement with the experimental results for all five isotopes in a
Systematic way, under the assumption that the spin assignments were
correct. This was done instead of forcing a best fit to individual sets

of levels.

3.2 Electromagnetic Properties

The electromagnetic properties of the odd-mass Os isotopes wére
calculated in the same manner as for the odd-mass Re isotopes, except
that eF=d, gl=0, and gs=-2.7 nm. There are relatively few experimental
data [Ha80,Li73,0h87] available for comparison, and the structures of
these Os isotopes are not unique Thus, only some selected values of
B(E2) are shown in Figure VI-12, and calculated B(M1) values for 17905

18105, which have the sé&e rotational bands, are shown in Figure VI-

and
13. Quadrupole moments of some low-1lying band heads are listed in Table
VI-9; selected values of magnetic moments are listed in Table VI-10.

Experimental data for the odd-mass Os isotopes are very scarce, making
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IBFA-calculated B(E2) values for selected stopover and
crossover transitions in low-lying bands in the odd-mass
Os isotopes. Within each figure the curves represent
transitions in pagds as follows: a, 7/2  stopover; b, 7/2:
crossover; ¢, 9/2° stopover; d, 9/2° crossover; e, 1/2
stopover; f, 1/2° crossover. The transitions between the
lowest members of a band are on the left, with the
successively higher transitions following in order.
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Table VI-9. IBFA-Calculated Q Values (eb) for Selected Band-
Head States in the Odd-Mass Os Isotopes. Known
Experimental Values Are in Parentheses.

P L R N S S L L DI T S S o T T T S o S o o o C e o o e o e o o e o o o o o v can o o o ot i o e o e o = = = - = - —
e

Os Os Os Os
172°(£5 ,,) _ 5.8283 5.4211
1/27(py ) 5.6966 6. 1641 6.1199
7/2'(f7/2) 3.2025 6.3729  5.5201 |
7/2‘(h9 /) ‘ 5.3400
9/2%(1,3,5) 4.9536  5.3244  5.2882  4.9425

(5.7240.50)

P R E L T N L S T o L T o E T o T o o s o o o 0 ot v o o o 2t i ot o o o > o o - - -~ —— " - - -
e e e R I - - P P - T - - -
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Table VI-10. IBFA-Calculated u (nm) values for Selected
Band-Head States in the Odd-Mass Os Isotopes.
Known Experimental Values Are in Parentheses.

:::::::--:—-----———-_-—-----_---_-_------_-----—----—-_--—----_—--_-_-_-

¢ 177 179 181, 183, 18544
1/2"(f5/2) 0.1433 0.2033 |
1/2'(p3/2) 0.1096 0.1433 0.0908 ‘
7/27( £r/0) 0.4700 0.7429 0.8391 |
7/2'(h9/2) 0.7147
9/2%( 1y3/2) 1.2251 1.2297 1.0045 0.9975

(0.800£0.019)

I o G o T T T o o o T St e == =m0 =0 o T e Y TR TP N T e G S TS S A D TN . W W = W T P SR mn W A A b W T e D - e o . - -
e e e e R i i el
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meaningful comparisons aifficult.

Interference effects are much more important for the Os isotopes
than they were for the Re isotopes, particularly where 1/2° states are
involved. For example, compare the curves for B(M1) values in the 1/2°
band shown in Figure VI-13 -- constructive and destructive interference
effects are very apparent. Less immediately striking, but perhaps of
more significance, are similar effects in the curves for B(E2) values
shown in Figure VI-12. There the interference effects are sufficient to
add appreciably to the normally-dominant core contributions. This
presents a decided contrast to the very smooth behavior for the B(E2)

values for the Re isotopes shown in Figure VI-6.

D. THE ODD-ODD NUCLEI: '76-184p.

1. Excitation Energies

The Hamiltonian for deformed odd-odd nuclei can be written as

follows [Ch88b,Sc88]:

H = HIBA + Hp,F + Hn,F + Hp,BF + Hn,BF + Vpn (VI-10)

The first five terms are determined from the previous even-even and odd-
mass calculations. The last term is the residual interaction between

the odd-proton and the odd-néﬁtron, which takes the form,

=V Q Qn + V 0 00 . (Vi-11)
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The structure of these nuclei is dominated by the features of each
of the two odd particles that are coupled to the core. Equation VI-11
here represents only the residual interaction between the odd particles,
It plays a relatively minor role, because its dominant component is a
quadrupole-quadrupole force, and most of the quadrupole neutron-proton
interaction is already taken into account via the particle-boson
interaction in the first five terms of Equation VI-10. The effect of

the residual interaction to enhance these correlations is thus small, as

0

is confirmed by numerical calculations. Therefore, we simply use V
for our calculations. |

The above arguments, however, are not valid for the odd-tensor
components. Of special interest is the proton-neutron spin-spin
interaction, the last term in Equation VI-11. The expectation value of
0 for bosons is small, because of their large quadrupole collectivity.
Since this interaction is not taken into account in the particle-boson
interactions, we retain it in the residual interaction. 1Its effect is
well known, introducing a triplet-singlet splitting of the order of 100
keV or less. In our calculations we chose the strength of Vs to be
-0.02 MeV, constant for all orbits and isotopes. This reproduces
reasonably well the triplet-singlet splitting observed near closed

shells.

-

In order to make numerical calculations feasible, we have truncated
the full two-quasiparticle basis space. In the calculation of 182Re,
for example, we first calculated 183Re in the full basis of one proton
hole in all possible orbits coupled to the complete core. From this

calculation only the 15 lowest states for each spin and parity were

retained and used for coupling the odd neutron hole, 18303. The
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coupling of the first particle is in a complete basis; truncation is
made only in coupling of the second particle. We can also do the
calculation in reverse order, i.e., first couple the odd neutron to the
even-even core and then coupled the odd proton to the truncated basis.
The effect of the basis truncation can thus be investigated by comparing
the results of two complementary coupling schemes. We have verified
that for the present calculation this change of the coupling order
reproduces almost identical energies for the first 5 levels of each
spin, and reproduces the energies to within 20 keV for higher levels.
We have also checked the effect of decreasing the number of levels
entering for basis of the second-coupling from 15 to 12 for each spin.

This changed the energies of interest by less than 10 keV.

1.1 182Re

18212e [S184], where four

Experimental data are most complete for
rotational bands plus a few other states have been characterized in
considerable detail. The 7% ground state and the 2% state are the
triplet and singlet couplings of the 75/2%[l024] (originating from the
d5/2 sphepical state) and the v9/2+[624+] (from the 113/2 spherical
state) orbits. The excitation energy of the 2% state is unknown;
because of the long half-life for a M5 Y-transition between these
states, each decays independently by B'/e. The IBFFA calculation
predicted the 2% state to lie at 38.6 keV, but we plot the two halves of
the energy spectrum in Figuré”VI-1u separately, one with 7+, the other
with 2% as the base. The results agree well with experimental data,

except for the 4 band. The reason for this discrepancy lies in the

fact that in the calculation there is a close-lying 5 band, which is
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the singlet coupling with respect to the 4~ band. Both the odd-proton
(the K"=1/27 in 183Re) and the odd-neutron (K"=9/2% in 183Os) components
which constitute the odd-odd states here have large Coriolis couplings,
Because of the Coriolis force, which is not attenuated in the present
calculations, these two bands mix strongly, with the result that the
lowest member of the K"=4 band is a 5 state.

In Figure VI-14, we also show a predicted K"=0" and a K"=5" band,
which are the singlet couplings respective to the K“:Q- and the K"=4~
bands. We obtain quite reasonable values for the triplet-singlet

splittings for the bands shown, although this is not always true for

some higher-lying bands.

1.2 180p,

Only the results of 180Re from our calculations are shown in Figure
VI-15, because the assignments are considerably less certain for this
nucleus. The calculations predict that there are quite a few relatively
low-1lying, low-spin bands. Indeed this is what one would expect from
coupling the available single-particle orbits from the odd-mass
neighbors. Rotational bands of 18ORe have been studied by two groups,
however,‘ there is discrepancy between their results. Lieder et al.
[Li85,VeB5] observed at least six rotational bands. The K values [Ve85]
of the bands were assigned on the basis of M1/E2 mixing ratios, with an
uncertainty, AK=%1. Most of the bands in their results are low-spin
bands and they are compatibl“e" with some of the bands predicted by IBFFA
calculations. However, the uncertainty in the K assignment forbids a

meaningful comparison.

Kreiner et al. [Kr87b] also studied 180Re. Four rotational bands
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were observed, and three of them are coincide with the results of Lieder
et al., but with different spin assignments. Kreiner's results did not
show any connection with the ground state, and the proposed spin
assignments are based on a 5" "effective" ground state. The assignment
of this effective ground state is not mentioned, and the only 5% state
that can be formed by coupling the available odd-mass states observed in
the nearby odd-mass nuclei (see Table III of [Kr87b1]) will have an
excitation energy of a few hﬁndreds of keV. Therefore, these spin
assignments are questionable. However, if we accept their assignments
for the band configuration, the energy spacings from our calculations do
correspond to their results. The comparisons are listed in Table VI-11.
The calculations predict the spacings of K'-8* band very weii. Whereas,
the spacings of k“:?+ and 5% bands are smaller than experimental
results, because the Coriolis forces in these bands are overestimated.
We do not agree on the neutron orbit Kreiner et al. assigned for the
K"-8 band. We think it should be the v9/2+[624], the same as in K"=7"
band. Also, in our calculations the first level of this band has spin
9. 1If they did misassign the K for this band, the experimental data and
the calculated values become much closer.

Oveéall speaking, the results of Lieder et al., seem to be, in
general, much compatible with our calculations. However, no conclusions

should be drawn before definite spin assignments for the band-head are

made.

184Re

1.3
A number of rotational bands have been observed in 18MRe, but only

the ground state 3~ and an 8" band having its band head at 188 keV have
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Table VI-11. IBFFA Calculated Energy Spacings for 180Re
Compared with Experimental Data.

P o R L o T o T L o o o o I ™0 20 =t =r =0 =2 "t T > T " =S - - - " o = —n > - ——— e o == - -

i S L - -+ 2

K"-8* 19/27[5141xv7/27[514]
EXP IBFFA-CAL
9* - g* 228.7 210.8
10" - g* 246.0 236.5
117 - 10* 261.4 260.2
2% - 1t 275.4 277.0
K7t 75/2% [402]xv9/2* [624]
EXP IBFFA-CAL
8t - 7" 149.5 123.5
9* - 8" 182.1 157.0
10" - g* 220.5 178.6
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Table VI-12. (cont'd.).

e - e it T - ———— s Em mm m e, _w e = e e S TS DS NS S S S S SS S
-t G- P R - - - - - ———

K'=5* a1/727[541]xv1/27[521]
EXP IBFFA-CAL
7t .~ 5 191.1 142.5
9" » 7* 297.8 2u8.0
11" - 9" 386.1 354 .2
13¥ - 117 465.6 451.1
K*-8~ #9727 [5141xv7/27[633]
EXP IBFFA-CAL
9~ + 8 134.3 -
10" - 9 176 .4 119.6
11" + 10 210.1 165.4
127~ 117 237.2 191.4
137 - 12° 261.0 199.0

PR P L5324 3-2—3 3322 P— 04
3343 —5-d— RSP~ P—2-R-2—R- PR H Y o=
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been given definite assignments [Ma77]. A comparison of our results
with these experimental data is shown in Figure VI-16. Our calculations
indicate the two bands mentioned above, plus tentatively assigned 1”7 and
2" bands starting at 56 and 74 keV, respectively. The spacings within
the bands is reproduced Quite well, but there are minor problems with
the positions of the band heads themselves. 1In particular, note that we
calculated the 27 band head to lie below 3-.band head, whereas the
reverse is observed. The most probable interpretation for these states

is that they are the triplet and singlet couplings of a n5/2+[402+] and

- a v1/27[5104] Nilsson state, so the triplet would appear to lie lower in

énergy than the singlet. However, there is considerable mixing of the
1/2” neutron states in the odd-mass Os isotopes, and our calculations
would indicate large contributions from 1/27[521+] and 1/27[501+]

states, so the question of triplet versus singlet couplings becomes a

bit obscure.

1.4 The Doubly-Decoupled Bands of '76:178,180p

Both 176Re and ]78Re have been studied by Santos et al. (Sa891, and
176Re also by us. However, none of the studies was able to give solid
spin assignments, except for the well-known doubly-decoupled band.
Therefore, for these two nuclei we will only discuss the doubly-
decoupled bands, along with the similar band in 180Re. Figure VI-17
shows the comparisons of our calculations with experimental data,
Although 3" is predicted to Bé the level with the lowest excitation
energies for all the three doubly-decoupled band, no 5 » 3 transition

has ever been observed. In Figure VI-17, we thus used the values from

calculations in both cases for easy comparison.
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Figure VI-16. IBFFA-calculated excitation energies for states in odd-odd
'®*Re compared with experimental data. The bands are
plotted in pairs, with the triplet coupling on the left,
the singlet coupling on the right of each pair.
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In Figure VI-17, we not only show the observed favored members, but
also the predicted unfavored members with even spin. Furthermore, the
singlet coupling of the 1/2-1/2 orbits, which produces a K=0 band, is
displayed at the very right side. There is pretty good correspondence
for all the three nuclei. -This is especially surprising for 176Re, for

the odd-proton nucleus 175 176

Re in the calculation for Re is totally
unknown, so the parameters in IBFA calculations were decided purely
based on systematics.

The energies of 5 +» 3 transitions are predicted to be 82.9, 71.0,
and 45.7 keV, respectively, for 176Re, 178Re, and 180Re. If we believe
that the IBFFA calculations can predict the first transition as well as
other transitions, then the fact that the first transition was not
observed can be explained by the large internal conversion coefficients
for these E2 transitions. However, since the IBFFA calculations are
simply the coupling of the odd-mass nuclei, ambiguities in the existence
(or the magnitude of the energy) of the 9/2 » §5/2 transition,

counterpart of the 5 + 3 transition in odd-proton nucleus, may very much

affect the prediction of this 5 » 3 transition in odd-odd nucleus.

2. Quadrupole Properties

Quadrupole transitions in medium-heavy nuclei are in general of the
order of several hundreds of single-particle units. In the calculation
of strong, collective transitions, therefore, the contributions from the
odd proton and odd neutroh“ére unimportant. We thus limited the E2
operator to that defined in Equation VI-4, with the boson effective
charge eg the same as enters into the description of E2 properties in

the ‘even-even core and the two related odd-mass nuclei. The comparison
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of the quadrupole moments for odd-odd Re isotopes is made in Table
VI-12, and B(E2) values of the first few transitions of the rotational

182

bands in Re are shown in Figure VI-18. The predictions of the

quadrupole moments agree reasonably well with experiments.

3. Magnetic Dipole Properties

Contrary to quadrupole transitions, M1 transitions are at most a
few single-particle units in strength. The single-particle part of the
operator, as given in Equation VI-9, thus plays the same important role
as it did in the odd-mass nuclei, with the d-boson g factor equal to the
g factor for the 2; states in the even-even core, g quenched by a
factor of 0.7, and g taken equal to their free values. Some magnetic

moments are listed in Table VI-13, and B(M1) values are shown in Figure

VI-19.

D. CONCLUSIONS

Althpugh only the simplified Hamiltonian for an axial rotor was
used, the IBA model once again proved its ability to give very accurate
predictions of the excitation énergy spectra, as well as the
electromagnetic properties for even-even Os isotopes with mass 176-186.

The Os cores were coupled with a single particle or hole in the
subsequent IBFA calculatioﬁs, and, in general, the calculations produce
satisfactory results for odd-mass Re and Os isotopes. We dealt with
Quite strong Coriolis coupling in these Re and Os isotopes and found

that the IBFA calculations usually overestimate the Coriolis force.
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Table VI-12. Quadrupole Moments for 0dd-0dd Re Isotopes.

 E C I o o mn > o e o - -
S e P R S S e A e e e e e e s e S Sl TS

Isotope J Qs (eb)
180g 6" 6.50

1~ 6.45
182p, 7+ 5.66

ot 5.40
184p, 3" 5.06

B
—— e ammm eSS

6.1%0.3

>6.3+0.2
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Figure VI-18. IBFFA-calculated B(E2) values for selected crossover and

stopover transitions between members of low-1lying bands in
the odd-odd '°2Re. The curves correspond to transitions
in bands as follows: a, 7 stopover; b, 7" crossover; c,

+ + - -
2  stopover; d, 2 crossover; e, 9 stopover; f, 9
crossover; g, 4 stopover; h, 4 crossover. Transitions
between the lowest members of a band lie at the left, with
transitions between systematically increasing members more
toward the right.
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Table VI-13. Magnetic Moments for 0dd-Odd Re Isotopes.

R N T N T T T T T m T o o0 = mn o o0 =i = e = om o o v e e o o o = = - b - . o e -
T T T P A e e e e e e me e e e e e e el R S S LSS S S SSIsSs22=ss==

n
Isotope J “1BA (nm) uExp (nm)
180p, 6~ 2.41 —-
1" 2.35 —--
182p, 7" 2.33 2.76£0.17
2" 3.28 3.16+0.22
18hp, 3" 3.19 2.50%0.19

8" 2.09 2.89%0.13

B R o O T o T P G . o 40 om0 40 o = o 70 G o o B A e . . W D B Y = e W D WD WL M A W AR P .o -
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IBFFA-calculated B(M1) values for selected transitions
among low-lying band members in the odd-odd Re isotopes.
The curves represent transitions in bands as follows.
'°°Re: a, 67; b, 17; ¢, 27, '®2Re: d, ", e, 2% f, 9.
"°*Re: g, 37; h, 17; i, 8*. Transitions between the
lowest members of bands lie at the left, with transitions

between systematically increasing members toward the
right.
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However, taking into account that this Coriolis force arises naturally
in the IBFA model and there is no parameter whatsoever to control its
magnitude, we feel the results are more than satisfactory. Furthermore,
even though now and then the spacings within the band cannot be
reproduced too well, the IBFA calculations do successfully reproduce the
general feature of the nucleus.

We required the parameters in the IBFA calculations to change
smoothly from isotope to isotope. Among the odd-mass Re isotopes, this
restriction is justified in 177'185Re, because they show very similar
~excitation energy spectra. We have also learned from 175Re that using
parameters determined solely by systematics also produced a reasonable
picture of the levels. The excitation energy spectra of odd-mass Os
isotopes are much more varied, but this did not affect the results of
calculations. 1In addition, in order to save computing time, we even
further truncate the boson number down by 1 or 2 unit, and never try to
make a splendid fit.

These calculations of odd-odd Re isotopes are the first complete
calculation of their kind - we calculated both positive- and negative-
parity states and included all the available single-particle orbits. No
additionéi parameters were introduced in the IBFFA calculations except
for the proton-neutron spin-spin interaction, which is set to be a
constant for all the orbits and isotopes.

The IBFFA model is able to give an accurate description of states
in the odd-odd Re nuclei} as can be seen from the comparisons with
experimental data. These odd-odd nuclei constitute a very stringent
test of the model, because odd-odd nuclei do not provide the same sort

of smoothly varying systematics as do other types of nuclei.
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Usually pretty good spacings within the bands can be obtained in
IBFFA calculations, from comparison with the two most completely studied

odd-odd 182Re and 18“Re.. However, poorer spacings were obtained for a

few bands, especially the K"=4" band of 182Re. The couplings for the 4
band are %1/27[541+] and v9/2*[624+]. Both have strong Coriolis force,
and thus the fits were relatively poor in the IBFA calculations. Errors
accumulate from previous IBA and IBFA calculations are going to IBFFA
calculations: any difficulties in describing the even-even cores and,
particularly, the odd-mass states are compounded in the odd-odd systems.
However, if good fits for the even-even cores and odd-mass nuclei can be
obtained, then good spacings in the odd-odd nuclei are likely. This can
also be seen in the 1/2° bands in the odd-mass Os isotopes, where the
fits are in general the poorest among the odd-mass states.
Correspondingly, relatively poor fits were obtained for odd-odd bands
involving these 1/2° neutrons, such as inverting the triplet and singlet
couplings for the 3~ and 2~ bands in 18“Re.

There is problem in predicting the positions of the band heads.
This is the result of inadequate fitting of the positions of odd-mass
band-head;, but it also points out the difficulty in using constant V
for the proton-neutron residual interaction (Vpn) in the IBFFA
Hamiltonian. The other component in Vpn’ the spin-spin interaction,
seems to be the reason why some of the triplet couplings lie higher than
the singlet couplings. To free Vq and Vs’ allowing them to vary over a
reasonable range, will certéinly improve the fits of the odd-odd nuclei.
However, this will destroy the simplicity of the IBFFA model. Indeed,

the model has already shown its power for predicting the energy spectra

and electromagnetic properties for the odd-odd nucleus [Ch88b,Sc89], and
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it seems a shame to improve the model by making the calculations much

more complicated.
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