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The level scheme of Y is investigated via the Ni( "Al, 2pn) reaction at a beam energy from
75 to 105 Mev. Excitation functions and neutron-p coincidences were performed in order to obtain
the isotopic identification of the measured p rays. From the angular distribution, p-p, and delayed
coincidence data a decay scheme was constructed. It exhibits a sequence of levels with probable
spin values ranging up to I = (17+), two of them being isomeric states. In particular, the nuclear
structure below the I = (9+) is analyzed. The interpretation of these states in terms of the

Kg9/2 vgg/2 multiplet is discussed.

PACS number(s): 21.10.—k, 23.20.—g, 27.50.+e

I. INTRODU CTION

Most of the experimental information available in the
intermediate mass region around A = 80 has been col-
lected by investigating the nuclear structure of even-even
and odd-even nuclei. The analysis of such data clearly
established the "softness" of the core nuclei adopted for
their theoretical interpretation. This feature is mainly
indicated by a rapid change of nuclear properties as a
function of the mass number A (for a comprehensive dis-
cussion of this subject see, e.g. , Nazarewicz et al. [I]).

During the last years the odd-odd nuclei started to at-
tract the attention of several experimental groups, hence,
more information about this kind of system became avail-
able. These investigations give the opportunity to study
the residual proton-neutron interaction. In particular,
there are very interesting situations where both an odd
proton and an odd neutron occupy the same shell. One
might thus obtain information about their interaction as
well as about the polarization efFect of the odd particles
on the soft core.

Continuing with the systematic investigation of
doubly-odd nuclei in this mass zone we have undertaken
the study of Y, for which almost nothing was known
when our experimental work started. At that time, the
scarce data on s2Y were restricted [2] to the parity and
half-life of the ground state, I = 1+ and 9.5 s, and no
excited states were known. For this reason an important
part of the experiment was devoted to the isotopic identi-
fication of the measured p radiation. A preliminary level
scheme for Y obtained from our data has been already
published elsewhere [3]. When our work was almost fin-
ished the research of two other groups on this nuclide

came to our attention. Womble et al. [4] determined lev-
els up to I = 21+ and, on the other hand, a preliminary
report of Mukai et al. [5] extended the spectrum to even
higher angular momenta using a large array of detectors.
We shall compare our results with the data of [4,5] in the
fj.nal sections.

The paper is organized in the following way. The ex-
perimental setup and the procedures employed for the
measurements, together with the results, are given in
Sec. II. The proposed level scheme is presented in
Sec. III. Finally, Sec. IV is devoted to a discussion and
conclusions.

II. EXPERIMENTAL PROCEDURE
AND RESULTS

Several experiments were carried out by using the
available beams provided by the Buenos Aires TANDAR
accelerator to populate levels of Y. The isotopic identi-
fication of the numerous p rays was performed by analyz-
ing excitation functions of several reactions and neutron-

s coincidence measurements. In practice, almost the
same setup devised to investigate the ssMo nuclide [6]
was utilized in the present work. After selecting the most
appropriate reaction and beam energy, the decay scheme
of Y was primarily determined by means of p-p coin-
cidence experiments. The half-life of the isomeric state
was measured using the delayed coincidence method with
a pulsed beam.

A. Isotopic identi6cation

*Also at the Carrera del Investigador Cientifico of the
Consejo Nacional de Investigaciones Cientificas y Tecnicas,
Argentina.

As mentioned above, two diferent sorts of experi-
ments, namely excitation functions and neutron-p coin-
cidences, were performed in order to obtain the isotopic
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identification of the measured p rays. For the neutron-p
coincidence, the reaction Ni( Si, 3pn) was used at a
beam energy of 110 MeV. The neutrons were detected
with a 127 mm diameter by 127 mm long cylinder filled
with NE213 liquid scintillator. This detector was posi-
tioned at 10 cm from the target and at 0 relative to
the beam direction, and to decrease the number of de-
tected p rays it was covered with a 4 cm thick lead shield.
The standard pulse shape discrimination technique was
used to separate neutrons from p rays. A HPGe detec-
tor of 40% efficiency located at 135' measured the p-ray
spectrum in coincidence with the neutron signal. The
analysis determined that several strong p rays, such as
the 109, 211, and 244 keV lines, are in coincidence with
neutrons and, hence, they belong to the decay of excited
levels of the 3pn channel leading to Y. Other reactions
were disregarded. For instance, the channel involving the
evaporation of n2pn and o.3pn leads to known nuclides
like Sr and Rb, respectively. Furthermore, reactions
with more than one evaporated neutron are highly hin-
dered in this mass zone as the evaporation code PACE4
predicts.

For the excitation function experiment, p-ray sin-
gles spectra were measured using a Compton-suppressed
HPGe detector of 30% efficiency placed at 90' with re-
spect to the beam direction. The intensities of the p rays
were determined as a function of beam energy in steps
of 5 MeV for the following reactions: (a) soNi( sSi, npn)
from 100 to 130 MeV; (b) Ni( Si, 3pn) &om 95 to
120 MeV; and (c) Ni( Al, 2pn) from?5 to 105 MeV.
Figure 1 shows the excitation function of several p rays
produced by reactions involving three or four outgoing
particles, namely the 2pn and 3pn reaction channels. The
shape and maxima of these curves are compatible with
the behavior predicted by the evaporation code PACE4
for p rays deexciting levels in Y. All these experiments
support the results obtained with the previous neutron
coincidence measurement and select the aluminium beam
at 90 MeV as the best beam-energy combination to pop-
ulate levels of the Y nucleus.

Ni ( A1, 2pn) "Ni ("Si,spn)

$4/ keV

171kev

~ 210~ v

244 kev

I I I I I I

75 80 85 90 95 100 105 95 100 105 110 115 120

B. p-p coincidence experiment

The p-p coincidence experiment was performed using
two Compton-suppressed HPGe detectors of 30% effi-

ciency placed at 90 with respect to the beam direc-
tion. The used reaction was Ni( Al, 2pn) at 90 MeV
beam energy, and the target consisted of a 1.5 mg/cm
foil of sNi enriched to 99.9'%%uo, which was backed with a
5 mg/cm foil of natural bismuth in order to stop the re-

Energy (MeV)
FIC. 1. Excitation function of several p rays of Y pro-

duced by diferent reactions involving two and three outgoing
particles, namely 2pn and 3pn. The 2pn channel shows a
maximum of intensity at about 85 —90 MeV and the other,
3pn, peaks at 115 —120 MeV.

TABLE I. Energies, intensities, and angular distribution coefBcients of p rays assigned to Y.
The error in the last digit is given in parentheses.

E~ (keV)
63.5(3)
64.1(3)
65.6(s)
8?.5(3)
88.9(3)

106.4(4)
107.9(4)
109.2(2)
142.3(2)
171.4(2)
194.8(2)
211.2 (2)
244.0(2)

I~
200
250

180
780
200

720
60
230

1000
490
490
480
560

-0.43(4)
0.44(4)

E~ (keV)
25O. 2(2)
313.7(2)
337.2(2)
37o.5(2)
395.7(2)
443.1(3)
8i2.5(S)
837.7(2)

1010.6(5)
1060.0(5)
1171.5 (5)
sais. (i)

I~
220
450
340
270
380
145
190
500
290
150
250
170

-0.4(1)
-o.6(1)

The errors are 5% for the strongest peak and 30% for the weaker ones.
The intensities are estimated from the coincidence results. The errors are 30%.
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FIG. 2. Coincidence spec-
tra with gates set on the
87.5, 106.4, and 142.3 keV
rays. These transitions pop-
ulate levels below an isomeric
state of 140 ns half-life. The
figure also shows the prompt
211.2 and 244.0 keV transitions
originated due to the 100 ns
time windows used in the coin-
cidence experiment.
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coiling nuclei. Several gated spectra are shown in Figs. 2
and 3. Prom all these experiments, the p rays listed in Ta-
ble I were assigned to the decay of excited states in Y.
A preliminary level scheme based on these data has been
already published elsewhere [3]. The revised and com-
pleted final version is shown in Fig. 4. As can be observed
the decay scheme of Y shows: (a) many low-energy p
rays grouped at low energy and (b) a more regular level
energy pattern developed toward higher angular momen-
tum. In addition, the coincidence experiment identified a

reduction in the coincidence rate between certain p rays,
indicative of the existence of an isomeric state.

C. Delayed coincidences

In order to determine the existence of isomeric states
and to measure their half-lives a delayed coincidence ex-
periment was performed. In this experiment we used
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FIG. 3. Coincidence spec-
tra with gates set on the
244.0, 370.5, and 395.7 keV p
rays. These transitions popu-
late prompt levels above an iso-
meric state of 140 ns half-life.
Some coincidence with transi-
tions below the isomeric state,
such as the 87.5, 106.4 keV,
etc. , lines, are due to the 100 ns
time windows used in the coin-
cidence experiment.
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a chopped aluminium beam reacting with a nickel tar-
get. The time structure of the beam consisted of a 20
ns wide beam pulse followed by a silent period of 250
ns. The time-to-amplitude converter (TAC) was started
by the p rays detected by one of the HP Ge detectors
and stopped by an electronic signal time correlated with
the beam burst. Therefore, the time window covered
by this measurement was extended from about 50 up to
300 ns. Figure 5 shows prompt and delayed spectra in
which energy labeled peaks belong to the decay of Y.
There are several p rays, such as the 211.2, 244.0, 370.5,
and 395.7 keV transitions, that are not seen in the de-
layed spectrum which indicate that they are deexciting
levels above the isomeric states. On the other hand, the
energy and the intensity of weak p rays are measured
in better conditions in the decay spectrum, due to the
considerable background reduction. From the data anal-
ysis, two groups of p rays with a diferent half-life were
found in the time range covered by this experiment. Fig-
ure 6 shows two representative p rays of each group; these
are the 87.5 —106.4 keV and the 88.9 —65.6 keV pairs
which decay with half-lives of 140(20) and 180(90) ns,
respectively. These two isomeric states decay, as shown
in Fig. 4, through several low-energy transitions. Two
of them, namely the 64 and 89 keV lines, connect levels
populated by the two diferent isomers. The subsequent p
rays which are populated by both isomers do not present
well-de6. ned half-lives.

FIG. 4. Level scheme for Y derived in the present work.
Two isomeric states of 140 and 180 ns half-lives were deter-
mined. The change in nuclear structure at about I = 8+ is
apparent.

III. THE LEVEL SCHEME

The level scheme was constructed on the basis of the
p-p coincidence experimental data in conjunction with
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FIG. 5. This figure shows
the prompt and delayed spectra
where the peaks labeled by en-

ergy belong to the decay of Y.
Notice that several p rays mea-
sured in the prompt spectrum,
such as the 211.2, 244.0, 370.5,
and 395.7 keV lines, are not
present in the delayed spectrum
which indicates that they are
deexciting levels above the iso-
meric state.
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FIG. 6. Decay spectra of the 87.5 —106.4 keV and
88.9 —65.6 keV pairs of p rays, whose half-lives are 140(20)
and 180(90) ns, respectively.

p-intensity balances and energy combinations. The con-
nection between the prompt and the delayed part of the
decay scheme was performed by time coincidence and in-
tensity balance. The half-life of the isomeric states is
comparable to the time window used in the coincidence
device (- 100 ns); therefore it is possible to observe the
coincidence between p rays feeding and deexciting the
isomeric state with a natural loss in the coincidence rate.

The proposed decay scheme for Y shown in Fig. 4
presents many characteristics in common with other nu-
clei in the A = 80 mass region. It is well known that the
microscopic structure of these nuclei is primarily deter-
mined by the filling of the "normal" piy2, fsy2, and psg2
shells and the "intruder" g9~2 shell. The coupling of two
particles in these orbits and their interaction with the
core nucleus produce a wealth of different nuclear struc-
ture effects, some of them responsible for the appearance
of isomerism. The numerous isomeric states found in
this mass zone have in many cases lifetimes long enough
to interrupt the time coincidence and, hence, to increase
greatly the diKculty of the isotopic identification of the p
rays. Another feature observed in the case of doubly-odd
nuclei is the population of the mg9~2(3vg9~2 multiplet near
the ground state. This multiplet reaches approximately
the maximum angular momentum for the two quasipar-
ticle system, namely I = 8+ or 9+, and from there on
a collective band is developed. The decay of Y clearly
exhibits this characteristic. Prom the ground state up to
507 keV energy, the decay presents many low-energy p
rays and an erratic decay pattern, typically due to the
coupling of quasiparticles.

Above the isomeric states, at an energy higher than
752 keV, the regular increase in level energy and the
presence of crossover transitions are a clear signature of
a collective band. The existence of isomeric states with
half-lives of the order of 200 ns prevents us from using

the standard angular distributions measurement in order
to obtain the spins of the levels.

On the other hand, the presence of such isomers allows
an accurate determination of the p-ray intensity balance
for levels below them due to the absence of interference
effects caused by side feeding. These measurements and
the low p-ray energies with total intensity (i.e. , p inten-
sity plus internal conversion), which are very sensitive to
the multipole order of the transitions, provided the ba-
sic tools for the following spin assignment. The general
idea is to start assuming a spin I for the isomeric state
at 507 keV and, subsequently, to go down along the de-
cay scheme assigning spins according to a well-accepted
criterion until one reaches the ground state with known
spin I = 1+. In the following paragraphs it is shown
that using this procedure it is possible to obtain the spin
of all the low-lying levels in a consistent way.

Due to the long half-life of the 507 keV level a
quadrupole character for the deexciting 106 keV tran-
sition is favored. Then we propose a level at 401 keV
with spin I —2, which decays through two low-energy p
rays of 64 and 87 keV. The absence of a long half-life sug-
gests a dipole character for both transitions. Therefore
the suggested spin for both the 314 and 337 keV levels is
I —3.

The measured branching ratios for each p-ray deex-
citing levels below the isomers are listed in Table II to-
gether with the corresponding theoretical values. The
reported theoretical ratios of p-ray strengths were calcu-
lated from the tabulated Vleisskopf values and corrected
by considering the systematics in this mass zone. This
correction consists of an enhancement factor of 10 for
the quadrupole transitions and a hindrance factor of 0.01
for the magnetic ones, these values having been obtained
from the extensive review study for the A = 45 —90 mass
region performed by Endt [7].

Continuing with the analysis of the level at 314 keV,
it decays among several transitions through a low-energy
63 keV p ray. The absence of a long half-life suggests a
dipole character and thus a spin I—4 for the 250 keV level
fed by the 63 keV transition. The branching ratio of the
314 and 171 keV transitions which populate the 142 keV
level and the ground state, respectively, shown in Table II
are consistent with a quadrupole 314 keV and a dipole
171 keV transition. Then we suggest I —4 and I —5
as the spins of the 142 keV level and the ground state,
respectively. The same argument may be applied to the
decay of the I —3 level at 337 keV which feeds the same
levels. In this case the branching ratio for the 337 and
195 keV transitions (Table II) is also in agreement with a
quadrupole to dipole ratio. In addition, the decay of the
250 keV level of spin I—4 also populates the 142 keV level
and the ground state; in this case the measured branching
ratio of the 108 and 250 keV transitions is consistent with
a dipole to dipole ratio (Table II).

Prom all the previous arguments it is possible to sug-
gest that the spin of the ground state is I —5, and no
parity change is necessary to be assumed in any step
of the spin assignment procedure. Therefore, from the
known spin and parity I = 1+ of the ground state it
turns out that I = 6+ is the most probable assignment
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TABLE II. The reported experimental branching ratios, I (measured), for low-energy levels
E~,„,~ assigned to Y, which deexcite through two p rays indicated by (»,»). These ratios include
the internal conversion correction for the different multipolarities [i.e., (E2& Mq), (Mq, Mq), (Eq, Eq),
and (E2, E2)]. The theoretical ratios, I„(calculated), were obtained from the tabulated Weisskopf
values corrected by considering the systematics in this mass zone.

Elewel (&ev)

337
314

401
250

402

(»») (iev)

337, 195
314, 171
171, 63
64, 87
108, 250

66, 89

I„(measured)
E2, Mg
0.68
0.89
1.50

0.48
E~
1.07

Mi, Mi

1.53
0.41
0.31

I„(calculated)
Eg, Mg
0.52
0.54
0.50

0.001
E,E
0.40

Mg, Mi

19.6
0.39
0.08

0.03

I„=I(»)/I(»). The estimated errors are 20'%.

for the isomeric state at 507 keV, &om which this analysis
started.

The isomeric level at 402 keV decays through two low-

energy transitions of 89 and 66 keV, which exhibit a
branching ratio suggesting that both transitions are of
dipole character. The existence of a state with a long
half-life deexcited by low-energy dipole p rays is consis-
tent with transitions of electric character and therefore
involving a change of parity. Thus I = 4 is assigned
to the 402 keV level. This assignment also explains the
absence of any transition connecting this state with the
higher-lying isomer I = 6+ at 507 keV.

The measured angular distributions quoted in Table I
indicate that the transitions of 211 and 244 keV, lo-
cated just above the isomeric 6+ state, are of dipole and
quadrupole character, respectively. Hence 7+ and 8+ are
the spins assigned for the 719 and 752 keV states. On top
of these states a regular increase of level energy and nu-
merous crossover transitions, characteristic of a collective
band, suggest the spin assignments shown in Fig. 4. The
angular distributions for the 396 and 370 keV transitions
indicate a dipole character giving additional support to
the previous assignment. In a recent work, Womble et
al. [4] have used an array of p-ray detectors in order to
determine the decay scheme of Y. They also measured
directional correlation ratios (DCO), picosecond lifetimes
via the Doppler-shift attenuation method, and delayed.
coincidences. Their decay scheme and the present one
are in good agreement. Since the position in the de-
cay scheme for the unobserved 33 keV transition feeding
either the 507 or the 719 keV level is uncertain in the
present work, it was placed according to the assignment
proposed by Womble et al. [4].
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effect of the odd particle, and even different shapes in
the same nucleus are well-known features. All these phe-
nomena indicate that we have to be cautious in making
use of the concept of shape.

Let us begin a brief review of some nuclear properties
in this mass region looking at data for doubly-even nuclei
lying in the proximity of Y. Figure 7 shows the evolu-
tion as a function of the neutron number of two impor-
tant parameters for the structure of Sr and Zr isotopes,
which are sensible to the nuclear shape. These quantities
were collected by Hiittmeier et al. [8] being the B(E2)
values of the first 2+ states and the energy ratios be-

IV. DISCUSSION

The nuclear structure in the vicinity of the A 80 —90
mass region cannot be described by using a unique nu-
clear shape due to the "softness" of the core presented by
these nuclei. The rapid changes of the shape with par-
ticle number, the rotational frequency, the polarization

FIG. 7. Energy ratios E(4+)/E(2+) and R(E2) values as
a function of the neutron number N for doubly even Sr and
Zr isotopes. This energy ratio has a theoretical value of 2 for
a perfect vibrator and of 3.33 for a rigid rotor; both these
results are plotted in the 6gure in order to set a reference
frame. The core of the Y nucleus, which lies in the vicin-
ity of N = 42 —44, would have near the ground state an
intermediate deformation close to the spherical minimum.
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tween the 4+ and 2+ states, i.e. , E(4+)/E(2+). This
ratio has a theoretical value of 2 for a perfect vibrator
and amounts to 3.33 for a rigid rotor. As can be ob-
served in the figure, the energy ratio parameter presents
a smooth behavior going from a vibrator at N = 48 to
almost a rotor at % = 40. The B(E2) values also follow
this trend going from few single-particle units at N = 48
up to a collective value of about 100 single-particle units
for N = 40. This smooth change between spherical and
deformed shape is characteristic of finite many-body sys-
tems. These two parameters are sensible to the nuclear
shape near the ground state. Hence the core of the Y
nucleus, which lies in the vicinity of % = 42 —44, would
have an intermediate deformation close to the spherical
minimum.

A more detailed picture of the shape as a function of
angular momentum may be obtained by analyzing the
high-spin data of the neighboring even-even and odd-
even nuclides, namely Sr and Zr. The cranking model
analysis of bands of Sr performed by Baktash et al. [9]
reveal a rich variety of nuclear deformations which ex-
hibit prolate, oblate, and triaxial shapes. Moreover, it
may be seen in Fig. 2 of [9] that the deformation of
the ground-state band increases from spherical, at spin
zero, to a large deformation value of P2 ——0.34 at spin
I = 6. DifFerent theoretical models [1,10], which describe
this mass zone predicting the appearance of prolate and
oblate shapes, agree that for % = 44 the spherical shape
is favored for the ground state. The interplay of the dif-
ferent shapes can be qualitatively described by taking
into account the different energy gaps which appear in
the deformed shell model at neutron number 38 and 40.
These energy gaps can stabilize spherical as well as other
deformed shapes.

Figure 8 shows for several doubly-even neighbors of
Y a systematics of available data [9,11—15] for the kine-

matic moment of inertia

Q(') = I/(dE/dI)

as a function of the rotational frequency her, which is also
related to the derivative of the energy since

(u = dE/dI .

Prom the observation of Fig. 8 it turns out that there are
some common features. For instance, all the data show
a similar sudden rise of the kinematic moment of inertia
followed by a sort of saturation. The first part could be
related to a "spherical" structure since the constancy of
the p-ray energies with spin entails a constant frequency,
which is a characteristic of a vibrational structure. On
the other hand, a kinematic moment of inertia indepen-
dent of the frequency is characteristic of a rigid-rotor
behavior. All these nuclei present a common value of the
kinematic moment of inertia at high frequencies, which
is approximately equal to the rigid moment of inertia. A
more detailed discussion of these effects may be found in
the study of s2Sr [9] and in a recent survey of Tabor [16]
who analyzed in detail the convergence of the kinematic
moments of inertia at frequencies above Ru = 0.6 MeV.
The latter survey indicates interesting trends but also
suggests a need of much more experimental work to de-
scribe in greater detail the nuclear structure in this spin
region.

After this summary of properties of some neighbors of
Y, we can conclude that they exhibit features of very

"soft" nuclei. Let us now discuss with more detail the
measured decay scheme of Y shown in Fig. 4. Since at
the level with spin I = 9+ a change of nuclear structure
is apparent, for the sake of clarity, the following discus-
sion is divided into two subsections. One of them deals
with the spectrum above the I = 9+ state and the other
is devoted to levels below it.

A. The structure above the S+ state

It may be seen that on top of the I = 9+ level a
normal collective band is developed. Figure 9 shows the
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FIG. 8. Kinematic moment of inertia as
a function of rotational frequency for the
"yrast" positive-parity band of doubly even
Sr and Zr isotopes. The data of » Zr
are from Mitarai et al. [11], Price et al.
[12], and Chowdhury et al. [13], respec-
tively. The data of ' 2' Sr are from
Davie et al. [14], Baktash et aL [9], and
Garcia-Bermudez et aL [15], respectively. In
particular, for the Sr nucleus the

figure

shows the ground-state band (filled circles)
and the positive-parity band with bandhead
at 1175.6 keV energy (open circles). The fig-
ures show a similar sudden rise of the kine-
matic moment of inertia followed by a sort of
saturation.
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30
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where both odd particles occupy the intruder ggy2 shell.
A recent systematic study of this kind of band struc-
ture in Rb and Br isotopes [19] established that their
decay schemes are divided into two regions at the 8z
level: collective bands above this state and more irregu-
lar patterns of levels below it. The angular momentum
at which this change occurs is correlated approximately
with the highest angular momentum obtained from the
intrinsic motion of two ggg2 particles in an odd-odd nu-
cleus (I = 9+). In a recent work [4], the Woods-Saxon
cranking model with a particle rotor has been applied
to describe the positiv-parity band of Y. The authors
interpreted this band as having a triaxial shape with a
moderate quadrupole deformation P2 ——0.25.
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FIG. 9. Kinematic moment of inertia as a function of rota-
tional frequency for Y above the I = 9+ state compared
with results for Rb [17] and Rb [18,19]. All these bands
present an almost constant kinematic moment of inertia and
for di8erent signatures exhibit a similar splitting of their val-
ues (solid and dashed lines) for a large part of the frequency
range. The observed similarities strongly support a common
underlying structure.

kinematic moment of inertia gi l for this band in com-
parison with similar band structures found in 7sRb [17]
and Rb [18,19]. All these bands present an almost con-
stant kinematic moment of inertia and for different sig-
natures exhibit a similar splitting of their values for a
large part of the frequency range. The observed simi-
larities strongly support a common underlying structure

Below the I = 9+ level the decay scheme presents an
irregular pattern with two isomeric states and many low-
energy transitions. It is well known that the microscopic
structure of nuclei in the A = 80 —90 mass region is
primarily determined by the filling of the normal odd-
parity ps~2, fzy2, and pqy2 shells and the intruder shell
of even-parity ggg2. Then in first-order approximation,
without any residual interaction, the low-spin positive-
parity states of Y up to spin 9+ could be described by
the vrggy2 vggg2 structure, probably with an admixture
of states where both particles are in the pzy2, fs~2, and

p3g2 orbitals which span over the spin region from 1+ up
to 5+.

In an attempt for correlating the known low-energy
positive-parity levels of Y with other probable mem-
bers of the vrg9gz vggg~ multiplet, which enclose the
spin region from 0+ up to 9+, we show in Pig. l0 the
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FIG. 10. Systematics of the low-energy positive-parity levels of several odd-odd Y isotopes and the Rb nucleus [18]. The
data of ' ' Y are from Lister [20], Chattopadhyay et al. [21], Bucurescu et al. [22], and the Y levels obtained from the
review work of Schiffer and True [23].
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systematics of such levels for several odd-odd Y isotopes
[20—23] and the Rb nuclide [18].

In particular, the level scheme of Y starts with a
ground state of spin 1+, it exhibits several doublets, as
the 2+, 3+, and 6+ ones, and the absence of a 5+ state.
Let us look erst at the pair Y- Y. It becomes apparent
from Fig. 10 that even though the Y decay scheme is
not well known it presents several levels with the same
spin at approximately the same energy, compared with

Y. Moreover, a better-known nucleus which is an iso-
tone of Y, namely Rb, also presents a rather similar
level scheme. This parallelism suggests a common un-
derlying nuclear structure. Due to the proximity of both
particle numbers to the semimagic numbers Z = 38 and
N = 40 and the start of the filling of the ggg2 shell at
particle number 40, one may suggest that the observed
positive-parity states could be described as a particle ex-
citation in the ggg2 shell.

Continuing with the discussion of Fig. 10 towards heav-
ier nuclei, it shows that for Y and Y only few positive-
parity levels have been reported. However, in the prox-
imity of the closed shell N = 50, that is, for Y, a very
well-known nuclear structure is available. The Y is so
well determined because it can be populated by many dif-
ferent light charge reactions which are particularly suit-
able to measure the single-particle contents of nuclear
levels. The partial level scheme of Y, shown in Fig. 10,
belongs to the ggy2 multiplet which starts at an energy
of 675 keV for the 8+ state and extends up to the 1+
and 0+ levels at the high energies of 2.7 and 6.4 MeV,
respectively. From the numerous experimental studies of
the nuclear structure of Y and Nb, which present one
hole in the % = 50 closed shell, it was possible to deter-
mine the complete set of matrix elements for the particle-
hole ~ggy2 Esvg&&z multiplet. The review study of SchiKer

and True [23] describes in great detail the experiments
as well as the theoretical ideas utilized to obtain these
matrix elements.

It is possible to relate the well-known particle-hole mul-
tiplet determined in Y with Y if one assumes that the
odd particle lying in a spherical vg9~2 shell can approxi-
mately describe the nuclear structure of Y. The prox-
imity of this nucleus to the N = 40 and Z = 38 subshells
as well as the diBerent models described earlier, which
predict together with a variety of nuclear shapes a spher-
ical one near the ground state, supports this assump-
tion. The relation between the particle-particle multiplet
in Y and the particle-hole one of Y is given by the
so-called "Pandya transformation" 24]. This algebraic
transformation, see, e.g. , (1.2) of [23, may be written as

E" "(j~j~) = —) (2I'+ 1)W(jgj2j2jI, II')

By applying this transformation to the particle-hole
multiplet of SY and Nb normalized to the lowest 8+
level, one gets the results shown in Fig. 11. The mul-
tiplet is split into two groups of levels with difFerent
parity (—1) . This is because two nonidentical particles
as the proton and the neutron lying in a common shell
can be separated, due to the isospin formalism, into two
groups of states corresponding to total isospin T = 1 and
T = 0. The generalized Pauli principle, which includes
the isospin coordinate, relates the T = 1 and T = 0
groups of states with the I = even and I = odd angular
momentum, respectively.

Figure 11 shows the T = 1 and T = 0 groups of
particle-particle states calculated IIrom the known Y
and Nb nuclei as a function of angular momentum.
It is apparent that the energy of the levels for isospin
T = 0 exhibits an inverted U shape, while for the isospin
T = 1 it rises monotonously with spin. This behavior
can be explained by taking into account that the nuclear

BR0
BB0
90

X

I I I I I I I

I I I I I I I I

T=1

0—

I I I I I I I I I

0 1 2 3 4 5 6 7 8 9

spin (fi)

where for a fixed spin I the quantities Ell" "l(jqj2) and

EI" (jq j2) are the matrix elements for the particle-
particle and particle-hole configurations, respectively.
The factors W (j Ij 2j 2j z, II ) which transform one matrix
element into the other are the Racah coefBcients.

FIG. 11. Energy of the Y states as a function of angular
momentum compared with the isospin T = 1 and T = 0
groups of the particle-particle multiplets calculated from data
of the Y and Nb nuclei obtained from the review work of
Schiffer and True [23]. The energy of the 9+ level, being
much higher than the predicted one, suggests that such a
state might be better understood as part of the collective
band rather than a part of the multiplet.
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interaction is a short-ranged attractive force. For isospin
T = 0 the maximum overlap between the nucleon orbits,
and therefore the maximum interaction, occurs when the
angles of the orbits are approximately 0 or 180 which
corresponds to I = 9+ and I = 1+, respectively. On
the other hand, for T = 1 states and high-spin I it im-
plies approximately spatial antisymmetry. Thus for the
orbits that are coplanar the particles have to rotate out
of phase and then the separation between them is large.
For low spin the rotation is in the opposite direction, and
therefore the overlap is large [23].

The Y decay scheme exhibits several pairs of levels
with the same spin. For comparison only the average
energy values for each spin are shown in Fig. 11. Fur-
thermore, for normalization purposes the energies of the
8+ and 7+ levels of Y are set equal to the average en-
ergy of the 8+ states and 7+ of the Y- Nb nuclei for
T = 1 and T = 0, respectively.

Let us erst discuss the T = 1 group of the Y states
shown in Fig. 11. The matrix elements for the I = 4+,
6+, and 8+ states of Y follow approximately the trend
exhibited by the Y-9 Nb multiplet, which shows for
these spin values a small increase towards higher angular
momentum. But the comparison for lower spins is less
satisfactory, there is an important difference in the case
of the 2+ state, and the 0+ state is absent.

In turn, in the case of the T = 0 isospin multiplet the
1+ matrix element coincides with that of the Y- Nb
pair of nuclides, the agreement for the 3+ is worse and
there is one member of the multiplet, namely the 5+, that
is missing. However, since the predicted energy for the
5+ state lies at higher energy than that of the 7+ level
the situation is not favorable to populate the former one.
Furthermore, the measured 9+ level, which lies at much
higher energy than the predicted one for the member
of the isospin multiplet, may be better understood as

a part of the collective band rather than a part of this
multiplet. Hence, we suggest that the observed 9+ state
is the bandhead of the rotational band built up on top of
it.

Concluding, there are several arguments that suggest
that the low-energy positive-parity states of 2Y could
be related to the mggy2 (3 vg9y2 multiplet. Certainly the
experimental observation of only the energy and parity
of the levels does not give such strong evidence to char-
acterize properly the nuclear levels as that provided by
light reaction measurements. These previous studies, in
particular the one-particle transfer reaction, available for
the Y- Nb nuclei, are much more sensitive to the con-
fmgurational purity of the states. Nevertheless the sum
of several arguments suggests describing the low-energy
levels as a result of two quasiparticles interacting with
a weakly deformed core. Taking into account that the
effective interaction of two nucleons in the g9y2 shell is
already well known, then this information can be help-
ful to study the perturbation on the multiplet induced
by weakly- or well-deformed shapes. More experimental
effort in the study of the nuclear structure of Y,
as well as of Y, near the ground state, will greatly con-
tribute to increase our knowledge about this effect.

Note added. We have learned that the final version of
the preliminary results reported by J. Mukai et al. [5]
have been already published in Nucl. Phys. A568, 202
(1994). Their data agree with ours and add some new
bands and more levels at higher angular momentum.
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