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Interband Transitions between Superdeformed Bands in87Nb: Evidence
for a Superintruder Orbital
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Four superdeformed bands have been observed in87Nb. Transition quadrupole moment measure-
ments on three of the bands confirm superdeformed shapes. Two of the bands were observed t
mutually interact, and cross transitions between them have been observed. This is the first time such
behavior has been observed in mass 80 superdeformed bands. Once this interaction is accounted for,
second crossing appears in one of the bands. This crossing is interpreted as evidence for the occupatio
of the i13y2 superintruder orbital, making87Nb the lightest nucleus by far in which the shape-driving
properties of this orbital can be studied. [S0031-9007(96)02263-6]

PACS numbers: 21.10.Re, 21.60.Cs, 23.20.Lv, 27.50.+e
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The third generation ofg-ray detector arrays has greatl
advanced the study of superdeformed (SD) nuclear sha
However, the study of SD shapes in light nuclei ne
mass 80, beset by experimental difficulties [1], has ben
fited most from the new arrays. TheGAMMASPHEREarray
paired with theMICROBALL [2] has been particularly suc-
cessful. Whereas there were no SD bands known in t
mass region two years ago, over 20 bands are now kno
Multiple bands have been found in80,81Sr [3,4],83,84Y [5],
and 83Zr [6], and SD is known in other38Sr [1,7,8],39Y
[9], and40Zr [10] nuclei.

TheN ­ 5 h11y2 intruder orbitals are of paramount im
portance to the stability of mass 80 SD shapes. These
bitals are lowered in energy with increasing deformatio
and the Coriolis force lowers their energy further with in
creasing rotational frequency. Because of the low ma
of these nuclei, SD bands possess very high rotational
quencies. Thus at the simultaneous extremes of deform
tion and rotation theN ­ 6 i13y2 orbitals may also come
into play [11]. These “superintruder” orbitals originat
from one major shell higher than theh11y2 intruders. Their
shape-driving effects are well known in the mass 130 a
150 regions, but are, as yet, completely unknown in ma
80 nuclei.

This Letter reports on SD bands found in87Nb. Two
SD bands have been found to mutually interact, and cr
transitions between them have been observed. The ide
fication of this interaction provides important informatio
on the relative energies of nucleonic orbitals. In additio
a second single-particle crossing has been observed in
of the bands and is interpreted as evidence for occupa
of the i13y2 superintruder orbital.

High-spin states in87Nb were populated by the
58Nis32S, 3pd reaction, using a 135-MeV beam provide
0031-9007y97y78(4)y614(4)$10.00
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by the 88” cyclotron at the Lawrence Berkeley Nation
Laboratory. The58Ni target had an effective thicknes
of 245 mgycm2. The early implementation ofGAMMAS-

PHERE, consisting of 36 Ge detectors, was used to det
g rays emitted by the residual nuclei. Emitted charg
particles were detected by theMICROBALL [2], a 4p array
of 95 CsI(Tl) detectors. A total of4.2 3 108 events in
which three or more Ge detectors fired in coinciden
with one or more elements of theMICROBALL were
accumulated.

The data from theMICROBALL was used to identify
protons anda particles in each event;g rays from events
in which two or three protons and zeroa particles were
detected were sorted intoEg-Eg matrices andEg-Eg-
Eg cubes. The proton energies were used to reconst
the velocity vector of the recoiling nuclei, allowing a
accurate event-by-event Doppler correction. The 4p and
a2p reaction channels were found to be present in
matrices and cubes. This contamination was remov
by sorting 4p- and a2p-gated matrices and subtractin
a fraction of these from the original matrix. No suc
subtraction was performed on the cubes. In addition,
data were sorted into a directional correlation (DCO) [1
matrix to exploit angular correlations of coincidentg rays
and determine multipolarities of some transitions. T
DCO ratios were calibrated using transitions of know
multipolarity; E2 transitions were found to have DCO
ratios of ,1, while unmixed dipole transitions had DCO
ratios of0.66 6 0.05.

Figure 1 shows the four SD bands which have be
assigned to87Nb based on the three-proton requireme
and coincidences with known low-spin transitions. Th
structures, labeled bands 1–4, were populated with rela
intensities ofs2.0 6 0.2d%, s1.9 6 0.2d%, s3.2 6 0.3d%,
© 1997 The American Physical Society
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FIG. 1. Level scheme depicting the four SD bands in87Nb.

ands1.3 6 0.3d%, respectively. DCO ratios measured fo
transitions of bands 1, 2, and 3 indicate that all haveE2
character, excluding the weak uppermost transitions
which DCO ratios could not be measured. The repor
spins of bands 1 and 2 were estimated as describe
Ref. [1].

Finally, to determine that the bands represent SD sha
a lifetime analysis of the SD bands was performed. T
centroid shift method [13], as implemented in Ref. [10
was employed. The resulting values of the transiti
quadrupole moment (Qt) wereQt ­ 5.211.1

20.8 e b for band
1, Qt ­ 5.010.7

21.0 e b for band 2, andQt ­ 5.311.2
21.0 e b for

band 3. Assuming an axially symmetric shape, these v
ues correspond to deformations ofb2 ­ 0.5010.09

20.07, b2 ­
0.4910.06

20.09, andb2 ­ 0.5110.10
20.08 for bands 1, 2, and 3 in or-

der. These are comparable tob2 ­ 0.53 measured for the
SD band in84Zr [10].

The bands possess several interesting features, inc
ing the partial decay out of band 1, and cross-links b
tween bands 2 and 3. This Letter focuses on bands 2
3; a full paper will discuss the four bands in detail.

As mentioned above, transitions were found which li
bands 2 and 3. Evidence for such links can be seen
Fig. 2. Figures 2(a) and 2(b) show spectra represen
bands 2 and 3, respectively. In the spectrum represen
band 2, transitions from band 3 are apparent, and v
versa. Figure 1 shows the linking transitions and th
place in the level scheme. Evidence that the coincide
relationships implied in Fig. 1 are correct is offered
Figs. 2(c)–2(f), where selected singly gated spectra
shown. These spectra illustrate that the level sche
shown in Fig. 1 is correct but possibly incomplete; t
weak presence of the 1492-keV transition in the 188
and 1760-keV gated spectra may indicate unobserved c
transitions. We estimate that any unobserved transiti
have branching ratios less than 20%.

Thus the relative excitation energy of the bands
known. The relative spins and parities have been de
mined through the DCO ratios of the linking transition
The DCO ratios of the 1992-, 1881-, 1871-, and 1760-k
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FIG. 2. Doubly gated spectra showing band 2 (a) and ban
3 (b). Transitions from band 2(3) appearing in the spectrum
representing band 3(2) are marked with an asterisk. Cro
transitions between bands 2 and 3 are marked with the letter
Frames (c)–(f) show single gates on the 1760-, 1871-, 1881
and 1992-keV transitions; arrows indicate the gate energ
Contaminant peaks from the 1878-keV transition in band 1 a
labeled with the letter C.

transitions were found to be, in order,1.06 6 0.16, 0.89 6

0.13, 0.97 6 0.17, and0.94 6 0.12. Thus we assign these
transitionsE2 character since mixedynonstretched dipole
transitions are unlikely and the spins of bands 2 and 3 a
determined as shown in Fig. 1. This is one of the few
times that the relative excitation energies, spins, and pa
ties of two SD bands have been measured and the first su
observation in the mass 80 region.

The linking of bands 2 and 3 can be studied furthe
Figure 1 shows that bands 2 and 3 cross each other; t
is, band 2 is yrast for spinsI # 53y2h̄, while band 3 is
yrast aboveI ­ 53y2h̄. The dynamic moments of iner-
tia (J s2d) of the two bands, shown in Fig. 3, reveal pro-
nounced irregularities at the point of the crossing. Th
behavior would be expected from two bands which mu
tually interact. Thus the interaction between bands 2 an
3 has been modeled using two-level mixing calculation
For the purpose of the calculations, it was assumed th
the only pairs of interacting levels are those at49y2h̄,
53y2h̄, and57y2h̄. It was required that the calculations
reproduce the measured branching ratios out of the57y2h̄
states, and predict low-intensity cross transitions out o
other levels, to explain the nonobservation of such link
Excellent agreement with experiment was obtained fro
an interaction strengthVint ­ 42 6 1 keV. The predicted
615
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FIG. 3. (a) The dynamic moments of inertia (J s2d) of bands
1, 2, and 3. (b)J s2d of bands 2 and 3 if sequences A an
B (see Fig. 1) are swapped. (c)J s2d of bands 2 and 3 after
the interaction between them has been removed. See text
details.

branching ratios for the 1881-keV (1871-keV) cross-ban
transition is 45% (60%), compared to the experimen
value s48 6 4d% [s55 6 6d%]. The most intense of the
remaining predicted cross transitions has a branching ra
of 18%, just below the experimental level of sensitivity.

The interaction between bands 2 and 3 can now be
moved from the data. The interaction between levels ha
ing the same spins perturbs the level energies by an amo
given by Vint ­

1
2

p
sDEpd2 2 sDEud2, where DEp and

DEu represent the perturbed (measured) and unpertur
energy spacings between pairs of levels. Using the u
perturbed level energies, theJ s2d of the bands has been
recalculated as shown in Fig. 3(c). The flatJ s2d of band
3 shows that the interaction between the bands has b
removed. TheJ s2d of band 2 is now flat in the interac-
tion region and displays a new feature: a peak ath̄v ø
1.08 MeV.

In order to understand the interaction between band
and 3, cranked shell model (CSM) calculations have be
performed. The results of such calculations using an ax
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FIG. 4. CSM calculations performed withb2 ­ 0.50. Rele-
vant neutronyproton occupation numbers and single-particle
orbitals are labeled. Some orbitals are marked according
the proposed configurations of bands 1–3. Circles represe
band 1, squares band 2, and triangles band 3. Parity a
signature of individual orbitals (p , a) are indicated as follows:
solid lines (1, 1); dotted lines (1, 2); dashed lines (2, 2);
dash-dotted lines (2, 1). Inset: CSM calculations for neutrons
usingb2 ­ 0.60. The interaction between the61 and [413]7y2
a ­ 1y2 orbitals is highlighted.

deformationb2 ­ 0.5 are shown in Fig. 4. The calcula-
tions suggest that bands 2 and 3 are neutron excitations
the [413]7y2 a ­ 1y2 and [420]1y2 a ­ 1y2 orbitals, re-
spectively. These two orbitals cross ath̄v ø 0.88 MeV,
with an interaction strength ofVint ­ 47 keV. These
agree well with the experimental valuesh̄v ­ 0.93 MeV
and Vint ­ 42 6 1 keV. The only other crossing which
occurs near the Fermi level and at approximately the co
rect rotational frequency is the [431]1y2 a ­ 1y2 and
[422]5y2 a ­ 1y2 proton crossing. However, this cross-
ing has a large interaction strengthVint ­ 125 keV and
would have a small gradual effect on theJ s2d, rather than
the large, abrupt effect which is observed.

As bands 2 and 3 are depicted in Fig. 1, their configura
tions do not change after the crossing. But, since the cro
transitions haveE2 character, the bottoms of the bands
can be swapped; that is, sequence A becomes the botto
of band 3, sequence B the bottom of band 2. Drawn i
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this manner the neutron configuration of band 2 wou
be [420]1y2 a ­ 1y2 below the crossing and [413]7y2
a ­ 1y2 above; the reverse holds for band 3. TheJ s2d

of bands 2 and 3 now appear as shown in Fig. 3(b). T
peakydip at h̄v ø 0.92 MeV reflects the mixing between
the bands as they cross and exchange character. The a
ment gain of band 3 can be determined by integrating t
peak in theJ s2d [14]. The measured gain iss2.0 6 0.3dh̄;
the CSM calculations predict1.8h̄. Thus the crossing be-
tween bands 2 and 3 is well understood.

The configurations determined for bands 1–3 are thus
follows. The bands possess identical proton configuratio
obtained by filling the single-proton orbitals up to th
Z ­ 41 energy gap. The neutron configurations diffe
only in the orbital occupied by the final neutron. Th
neutron orbitals are filled up to the53 level. Band 2 results
from occupation of the [413]7y2 a ­ 1y2 orbital, band 3
from occupation of the [420]1y2 a ­ 1y2 orbital. Band
1, which shows no evidence of any crossings, is assign
the [301]1y2 a ­ 1y2 orbital. These configurations are
depicted in Fig. 4 with filled symbols.

The observation of two mutually interacting SD band
is rare. One example is found in150Gd [15], which was
explained as an accidental degeneracy of two SD sta
in otherwise unrelated bands. Two interacting SD ban
were observed in193Hg, explained as the crossing of two
neutron orbitals [16]. However,87Nb is the first example
where cross transitions between interacting bands ha
been observed. This provides valuable information r
garding the relative positions of then[413]7y2 a ­ 1y2
andn[420]1y2 a ­ 1y2 orbitals at SD shapes in the mas
80 region.

As mentioned previously, the removal of the intera
tion between bands 2 and 3 reveals a second interac
in band 2 ath̄v ø 1.08 MeV. Assuming the explana-
tion of the interaction between bands 2 and 3 is corre
we propose that the second crossing is due to the cross
of the i13y2 superintruder orbital and [413]7y2 a ­ 1y2
neutron orbitals. Other crossings which are near the c
rect rotational frequency can be ruled out. For exam
ple, the crossing between the [413]7y2 a ­ 21y2 and
[420]1y2 a ­ 21y2 neutron orbitals cannot be respons
ble, as neither orbital is occupied. The crossing betwe
the [301]3y2 a ­ 21y2 and 53 orbitals is too strong to
be the cause of the observed sharp crossing and shoul
observed in bands 1, 2, and 3, rather than just band 2.

According to the CSM calculations, the crossing be
tween thei13y2 and [413]7y2 a ­ 1y2 neutron orbitals is
expected at a higher frequency than is observed. Ho
ever, occupation of the superintruder orbital will drive th
nucleus to a larger deformation. Neutron CSM calcul
tions have thus been performed using a higher deform
tion, b2 ­ 0.6, and are shown in the inset to Fig. 4. (Not
that the method employed to measure the lifetimes is
capable of distinguishing the deformation change, giv
the statistical quality of the present data and the hi
ld
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energies of the transitions involved.) At this deformation
agreement with experiment is much improved. The pre
dicted crossing frequency is̄hv ø 1.06 MeV, compared
to h̄v ø 1.08 MeV experimentally. Both the interaction
strength of the crossing and the gain in alignment hav
been measured from theJ s2d as in Ref. [14]. Experimen-
tally, we measureVint ­ 70 6 10 keV for this crossing in
agreement with the predicted 75 keV. However, the pre
dicted alignment gain isDi ­ 4.5h̄, whereas the measured
value isDi ­ s2.6 6 0.4dh̄. This discrepancy may be due
in part to the sensitivity of the alignment gain to the detail
of the nuclear shape parameters, including triaxiality an
hexadecapole components, which have not been includ
Also, it is apparent from Fig. 3(c) that thei13y2 crossing
begins below the61y2h̄ level of band 2. The two-level
mixing calculations discussed earlier did not include mix
ing with thei13y2 orbital and assumed that the61y2h̄ state
of band 2 was purely [413]7y2 a ­ 1y2. Thus the align-
ment gain measured for band 2 may not accurately refle
the true gain in alignment.

In summary, four new SD bands have been observ
in 87Nb. Linking transitions between two of the bands
were identified; this is the first time the relative spins an
excitation energies of two SD bands in a light nucleus hav
been experimentally determined. In addition, one of th
two bands shows evidence for a crossing at high rotation
frequencies. Evidence has been presented attributing t
to the occupation of thei13y2 superintruder orbital. Thus
87Nb is the lightest nucleus by far in which the effects o
this orbital have been observed.
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