VOLUME 78, NUMBER 4 PHYSICAL REVIEW LETTERS 27 ANUARY 1997

Interband Transitions between Superdeformed Bands irff’Nb: Evidence
for a Superintruder Orbital

D.R. LaFossé,M. Devlin,! M. Korolija,' F. Lerma! D. G. Sarantite$,Y. A. Akovali,> C. Baktasl,
C.J. Gros$,D. W. Stracenet,J. Doring? G.D. Johns, S. L. Tabor} F. E. Durhant, 1. Y. Lee)
A. O. Macchiavelli} and W. Rathbuh

IChemistry Department, Washington University, St. Louis, Missouri 63130
2Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
3Department of Physics, Florida State University, Tallahassee, Florida 32306
‘Department of Physics, Tulane University, New Orleans, Louisiana 70118

>Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
(Received 9 October 1996

Four superdeformed bands have been observeédNb. Transition quadrupole moment measure-
ments on three of the bands confirm superdeformed shapes. Two of the bands were observed to
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, a
second crossing appears in one of the bands. This crossing is interpreted as evidence for the occupation
of the i3/, superintruder orbital, makin§ Nb 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

The third generation of-ray detector arrays has greatly by the 88" cyclotron at the Lawrence Berkeley National
advanced the study of superdeformed (SD) nuclear shapdsaboratory. The’®Ni target had an effective thickness
However, the study of SD shapes in light nuclei nearof 245 ug/cn?. The early implementation afAMMAS-
mass 80, beset by experimental difficulties [1], has benePHERE consisting of 36 Ge detectors, was used to detect
fited most from the new arrays. TIBMMASPHEREarray vy rays emitted by the residual nuclei. Emitted charged
paired with themICROBALL [2] has been particularly suc- particles were detected by tieCROBALL [2], a 47 array
cessful. Whereas there were no SD bands known in thisf 95 CsI(Tl) detectors. A total o#.2 X 10® events in
mass region two years ago, over 20 bands are now knowmhich three or more Ge detectors fired in coincidence
Multiple bands have been foundit®!Sr [3,4],8334Y [5],  with one or more elements of th®ICROBALL were
and®3Zr [6], and SD is known in othefSr [1,7,8],30Y  accumulated.

[9], and4Zr [10] nuclei. The data from theMICROBALL was used to identify

TheN =5 hyy,, intruder orbitals are of paramount im- protons andx particles in each eveny; rays from events
portance to the stability of mass 80 SD shapes. These om which two or three protons and zeto particles were
bitals are lowered in energy with increasing deformationdetected were sorted intf,-E, matrices andE,-E, -
and the Coriolis force lowers their energy further with in- £, cubes. The proton energies were used to reconstruct
creasing rotational frequency. Because of the low masthe velocity vector of the recoiling nuclei, allowing an
of these nuclei, SD bands possess very high rotational frexccurate event-by-event Doppler correction. Tipeadd
guencies. Thus at the simultaneous extremes of deforma2p reaction channels were found to be present in the
tion and rotation theV = 6 i;3/, orbitals may also come matrices and cubes. This contamination was removed
into play [11]. These “superintruder” orbitals originate by sorting 4- and a2p-gated matrices and subtracting
from one major shell higher than the, ,, intruders. Their a fraction of these from the original matrix. No such
shape-driving effects are well known in the mass 130 andubtraction was performed on the cubes. In addition, the
150 regions, but are, as yet, completely unknown in masdata were sorted into a directional correlation (DCO) [12]
80 nuclei. matrix to exploit angular correlations of coincidentays

This Letter reports on SD bands found$Nb. Two and determine multipolarities of some transitions. The
SD bands have been found to mutually interact, and cro9CO ratios were calibrated using transitions of known
transitions between them have been observed. The identnultipolarity; E2 transitions were found to have DCO
fication of this interaction provides important information ratios of ~1, while unmixed dipole transitions had DCO
on the relative energies of nucleonic orbitals. In additionratios 0f0.66 * 0.05.

a second single-particle crossing has been observed in oneFigure 1 shows the four SD bands which have been
of the bands and is interpreted as evidence for occupaticassigned td’Nb based on the three-proton requirement
of the i3/, superintruder orbital. and coincidences with known low-spin transitions. The

High-spin states in®’Nb were populated by the structures, labeled bands 1—4, were populated with relative
BNi(*2S,3p) reaction, using a 135-MeV beam provided intensities of(2.0 = 0.2)%, (1.9 + 0.2)%, (3.2 + 0.3)%,
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FIG. 1. Level scheme depicting the four SD band$’iNb. § o
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and(1.3 = 0.3)%, respectively. DCO ratios measured for
transitions of bands 1, 2, and 3 indicate that all h&®e 102
character, excluding the weak uppermost transitions for
which DCO ratios could not be measured. The reported

spins of bands 1 and 2 were estimated as described i
Ref. [1].
Finally, to determine that the bands represent SD shapes ,
a lifetime analysis of the SD bands was performed ThfgiG' 2. Doubly gated spectra showing band 2 (a) and band
troid shift thod 113 imol ted in R f. 10 (b). Transitions from band 2(3) appearing in the spectrum
centroid shift method [13], as Implemented In ~et. [, : ]'representing band 3(2) are marked with an asterisk. Cross
was employed. The resulting values of the transitionransitions between bands 2 and 3 are marked with the letter X.

quadrupole momentd,) were Q, = 5.27}:4 eb for band  Frames (c)—(f) show single gates on the 1760-, 1871-, 1881-,
+1.2 and 1992-keV transitions; arrows indicate the gate energy.

1, 0, = 5.077{ eb for band 2, and2, = 5.3"|§ eb for
& 10 € @ 10 ¢ Contaminant peaks from the 1878-keV transition in band 1 are

band 3. Assuming an axially symmetric srl%%g, these va =beled with the letter C.

ues correspond to deformations 8 = 0.50 7, B> =
0497338 and B, = 0.5170:2 for bands 1, 2, and 3 in or-
der. These are comparable®e = 0.53 measured for the transitions were found to be, in ordér)6 = 0.16,0.89 =
SD band in**zr [10]. 0.13,0.97 + 0.17,and0.94 + 0.12. Thus we assign these
The bands possess several interesting features, incluttansitionsk2 character since mixgdonstretched dipole
ing the partial decay out of band 1, and cross-links betransitions are unlikely and the spins of bands 2 and 3 are
tween bands 2 and 3. This Letter focuses on bands 2 ardktermined as shown in Fig. 1. This is one of the few
3; a full paper will discuss the four bands in detail. times that the relative excitation energies, spins, and pari-
As mentioned above, transitions were found which linkties of two SD bands have been measured and the first such
bands 2 and 3. Evidence for such links can be seen inbservation in the mass 80 region.
Fig. 2. Figures 2(a) and 2(b) show spectra representing The linking of bands 2 and 3 can be studied further.
bands 2 and 3, respectively. In the spectrum representifgigure 1 shows that bands 2 and 3 cross each other; that
band 2, transitions from band 3 are apparent, and vice, band 2 is yrast for spink < 53/2x, while band 3 is
versa. Figure 1 shows the linking transitions and theilyrast abovel = 53/2. The dynamic moments of iner-
place in the level scheme. Evidence that the coincidencta (J®) of the two bands, shown in Fig. 3, reveal pro-
relationships implied in Fig. 1 are correct is offered innounced irregularities at the point of the crossing. This
Figs. 2(c)—2(f), where selected singly gated spectra arbehavior would be expected from two bands which mu-
shown. These spectra illustrate that the level schemwally interact. Thus the interaction between bands 2 and
shown in Fig. 1 is correct but possibly incomplete; the3 has been modeled using two-level mixing calculations.
weak presence of the 1492-keV transition in the 1881for the purpose of the calculations, it was assumed that
and 1760-keV gated spectra may indicate unobserved croffse only pairs of interacting levels are those4ay/2#,
transitions. We estimate that any unobserved transitions3/2/, and57/24. It was required that the calculations
have branching ratios less than 20%. reproduce the measured branching ratios out obthes
Thus the relative excitation energy of the bands isstates, and predict low-intensity cross transitions out of
known. The relative spins and parities have been detewther levels, to explain the nonobservation of such links.
mined through the DCO ratios of the linking transitions. Excellent agreement with experiment was obtained from
The DCO ratios of the 1992-, 1881-, 1871-, and 1760-keVan interaction strength,,, = 42 = 1 keV. The predicted
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vant neutroriproton occupation numbers and single-particle
FIG. 3. (a) The dynamic moments of inertig @) of bands orbitals are labeled. Some orbitals are marked according to
1, 2, and 3. (b)J® of bands 2 and 3 if sequences A and the proposed configurations of bands 1-3. Circles represent
B (see Fig. 1) are swapped. () of bands 2 and 3 after Pand 1, squares band 2, and triangles band 3. Parity and

the interaction between them has been removed. See text f§fgnature of individual orbitals#, «) are indicated as follows:
details. solid lines ¢+, +); dotted lines ¢, —); dashed lines <, —);

dash-dotted lines~, +). Inset: CSM calculations for neutrons
using 8, = 0.60. The interaction between thg and [413]72
a = 1/2 orbitals is highlighted.
branching ratios for the 1881-keV (1871-keV) cross-band
transition is 45% (60%), compared to the experimental
value (48 + 4)% [(55 = 6)%]. The most intense of the deformationg, = 0.5 are shown in Fig. 4. The calcula-
remaining predicted cross transitions has a branching ratigons suggest that bands 2 and 3 are neutron excitations to
of 18%, just below the experimental level of sensitivity. the [413]7/2a = 1/2 and [420]%/2 « = 1/2 orbitals, re-

The interaction between bands 2 and 3 can now be respectively. These two orbitals cross/ab =~ 0.88 MeV,
moved from the data. The interaction between levels hawvith an interaction strength of;,, = 47 keV. These
ing the same spins perturbs the level energies by an amouggree well with the experimental valugs = 0.93 MeV
given by Vi, = %\/(AE,,)2 — (AE,)?, where AE, and andVj, =42 = 1 keV. The only other crossing which
AE, represent the perturbed (measured) and unperturbextcurs near the Fermi level and at approximately the cor-
energy spacings between pairs of levels. Using the urrect rotational frequency is the [43JA « = 1/2 and
perturbed level energies, thg® of the bands has been [422]5/2 o = 1/2 proton crossing. However, this cross-
recalculated as shown in Fig. 3(c). The flA&®) of band ing has a large interaction strengty, = 125 keV and
3 shows that the interaction between the bands has be&ould have a small gradual effect on tHé?, rather than
removed. TheJ® of band 2 is now flat in the interac- the large, abrupt effect which is observed.
tion region and displays a new feature: a peakiat = As bands 2 and 3 are depicted in Fig. 1, their configura-
1.08 MeV. tions do not change after the crossing. But, since the cross

In order to understand the interaction between bands ftansitions havet2 character, the bottoms of the bands
and 3, cranked shell model (CSM) calculations have beenan be swapped; that is, sequence A becomes the bottom
performed. The results of such calculations using an axiadf band 3, sequence B the bottom of band 2. Drawn in
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this manner the neutron configuration of band 2 wouldenergies of the transitions involved.) At this deformation,
be [420]¥/2 o = 1/2 below the crossing and [413]2 agreement with experiment is much improved. The pre-
a = 1/2 above; the reverse holds for band 3. T/i&  dicted crossing frequency w =~ 1.06 MeV, compared
of bands 2 and 3 now appear as shown in Fig. 3(b). Théo iw = 1.08 MeV experimentally. Both the interaction
peak/dip atZiw = 0.92 MeV reflects the mixing between strength of the crossing and the gain in alignment have
the bands as they cross and exchange character. The aligreen measured from thg? as in Ref. [14]. Experimen-
ment gain of band 3 can be determined by integrating théally, we measur&’y,, = 70 = 10 keV for this crossing in
peak in theJ? [14]. The measured gain {8.0 + 0.3)i;  agreement with the predicted 75 keV. However, the pre-
the CSM calculations predidt8/4. Thus the crossing be- dicted alignment gainidi = 4.5/, whereas the measured
tween bands 2 and 3 is well understood. value isAi = (2.6 * 0.4)h. This discrepancy may be due
The configurations determined for bands 1—3 are thus as part to the sensitivity of the alignment gain to the details
follows. The bands possess identical proton configurationsf the nuclear shape parameters, including triaxiality and
obtained by filling the single-proton orbitals up to the hexadecapole components, which have not been included.
Z = 41 energy gap. The neutron configurations differAlso, it is apparent from Fig. 3(c) that thigs,, crossing
only in the orbital occupied by the final neutron. The begins below the&1/2/ level of band 2. The two-level
neutron orbitals are filled up to the level. Band 2 results mixing calculations discussed earlier did not include mix-
from occupation of the [413J2 « = 1/2 orbital, band 3 ing with thei;s/, orbital and assumed that tbé/27 state
from occupation of the [420}2 « = 1/2 orbital. Band of band 2 was purely [413}2 « = 1/2. Thus the align-
1, which shows no evidence of any crossings, is assigneghent gain measured for band 2 may not accurately reflect
the [301]%/2 « = 1/2 orbital. These configurations are the true gain in alignment.
depicted in Fig. 4 with filled symbols. In summary, four new SD bands have been observed
The observation of two mutually interacting SD bandsin 8’Nb. Linking transitions between two of the bands
is rare. One example is found IA°Gd [15], which was were identified; this is the first time the relative spins and
explained as an accidental degeneracy of two SD statesccitation energies of two SD bands in a light nucleus have
in otherwise unrelated bands. Two interacting SD bandbeen experimentally determined. In addition, one of the
were observed in>3Hg, explained as the crossing of two two bands shows evidence for a crossing at high rotational
neutron orbitals [16]. Howeve?/Nb is the first example frequencies. Evidence has been presented attributing this
where cross transitions between interacting bands hawe the occupation of thé s/, superintruder orbital. Thus
been observed. This provides valuable information re8’Nb is the lightest nucleus by far in which the effects of
garding the relative positions of thg413]7/2 « = 1/2  this orbital have been observed.
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