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A superdeformed band has been observed for the first time in an Au isotope. The reaction used
was "8 + ' W, demonstrating that very light ions can be used to populate superdeformed (SD)
bands at high angular momentum. The band is assigned to Au. The p-ray energies are at the
quarter-point energies of the Hg SD band, indicating that it is "identical" to that of Hg.

PACS numbers: 23.20.Lv, 21.lO. Re, 27.80.+w

The search for new superdeformed (SD) bands is im-

portant in many respects. Perhaps most obviously, SD
bands are a critical test of our ability to predict nuclear
properties. Multiple bands in a given nucleus give us
information about the orbitals involved at large defor-
mations, which may be quite different from those in nor-
mally deformed nuclei. Superdeformed bands are often
identical to others in neighboring nuclei and new exam-
ples often provide clues that will help us understand this
puzzling phenomenon. "Identical" SD bands, usual. ly in
different nuclei, refer to rotational bands that have not
only the same moment of inertia, but also identical or
"equivalent" transition energies. The "equivalent" tran-
sition energies correspond to half-points or quarter-points
between two consecutive transition energies in the iden-
tical band. Since each transition carries two units of an-

gular momentum, this means that any additional single
particle contribution to the angular momentum must be
half-integer or integer. This is not expected in the "tradi-
tional" models and may lead to the development of new
concepts and reveal new symmetries.

In the mass 190 region, super deformed nuclei are
known only for the Hg, Tl, and Pb isotopes [1], although
they are predicted [2,3] for both higher and lower atomic
numbers. In the SD candidate nuclei with Z ) 82, it is
very diKcult to find new superdeformed bands because
of higher fission competition. Prior to this work, no SD
bands had been found in this region for Z & 80. These
relatively neutron-rich nuclei can only be populated at
high angular momentum with very light neutron-rich pro-
jectiles. We report here the first superdeformed band
found in a gold (Z = 79) nucleus, ~9~Au. This SD band
is the first experimental evidence that this region of su-
perdeformation extends below Z = 80. In this odd-Z

nucleus, we find that the superdeformed band is "iden-
tical" to quarter-point energies of the SD band in the
"doubly magic" Hg and to an excited band in Hg,
an odd-neutron nucleus. This is different from the be-
havior of the Tl nuclei, the other odd-Z SD nuclei in this
region, where the extra odd proton does not produce a
SD band identical to that in Hg.

The experiments were carried out at the Lawrence
Berkeley Laboratory 88-Inch Cyclotron using the High
Energy-Resolution Array (HERA) facility. HERA con-
sisted of twenty Compton-suppressed Ge detectors and
a central 40-element bismuth germanate (BOO) ball.
States in ~so ~s~' s2Au were populated in the reaction
~ssW(~~B, xn) at three different beam energies: 78, 84,
and 86 MeV. The targets consisted of one to three
stacked self-supporting 0.5 mg/cm2 seW. All three-
fold and higher p-ray coincidences were recorded. The
twofold coincidence events were recorded only if they
were in coincidence with at least six inner ball detec-
tors. All events were recorded together with the p-
ray sum energy and the multiplicity of the inner ball.
Also, in the 86-MeV reaction, the time differences be-
tween the p rays detected in the BGO ball and the first-
coincident Ge detector were recorded to enable the re-
jection of delayed p rays and neutron-induced events. A
total of 2.0x10, 1.9x10, and 3.7x10 double events and
3.5x10, 4.3x10, and 5.0x10 triple and higher coinci-
dence events were recorded for the three runs at 78, 84,
and 86 MeV, respectively. In each case Doppler-shift cor-
rections were made on the energies of the p rays emitted
from the recoiling nuclei. In a separate set of experi-
ments, the ~7sYb(~9F, xn) reaction was used at 100- and
105-MeV bombarding energies with a target consisting of
three stacked ~7eYb metallic foils of 0.5 mg/cm2 thick-

340 0031-9007/93/71 (3)/340(4) $06.00
1993 The American Physical Society



VOLUME 71, NUMBER 3 P H YSICAL REU I EW LETTERS 19 JULY 1993

125—
100

@ SO

100

Q
A 75—
N

0
50

CQ

C)
CO
V3

0

CO

200

E

I

400 600

(kev)

25

200 4O0 5OO 6OO

E (kev)

FIG. 1. The p-ray spectrum of the SD band produced in
the W( B,6n) Au reaction. The data represent the sum
of the 84-MeV and 86-MeV data sets. This spectrum is ob-
tained by double gating threefold and higher events. For the
84-MeV data set, the gates are nine transitions from 228 keV
to 540 keV. The gates for the 86-MeV data set are all 13 band
members. The transition indicated by * is 371 keV (see text).
The inset shows the transition intensities, deduced from the
double-gated spectrum.

700

ness. Summed over both energies, a total of 3.4x10
double and 1.2x10 triple and higher coincidence events
were recorded.

Correlation matrices of E~-E~ coincidences were con-
structed with various p-ray sum-energy (H) and multi-
plicity (k) requirements. A channel-by-channel search
of the matrices revealed a band of at least 13 transi-
tions from E~ = 229 to 678 keV in the 86-MeV and 84-
MeV data sets for the ssW( B,xn) reaction (Fig. 1).
There is also some weak indication of this band in the
78-MeV data set. The transition indicated by * in Fig. 1
is found in coincidence with SD band members. It has
the same energy (371 keV) as the known low-spin 13/2
9/2 transition in Au [4]. However, this transition
feeds the 10-ns isomer in ~s~Au. Because the recoiling
nuclei move out of view of the Ge detectors, the 274-keV
(9/2 -11/2 ) and subsequent transitions in the decay of
the isomer are not seen. The relative intensity pattern of
the band is shown in the inset. The uncertainties are rel-
atively large due to the very weak intensities. The transi-
tion intensities, internal conversion included, increase as
the transition energies decrease, become relatively con-
stant for energies from 500 keV down to 300 keV, and
decrease after that. This intensity pattern is similar to
those of the bands in ~s~Hg [5]. The energy spacings of
the transitions in this band are similar to others in this
region, with the differences between adjacent transitions
being —41 keV for the lowest energy transitions and—
34 keV for the highest energy transitions.

The assignment of the new band to as~Au is supported

by the excitation function and cross bombardment re-
sults. The SD band is much weaker in the 78-MeV
reaction data where Au is much more intense (com-
pared with either the 84- or 86-MeV reaction) so that one
may rule out the possibility of the SD band belonging to
~s2Au. Known states with similar spins were populated
in the other experiment, sYb( F,xn). The residual nu-

cleus has about the same energy of excitation and max-
imum angular momentum as those in the ~ssW(~~B, 6n)
reaction. The statistics of Au in this reaction are much
better while the ~ Au populations are much smaller than
those in the ssW( B,xn) reaction at 84 and 86 MeV.
Careful searches for this SD band were performed in these
data and it was not found. This suggests that this SD
band most likely belongs to i9iAu and not to &90,&92Au.

With a multiplicity k &18 and sum energy H &14 MeV,
the band intensity is only 0.15% of the total s~Au in-

tensity. It is one of the most weakly populated SD bands
found to date. There are not sufBcient statistics for mak-

ing a directional correlation analysis to establish multi-
polarities, and it may be possible that this is a dipole
band. However, a plot of the dynamic moments of iner-
tia against frequency (~) for this new band compared
with similar plots of dipole bands (e.g. , in ~s7Pb and in
~9sPb) [6,7] and other SD bands in this region shows a
behavior of the dynamic moments of inertia more regu-
lar than those of dipole bands and more similar to that
of the SD bands. In fact, the band is identical to some
other SD bands. Therefore, we made a reasonable as-
sumption that these cascade p rays of the SD band have
multipolarity I = 2. Because of the weakness of this SD
band one might be tempted to assign it to a Pt nucleus
produced by a competing (~~B,p xn) reaction. However,
our data show that the amount of the Pt produced by the
competing pxn channel is a factor of about 30 less than
the Au. Typically SD bands in this region are populated
at = 1% or less. For the observed SD band to be in Pt,
therefore, it would have to be populated at the unusually
high 5% level to give the intensity observed. We regard
this alternative as unlikely.

In order to compare this SD band to other bands in this
mass region, its dynamic moment of inertia is displayed
in Fig. 2 together with those of s Hg [8,9] and Hg*

(band 3 in Ref. [5]). It is seen that the moment of inertia
for Au is very similar to those of the SD bands of

Hg and Hg*. The energy differences between the
transitions Qf Au, Hg, and Hg* SD bands are
also shown. Except for the lowest and highest energy
transitions, all the comparable transitions in the band
are within 2 keV of quarter-point energies of the Hg
band and those of the Hg* SD band.

The fact that the transition energies of the SD band
are identical to the quarter-point energies of the Hg
band implies that the odd proton hole (relative to the
~9 Hg core) occurs in an orbital which has a zero or an
integer alignment. In addition, the absence of a signa-
ture partner band to the ~Au SD band suggests some
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FIG. 2. The dynamic moment of inertia of the Au SD
band (diamonds) compared to those in '

Hg (circles) and' 'Hg (squares). The inset shows the energy differences be-
tween the bands (circles, Au - Hg quarter-point energies;
squares, Au — Hg*) .
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signature splitting. It therefore appears that this band is
not based on a strongly coupled orbital.

In order to help assign this odd-Z band to a specific
orbital we refer to the single-particle Routhians (Fig. 3).
The deformation parameters used to produce this plot
were obtained from total Routhian surface (TRS) cal-
culations, based on a deformed Woods-Saxon potential
and the Strutinsky shell correction formalism with a
monopole pairing interaction [10,11]. Figure 3 shows that
at these deformations there are several orbitals near the
Fermi surface, including the [411]1/2 and [530]1/2. Other
possibilities are the 62 and the [532]3/2 orbitals. How-
ever, these seem less likely because the 62 orbital has
a changing alignment and the [532]3/2 appears farther
away from the Fermi level in these calculations. Both
the [411]1/2 and the [530]1/2 orbitals are fairly flat in
the observed frequency range. Since a proton hole in a
Hat orbital will produce no alignment relative to Hg,
these assignments are not inconsistent with the observed
p energies. This requires that the decoupling parameter
for this orbit be different at these deformations. Indeed
particle-rotor model calculations suggest that this may
be the case.

The spins of the states are suggested using the methods
of Draper et al. [12] and Becker et al. [13]. Using the two
methods to Gt the energies of the transitions gives an
average of 11.2(1) for the spin parameter of the upper
level of the 229-keV transition. Since the nucleus is odd-
A, the most likely spin consistent with the above least-
squares analysis for the upper level is 23/2.

The alignment plots [14] for ~s~Au and s Hg* relative
to Hg are displayed in Fig. 4. As with many other
examples of superdeformed bands in this region, Au
shows an alignment of i = 1 relative to Hg. This gen-
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I'IG. 3, Single-particle Routhians for Au with deforma-
tion parameters P2 ——0.457, P4 = 0.048, and p = 0.0. The
parameters are taken from the lowest SD minimum in the TRS
calculations. (~,n): solid = (+,+1/2), dotted = (+,—1/2),
dash-dotted = (—,+1/2), and dashed = (—,—1/2).

eral phenomenon is not well understood. However, it has
been discussed [14] in terms of the aligned intrinsic pseu-
dospins of a pair of valence nucleons. The weak coupling
of the pseudo-orbital to the pseudointrinsic spin is a prop-
erty of the observed approximate pseudospin symmetry
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FIG. 4. Alignment of the Au SD band (diamonds) and
the Hg' SD band (squares) relative to the Hg SD band.
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in nuclear systems [15].
In addition to the SD band in Au described above,

we have observed another somewhat weaker band with
energies nearly identical to the yrast SD band in Hg
[16]. The transition energies are nearly the same as those
in the newly found SD band for low E~ and they diverge
at high E~. The energies of the higher energy transi-
tions in this band are 506, 543, 580, 616, 651, and 686
keV. Weak evidence for several of these peaks can be seen
in Fig. 1. The peaks are more prominent under different
gating conditions. This second band was seen only in the
86-MeV data set and the data are insufFicient to allow us
to assign it to a nucleus. Because of its apparent rela-
tionships to the SD bands of Hg and Au, it would
be very interesting to characterize this band further.

In conclusion, we note that the SD band in Au rep-
resents the first experimental evidence concerning the
nature of the proton orbitals below Z = 80 in superde-
formed nuclei. The band may be characterized by ei-
ther the [411]1j2 or the [530]1j2 proton orbital. This is
the first observation of an SD band in this region based
on these orbitals. This band has an unexpected and in-
teresting property: it shows an identical band relation-
ship to the yrast (quarter-point energies) band in ~s2Hg.

However, there is no evidence as yet of a signature part-
ner band. This band is very weak and it represents a
limit of what can be done with the current generation
of Compton-suppressed Ge arrays. A great deal remains
to be learned concerning the properties of this SD region
and the relationships between the SD bands. It is impor-
tant that we continue extending this region of superde-
formation with the next generation of detector arrays.
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