
SEARCH AND DISCOVERY 

New Gamma Detector Array Finds Evidence of 
Hyperdeformed Nuclei 

orne heavy nuclei, if you can 
make them spin fast enough , 

seem to acquire a surprisingly sta­
ble cigar shape three times as long 
as it is wide. 

H ow much spin can a nucleus 
take before centrifugal force 

pulls it apart? A surprising answer is 
proffered by one of the first physics 
results from the Gammasphere facil­
ity at the Lawrence Berkeley Na­
tional Laboratory. Gammasphere is 
the first of a new generation of nu­
clear-physics photon detector arrays. 
In June the Berkeley, Oak Ridge, 
Washington University collaboration 
at Garnmasphere published evidence 
that gadolinium-147 nuclei might be 
reaching angular momenta as high as 
90n without succumbing to fission. 1 

"That's embarrassingly high," says col­
laboration leader Demetrios Saran­
tites, "because the theory says that 
the barrier against fission should van­
ish at around BOn." 

The embarrassment is getting 
worse. In more recent Gammasphere 
runs, not yet published, the group ap­
pears to be seeing spins as high as 
lOOn. That would bolster earlier indi­
cations, from an experiment with 
older-generation detector arrays at 
Chalk River in Canada2 and Legnaro 
in Italy,3 that dysprosium nuclei can 
reach lOOn. 

The predicted dependence of the 
"fission barrier" on angular momen­
tum comes from theoretical models 
that treat the nucleus as a liquid 
drop held intact by surface tension. 
"So if these spins are really as high 
as they seem to be," says Sarantites, 
"the theorists will have to look be­
yond the conventional liquid-drop 
model to explain why the nuclei 
aren't torn apart." 

The new data also offer a chal­
lenge, and a unique opportunity, to 
nuclear shell models. Complemen­
tary to the liquid-drop models, the 
shell models concentrate on the atom­
like discrete energy levels of individ­
ual protons and neutrons within a 
time-averaged nuclear potential well. 
The celebrated triumphs of the shell 
models in explaining properties such 
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PICKET-FENCE GAMMA-RAY SPECTRA of 147Gd, measured at Gammasphere, show 
two energy sequences with the roughly 30-keV spacing suggestive of nuclear hyper­
deformation at very high spin. If these are hyperdeformation bands, each successive 
gamma carries off 2n of angular momentum as the nucleus spins down. (Adapted 
from reference 1.) 

as the special stability of nuclei with 
certain "magic numbers" of neutrons 
and protons have generally involved 
nuclei that are spherical, or very 
nearly so. The new results from Gam­
masphere, Chalk River and Legnaro 
suggest that some nuclei are so 
grossly deformed by extreme angular 
momenta that they deserve to be 
called "hyperdeformed." Calculating 
energy levels with nuclear potentials 
so far from spherical symmetry pro­
vides demanding new tests of the 
theory. And perhaps newly revealed 
shell effects will explain why hyper­
deformed nuclei are so surprisingly 
resistant to fission. 

Hyperdeformation 
Astronomical and other classical 
analogies are useful in discussing the 
shapes of spinning nuclei. The rota­
tion of a fluid celestial body flattens 
it at the poles. Less well known is 
the instability, first pointed out by 
Carl Gustav Jacobi in 1834, that 
would transform it from oblate to pro­
late at sufficiently high spin; the body 
would come to look like a cigar spin­
ning around a toothpick (the minor 
axis) stuck through it the short way. 

Much the same thing can happen 

to nuclei: In 1986 Peter Twin and col­
leagues at the Daresbury Nuclear 
Structure Facility in England re­
ported the first evidence for "superde­
formed" nuclei, with angular mo­
menta from about 20 to 60n. The evi­
dence, both theoretical and experimen­
tal, was that these were indeed pro­
late nuclei with the major diameter 
twice as long as the minor diameter. 

Classical calculations of orbits in 
anisotropic harmonic-oscillator fields 
exhibit special stability when the 
natural frequencies in orthogonal di­
rections have integer ratios to one an­
other. Shell-model calculations reveal 
a closely analogous stability at the 
quantum mechanical level: If one 
treats the nucleus, for simplicity, as 
an anisotropic harmonic-oscillator 
well, large energy gaps appear at the 
Fermi level for certain magic-number 
populations if the oscillator frequen­
cies have integer ratios. That is to 
say, in these heuristic calculations the 
shell configurations are particularly 
stable in spin-distorted nuclei that 
are precisely twice-or even three 
times-as long as they are wide. The 
term "hyperdeformed" refers to pro­
late nuclei with a 3:1 ratio of major 
to minor diameter. 
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These qualitative features remain 
essentially unchanged when onere­
places the harmonic-oscillator well 
with more realistic nuclear potentials. 
But such added complexity introduces 
some uncertainty into the magic num­
bers at which the experimenters are 
to look for superdeformed and hyper­
deformed nuclei. 

The telltale gamma de-excitation 
spectra of dozens of superdeformed 
nuclear species have been discovered 
in the years since the Daresbury 
group's initial discovery in dyspro­
sium-152. Their discovery was the 
principal impetus for the construction 
of Gammasphere. (See PHYSICS TO­

DAY, October 1991, page 21.) But 
looking for the hyperdeformed states 
predicted by the same theory that 
had proved so successful with the super­
deformed nuclei was something of a 
gamble for the Gammasphere experi­
menters. Because the requisite spins 
are so high, the hyperdeformed states 
would be difficult to populate ade­
quately in fusion collisions between 
heavy ions. Even more problematic 
was the competition from nuclear fis­
sion. The very high spins needed to 
reach hyperdeformation are perilously 
close to the fission limit. Could 
enough nuclei survive unsplit at such 
extreme angular momenta? 

Heavy-ion fusion 
To produce high-spin heavy nuclei of 
a given atomic number Z, the Gam­
masphere experimenters bombard tar­
get nuclei with ions chosen so that 
the sum of the beam and target 
atomic numbers is Z + 1. The ion 
beam is accelerated in LBNL's 88-
inch cyclotron to 4.5 MeV per nu­
cleon. The hope is that sufficiently 
peripheral fusion collisions will pro­
duce nuclei of very high angular mo­
mentum. One then looks for the tell­
tale "rotational band" spectrum of de­
excitation gammas, in coincidence 
with a single decay proton that sig­
nals the production of a nucleus of 
atomic number Z. Why the circuitous 
route from Z + 1 to Z? Only about 
one collision in ten thousand pro­
duces a hyperdeformed nucleus. 
Therefore the sought-after rotational­
band spectra are obscured by a hor­
rendous background of extraneous 
gammas. Requiring a coincident de­
cay proton yields a significantly en­
riched sample of hyperdeformed nu­
clei, for reasons that are not really un­
derstood. The experimenters' folk 
wisdom asserts that very deformed 
nuclei with pointy ends are more 
likely to radiate protons, for the same 
reason that pointy electrodes emit 
electrons. 

To minimize competition from fis-

sion and thereby have a fighting 
chance of seeing hyperdeformity, one 
wants a nuclear species for which the 
hyperdeformed 3:1 configuration be­
comes "yrast" (the lowest energy state 
for a given spin, from the Swedish 
word for "dizziest") at the lowest pos­
sible spin. 'I\vo years ago theorist 
Sven Aberg at Lund University in 
Sweden predicted4 that 146Gd was a 
particularly good candidate, because, 
he calculated, its hyperdeformed state 
becomes yrast at "only'' 80/i. (This 
prediction differs by one neutron from 
what was eventually found.) There­
fore when Gammasphere was ready 
for its first experiments, Sarantites 
and company chose to bombard a mo­
lybdenum-100 foil in the center of its 
spherical array of germanium gamma 
detectors with a vanadium-51 beam. 

Picket-fence spectra 
A superdeformed or hyperdeformed 
nucleus, spinning like a cigar about 
its minor axis, emits quadrupole ra­
diation (in MeV photons) like a tiny 
antenna rotating at 1020-1021 hertz! 
As each photon carries off 2/i of angu­
lar momentum, the rotation slows 
down. Eventually, after emitting a 
dozen or two of these gammas, the 
nucleus abruptly loses its deforma­
tion. To the extent that the nuclear 
moment of inertia remains constant 
during the spin-down of the deformed 
state, each gamma will be less ener­
getic than its predecessor by a con­
stant energy difference. This striking 
"picket fence" spectral pattern of 
evenly spaced gamma energies was 
what led to the discovery of the super­
deformed states in the 1980s. 

Rigid bodies have constant mo­
ments of inertia. But nuclei are far 
from being rigid bodies. Like raw 
eggs, they have moveable insides, and 
their external shapes are flexible. So 
the nuclear moment of inertia usually 
depends on spin. Why then do the de­
excitation spectra of superdeformed 
and hyperdeformed nuclei exhibit the 
characteristic picket-fence pattern one 
would expect only from a rigid rota­
tor? For one thing, the special stabil­
ity conferred by the integer ratio of di­
ameters keeps the external shape con­
stant while the nucleus is spinning 
down. For another, as Oak Ridge 
theorist Witold Nazarewics explains 
it, "the strong Coriolis force at ultra­
high spin would destroy the Cooper­
pair bonding of nucleons that ordinar­
ily makes the nuclear interior a kind 
of free-sloshing superconductor." 

The energy spacing between adja­
cent gamma lines is inversely propor­
tional to the moment of inertia. For 
superdeformed spectra the spacing is 
typically about 50 keV. For 147Gd the 
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Gammasphere experiment found a 
mean spacing of 29 ke V, consistent 
with the supposition that hyperde­
formed nuclei are 50 percent more 
elongated than their superdeformed 
cousins. But surprisingly, the 147Gd 
spacings, which vary irregularly from 
from 25 to 32 keV, are not as con­
stant as those seen in the superde­
formed spectra. 

The figure on page 17 shows the 
two 147Gd hyperdeformation spectra 
published in June.l "Both were un­
earthed from the background jumble 
by my sharp-eyed postdoc Dennis La­
Fosse," Sarantites told us. It is not 
uncommon for a given nuclear species 
to have two or more distinct but over­
lapping superdeformation sequences. 
The same, it appears, is true for hy­
perdeformed nuclei. 

One cannot with certainty assign 
specific spins to individual transition 
lines. But if one assumes, as does 
the standard theory, that the two dif­
ferent ways (dynamic and kinematic) 
of defining the moment of inertia are 
equivalent, one gets the individual 
spins from the line energies and their 
spacings. That exercise gives 70/i 
and 90h for the lowest and highest 
spins in these published spectra. If 
you have trouble believing that 90h 
nuclei can resist fission, you can al­
ways quarrel with the assumption 
about the moments of inertia. 

Gammasphere 
The interval between consecutive 
gamma emissions in the de-excitation 
of a hyperdeformed nucleus is just a 
few femtoseconds, much too short for 
the detector array to discern a time 
sequence. It must look for a pulse of 
essentially simultaneous gammas in co­
incidence with the decay proton that 
signals the possible creation of a hyper­
deformed nucleus with the desired Z. 

Gammasphere, when it is finally 
completed, will consist of 110 germa­
nium crystals in a tight spherical ar­
ray surrounding the collision target. 
Even this hermetic coverage provides 
only a 10% chance that a given 
gamma will have its full energy re­
corded by a Ge crystal. In fact, each 
crystal is backed by a bismuth germa­
nate veto shield that serves to warn 
of departing gammas. So even with 
Gammasphere at full strength one 
cannot hope to detect, on average, 
more than five gammas in coinci­
dence from among the dozens emitted 
in the de-excitation of any one de­
formed nucleus. 

But Gammasphere was not any­
where near full strength last March 
when the data were taken for the 
June paper.l "We had only 36 Ge 
crystals in place," Sarantites told us, 



"and that limited our statistics. But 
in July we ran with 57 crystals, and 
we hope the new data will confirm 
the bands and their origin." Even in 
its unfinished state, Gammasphere is 
much more powerful than the pre­
vious generation of detectors, which 
had only a 1-2% chance of recording 
a given gamma. They almost never 
saw more than two gammas in coinci­
dence. With the overwhelming back­
ground of gammas from other proc­
esses, multigamma coincidences are 
crucial to the detection of hyperdefor­
mation spectra. 

Europe's answer to Gammasphere, 

the Eurogam II detector in Stras­
bourg, has joined the search for hyper­
deformed nuclei. But picket-fence 
spectra, by measuring moments of in­
ertia, can provide only indirect proof 
of hyperdeformation. The ultimate 
confirmation must await lifetime 
measurements of these femtosecond 
states, from which one can determine 
their quadrupole deformations. 

David Ward, whose Chalk River 
group was the first to present evidence 
for nuclear spins of 90n and above, 
points out a provocative puzzle: "If you 
think of the colliding nuclei in these ex­
periments as billiard balls," he told us, 

STM Gets to the Core of the Matter 
in a High-Tc Superconductor 

1 esearchers at the University of 
Geneva have succeeded in ap­

plying scanning tunneling micro­
scopy to one type of high-Tc super­
conductor, opening th e door to 
further study of the vortex cores. 

Since the 1986 discovery of high­
temperature superconductors, re­

searchers have been struggling to un­
derstand the nature of the magnetic 
flux lines that thread through these 
copper-oxide materials when the field 
is above a few tens of gauss. The 
flux lines take the form of vortices, 
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DIFFERENTIAL CONDUCTANCE SPECTRA measured by scanning tunneling microscopy 
on the surface of a YBCO crystal in 6 T. The conductance measures the electronic 
density of states. It is plotted here as a function both of voltage and of distance X 
along a line on the crystal surface. a: Conductance spectrum along a line that passes 
through a vortex. (The vortex core lies at the midpoint of the line.) b: Spectrum 
along a line between vortices. Going from dark red to white, one ranges from low to 
high values of differential conductance. The peaks seen around 20 m V remain con­
stant between vortices (b), but they disappear at the core (a); they are replaced there 
by conductance peaks separated by 11 m V. (Adapted from reference 1.) 

"then the maximum impact parame­
ter can't get you anywhere near 90h." 
So, in addition to worrying about fis­
sion, if the spins really are that high, 
one may have to invoke novel tidal 
forces that elongate the nuclei just as 
they are about to collide. 

BERTRAM SCHWARZSCIDLD 
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swirling supercurrents that confine 
the magnetic field to a cylindrical re­
gion around a quiescent center. Un­
derstanding them is more than an 
academic exercise: Motion of the vor­
tices, when pushed by a high enough 
current, introduces resistivity and lim­
its the long-sought high-field applica­
tions. (See PHYSICS TODAY, October 
1992, page 17.) 

You don't actually have to see the 
vortices to learn about them, as we 
know from the very productive stud­
ies with such techniques as neutron 
diffraction. Nevertheless it's useful to 
see real-space pictures of the vortices, 
which display visually the regular tri­
angular lattices that form under cer­
tain conditions or the glasslike state 
they manifest under others. One 
method for producing such visual im­
ages is the magnetic decoration tech­
nique, in which tiny iron particles 
cluster around points of high mag­
netic field. Yet another technique­
scanning tunneling microscopy-has 
now been demonstrated by a group 
led by Oystein Fischer at the Univer­
sity of Geneva in Switzerland to map 
the vortices of one of the most widely 
studied high-Tc materials, yttrium bar­
ium copper oxide (known as YBCO).l 
The results raise hopes that this tech­
nique can provide a new kind of infor­
mation about the vortex lattices and 
especially about the vortex cores. 

Electronic signature 
The information provided by scanning 
tunneling microscopy is different from 
that available by other direct-imaging 
techniques such as magnetic decora­
tion, scanning SQUID microscopy, 
Lorentz microscopy or scanning Hall 
probe microscopy. Rather than di­
rectly mapping the magnetic field, 
STM measures the current, or the 
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