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The Euroball-IV ~-detector array, equipped with the ancillary charged
particle detector array DIAMANT was used to study the residues of the
fusion reaction 54Ni + ®INi = 12Ba at Epeam — 255 and 261 MeV, in
an attempt to reach the highest angular momentum and verify the exis-
tence of predicted hyperdeformed rotational bands. No discrete hyperde-
formed bands were identified, but nevertheless a breakthrough was obtained
through a systematic search for rotational ridge structures with very large
moments of inertia J(2) > 100 72 MeV(~1 | in agreement with theoretical
predictions for hyperdeformed shapes. Evidence for hyperdeformation was
obtained by charged particle + y-ray gating, selecting triple correlated ridge
structures in the continuum of each of the nuclei, 118 Te, 124Xe and 124125Cs.
In 7 additional nuclei, rotational ridges were also identified with J(2) =
71-77h? MeV(—1), which most probably correspond to superdeformed shape.
The angular distributions of the emitted charged particles show an excess
in forward direction over expectations from pure compound evaporation,
which may indicate that in-complete fusion plays an important role in the
population of very elongated shapes.

PACS numbers: 21.60.—n, 21.10.Re, 27.60.+j

1. Introduction

Shortly after the discovery in 1986 of the first superdeformed (SD) dis-
crete band in 2Dy by Twin and collaborators [1], detailed predictions were
made for a possible existence of hyperdeformed nuclei (HD) to appear close
to the highest spin nuclei can accommodate, by Dudek and collaborators [2].
Several serious attempts were made rather early to verify these predictions,
in 152Dy- [3] and in the '%®YDb- [4] regions, but it was not possible to confirm
the results for Dy [5] and the results were negative for the Yb case. During
the last 5 years a new series of searches have been made, first looking for
(zn) residues from the compound nuclei, 168:16%170f 140Nq 128B5, 130Xe,
and 1'%Sn, produced at the highest possible spin by symmetric or semi-
symmetric fusion reactions [6]. As of today, no discrete rotational bands
with large enough quadrupole moment or moment of inertia to qualify as
HD has been found. However, sensitive studies of quasi-continuum states,
by the so-called Rotational Plane Mapping (RPM) technique have revealed
weak but distinct rotational patterns, verifying that both '?6Ba and ?5Xe
have many rotational bands with large and constant moment of inertia,
J@? ~ 76 and 83 h2 MeV(—1 | over 6-10 high spin transitions [7,8|. However,
new refined theoretical calculations for this region [11,12] show that the
hyperdeformed structures should be expected to have J 2) > 100 h2 MeV 1,
indicating that the ridges found in '?°Ba and '?6Xe may instead correspond
to SD bands.
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As will be discussed in the following, several nuclei, 18Te, 24125Cg
and ?4Xe populated via light charged particle emission during the reaction
have now been identified with J® > 100 h2 MeV(—1) for rotational bands of
6-10 transitions. They give the first evidence for the existence of a multitude
of rotational bands with hyperdeformed shape in the A ~ 120-130 region.

2. Theoretical expectations

A new and comprehensive discussion of the theoretical predictions and
background is given in reference [12], and we discuss here only the results
which are most relevant for understanding the present experimental obser-
vations. It seems rather clear today, that population of the highest spin
at formation temperature, as well as the selectivity to weak rotational pat-
terns of « transitions are most essential for a successful experiment of this
kind. At the temperature of compound formation the shell effects are mostly
washed out and the nuclei are best described by liquid drop models. At the
very high spins in question here the liquid drop potential passes through
the Jacobi shape transition region and shows very stable potential energy
surfaces especially in the A ~ 130 region as illustrated in Fig. 1. for the
actual compound nucleus, ?*Ba calculated by the Lublin-Strasbourg Drop
model (LSD), [10]. This model forms the basis for the shell model calcu-
lations extended to include the important region of higher temperatures in
acomplete macro—microscopic approach by Schunck et al. [12].

Critical Spin and the Jacobi Instability
I ) I L] 1 ) I ) I ] U
" E =74 E=50.7 Bt | [ E1=76E=527 = | 'i =78 E=54.5 == |

_ <

[ —
o

B,sin(y+30°)

LI |
th = W

._....
L 9 =

B,sin(y+30°)

M| o ||| 5t
D & 12 L& .0 .6 12 B O 8 13 1%
128 B, cos(y+30°)  B,cos(y+30°) B cos(y+30°)
s6B a7,

Fig. 1. Liquid drop calculation by the LSD model [10] for '?®Ba, showing the very

stable potential energy surface at large J minimum in the spin window of interest,
I =74-84.
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Typical examples of potential energy functions along the prolate axis are
shown in Fig. 2. At the high temperature and spin the nucleus will mainly
be formed into elongated shapes close to hyperdeformation below a fission
barrier of &~ 7MeV (see horizontal dashed lines). This gives a good chance
of populating hyperdeformed states in the quasi-continuum at 7' = 0.5 MeV,
where the shell effects clearly have stronger influence on the structure of the
potential energies, resulting in 3 distinct minima for ND, SD and HD shapes.
Since the moment of inertia J®) of rotational bands in the 3 minima are
expected to be quite different, ND =~ 50-, SD ~ 80-, HD ~ 110 A2 MeV !,
it should be possible to recognize the rotational patterns of such bands in
a study of the quasi-continuum, as will be shown below.

Temperature T = 1.5 MeV Temperatyre T = 0.5 MeV
T . T : T — [ —rmrreeree R e S
65 —
1
— . — !
e : % sl 1 T
= : 2 N
I 1= AU
@ | @45_ I ' 4
2 I ) I
£ I g I
= I = M= I \
— 1 l—1m 1 '
3 - g 1 A :
= ' & e
b1z ya
i 25| . 1
N T T AR ST .
wsp 00 105 101 15 20 25 30 12y 00 05 10, 15 20 25 30
T2 H Deformation [ o4 H : Deformation Olyg
|
_— o
']]‘emperathre T =0.5 MeV '{[‘em‘peratﬂlre T = 0.5 MeV
T T T T T |--.‘..;.".....‘...........‘....
60 1=80 1 SR . 65 P i :
1
- ! | N
]
3 sof : = P ]
= 1=7 ! | i
4
& - !
i i
5 4o0f ' 1 | J
< 1=60 ! 1 |
<3} 1 ' h
g | 1 !
2 3O 1=50 _1 ' T ‘ 1
e H ' ]
V ! i
! 1
20+ i ' 1 ! J
T B B A B W I P SR IR IR AN |
128 00 '05 10 15 20 25 30 14 00 05 1.0 15 20 25 30
56Bagz 54Xe79

Deformation o, Deformation o,

Fig.2. Macro-microscopic calculations [12] for different spin and temperatures
along the prolate axis. The vertical dashed lines indicate the stable position of
the normal (ND), superdeformed (SD) and hyperdeformed (HD) minima. To the
left, the potentials are shown for the compound nucleus 12®Ba at 2 temperatures,
for (T' = 1.5MeV) close to the formation point and for (T" = 0.5MeV) close to
the yrast line with shell effects more dominating. To the right, 2 of the residues
discussed below are shown for the (T = 0.5MeV) region where a significant part
of the quasi-continuum v-decay takes place. A net increase of the fission barrier of
2 MeV at the lower temperature is observed.
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3. The experimental observations

The first observation of a ridge structure with a large moment of inertia,
J? = 76 h2MeV~! in '?%6Ba, was made with Gammasphere (GS) at the
88" Cyclotron in LBNL, Berkeley, USA, in 2001 using the reaction %Ni +
64Ni =128Ba =126Ba + 2n with a beam energy of 265 MeV on a target
of 0.5 mg/cm? [7]. The necessary selectivity for the weak structures in
the 2 % (2n) channel was obtained by applying a filter technique [13] for
126Ba and adapting the Rotational Plane Mapping (RPM) technique [14,15].
Two-dimensional (2D) spectra M, (E,, E,) were extracted from a 3D-cube
(Ey, E., Ey), applying the equation:

My (Ey,E)): Ex+ NE,—(N+1)E, € [-4,0], (1)

where [—§, 0] express the thickness of the plane, defining the limits to varia-
tions in the dynamical moment of inertia for the selected rotational cascades.
In addition, the uncorrelated background is removed by the so-called COR-
treatment [16]. The RPM spectrum of this first experiment on '2°Ba is
shown in Fig. 5 of Ref. [8].

The same reaction was later used in the so-called Hyper-Long-Hyper-
Deformed (HLHD) experiment at the Vivitron accelerator in Strasbourg,
equipped with Euroball, Inner-BGO-Ball and light-charged-particle-ball
DIAMANT. The bombarding energy for the 4Ni ions was changed to 255-
and 261 MeV to obtain higher (2n) cross section, and the running time
divided into 2 x 2 weeks. The selectivity for the 2n channel was further
improved by applying a veto from the DIAMANT detectors when a charged
particle was detected. Indeed, the ridge structure first observed at GS was
clearly seen in the 261 MeV run, but it essentially vanished at a bombard-
ing energy of 255 MeV. In fact the best spectra were obtained by a sim-
ple subtraction of raw RPM-spectra for the 255 MeV run from the corre-
sponding RPM-spectra for the 261 MeV run, and the moment of inertia,
J? = 76 h2 MeV~! was thereby confirmed. These results show that the
ridge structures originate from a very narrow energy and angular momen-
tum window, such that only the half of the 0.5 mg/cm? target thickness,
facing the beam, was active in producing the nuclei with elongated shapes.
By use of the grazing model of Winther [17]|, which include the collective
degrees of freedom in the fusion process, and is known to reproduce the
Liax very well, we can estimate the FWHM angular momentum window
between the 255- and 261 MeV reactions to be Lyindow =~ 78-86 h, needed
to populate the ridge structures. Typical RPM-spectra for the (2n) reaction
channel showing the HD/SD ridge is shown in Fig. 7 of Ref. [8].

A real break through in this study was recently made when a presorted
database including the charged particle information became available, which
gave access to many residues with further improved selectivity. RPM-spectra
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gated by protons and/or a’s i.e. (p), (2p), («), (2) and (e, p), in addition
to gating on 4-6 of the lowest 7-transitions in each of the nine strongest
populated nuclei were analyzed as function of (fold + higher folds) selected
by the (Inner-BGO-Ball + Ge detector shell). Since the emission of charged
particles would perturb the motion of the residues, a further refinement of
the Doppler correction to the gamma-spectra had to be done. Examples are
shown for the most intense channels, (a2n) = 122Xe and (p2n) = 12Cs
in Fig. 3.
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Fig.3. Typical RPM-spectra made by PCuts across the diagonal valley, Evx =
E~y, of Rotational Planes. The left panels show PCuts = 1440 keV with 3 different
cutting widths, 88, 228, 488 keV for (a2n) =122Xe, and the right panels show
PCuts = 1280 keV with 3 different cutting width, 168, 248, 328 keV for the (p2n) =
125Cs. The marked differences between symmetric peaks in the rotational plane
correspond to 2 x 2 decay steps of AE~ in the rotational cascades.

The dynamical moment of inertia can be determined from the energy
space between the ridges w=4AFE,=16/J ), and here found to be J& =77
and 100 A2 MeV~! for the ??Xe and 125Cg nuclel respectively. The perpen-
dicular cuts (PCuts) across the diagonal valley, E, = E,, of Rotational
Planes, show that the intensity of the ridges increase as expected for wider
cuts. This is important, and shows that the ridges really consist of a mul-
titude of peaks. Usually a fluctuation analysis is used to verify this, but
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in the present cases statistics is marginal. We have therefore developed an-
other statistical test, the so-called Number of Positive Channels (NPC) of
the ridge structure. A smooth fit spectrum S(E,, E,) is carefully created
from the 2D rotational plane spectrum, M (E,, E,), as in the fluctuation
procedures [18|, and a new NPC spectrum is made by assigning the value 1
to channels with (M —.S) > 0 and 0 for (M —5) < 0. PCuts are then made
in the same way as for RPM spectra. The NPC (height-mean) at the ridge
position divided by the o of all the fluctuations, give then an expression for
goodness, like often applied to weak discrete peaks. An example of such
a spectrum is shown in Fig. 4. A goodness larger than 3o, indicate a 99 %
confidence level.
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Fig.4. NPC-spectrum (see text) for the hyperdeformed ridge structure for the

(p2n) =12°Cs channel. The goodness of peak are determined to be =~ 3.

Similar analysis has been made on many of the other residues, when
the statistics are sufficient. In the cases when 2 charged particles are used
for gating, the intensity becomes approximately 10 times weaker. However,
because of the higher selectivity obtained this way even 10 times weaker
structures becomes visible. Examples are shown for the (2p2n) =12*Xe
in Fig. 5.
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Fig. 5. RPM spectra with PCuts= 1280 & 84, 124 and 164 keV (left) and PCuts=
1360 + 84, 124 and 164 keV (right) for the (2p2n) =-1?*Xe.
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Fig. 6. Angular distributions for a-particles in coincidence with the 2%~-transition
in the ground state band (upper left panel), and with the SD/HD ridge structure
(lower left panel) in of (a2n) = '22Xe. Angular distributions for protons in coinci-
dence with the 366 keV ~-transition in the ground state band (upper right panel),
and with the HD ridge structure (lower left panel) in (p2n) = 25Cs.

Ridge structures are found in most cases, pointing to moment of inertias
in the range J@ ~ 70-115h2 MeV 1. More examples of spectra are shown
in Fig. 6 of Ref. [9]. A summary of the results up to now are given and
compared to theoretical values for HD nuclei, in Table I.

The most narrow ridge structures are observed when the Doppler shift
correction correspond to v/c 0.042690, slightly smaller than expected
for the full relativistic Doppler shifts, with v/c = 0.04330. One of the
explanations considered could be that the ridges are produced via an in-
complete fusion process where the « particle is emitted before the final
fusion of 9Fe 4 64Ni takes place.

3.1. Angular distribution of the charged particles

It seems hard to understand that the ridge structure at the very highest
spin can be observed both in (2n) and in (2p2n), (pa2n) and (2a2n) chan-
nels after normal compound formation and evaporation. We have, therefore,
used the DIAMANT particle array to investigate if angular distributions of
the charged particles used for gating, do correspond to the expectations for
compound evaporation for rapidly rotating nuclei or not. The Csl detec-
tors in DIAMANT are placed in positions corresponding to rings around
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TABLE 1

A preliminary summary of the results from the ridge analysis on residues from the
decay of the compound nucleus '2®Ba.

Particle gate | y-gate Nucleus AE, (keV) ng)) Jéﬁiory Probable shape
n (2n) 12634, 52 77 118 SD
a (an) 123Xe 56 71 SD
@ (a2n) 122X e 52 77 108 SD
o (a3n)  12'Xe 64 63 SD
2a (2a) 120e 56 71 SD
2 (2a2n)  118Te 36 111 97 HD
D (p2n) 125Cs 40 100 106 HD
D (p3n) 124Cs 36 111 HD
2p (2p2n)  24Xe 36 111 111 HD
a+p (apn) 1221 56 71 SD
a+p (ap2n) 1217 52 7 102 SD

the beam axis at ~ 15, 20, 35, 57, 78, 102, 123 and 145 degrees. We can
determine the particle angle for each event collected in coincidence with well
defined 7-ray energies, and ridge patterns. Angular distributions of evapo-
rated particles has been treated semi-classically by Catchen et al. [19]. The
distributions depend on spin, moment of inertia, and temperature expressed
in the parameter 35, which we estimate to be ~ 0.5 and 1.0 for protons
emitted from intermediate or highest spin, respectively. The corresponding
(B2 values for a particles are 1.8 and 3.5.

Angular distributions for a-particles in coincidence with the (2 — 0™)
transition and the SD/HD ridge structure in '?2Xe are shown in the left
panels of Fig. 6, as open circles and compared to the function calculated
for compound evaporation. Similar results are shown in the right panels of
Fig. 6 for protons feeding the low-lying 366 keV transition, and the HD ridge
structure in '?°Cs. For the symmetric reaction, the angular distribution in
the center of mass frame will have a forward—backward symmetry, and the
forward focusing of the theoretical cross section displayed in Fig. 6 is caused
by the solid angle transformation to the laboratory frame. There is clearly
an excess of counts at forward angles as compared to compound evaporation.
This may show that a significant part of the reactions goes via an incom-
plete fusion process, where the light particles are emitted prior to fusion with
a velocity equal to the projectile velocity, corresponding to 4 MeV for awand
1MeV for protons. Such particles may follow Coulomb trajectories when
they are emitted from the process. If this is the case they will be around
~ 30° and 45° in the center of mass system, corresponding to ~ 20° and 30°
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in the laboratory system, with energies of ~ 12MeV and 5 MeV, respec-
tively. It may be noted that the largest effect are seen for protons in the
(p2n) = 124Xe channel which shows HD ridge structures. Further investi-
gations of these problems are in progress. A preliminary analysis initiated
by Pasternak, was included in the presentation.
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