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Abstract. Coincidences between two heavy fragments have been measured from fission of ®Ni compound
nuclei, formed in the *2S + 2*Mg reaction at Ejqp(*?S) = 165.4 MeV. A unique experimental set-up
consisting of two large area position sensitive (x,y) gas-detector telescopes has been used allowing the
complete determination of the observed fragments, and their momentum vectors. In addition to binary
fission events with subsequent particle evaporation, narrow out-of-plane correlations are observed for two
fragments emitted in purely binary events and in events with a missing charge consisting of 2o and 3a-
particles('2C). These events are interpreted as ternary cluster decay from *°Ni-nuclei at high angular

momenta through hyper-deformed shapes.

PACS. 2 5.70.Jj, 25.70.Pq, 24.60.Dr

1 Introduction

Clustering and large deformations are observed as general
phenomena at low excitation energy in light N=Z nuclei.
At higher excitation energies and higher angular momenta
super- and hyper-deformed shapes are predicted (and par-
tially observed) in nuclei with masses ranging from A =
20 up to 100, see [1-7]. For these nuclear configurations
shell corrections for quadrupole deformation parameters
B2=0.6-1.0, corresponding to major-to-minor axis ratios
of 2:1 up to 3:1 (for ellipsoidal shapes), play an important
role. These states are typically found at energies, which
are several MeV lower than the liquid drop values. At
lower angular momentum, the deformed shell corrections
will also stabilize the rotating nucleus in its super- and
hyper-deformed shapes [5] and in some cases enhanced
~y-transitions can be expected to be observed over several
spin values. In the present work the cluster decay at higher
angular momentum is considered.

Configurations showing the cluster structure of the
hyper-deformed states in 6Ni were obtained with the Brink-
Bloch a-cluster model [2], highlighting the relation be-
tween large deformations and clustering. This work sug-
gests that hyper-deformed states in *®Ni will fission into
several clusters, in particular at high angular momentum.
Furthermore, ternary fission is predicted for such nuclei
using an approach based on the generalised liquid drop

model [8,9], taking into account the proximity energy and
quasi-molecular shapes as obtained in the a-cluster model [2].
The ternary cluster decay has, in the present mass range,
a less favourable Q-value as compared to the binary mass
split, particular binary and ternary mass splits are pre-
dicted to be favoured [2] also from SU(3) cluster-structure
considerations [10]. As will be shown in the following, how-
ever, ternary cluster decay can be strongly enhanced for
the largest deformations due to the lowering of the fis-
sion barrier obtained with the large moments of inertia
and by the aforementioned shell corrections. Until now
experimental evidence for such ternary break-up has only
been reported [11-13] by our group for ®°Zn with a simi-
lar experimental set-up. Searches for hyper-deformation
in heavier nuclei via 7y-decay at high angular momen-
tum [15] have shown that its identification is a very diffi-
cult task, because the probability of fission will be strongly
increased.
We have studied fission events from the decay of the
56Ni compound nucleus (CN) at an excitation energy of
% = 83.8 MeV, formed in the 32S+%*Mg reaction at
Eip = 163.5 MeV. The incident energy was chosen to
correspond to the Ef W of the last broad resonance [16]
observed in the 28Si+2®Si channel. In the experiment two
heavy fragments are measured in coincidence. The com-
pound nucleus decay in the 32S+24Mg system has been
studied extensively by Sanders et al. [17]. From this pio-


http://dx.doi.org/10.1140/epja/i2008-10592-7
http://hal.in2p3.fr/in2p3-00274397/fr/
http://hal.archives-ouvertes.fr

in2p3-00274397, version 1 - 18 Apr 2008

2 W. von Oertzen et al.: Ternary Cluster Decay of **Ni

neering work some basic information on the CN formation
is available. For instance, the maximum angular momen-
tum reached for 56Ni, is close to 45k, consistent with the
predicted liquid-drop limit [14]. At these high angular mo-
menta the binary fission decay can reach up to 10% of
the total fusion cross section, which leads dominantly to
evaporation residues. In the present work ternary fission is
identified by the coincident registration of two fragments
with a measured total charge much lower than the com-
pound nucleus. This is done with a unique experimen-
tal set up, which allows the full coverage of the in-plane
and out-of-plane angular correlations. The ternary clus-
ter decay in the present case competes at high angular
momentum with the binary fission and the evaporation of
3a-particles (which have very negative Q-values) and high
fission barriers, due to the formation of elongated hyper-
deformed configurations and the corresponding lowering
of the ternary fission barriers.

2 The Experiments
2.1 Experimental conditions

The experiment was performed at the VIVITRON Tan-

Fig. 1. The BRS-Euroball-IV set-up used for the study of
coincident fission channels in the reactions 32S + 24Mg—> Z3+
Zs+AZ, at Egp = 163.5 MeV .

dem facility of IReS (Strasbourg) with the BRS-EUROBALLScattering angles, § and ¢, respectively over a wide angu-

set-up [18-20] aimed at particle-y-spectroscopy (see Fig. 1).

We report here on the results of charged particle spec-
troscopy, first results on the 7y-spectroscopy will be re-
ported in ref. [21].

Two detector telescopes (see Fig. 2), labelled 3 and
4, are located symmetrically on either side of the beam
axis. Each of them comprises two-dimensional position-
sensitive a low-pressure multi-wire chamber (MWC) and
a Bragg-curve ionisation chamber (BIC). All detection
planes are electrically fourfold segmented, in order to im-
prove the resolutions and counting rates. A scheme is
shown in Fig.2, there the arrangement of the position sen-
sitive part and the Bragg-ionisation chambers are shown.

In the reaction, schematically written as:

(Ml, Z1)+(M2, Zz) — 5ONi* — (M3, Z3)+(AZ)+(M4, Z4),
two heavy fragments with masses (M3, M4) and charges
(Zs3, Z,) are registered in kinematical coincidence and iden-
tified by their charges. Further details of the detectors and
the experimental set-up are given in [21,13]. The 2*Mg tar-
gets consisted of 240 ug/cm? enriched to 99.9% on a layer
of 20 pg/cm? of 12C. The vacuum in the present case was
rather poor, therefore oxidation of the target was appre-
ciable. For the later discussion the potential contributions
from oxygen in the target and the '2C-backing are of im-
portance.

The two detectors cover in-plane angles, of 8, = 12.5°—
45.5°, and in their centre planes the out-of-plane angles
¢r ranges are A¢p = 0° £+ 16.8°, or 180° £ 16.8°. The
centre-of-mass angular ranges are with the “inverse” kine-
matics in the region 6., = 70° — 125°. With the position
sensitive detectors the correlations have been measured
between two heavy ejectiles for in-plane and out-of-plane

lar range. Other parameters measured are the Bragg-peak
height BP, the range R and the rest energy E, giving the
identification of the fragments by their charge and mo-
mentum vectors. With the BRS it is therefore possible
to measure two heavy fragments in coincidence with re-
spect to their in-plane (03,64), and out-of-plane (¢3, @4)
scattering angles, their time of flight (TOF) and energy
(E). In comparison to previous work these coincidences
represent an exclusive measurement of the fission yield.
A typical two-dimensional spectrum of BP versus E is
shown in Fig. 3. An example of a gate in one of the de-
tectors is shown in Fig. 3, from these the inclusive yields
are obtained by alternatively setting gates in the detectors
3 or 4. These yields are shown in Fig. 4. They have not
been corrected for contributions from target contaminants
(see below). For large charge asymmetry the efficiency gets
below 100% (see also ref. [12,13]. The absolute values are
typically 50% smaller than those in the previously studied
case [13] of 36 Ar+-24Mg system. In this case the excitation
energy in %°Zn was higher, 88 MeV as compared to 83.8
MeV in 58Ni in the present case, and the limiting angular
momentum is smaller by 3-5 &

The relation (¢3 — ¢4)=180° for the out-of-plane an-
gles defines coplanarity. The reaction plane is defined by
the beam axis and the two vectors of the emitted heavy
fragments.

Reaction channels are determined by the the sum of
the observed charges of the fragments, (Zon = Z3 + Z4 +
AZ), with different values of AZ = 0 - 8. This proce-
dure gives information for channels with a well defined
missing charge AZ=(Zon — Z3 — Z4). For binary exit-
channels, with two heavy fragments which do not evap-
orate particles, narrow out-of-plane ¢-distributions must
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Fig. 2. Details of the position sensitive detector telescopes of the BRS. The position sensitive (X,Y) low-pressure multi-wire
(MWC) part and the Bragg-Ionisation Chamber (BIC) part, are indicated.
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Fig. 3. (Color online) Bragg-peak-Energy distributions of events in detector 3 obtained in coincidence with a Z = 14 gate in
detector 4 as shown in the insert for the reaction 32S+4+2*Mg— Z3 + Z4+AZ.

be observed. For non-binary channels with the evapora-
tion of light particles broad distributions (broad in the
¢-distributions) appear, because of the missing informa-
tion on the momenta of the unobserved third particles.

2.2 Assessment of contributions from contaminants in
the target

For the following discussion of ternary events these out-
of-plane correlations are essential. The fragment yields,

N(Zs, Z,), are plotted in Fig. 5 as a function of (¢3 —
¢4) for some combinations of Z3 and Z4, with even to-
tal charge, but different AZ. The coplanarity condition
is fulfilled for purely binary events (Z3+Z;=28) in the
form of a narrow peak around (¢3 — ¢4) = 180°. The
small broader component in the out-of-plane angular cor-
relations is the result of neutron evaporation. No strong
narrow correlation is observed for AZ = 2 (first column
in Fig. 5), where the corresponding recoil of the evap-
orated a-particles widens the angular correlation. These
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Fig. 5. Yields (counts), N(Zs, Z4) for (Z3 + Z4) = even, of coincident fragments with charges Z3 and Z4, as indicated, as a
function of the out-of-plane angles (¢35 — ¢4), in degrees (note the different vertical scales). The out-of-plane angular correlations
show differing widths for binary decay (col.1) and for the respective non-binary emission channels with missing AZ = 1a(col.2),
20(col.3), and 3a(col.4) in the reaction ?S + **Mg at Ej.p = 163.5 MeV, see also Fig.7.
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Fig. 4. (Color online) Inclusive coincidence yields, obtained
with a gate set for Z-identification in either of the detectors the
detectors (3) or (4) for the reaction 32S+2*Mg— Zs 4 Z4+AZ.

events correspond to binary fission with an excitation en-
ergy being sufficiently high for one a-particle to be evap-
orated from either of the fission fragments. Note that the
top of these distributions are not flat, a very small nar-

row component can also be extracted from these spectra
(refs. [12,13]) these would correspond to ternary coplanar
decays with one missing a-particle. There are other pos-
sible combinations of (Z3, Z,), which give essentially the
same picture, however, with differing yields.

The expectation is that for larger charge losses AZ >
2 (a sequential emission of several charged particles) the
¢-correlations will have increasing width (as observed in
refs. [11,12]). This is fulfilled with a broader component,
e.g. for two missing a-particles, AZ = 4 (col.3), and for
AZ =6 (col4) in Fig. 5. For AZ= 4 and 6 small broad
components are observed. For AZ= 8 the Q-values are
very negative and no contributions from the fission of *®Ni
can be expected.

An appreciable contribution from reactions on 60 in
the target is present as purely binary events in the narrow
part of AZ = 4, and the corresponding (-1a)-emission
channel within the broad part for AZ = 6. The latter
is, however, rather small (see below). The narrow compo-
nents in AZ= 4,6 are stronger (factor 2-3) compared to
the yield of the purely binary case, except for the channels
with (Z=8, 1%0). As we will see later, the narrow parts,
after subtraction of the '®O contribution can be described
(as in ref. [11,13]) by coplanar ternary cluster decay.

Whereas the purely binary decay has a small yield,
the yields corresponding to the emission of la-particle
are the largest at this incident energy (see also [11,13,
24]), they are broad in the ¢-correlations due to the mo-
mentum spread induced by the recoil in the evaporation
process. The yields in these broad distributions are typ-
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Fig. 6. (Color online) Out-of-plane angular correlations N(¢s — ¢4) with a fixed gate on Zs for binary coincidences (compare
with Fig. 5) and the respective emission channels with missing AZ = (1-4)a. The expected broad yield in AZ = 6,8 are shown
for the assumption that the narrow components in AZ = 4,6 are fully due to the contaminants '°0 and '2C, respectively.

ically 5-8 times stronger than those of the purely binary
channel. This fact gives us the possibility to estimate the
contributions from the potential target contaminants, for
the reaction on ¢0: e.g. 328 + 60 — 28Si + 2ONe (cor-
responding to AZ = 4 from the target 2*Mg). If all events
in the narrow components in the AZ = 4 would originate
from a binary process on 0, a corresponding strong wide
component from the reaction 3284160 — 28Si + 160 +1a
(about factor 5) must appear in AZ = 6 (see Fig. 6, thin
(red) line distribution). For this we assume the centre of
mass cross sections for the fission of 3Ni and *®Cr to be
approximately the same. This assumption is based of the
following arguments: The maximum L-value reached for
48Cr is 10% smaller giving a 30% smaller total cross sec-
tion. However, from the statistical model prediction the
number of open channels decreases with decreasing exci-
tation energy in *8Cr, giving a larger cross section for the
mentioned individuel channels, thus compensating the be-
forementioned effect. The broad component in AZ = 6 is
smaller than expected from these considerations, the event
rate is a factor 2.5 to small (see also the same procedure
for the fission of in %0Zn ref. [11,13]). The narrow compo-
nents from 12C in the target, e.g. reaction 32S + 2C —
28Gi + 160 corresponds to AZ = 6 relative to the target
24Mg. Similarly, We can assume that the observed nar-
row AZ = 8 component originates from '2C alone, how-
ever, based on yield in the narrow AZ = 6 component
the the expected yield of the (-1la)-broad component in
AZ = 8 should be 4 times larger then observed, actually
for purely binary channels from '2C, the kinematic con-
ditions for the sum energies and angles are unfavourable
in the regions of §; = 12.5° — 45.5° spanned by the BRS,
thus binary reactions on 2C can only give small contri-
butions. With these observations we find that the narrow
distributions in the yields N(¢3, ¢4) are only partially due
to the reactions on the 24Mg target, however, we are able
to subtract the contributions from the contaminants. The

quantitative determination of the amount of the contribu-
tions from contaminants is discussed below.

For the further discussion of the contaminants we in-
vestigate the correlation with odd total charges (see Fig. 7).
No very narrow peaks appear in AZ = 1, because of the
emission of a proton. The increase of the width from AZ
=1 to AZ = 3 is clearly due to the (additional) emission
of the a-particle. For AZ = 5, however, we observe again
a narrower peak as observed in AZ = 1. The Q-value for
the loss of 2a-particles and lproton for the 2*Mg-target
is very negative (see Tab. ), so that this contribution to
AZ = 5 is very small. We can safely assume that the
third column in Fig. 7 corresponds completely (almost
100%) to the reaction with AZ = 1 on the 'O in the
target, which has a less negative Q-value. From this as-
sumption, we can determine the 6Q-content by assuming
that the fission into fragments with (-1p)-evaporation on
both %0 and on ?*Mg have the same cross section (in
the cm-system) as done before for the -1a. Again the fis-
sion cross section of the related compound nucleus *8Cr
at slightly smaller angular momentum will be smaller by
30%, however, due the expected lower excitation energy of
the fragments increased cross sections are expected in the
-1p and -la channels. With the assumption of the equal
-1p cross section for the “8Cr and ®¢ Ni cases, we ob-
tain a 45% 160-content in the 24Mg-target of 240 u/cm?,
with an uncertainty up to 60% The absolute values (after
subtraction of the contaminants) of the differential cross
sections in the cited channels shown in Fig. 8 are actually
very close to those observed in ref. [11,12] for the fission
of 99Zn with slightly higher excitation energy and angular
momentum. This agreement between two completely in-
dependent experiments is very important. A difference ap-
pears for the compound nucleus **Ni with the high yield
of (Zs + Z4 = 14 + 8), which is observed in both the
broad (this can not be influenced by ®Q-contributions)
and the narrow components. Actually the Q-values may
also favour a true ternary decay(see Tab. )
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Fig. 7. Yields, N(Zs, Z4) for (Z3+Zs)=o0dd, as a function of (s — ¢4), in degrees (out-of-plane angular correlations) for

coincident fragments with charges as indicated.

3 Reaction mechanisms

As an overview on the reaction mechanism giving the nar-
row components in the ¢-correlations, we can consider
three different mechanisms.

i) Pre-fission emission of a-particles: fission of the CN after
the emission of nucleons or of one or two (and even more)
a-particles. Such pre-scission process will not disturb the
correlation of the two remaining fission fragments. We
can rule out this process, because a second chance fis-
sion [17,26] after particle emission is very unlikely. From
the systematics of Morgenstern [27] the average energy
carried by one nucleon is 16.4 MeV and by one a-particle
is 23.4 MeV. In the pre-equilibrium emission of one nu-
cleon or a-particle this amount of energy or more must be
removed. Furthermore, no significant contribution from
a narrow peak in the ¢-correlations is observed for the
fragment-fragment coincidences with one missing charge
or for AZ= 2. In the latter case a small narrow compo-
nent can be extracted, because the distributions do not
exhibit a “flat” top.

ii) A strong spin alignment of the binary fission fragments:
e.g. for AZ= 4 (with sequential emissions) with their an-
gular momenta completely aligned perpendicular to the
reaction plane. The alignment from the first step has to be
preserved for the whole set of data. The fact that narrow
¢-correlations still appear for AZ= 4,6 makes it rather
unlikely that such a special correlation is created and per-
sists through all decays.

iii) Ternary fission: the missing a-particles have only a
small momentum perpendicular to the reaction plane. A

prompt (simultaneous) ternary decay with the a-particles
in the neck is unlikely, rather we must consider two sub-
sequent fission processes in a time sequence with two neck
ruptures in a short time interval. In this case the emission
of the third fragment in the second step would occur in
the reaction plane [12].

If the third clustered fragments are preformed in the
neck of the composite nucleus the two remaining heavier
fragments are emitted in a sharp correlation as in the case
of a purely binary fission process. As explained below, due
to the energy balance the ternary process can only occur
for the highest angular momenta, and the decay then has
to be collinear, and the value of (¢35 — ¢4) remains 180°.
We note that in an earlier measurement, performed with
the BRS-spectrometer for the reaction ¢ Ar+**Mg(CN -
60Zn) at Ej,; = 195 MeV, under similar conditions the
same unique narrow correlations with (@3 —¢4)=180° have
been observed [11,24].

The definition of reaction channels is obtained by the
choice of the sum (Z3+Z4) and the broad or narrow part
of the ¢-correlations. The corresponding differential cross
sections are shown in Fig. 8, they represent the average
value for the angular ranges (centre of mass) of ca 70°-
125°. The angular distribution in the mentioned range are
flat [11,12,22] and are symmetric around 90° as in the
case of %°Zn. For the broad part, interpreted as binary
fission with a corresponding excitation in the fragments
for particle evaporation to occur, a subtraction of the '6O-
contribution is made for the -3a-channel. For the narrow
component (ternary fission) in the (-2a and -3a)-channels
the reduction in both cases is by a factor 0.45. The strong
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Fig. 8. (Color online) Yields of fission decay of ¢ Ni: upper part, binary, with (AZ = 0,2, Zf, 6) and lower part, ternary cluster
decay with missing charges (AZ = 4,6). The yields are obtained by selecting one fragment Z3 and a coincident fragment. For
respective non-binary emission channels the missing charges are AZ= (2)-1¢,(4)-2c, and (6)-3a-particles .

odd-even effect in the yields is as expected from statistical-
model predictions, which was also discussed in ref. [11,12].

In the statistical model calculations of [25] the yield
for this channel is enhanced due to the favourable Q-value,
this work also shows the odd-even effect in the yields. The
differences in the yields for the different Q-values between
the odd and even channels, and the more favourable Q-
value (by 5 MeV) of the channels with Z = 8 are consistent
with the presently observed higher yields. The general be-
haviour is very similar to the result for 9Zn, there no
preference of channels with 160 is observed, and not ex-
pected from their Q-values.

The higher yield in the channels with Z = 8 could also
be explained by the preferential decay of a hyper-deformed
resonant state, which is known at exactly the chosen ex-
citation energy in the 56Ni nucleus (populated due to the
choice of the incident energy on top of a 28Si+28Si reso-
nance), described in [2,30]. The shape as predicted in the
cluster model is shown in Fig. 9, the formation of 160 is
favoured for all shapes.

From the detailed analysis we can also claim that there
are again the narrow components in the ¢-correlations in
binary events, which appear at (¢3 — ¢4) = 180°. This
result point at least to a coplanar ternary cluster de-
cay. For this fact a comment on the geometrical shape
of the fission saddle and the three-body configuration is
needed. The three fragments could be placed at different
relative orientations, however, it can easily be shown that
for larger values of the total spin J, the collinear config-
uration, which has the largest moment on inertia relative
to all others, gives the lowest fission barrier. This feature
has been calculated for some specific cases by Wiebecke
and Zhukov [28]. Thus we indeed expect a collinear decay
with (¢3 — ¢4) = 180°, with the ternary fission domi-
nantly occurring at the highest angular momenta. The re-
sult also indicates that the missing particles are multiples
of a-clusters. Such behaviour is predicted by the a-cluster
model in [2] for the hyper-deformed shapes of *®Ni at high
angular momentum, which are shown in Fig. 9. From this
figure we may also conclude that the triaxial configuration
may dominantly decay into 2*Mg + 2a + 2*Mg, whereas
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Fig. 9. Clusterisation of the highly deformed 56Ni nucleus in
the Brink-Bloch-Cluster model as obtained by Zhang et al. [2] .
Different binary and ternary decay channels with the formation
of %3i,>*Mg, °0 and 'C are expected to be favoured.

the axially symmetric one would decay into 60 + 3a +
28Gi. Both channels strongly contribute to the ternary fis-
sion.

4 Statistical model for fission

A major point in the interpretation of the data is to ex-
plain the strong yield of the “ternary” fission channels
in view of their more negative Q-values. However, e.g.
for the binary decay with 3a-particles emitted the frag-
ments must be excited, the Q-values are thus similar to
the ternary decay with 3a-particles missing. For the inter-
pretation of the data as a fission process from an equili-
brated CN, we have to consider the statistical phase space
for both binary and coplanar ternary fission. This can be
achieved by considering the Extended Hauser-Feshbach
Method (EHFM) [26]. For ternary events, implying Na-
particles in the neck, we make the assumption that their

momentum in the centre of mass is small. We will disre-
gard the phase space of these particles, as well as their
kinetic energy. For a CN with excitation energy, Ef y, a
ternary Q-value Qy5(3,4), and excitation energies of the
fragments given by Us, Uy, with their relative kinetic en-
ergy as Eyi,(3,4), we have the constraint for the excitation
energies: Us + Uy = By + Qgs(3,4) —Ekin(3,4). The two
excitation energies are connected, both fragments being
registered in coincidence before further decay. The excita-
tion energies, Us and Uy, are below the a-decay threshold,
which for even-even nuclei with (N=Z) is in the region of
5-8 MeV.

The differential cross section for different mass parti-
tions (,j) depends on the product of the level densities
pi(Ui, J3), pj(Uj, J;), for i = 3,j = 4 and on the “inverse
fusion” cross section o(Ej;n(3,4), Rs, J)

do(3,4

aﬁé;é5=CmW@medemm@®&J)

(1)
J3 and Jy are the spins of the fragments (with total spin
J), and R, distance between fragments for the choice of
the configuration (R;=R3+Rs+d, where d is a neck pa-
rameter). For the total energy balance, with potential en-
ergy Vpeo];f (J,3,4, R,), which includes the rotational en-
ergy. We define the free energy which is available for the
fragments to be excited (excitation included in the defini-
tion of (3,4)) or emitted in their ground states:

Efree (37 4: J) = EE'N + Q(37 4) + Vpeo];f(JJ 3; 47 Rs) (2)

This value will determine the yield for a particular par-
tition. The rotational energy E,.(J, 3,4, Rs) depends on
the total spin J and on the moment of inertia Oy (Ry).
The total potential contains the shell corrections Agp (R;)

at the deformed saddle point: Vpeo’;f (J,3,4,R;) =

E 0t(J,3,4, Rs) + Vot (3,4, Rs) + Asp(Rs). The values of
the shell corrections (in the range of 5-8 MeV) to the sad-
dle point of hyper-deformed shapes are particular large for
N = Z = 28, and can be found in the review of Ragnarson
et al. [6].

The interpretation of the relative yields of the binary
and ternary fission yields can be obtained from these con-
siderations, they will be determined by:

a) the Q-values, namely different values of E¢rec(3,4,J) ,
also different values of U; and U; needed for particle evap-
oration,

b) the shell corrections for large deformations (3:1 axis
ratio),

¢) the angular momentum. Because of the different mo-
ments of inertia, Oy, for binary (normally deformed) and
ternary (hyper-deformed) shapes, the corresponding dif-
ferences in fission barrier heights become smaller at high J
values (see Fig. 10). Some relevant values are summarised
in Table 1. We also point to the dependence of the yield
on the mass asymmetry and angular momentum as dis-
cussed e.g. in ref.[17]: at low angular momentum asym-
metric mass splits are favoured, whereas at for large val-
ues of J a flat distribution as in Fig. 8 as function for Z3 4
is predicted.
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Fig. 10. Potential energies for selected fragmentations in the
decay of %°Ni as a function of the deformation (represented by
the distance R. between the two heavier fragments) for differ-
ent angular momenta (in units of &) for binary and ternary fis-
sion, respectively. Channels with different AZ, (missing 2 and
4a-particles) are shown. The barriers and the free energy (in-
dicated by the arrow) are marked. The Q-value for, 28Si424Si
is +3.04 MeV, and Q = -16.9 MeV for the ternary decay with
8Be (-2a).

Table 1. Q-values (Q), the inverse of the moments of inertia
(h?/20;;) and barrier heights By for J = 45h (in MeV) for
some fission channels of **Ni

Reactions K?/20s; | By | Q [MeV]
Bin,— Oa, 28Si + *8Si 0.038 74.8 | + 3.04
Bin,— 0c, *°Ne + 36Ar 0.041 81.3 | — 2.67
Bin,— 0a, >Na + 3'Cl 0.040 88.6 | —10.3
Bin,— 1o, **Mg + 28Si — 6.947
Bin,— la, 60 + 3%Ar — 7.405
Bin,— 1o, ?>Na, + %P — 16.991
Bin,— 1la, 26Al + 26A1 —17.953
Tern,— 2a, **Mg + Mg 0.015 73.7 | — 16.93
Tern, — 2a, 2A1 + ?°Na, — 27.40
Tern, — 2a, 28Si + °Ne — 16.26
Tern, — 3a, **Mg + °Ne 0.014 78.9 | — 26.24
Tern, — 3a, 22Na + ??Na 0.0154 89.5 | — 36.86
Tern, — 3o, 28Si + 0 —20.99
Tern, *Si + 2C + 50 —13.34
—1p,20 ,(**Myg), °Ne+2"Al —27.85
Bin (on "°0), **Mg + *"Mg — 2.88
— Ip, (on *0), 60 + 3P — 8.86
— la, (on **0), %0 + 285i — 6.95

In the calculations by Royer [9], the liquid-drop en-
ergies, the Q-values and the rotational energies constitute
the main part of the barrier heights for the fission process.

becomes comparable to the binary barrier, and the differ-
ence in Q-values being compensated by the smaller value
of E.ot(J,3,4,R,). In Table 1 we show the Q-values and
the rotational energies at the saddle point for J = 45h.
The Q-values are more negative for ternary mass splits,
therefore negligible contributions are expected at low an-
gular momentum. The ternary fission process from the
hyper-deformed configuration is expected to be enhanced
due to a lowering of its ternary fission barrier by the shell
corrections. The Q-values for the ternary mass splits with
odd-odd charge fragments are in addition 5-10 MeV more
negative. Thus, in these cases much lower yields and less
subsequent decays via particle evaporation are possible.

5 Conclusion

We conclude that the observation of the narrow coplanar
fission fragment coincidences in the present data, in con-
junction with the earlier work on the same phenomenon
for °Zn in [11-13], is a unique feature, which can only
be observed with the experimental set-up presented. It
gives evidence for the occurrence of ternary cluster decay
processes in excited N=Z nuclei, the two cases 0Zn, >6Ni
have been studied at similar excitation energy (88 MeV
and 83.5 MeV) and angular momentum (42-45 %). The
two rather independent experiments gave absolute (and
relative) cross sections for binary and ternary fission de-
cays which are comparable (within factors of 1.5-2).

The ternary coplanar fission is a signature of the decay
from an extremely deformed nucleus at high angular mo-
mentum. Although a detailed analysis within the statisti-
cal model still needs to be undertaken, the relative yields
in the different channels clearly show the odd-even stag-
gering expected as a function of charge from the statistical
model. with the lower yields for the negative Q-values in
the odd-odd channels. Remarkable is the preference for
particular cluster decays, also expected from considera-
tions of the the statistical phase space. The Q-values with
160 in the final channel are always typically higher by 4-
5 MeV and the channel 28Si+!2C+'60 can be favoured
in addition. The result indicates that the highly deformed
nucleus ®6Ni is clustered, and the formation of a resonance
(obtained by the choice of the incident energy) with a par-
ticular shape may contribute to the observed fission yield
systematics. The populated state is well described in the
Brink-Bloch cranked a-cluster model [2], its shape was
shown in Fig. 9.

This work also shows that the search for structures
with hyper-deformation in rapidly rotating nuclei, can be
pursued with charged-particle spectroscopy. The neck rep-
resents a region of low nuclear density favouring the for-
mation of a-clusters as discussed by Horiuchi [29]. For
nuclei in the medium-mass region a complete reconstruc-

With the angular momentum dependence of V;ofgf(J, 3,4, Rs) tion of the ternary fission events can be undertaken with

the free energy Fyrec(3,4,J) at the saddle point is dra-
matically reduced (see Fig. 10) for both the binary and the
ternary mass splits as a function of J. The ternary barrier

appropriate detector systems. Thus, measurements of the
ternary fission process offer the possibility of a detailed
spectroscopy of extremely deformed nuclear states.
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