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Binary and ternary cluster decay of ®°Zn compound nuclei at high angular momentum, formed in the
36 Ar 4 Mg reaction at Ei.p(*®Ar) = 195 MeV, has been measured in a unique kinematic coincidence set-
up consisting of two large area position sensitive (z,y) gas detector telescopes with Bragg-ionisation cham-
bers(BRS). The BRS gives the opportunity to measure the reaction angles in- and out-of-plane, and through
Bragg-curve spectroscopy to achieve a complete identification of the nuclear charge for different final channels.
We observed very narrow out-of-plane angular correlations for two heavy fragments emitted in either purely
binary events or in events with a missing mass consisting of 2 and 3a-particles. These narrow correlations
are interpreted as ternary fission decay from compound nuclei at high angular momenta through an elongated
(hyper-deformed) shape with very large moment of inertia. In these stretched configurations the lighter mass
in the neck region remains at rest or with very low momentum in the center of mass.

PACS: 25.60.Dz, 25.70.Gh, 27.50.+e

For composite system in the light mass region
Acn < 60, the fusion-fission process is an important
channel in the compound nucleus (CN) decay. Of par-
ticular interest are the decays from deformed shapes
(super- and hyper-deformed) of N = Z nuclei. In fission
the saddle point configurations become strongly elon-
gated with smaller CN mass (decreasing fission parame-
ter), and a ternary fission process may be observed. In
addition, a collinear ternary fission decay is expected
for the highest angular momentum, and we will have a
stretched configuration of the formed fragments [1]. Us-
ing a generalized liquid drop model, taking into account
the proximity energy and quasi-molecular shapes (as
in the cluster models) [2, 3], the ternary fission process
from the hyper-deformed configuration is expected, and
will be enhanced due to a lowering of the correspond-
ing fission barriers at high angular momentum. An ad-
ditional lowering of the barrier by shell corrections is
predicted in many calculations, based mainly on the
Nilsson-Strutinsky method [4 —9]. The energetically
favoured shape for quadrupole deformation and for the
hyper-deformed configuration correspond to major-to-
minor axis ratios of 3:1. These shapes are stabilized due
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to quantal effects and represent configurations, which
are several MeV lower than the liquid drop fission bar-
rier. The ternary fission decay competes with the binary
fission due to the formation of these strongly deformed
configurations.

The present research is a study of collinear ternary
decay of the hyper-deformed ®°Zn compound nucleus
at an excitation energy of E., = 88MeV, formed in
the 3¢ Ar + 24Mg reaction at a bombarding energy of
Eiap (3% Ar) = 195 MeV. The maximum angular momen-
tum reached for ®°Zn is close to (48-50)A, consistent
with the predicted liquid drop limit [10]. The exper-
iment was performed at the ISL facility at the HMI
Berlin with the Binary Reaction Spectrometer (BRS)
[11,12]. The beam was pulsed with a time resolution of
1 ns, and high spatial resolution. The BRS consisted of
two large area heavy ion detector telescopes (labeled 3
and 4), positioned on either side of the beam direction.
Both detector telescopes have two-dimensional position
and time-of-flight (TOF) sensitive low-pressure multi-
wire chambers (MWC), Bragg-curve Ionization Cham-
bers (BIC), and all detection planes are electrically four-
fold segmented in order to improve the resolution. With
the BRS it is possible to measure two heavy fragments in
coincidence with respect to their in-plane (6s,6,), and
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Fig.1. Out-of-plane ¢3_4 angular correlations of coincident fragments with charges Zs and Z4. The yields are as follows for:
(a) binary decay, (b) binary decay with la-emission, (c¢) decay with 2a-emission, (d) decay with 3a-emission, (e) decay with
4a-emission as indicated. The width of broad component for different fission channels are shown

out-of-plane scattering angles (s, @4), time of flight
(TOF) and energy (E). In comparison to previous
works [13,14] these coincidences represent an exclusive
measurements of the binary fission yield. The Bragg-
curve spectroscopy is used for a complete coverage of
the charge yields in the different final channels. In
the present reaction: 3¢Ar + Mg — (CN, Zn*) —
— (M3Z3)+ (AZ)+(M4Z4), both heavy fragments with
masses (M3, M,) and charges (Z3, Z4) are registered in
kinematical coincidence and identified by their charges.

Charge separation in the BIC’s has been applied
by using corresponding gates on BP-E distributions for
each charge. Choosing the gates for different charges
and using correlations for Zs (charge obtained in the
first detector) — Z4 (charge obtained in the second de-
tector), the individual binary and non binary reaction
channels can be clearly identified. Fission channels are
defined by the sum of the observed charges of the frag-
ments, registered in coincidence, with missing charge
AZ = Ziota — (Z3 + Z4) — the charge of the compound
nucleus minus the sum of the charges of detected frag-
ments.

After selection of channels via the (Z3, Z4) correla-
tions we have unique results for the out-of-plane angular
correlations, 34, for different missing charges AZ. As
expected in the pure binary cases (AZ = 0, fragments
are only registered up to their a-particle decay thresh-
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olds), the out-of-plane correlation is sharp, except for a
small broader second component resulting from neutron
evaporation, see Fig.la. For sequential a-particle emis-
sion one would expect broader correlations with increas-
ing width for increasing missing charges. This is fulfilled
for missing charges AZ = 2, see Fig.1b. These events
are originally binary fission with an excitation energy
in either fragment sufficiently high for one a-particle to
be emitted. However, for missing charges of AZ = 4,
6 a strong narrow component, as in the binary cases,
was found together with a second broad component, see
Figs.1c,d. The origin of these two components can be
described with different fission mechanisms, as will be
discussed below.

In the %6Ar + 24Mg reaction, a compound nucleus,
60Zn, is formed. Apart from the statistical decay with
light particles emission, we can have different fission de-
cay channels:

1. Binary fission decay of the compound system: two
heavy fragments are formed (Zs + Zy = Zcon) with their
excitation energies below the a-particle decay thresh-
olds, this process we call pure binary decay.

2. A fission process, where 1-4 a particles are emit-
ted from the fully accelerated fragments, resulting in the
broad components in out-of-plane angular correlations,
p3_4 for AZ = 2—8. In momentum space the frag-
ments after a emission have a kinematical angular cone
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of scattering. We will call this process — the binary with
statistical a-particle emission.

3. A ternary fission process (from a strongly de-
formed state at high angular momentum, of about 48 )
with AZ = 4—8. For this ternary fission the emission of
the a-cluster structure from the neck area is expected.

These ternary fragments are formed by 2 or 3 a par-
ticles, and are expected to have very low momentum or
are at rest in the in the centre of mass(cm)-frame of the
CN. Assuming that the prompt ternary fission process
has a negligible probability, we will make in the following
the assumption of a sequential decay process. In order to
have a model for the kinematics of the ternary fragment,
we assume that the o-cluster structure in the neck is
emitted “backwards” from one of the moving fragments,
and thus finally obtains a small (or zero) value of its mo-
mentum in the cm-frame of the CN. The narrow width
components in Figs.lc and d around ¢3 + ¢4 = 180°
(coplanarity condition), can be understood with such a
formation of the missing charges in the neck. Looking at
the total kinetic energy (TKE) we find that this process
produces in the narrow 3 4-TKE correlation a much
higher value of TKE, then the average value obtained
with the statistical o emission in all directions. The
detailed analysis of this mechanism will be discussed
below.

For the narrow component we have to discuss the
contribution from contaminants in the target. This is
a very important question because our effect observed
in the out-of-plane distributions could be explained as
a binary decay of a compound system formed with 160
instead of a processes of the ternary fission from 9Zn.
In the present case it will be the 10436 Ar reaction for
the AZ = 4 channel (ternary fission mechanism), and
120436 Ar for the AZ = 6 channel. Therefore we must
estimate the probability of reactions with O and 2C
nuclei. We have four points, which show, that the reac-
tions are not due to 60 or 12C in the target (a contri-
bution of 15 % is estimated). All calculations have been
done by transformation into the center of mass frame.

1. Estimations of the target thickness. For the target
thickness determination of the 180 component, we used
the relation of the differential cross-section of the narrow
part (assuming binary for '60) in the yield with miss-
ing charge AZ = 4, to the differential cross-section for
the pure binary decay (binary for 2Mg) with AZ = 0.
If we assume that the narrow peak in the out-of-plane
distribution for the AZ = 4 case, arises due to reaction
on the 180, it was found, that two times more ¢0 is
needed than is possible for a completely oxidized 24Mg-
target (only a 10% contribution due to the oxidation is
expected).

2. Analysis of the ratios of differential cross-sections
for the different missing charge combinations. From the
out-of-plane distributions (see Fig.la, b) we have cal-
culated the ratio of differential cross-section of binary
process with la emission (3¢Ar4+24Mg — 28Si+28Si+
+1a) to the differential cross-section of the pure binary
process (36 Ar+2*Mg — 28Si+32S), and the same for the
160 case. We have found, that the yield in the broad
distribution (see Fig.1b) is 8 times stronger than the
yield of the pure binary reaction. Then we have consid-
ered a reaction, where the narrow part in AZ = 4 could
arise from the interaction 3¢ Ar with O (Fig.1c — binary
case): 36Ar+160 — 28Gi4-24Mg, and for a la emission
(36 Ar+160 — 28Gi+2°Ne+1q, Fig.1d, broad part). The
observed yield in the broad part in AZ = 6 should be
at least 8 times stronger, but the experimental results
show a very small broad component, which is a factor
10 to small to originate from 160. Hence, in this case the
36 Ar+24Mg reaction is dominating. A similar argument
has been applied for !2C in the target (see Fig.1d, e).
It has been concluded that the contribution to AZ = 8
(very small broad component — a factor 18) to be due
to the 36 Ar + 2C reaction is to small (a contribution of
15% from '2C to the narrow component in AZ = 6 is
estimated).

3. The width of the out-of-plane distributions for the
binary decays with a-emission. For the binary decay
(reaction on 2*Mg target) with sequential emission we
expect the broad out-of-plane correlations to have an
increasing width for increasing missing charges. This is
fulfilled for the distributions with missing charges AZ =
= 2,4, 6 and 8. The width increases from 9°(AZ = 2),
15°, 21° to 25° for AZ = 8, see Fig.2, respectively. This
fact shows that the observed broad components are con-
nected to the 36 Ar+2*Mg — 28Si+24Mg +Xa reaction,
where Xa-particles are emitted statistically from excited
fragments.

4. Analysis of the in-plane angular distributions (63
vs. 64). The analysis of two dimensional (f3, 84) cor-
relations has been done together with the kinematical
calculations for the two reactions, where the targets
are either 0 or *Mg. Using a gate applied in the
TKE-out-of-plane correlation, we have taken only those
events, which produced the narrow part. Then, we cal-
culated the kinematical curves for the same fragments
(Z3 = 14, Z4 = 12), formed in the *6 Ar+160 and ¢ Ar+
+24Mg reactions, respectively. We use an excitation
energy E., of the fragments in the 36Ar 4+ 60 reac-
tion with E,, ~ 10 MeV (where Qeg = Qo + Eez), and
E,. is below the decay threshold, but allowing mutual
excitation. These events correspond to regions where
the strongest contribution of the reactions on 6O are
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Fig.2. Two dimensional plot of 83 vs. 64 with calculated
kinematical curves for two detected fragments Zs, Z4 from
36 Ar+180 (fragment excitation energy E., = 10 MeV) and
36 Ar+2*Mg (E.. = 36 MeV) reactions. The experimental
yield obtained with a gate set for the narrow part in out-
of-plane vs. TKE distribution (insert)

expected. The kinematical curve lies in the border of
experimental events in the two-dimensional angular dis-
tribution, see Fig.2. In the region with a further increase
of the excitation energy (E., ~ 20 MeV), fragments will
emit a-particles, and the experimental yield of the 63
vs. 84 distribution can not anymore correspond to the
chosen reaction exit channel (Z3 = 14, Z, = 12) on 0.

For the 36Ar + 24Mg reaction we will not have the
restrictions in the excitation energy area, because the
reaction channel (Z3 = 14, Zy = 12) has high exci-
tation energy in each fragment to allow evaporation of
two a-particles (Ee, is ~ 36 MeV). For this reaction, the
kinematical curve is in good agreement with the exper-
imental data (Fig.2), where the main intensity of regis-
tered events are located.

For the discussion of the fission mechanism we must
consider the formation and the decay of the compound
nucleus at the highest angular momenta, see also [15].
We have a three-body configuration which produces the
narrow component in the (¢) correlations at |¢3 + ¢4| =
= 180°. Three fragments could be placed at differ-
ent relative orientations. In ref. [1] it has been shown,
that for small angular momenta a triangular configu-
ration is favored, while for higher angular momenta
the decay system has a stretched configuration caused
by centrifugal forces. In our case the ®°Zn compound
nucleus decays with 2a or 3a clusters formed in the
neck, — the missing a-particles must be placed between
the two heavier fission fragments. This decay may go
Mucema B MIAT® Tom 85
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through two phases: the first — the decay of the com-
pound system in two fragments, the second — a se-
quential a-cluster emission from one of the fragments:
A+a— B+ (b+ (2¢,3a)), see Fig.3a. As discussed

(a)

PB .B (0} oo Pbc

(b)

Py .B P.C Py
m(B)  m(C) m(b)

Fig.3. Ternary decay as a consecutive two-steps fission
process. The first phase — (a), is a binary decay of the
compound system in two fragments B + bc. The second —
(b), (¢) — a cluster emission from one of the fragments

before for our narrow out-of-plane distributions, the re-
action mechanism can be modeled with the a-clusters
emitted “backwards” from one of the moving heavier
fragments (the angle between fragments remains 180°),
as shown at the Fig.3b.

We consider the kinematics of the second phase in
the sequential cluster emission after fission, when the
ternary clusters are emitted, see Fig. 3 b, c. We define
Ppg, Py, Py, and P as the momenta (in the center of
mass frame) of the first primary fragment — B, of the
second primary fragment — bC, of the final fragment b
(after cluster emission) and of the ternary cluster — C,
correspondingly. Analogous we define: Eg, Ey, Ec —the
kinetic energies in the exit channel. The energy conser-
vation for present reaction is: Eg+ Ep+ Eg = E¢p + Q.

The conservation of the linear momentum in the ¢cm
frame for the second phase gives: Pg + P, + Pc = 0.
Then the kinetic energy of the fragment b is:

_ (P + Pc)2 _ P132 + P02 + 2PgPc _

By = 2m(b) 2m(b)
_ m(B) m(C)
= n® P mE) T

2/ m(B)m(C
+ %\/EBEC cosfpc, (1)
where 0p¢ is the angle between Pg and P¢ in our case

cosfpc=1. This equation in velocity units is:

m? (C) ,
2m(b) €

(2)

The calculations have been carried out for the:
36Ar+24Mg — 2*Mg + (%6Ar — 28Si+2a) reaction,
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Fig.4. Two dimensional out-of-plane ps_4 vs. TKE distributions (left part) and the projection of TKE with two separated
components (right part) for coincident fragments with charges Z3 and Z4. The gates are applied on the narrow parts, which
are used for the determination of the total kinetic energy in ternary cluster decay. The broad component represents the
statistical binary decay with random a-particle emission from the excited fragments

where the kinetic energy (Ej) of the 2Mg, and then the
TKE process have been calculated. The velocities vp,
veo and energy Ep are obtained from the first step and
we assume that P, = —Pc.

From the calculations (in the cm frame) we found
that in the mentioned model for ternary fission as a se-
quential process, the TKE values are 23 MeV larger as
compared to the average value of TKE of the fragments
produced in the binary decay processes with the ran-
dom emission of a-particles from the moving fragments.
If we suppose that the narrow part in the two dimen-
sional out-of-plane distribution is connected with con-
sidered two-steps process of compound nucleus decay,
we can compare calculations by formula (2) with ex-
perimental data. Of course, the energy in experimental
data was obtained in the lab. system, but the difference
between TKE of the ternary fission and a evaporation
processes can be compared with calculations for TKE
in the cm frame. Using the special gates (see Fig.4, left

part), we have separated the narrow and broad compo-
nents in the experimental data in two parts and have
observed, that the average difference of TKE between
narrow and broad part is approximately 27 MeV (see
Fig.4, right part, top). This value agrees with the calcu-
lations according to equation (2). In the same way were
made calculations for 3a-cluster decay: 3¢Ar+ 2¢Mg—
— 24Mg+(*6Ar— 2*Mg+3a). From equation (2) we
predict, that the TKE of the fragments (when 3alpha
clusters are forming), are 30 MeV higher as compared
to the average value in the binary decay with 3a emis-
sion from fragments. This is again in a good agreement
with the experimental observations, where the difference
is 31 MeV, see Fig.4 right part, bottom. From these
results we can conclude that the collinear geometry de-
scribes the values of the TKE in an appropriate way.

We have also investigated the yield systematic of the
two fragment coincidences as a function of the charge
asymmetry for the different values of the missing charge
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AZ, where yields for the broad and narrow parts of out-
of-plane distribution are obtained (the results are given
in ref. [15]). Here a strong odd-even effect in the yield
distributions has been observed.

The present work shows, that the narrow and broad
out-of-plane correlations can be understood to originate
from two different reactions mechanisms. The com-
prehensive observation of the exclusive narrow coplanar
fission-fragment coincidences in our work is a unique
feature, which can only be observed with described ex-
perimental set-up. We also conclude that the collinear
ternary decay processes is the most probable fission
mode and is observed due to the formation of elongated
hyper-deformed configurations, which arise in the decay
compound nuclei at high angular momentum.
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