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Observation of two-a emission from high-lying excited states of *Ne by
complete-kinematics measurements
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Two-a emission from high-lying excited states of '¥Ne was studied by complete-kinematics measurements.
The '8Ne beam at the energy of 51.8 MeV/u was bombarding a '°” Au target to populate the excited states via
Coulomb excitation. Products of two-a emission, '°C-a-a, were measured by an array of silicon strip detectors
and a CsI + PIN telescope. With the help of Monte Carlo simulations, the experimental results show the
characteristics of sequential two-a emission via 'O excited states. Sequential two-o and two-proton emissions
from '8Ne via one-particle daughter states are compared and the distinction of the opening angles of these two
modes originates from the difference of the mass ratio of emitted particles to daughter nuclei.
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I. INTRODUCTION

Two-particle correlation measurements were used to study
the properties of highly excited nuclear systems over the
last few decades. Following the discovery of rotational band
structure in “°Ne, two-a (2«) angular correlations were
measured first to assign the spins for high-lying excited levels
inthe '>C('2 C,)*°Ne reaction [1]. Later, different o- angular
correlation methods were widely applied to deduce quantum
numbers for resonances in the continuum of 2°Ne [2,3]
and >*Mg [4,5]. Moreover, two-particle relative-momentum
correlation functions can provide information about the space-
time characteristic of the emitting system [6,7]. In the 40Ar-[8]
and '%0- [9] induced reactions on the '°7 Au target, although the
a-o correlation functions were dominated by the decay of the
8Be ground state [J™ = 0, " = 6.8 V], the distributions still
showed a broad peak at about 105 MeV /¢ corresponding to the
first excited state [E* = 3.04 MeV, J® =21, [ = 1.5 MeV]
of ®Be. ®Be emission, with a substantially higher Coulomb
barrier than “He, may be related to the exotic structure of the
decay states in these nuclei.

With the development of new detection techniques [10],
complete-kinematics measurements can be achieved and two-
particle correlations in the exotic emission have been proven
to be a versatile tool to study the breakup of a quantum system
into three particles, for instance, in the cases of °Be (5 /27)
[11] and '>C (17) [12]. Generally speaking, the distinction
of the three-body breakup can usually be made between
direct and sequential two-body decay. In the direct breakup,
three particles simultaneously leave the interaction region,
and dynamical correlations between them can be observed
experimentally. In contrast, sequential two-body decay is
realized via a one-particle daughter state or a resonance of two
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particles. The only correlation originates from conservation
laws for the sequential emission.

The radioactive nuclei close to and beyond the proton drip
line provide a flexible platform for the study of the three-body
breakup which was primarily focused on core-proton-proton
configurations, such as two-proton (2p, fermions) emission
from '8Ne [13,14], 2°S [15], and 2P [16]. Here we present
studies of the three-body breakup of '3Ne with another
configuration, i.e., two-« (bosons) emission from excited states
by complete-kinematics measurements.

II. EXPERIMENTAL DETAILS

The experiment was performed at the National Laboratory
of Heavy Ion Research (HIRFL) of the Institute of Modern
Physics, Lanzhou, China. A primary beam 2’Ne at an energy
of 78.2 MeV/u and an average intensity of 10 pnA, was
extracted from the Separate Sector Cyclotron (SSC) and
fragmented on a °Be target with a thickness of 1590 um.
A radioactive ion beam (RIB) of E/A =51.8 MeV '®Ne
was separated and purified by the RIB line [Radioactive Ion
Beam Line in Lanzhou (RIBLL)] spectrometer [17] using the
combined Bp-A E-Bp method. The schematic diagram of the
detector setup is plotted in Fig. 1. Secondary ions, with an
intensity of 10* ions/s RIBs mixture and a purity of '*Ne
at 35%, were identified by using the time of flight (TOF)
and energy loss (AE). TOF was measured by two plastic
scintillators placed on the second and fourth focus planes of
the RIBLL spectrometer and A E was obtained with a silicon
detector (SDO). Figure 2 shows a two-dimensional fragment
identification spectrum of A E versus TOF. A total of 2.1 x 108
8Ne events were accumulated in the experiment. Then RIBs
impinged on a secondary target, '’ Au, with a thickness of
383.9 mg/cm?. Two parallel-plate avalanche counters fixed
in front of the AE detector were used to reconstruct the
interaction point of each fragment incident on the target. A
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FIG. 1. The schematic diagram of the detector setup designed for the study of exotic emissions of '*Ne by the complete-kinematics

measurement.

detector array was mounted behind the secondary target in
order to achieve complete-kinematics measurements of all the
reaction products. This setup consisted of a sequence of eight
silicon detectors and 6 x 6 Csl crystals. As shown in Fig. 1, SD
is a large-area silicon detector (SDO,1,2,3: 325 um and SD4:
1000 um) and SSSD is a single-sided silicon strip detector
(300 pm thick, 24 strips, 2 mm wide with a 0.1-mm interval).
SSSD1,2 were placed in a crossed geometry to provide x
-y measurements for heavy fragments and SSS3,4 for light
particles. Each CsI crystal (15 x 15 x 20 mm) was coupled
with PIN photodiodes for reading out. An opening angle
covered by the detector array in the laboratory was +11° in
this arrangement.

Measurements of energies and scattering angles of light par-
ticles produced in reactions were achieved by a multiple-stack
telescope in the detector array. Light particles passed through
silicon detectors and stopped in the CsI crystals. SSSD3,4 and
SD4 were used for energy-loss measurements of the emitted
light particles. The residual energy was measured by the CsI +
PIN detectors. Calibration of these detectors was achieved by
light-particle beams at different energies originating from the
projectile fragmentation with the Bp setting for light-particle
transmission. Figure 3 displays an identification spectrum of

180 190 200 210 220 230
ToF(ns)

FIG. 2. Particle identification spectrum of energy loss from a
large-area silicon detector versus time of flight between the two plastic
scintillators for RIBs.

light particles emitted from the excited states of '8Ne. For
single-particle emission in Fig. 3(a), one can clearly see proton
and deuteron bands, and barely a triton band. A 4He band can
also be seen at higher values of the energy loss and residual
energy. The *He band could hardly be detected. In Fig. 3(b),
the double hits correspond to two particles in two different
CslI crystals in the same event. The plotted quantities are the
sum of the energy losses of the two particles in SSSD4, and
the sum of the two Csl energies. 2« emission events were
unambiguously identified from other two-particle emission
events by the AE-E, method. Although some bands, such as
proton-proton and proton-deuteron events, cannot be separated
in Fig. 3(b), the two particles of each band can be identified,
respectively, by the A E versus E, matrix of the single particle
in Fig. 3(a).

The heavy fragments, such as '®Ne, *O, and '°C, were
identified and tracked by another multiple telescope composed
of SDI1, SSSD1,2, and SD2,3 for measurements of the
energy loss and residual energy. These silicon detectors were
calibrated using the secondary ions produced by the primary
beam 2°Ne, such as °Na, '”!8F, and '°0 with the Bp setting
for transmission. In order to get higher-energy ions during the
calibration of each silicon detector, the 2’ Al degrader after the
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FIG. 3. Light particle identification spectra from the detector
array. The energy loss in the SSSD4 is plotted as a function of
the residual energy in the CsI + PIN detector array. (a) One-fifth
of one-particle emission events and (b) total two-particle emission
events from the excited states of '®Ne.
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FIG. 4. Two-dimensional matrix for the identification of the
heavy fragments from the excited states of '®Ne by the energy losses of
SD1 versus SSSD1, which is coincident with the 2« gate in Fig. 3(b).
The daughter nuclei '°C of the reactions on the secondary target are
unambiguously identified.

Be target was removed. Figure 4 displays the identification
of the daughter nucleus of 2« emission from the excited states
of '8Ne by the energy losses of SD1 versus SSSD1. Compared
with the energy-loss calculation by the program LISE [18],
ions of ®Ne and '°C were identified and displayed in the
circle and ellipse regions, respectively. The two-dimensional
identification plot provided the reaction information in detail.
The events in the ellipse represented the reactions on the
secondary target. When the reactions took place on SSSD2 and
SD2, the ions could be identified as '®Ne by the energy losses
of SD1 versus SSSD1, as shown in the circle. The events in
the rectangle originated from the breakup on SSSD1 and those
from reactions on SD1 were distributed over the area between
the rectangle and the ellipse.

III. DATA ANALYSIS AND RESULTS

A. Identification of the reaction channel of 2«ac emission

The '°C-a-a coincidences were carried out event by event
for the analysis of 2o emission from the excited states of
18Ne. First, the parent nucleus '*Ne was selected on the two-
dimensional RIB identification spectrum of A E (SDO) versus
TOF (see Fig. 2). Second, the events within the 2« gate were
identified by the AE (SSSD4) versus E, (Csl) matrix (see
Fig. 3). Finally, identification of the decay daughter nucleus,
10C, was achieved with the two-dimensional AE spectrum of
SD1 as a function of SSSD1 (see Fig. 4). After the selection
procedure, about 700 events of 2« correlations emitted from
the excited states of '*Ne were identified totally.

B. Experimental results and Monte Carlo simulations

In the present experiment, the opening angle (65"),
the relative momentum (gu. = [P1 — P2//2), the excited
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FIG. 5. Reconstructed excitation-energy spectrum for 'Ne from
three-body correlations of '°C-a-ar events.

states (Eex), or the invariant mass of decay products in the
center-of-mass system of the parent nucleus '8Ne have been
reconstructed by kinematical analyses. Resolutions of these
observing variables were determined by energy and position
resolutions of the detector array. The energy signals from
silicon detectors included the energy losses of both heavy
fragments, '°C, and light particles. We calculated the energy
losses of two «’s in each silicon detector using the residual
energies in the Csl crystals and the program LISE [18].
Thus, as displayed in Fig. 4 the energy loss of the daughter
nucleus was deduced. In addition, a small fraction of the
total kinematical energy (TKE) of '°C deposited in SD4. This
fraction of the TKE could be calculated via energy losses
in silicon detectors before SD4 in a similar way. With these
arrangements and the resolutions of the detectors taken into
consideration, the resolutions of the experimental setup are
about 500 KeV for Ec, 5° for 65", and 5 MeV/c for goy.,
respectively.

Figure 5 displays the excitation-energy spectra of '8Ne
reconstructed from '°C-a-a events. Several resonance states
are visible at excitation energies of 20.7, 23.3, and 26.2 MeV.
These states are so high that their excitation energies and con-
figurations have not been precisely measured in experiments.
In order to investigate 2« correlations from the high-lying
excited states, one of the excitation-energy regions, 24.6 <
E. < 28.1 MeV, was chosen to study in detail. The 6™ and
quq distributions for this excitation-energy region are shown
in Fig. 6. The experimental data show an enhancement at
angles greater than 90° for ;™. The angular correlations are
different from others, such as the opening angle of 2p emission
(isotropic or enhanced at angles less than 90°) [14—16]. The
gaa covers the area from 30 to 210 MeV/c and reaches a
maximum at 150 MeV/c.

In order to reproduce the experimental data, Monte Carlo
(MC) simulations of sequential two-body emission were
carried out. Because the energies, spins, and parities of the
high-lying initial levels, as well as some intermediate and final
states, were still unknown, the accurate calculation including
the configurations of these states could not be realized. Instead,
simple sequential emission via one-a daughter states ('4O*)
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FIG. 6. Distributions of the opening angle (top) and the relative
momentum (bottom) of two-o emission from an excitation-energy
region of ®Ne, 24.6 < E, < 28.1 MeV, show sequential two-body
emission via '*O excited states.

or a resonance of two a’s (®Be: 01, 2*) was simulated in
the code. The possible a-decaying candidate states in '“O
were 10.89, 11.24, 11.97, 12.84, 13.01 MeV, and so on [19].
The distributions of 85" and g, were not so sensitive to the
branching ratios of intermediate states in '*O. The energies of
initial levels were obtained by using the method of Gaussian
curve approximation to fit the distribution of the excitation-
energy region, 24.6 < E. < 28.1 MeV. Isotropic emission [a
flat distribution for cos(f) between — 1 and 1, ¢ between
0° and 360°, respectively, in spherical coordinates] from the
excitation-energy region of 'Ne was taken into consideration
in the MC code, which was similar to the simulation of 2p
emission from '"Ne [20,21]. This means that the possible
angular correlations due to the angular momentum and parity
conservation were neglected. In the simulation, the energy and
position resolutions of detectors, the experimental setup, and
Coulomb deflections of heavy fragments were also taken into
account. The MC simulation showed basically the character
of sequential two-o emission via '*O excited states from
the '®Ne excitation-energy region, 24.6 < E < 28.1 MeV
(see Fig. 6); the solid, short-dotted, and dashed curves
represent the sequential emissions via '*O excited states, *Be
(0%), and ® Be (2%), respectively. Figure 7 displays the similar
distribution of 65 of two «’s emitted from excited states
less than 35.0 MeV of the nucleus '®Ne and the data were also
described by the sequential 2« emission via '*O excited states.

MC simulations showed that the detection efficiencies were
about 49.0, 30.6, and 52.1% for the sequential emissions via
140 excited states, $Be (0™), and 3Be (27), respectively. As
the pairs of « particles from the ground state of ®Be [Q (a) =
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FIG. 7. The opening angle of two-o emission from excited states
of the nucleus ¥ Ne less than 35.0 MeV and the simulative comparison
of two-o with two-proton emissions via one-particle daughter states
display the influence of the mass ratio of emitted particles to daughter
nuclei on the distribution of 6™,

91.8 KeV] came out very closely in the laboratory, 65.2% of
them would be detected by the detector array, and 34.6% hit a
single CsI crystal. Therefore, identification of 2« coincidences
that required two separate Csl crystals resulted in a much
lower efficiency for $Be (0") emission than the others. 2«
positions were obtained by both Csl detectors and SSSD3,4.
Although the smallest opening angle of Csl detectors (3.6°)
was unsuitable for the measurements of ®Be nuclei in their
ground state, position resolutions of SSSD3,4 (0.9°) were good
enough to actually identify them. The experimental results
reconstructed by the SSSD3,4 also showed the nonobservation
of emitted ®Be nuclei and kept consistent with the distribution
of the observing variables deduced by the Csl detector
array.

Although the sequential approach was simple and further
studies of correlations resulting from the conservation of angu-
lar momentum and parity would be required, the simulation of
sequential 2« emission via 'O excited states reproduced the
enhancement at angles greater than 90° for 6;;". In addition,
a simulation of sequential 2p emission via 1p daughter states
from the same energy levels of '*Ne showed a nearly isotropic
distribution for 6;;™. It indicated that variations of the mass
ratio of emitted particles to daughter nuclei (m,/mg) are
chiefly responsible for the different distributions of 6™ For
instance, in an extreme case, m,/my > 1 (emitted particles
are in fact much heavier than the daughter), the opening angle
would have the distribution of a maximum at 180°. And in the
former experiment of 120 [22,23], the distribution of 9;[',‘“' of
sequential 2p emission showed a slight enhancement at angles
greater than 90° with a small value of m,/mg close to zero.
Therefore, with the increases of the m,/m, values, the peaks
of the opening angle distribution for two particles sequentially
emitted from the parent nucleus would move to large angles in
the interval [90°,180°] due to kinematical effects, which has
been reproduced well by the MC simulations.
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IV. CONCLUSION

In summary, we performed the first complete-kinematics
experiment of two-o emission from high-lying excited states
of '8Ne. The experimental results combined with simple MC
simulations show sequential 2 emission via 'O excited
states. The distribution of 65" shows an enhancement at
angles greater than 90°. Compared with the opening angle of
2p emission, it is the ratio of m , / m, that results in the different
distribution for 6™ in sequential two-body emission.

To understand the delicate relevance between nuclear
structure and two-« emission, the highly precise energy levels
and their configurations of '®Ne are required to be measured
in experiments. In addition, the direct breakup calculated by
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strict three-body theories are needed for 2« emission although
the sequential model fits the data.
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