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Abstract: A transfer reaction and cluster-decay experiment, 2C(10,2*Mg— a+2°Ne)a, was performed at a beam
energy of 96 MeV. Both recoil and decay « particles were detected in coincidence, allowing us to deduce the energy-
momentum of a 20Ne fragment. A number of resonant states of 2*Mg were reconstructed up to an excitation energy
of approximately 30 MeV. Owing to the experimentally achieved excellent resolutions of the Q-value and excitation-
energy spectra, the relative decay widths for each resonant state in2* Mg to various final states of 29Ne were extrac-
ted, along with the total decay width. The obtained results provide good testing ground for theoretical descriptions of

multiple clustering configurations in2* Mg,
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I. INTRODUCTION

Clustering is a fundamental phenomenon of the nucle-
ar structure, which tends to emerge around the corres-
ponding cluster-separation threshold and may persist to
higher excitation energies [1—5]. Originally, inclusive
missing-mass measurements were used to speculate the
possible cluster structure by excluding the states already
classified into single-particle systematics [2, 5]. Over the
past two decades, the coincident measurement of decay
fragments has allowed the selection and reconstruction of
resonant states that possess relatively large cluster prob-
abilities, therefore avoiding the high level density of
single-particle-type states [5, 6]. To date, considerable
theoretical and experimental research has been devoted to
the study of cluster configurations in neutron-rich berylli-
um, carbon, and oxygen isotopes [7-22].

Moving to heavier nuclei, clustering in >**Mg is inter-
esting because of not only the richness of its cluster con-
figurations, but also its role in nuclear astrophysics asso-
ciated with the formation of elements in stars, such as
carbon burning [23, 24]. The cluster configurations of

2Mg include a + 2°Ne, 2C + 2C, '°0 + 2a, >C + 3a,
and the 6a condensation state, with increasing separation
thresholds at 9.32, 13.93, 14.05, 21.21, and 28.48 MeV,
respectively. These configurations have been investig-
ated theoretically and experimentally but with limited ro-
bust outcomes, especially in the high excitation region
[25-41].

One a emission (a+2°Ne) corresponds to the lowest
separation energy among all the cluster-decay channels of
2#Mg and hence should appear strongly in measurements.
It is thus important for theoretical models to correctly de-
scribe the a+?"Ne structure in *Mg together with the as-
sociated decay paths and widths before being applied to
other more complicated channels. So far, several experi-
ments have identified a number of a+?°Ne clustering
states in >*Mg for excitation energies below 18.5 MeV, as
summarized in Refs. [42, 43] and comparatively listed in
the last column of Table 1. These measurements were in-
clusive and generated significantly more states than those
with strong clustering structures. To be more selective, it
is necessary to detect and identify the decay a particle or
20Ne fragment. This was once experimentally realized
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Table 1. Summary of the resonant states of 2*Mg reconstructed from the a+2°Ne decay channel. For comparison, the corresponding

results from previous AMD calculations and inelastic or resonant scattering measurements are also presented.

This study AMD [31] Inelastic exp. Resonant exp. [42]

E,/ I/ Relative decay width E,/ Jx E,/ Jx E,/ Jr

MeV keV 20Ne (g.s.) 20Ne (2+) 20Ne (4+) MeV MeV MeV
12.6 (1) 260 (20) 1.00 12.578 2+
13.1(1) 140 (20) 0.56 0.44 132 0} 13.1 [44] 0+ 13.089 2%
13.7(1) 180 (30) 0.42 0.58 13.79 (1) [40] 13.680
14.1 (1) 220 (20) 0.06 0.94 14.084 not 2%
14.3 (1) 90 (20) 0.47 0.53 14.348 3-
14.8 (1) 150 (30) 0.02 0.98 14.863 2+
153 (1) 240 (20) 0.13 0.87 03 15.33 (3) [40] 15.347 4+
16.7 (1) 340 (10) 0.11 0.83 0.06 16.666 even
17.2 (1) 300 (10) 0.19 0.81 17.133 5~
17.6 (1) 290 (80) 1.00 17.615 5-
17.9 (1) 90 (70) 0.26 0.58 0.16 17.830 not 4+
18.1 (1) 120 (90) 0.28 0.64 0.08 18.149 5~
183 (1) 140 (120) 0.15 0.85 18.320 0+,6%
19.3 (1) 300 (20) 0.30 0.70
20.1(1) 300 (50) 0.14 0.48 0.38
20.3 (1) 180 (10) 0.06 0.03 0.91
20.6 (1) 100 (40) 0.13 0.13 0.74
21.0(1) 510 (60) 1.00
21.5(1) 380 (20) 0.08 0.61 0.31
21.7(1) 140 (60) 0.12 0.44 0.44
21.9(1) 370 (20) 0.09 0.11 0.80
229 (1) 480 (50) 0.63 0.37
23.1(1) 190 (50) 0.03 0.88 0.09
23.4(1) 320 (40) 0.55 0.45
24.4 (1) 890 (80) 0.06 0.55 0.39
24.5(1) 480 (30) 0.10 0.90
25.2(1) 380 (36) 0.12 0.52 0.36
26.1(1) 630 (40) 0.02 0.29 0.69

and reported in several conferences [40, 44], where a few
0" states were tentatively allocated, as also listed in Ta-
ble 1.

In this paper, we present a new measurement of the
reaction-decay process '°O('2C, *Mg—a+*Ne)a for
2¥Mg excitation up to 30 MeV. The coincidentally detec-
ted data allowed us to reconstruct clustering resonant
states according to the decay paths related to various fi-
nal states of the 2’Ne fragment. The results may be im-
portant as a benchmark for the future theoretical calcula-
tions.

II. DESCRIPTION OF THE EXPERIMENT

The experiment was performed at the HI-13 tandem
accelerator at the China Institute of Atomic Energy (CI-
AE) in Beijing. A 96-MeV 'O beam with an intensity of
approximately 4.5 enA was incident on a 220 ug/cm?
(0.98 um) self-supporting ™" C target. The transfer reac-
tion 2C('°0,?*Mg*)a was used to populate the high ly-
ing states in >*Mg. Both recoil and decay « particles were
detected by an array of eight position sensitive charged-
particle telescopes, namely LO~3 and RO~3, which were
symmetrically placed on both sides of the beam axis, as
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schematically displayed in Fig. 1(a).

Two forward telescopes (LO and R0O) were centered at
24° with respect to the beam direction and placed at a
distance of 162.25 mm from the target center. Each con-
sisted of two layers of double-sided silicon strip detect-
ors (DSSDs) with thicknesses of approximately 40 pm
(W1)and 500 um (BB7) and one large-size silicon de-
tector (SSD) with a thickness of approximately 1500 pm
(MSX40). The active areas were 50 mm x 50 mm for W1
and 64 mm x 64 mm for BB7 and MSX40. For the
DSSDs, the front and back sides were segmented into 16
(for W1) or 32 (for BB7) strips, providing good two-di-
mensional position resolutions and the ability to record
multi-hit events in one telescope. L1/R1 had the same
composition as LO/RO but were centered at 47° and
placed at a distance of 176.25 mm. L2 (or R2) was com-
posed of one DSSD-W1 and one SSD and centered at
78°. L3 (or R3) consisted of one DSSD-BB7 and one
SSD, centered at 110°.

The energy match for all silicon strips in one DSSD
can be achieved using the uniform calibration method de-
scribed in Ref. [45]. Absolute energy calibration was per-
formed using an a-particle source with three energy com-
ponents (5.155, 5.486, and 5.805 MeV) and an elastically
scattered 7Li particle from a thin '°7 Au target [16]. The
typical energy resolutions of the silicon detectors were

LO/RO-W1+BB7+MSX40
Distance: 162.25/201.75/217.75 mm
Range: 15.8~33.2°

L1/R1-W1+BB7+MSX40
Distance: 176.25/221.50/237.50 mm
Range: 39.5~54.8°
L2/R2-W1+MSX40

Distance: 176.25/237.50 mm
Range: 62.5~77.6°

L3/R3-BB7+MSX40
Distance: 221.50/237.50 mm;
Range: 101.9~117.9*

—
L=p

AE (MeV)
(=] (") = wn
[=] (=] <o (=]

= i |II[I‘\\L\jI!I||..1||‘___\

—
(=
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Fig. 1. (color online) (a) Schematic view of the experiment-
al setup. The distances of the detector layers, such as
WI1+BB7+MSX40, for each telescope pair, such as LO/RO, are
indicated along with the corresponding angular coverage of
the telescope. (b) Particle identification using the standard
method of the energy loss (AE) versus the remaining energy
(E) taken from one pixel of the LO-DSSDs.

less than 1.0% for a 5.805-MeV a particle. The position
resolutions can be determined by the respective strip
widths.

The timing signals from the strip detectors were also
recorded, which can be used to discard most accidentally
coincident events. This is important because the strips
close to the beam axis sustained a high counting rate. As
depicted in Fig. 1(b), good particle identification per-
formance has been achieved for light isotopes after apply-
ing suitable conditions on the coincidence time, as well as
those on the track information across several silicon lay-
ers [20].

Two a particles from the targeted reaction '2C(1°0,
a+?°Ne)a, namely, the decay and recoil particles, can
also be discriminated to a large extent according to kin-
ematics, subject to a limit on the excitation energy. Fig-
ure 2 shows the simulated energy vs angle distribution for
the two types of a particles, assuming an excitation en-
ergy of 26.0 MeV in **Mg and 4.248 MeV in the 2°Ne
fragment. In the plot, the black solid line represents the
recoil a particles, whereas the red band represents the de-
cay a particles. The black line tended to approach the red
band when the excitation energy in 2*Mg was increased.
The critical energy appeared at approximately 30 MeV,
below which the two sources of a particles were clearly
distinguished. Hence, in the present study, we only ex-
tracted resonances below 30 MeV.

Once two out of three final-state particles were identi-
fied using the AE — E method, the kinematic quantities of
the third particle could be deduced according to energy
and momentum conservation [46]. For the reaction
2C(1°0,%*Mg—a+"Ne)a, the heavier 2°Ne fragment
could not be directly identified from the detection be-
cause it should have been stopped in the first DSSD layer.
Therefore, the resonant states of 2*Mg could only be re-

60 -
5 E E(*Mg) = 26.0 MeV
o and
B E,(°Ne) = 4.248 MeV
40 B
=
(]
2 30 black-solid line:
hlg recoil o

red band:
decay o

IEIWIIIWIIIIIll

aoge |y yey

A S I
) 20 40 60 80 100 120 140 160 180
0 (deg.)
Fig. 2. (color online) Relationship between energy and angle

(Lab) for the recoil a particles (black solid line) and decay o
particles originating from excited Mg (26 MeV) and accom-
panied by 2°Ne (4.248 MeV) (red band).
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constructed using the detected decay o particle and de-
duced **Ne fragment.

III. ANALYSIS AND RESULTS

The reaction Q value is defined by the mass deficit
between the initial and final particles and is therefore use-
ful in determining the reaction channels. Equivalently, it
can be calculated from the energy released during the re-
action:

0= Erecoilﬁa + Edecayia + Exne — Evo. (1)

where Exn. represents the deduced value. Figure 3 shows
the excellent resolution of the O-value spectrum in which
the ground state (Qgg ~ 2.540 MeV), first excited state
(excitation energy at E, ~ 1.634 MeV and spin-parity of
27%), and second excited state (E, ~ 4.248 MeV, 4%) of
20Ne can be clearly discriminated, corresponding to dif-
ferent decay paths. For E,(**Ne) > 5 Mev (Q<-7
MeV), there are many close-by states in 2°Ne, which
were indistinguishable in the Q-value spectrum and
labeled by "?" in the figure. We note that the good O-
value resolution is attributed to the excellent energy res-
olutions for the incident beam and the silicon detector, as
well as to the small energy loss in the target [14].

Using the detected decay a particle and the deduced
20Ne fragment, the relative energy (or decay energy) of
the resonances in **Mg can be reconstructed according to
the standard invariant mass (IM) method [8, 14, 15, 20].
A contamination channel arises from the reaction
2C(10, Be—a+a)?°Ne, which has the same final mass
combination and hence cannot be eliminated by the Q-
value selection. We checked this contamination channel
using the two-dimensional Dalitz-plot [18, 47] corres-
ponding to the reconstruction of >*Mg versus ®Be. It was

712098 78777
7000 2- 6" 4248
> 6000 713.414 4+
® 3
2 5000 1,634
= >
g g 210.694
g 3000 43*
=
S 2000 Qggg
1000
0 U TR A Y O NN S TN /00 VAN LA LI (0 L | L
=25 20 -15 -10 -5 0
0 (MeV)
Fig. 3.  (color online) Q-value spectrum for the reaction

2C(10,*Mg—a+?Ne)a, calculated using the energies of
the detected decay and recoil a particles and the deduced 2°Ne
fragment. The peaks in the spectrum are associated with the
ground and excited states (as marked) of the 2°Ne fragment.

found that the formation of 8Be presents some back-
ground for 2*Mg-states at E* > 20 MeV. In the data ana-
lysis, we cut off events with Ef;, < 3 MeV to improve the
signal-to-background ratio. The same cut was also ap-
plied to the efficiency simulation (see below).

In Fig. 4(a-c), we plotted three excitation-energy (rel-
ative energy plus the corresponding separation energy)
spectra for *Mg, conditioned by the highest three O-
value peaks, as shown in Fig. 2. Each spectrum was fit-
ted by a number of resonance peaks plus a smooth vary-
ing continuum background [14, 48]. The peak positions
were initialized according to the previously reported res-
ults, the actually obtained spectrum shape, and the con-
sistency between spectra for different decay paths, as
presented in Fig. 4(a), (b), and (c). During the fitting pro-
cedure, the corresponding peak centroid and width for
one resonance in **Mg decaying into different final states
of 2°Ne were kept the same. Each peak in the figure is a
convolution of the Breit-Wigner (BW) form with the

550 (@) to Ne (Ground State)
i —_»v ggt‘:;mmd é 006
- - Bfficiency =
= - Peaks (Hit =
200 ; <o Sum oi"pc)aks : 0.04
ool L 10.02
= b to 2Ne (27) {008
Z 600} =
S 1006 <
8 400/ 1 g
j E g
2 F e 0.036%  ]0.04.2
= = i = =
3 E # \ E b3
& 200} 10.02
- © to *Ne (4) |08
600 0.06
400¢ N | 10.039%10.04
200/ 0.02
10 12 14 16 18 20 22 24 26 28 30
E (MeV)
Fig. 4. (color online) Excitation-energy (relative energy plus

the corresponding separation energy) spectra conditioned by
the highest three Q-value peaks, as indicated in Fig. 3. Each
spectrum is fitted by a number of peak functions (blue-dash
lines), which are BW forms convoluted with energy resolu-
tion functions, plus a continuum background (black-dashed
lines). The simulated detection efficiency curves (black-dot-
ted lines) are also plotted, with several characteristic values
indicated at the curves.
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Gaussian-type energy-resolution function [20]. The en-
ergy resolution and detection efficiency (acceptance)
curves as a function of the relative energy were obtained
via Monte Carlo simulation considering a reasonable an-
gular distribution of the produced **Mg and its decay
fragments as well as the actual detection setup, energy
and position resolutions of the detectors, and applied cuts
in the data analysis [14, 20]. Because the efficiency
curves (Fig. 4) varied gradually over the range of a typic-
al peak, we maintained it as a constant for each peak [20].
The extracted resonance energies (E,) and widths (I") are
listed in Table 1 in the first and second columns, respect-
ively. The values in the parentheses give the correspond-
ing statistical errors (standard deviation). In addition, a
systematic uncertainty was estimated according to the
Monte Carlo simulation, which was approximately 100
keV for both the peak centroid and width [14]. Note that
the statistical significance for each peak in Fig. 4 was also
evaluated by taking the ratio of the peak count to the
square root of the background count (statistical fluctu-
ation o) within a range of =+I' relative to the peak
centroid. In the case of one resonance decaying into vari-
ous final states of 2°Ne, only the most significant was
taken into account. In Table 1 and Fig. 5, we present only
the resonant states with those significantly larger than 5¢
(confidence level (CL) > 99.99 %).

From the reconstructed IM spectra in Fig. 4, the relat-
ive decay width for each resonant state to one specific fi-
nal state, as a ratio to the sum of the widths for all three
final states, can be extracted according to the number of
counts in each fitted peak, corrected by the correspond-
ing detection efficiency. The results are shown in Fig. 5

and listed in Table 1.

IV. DISCUSSION

The observed resonances for E, < 18.5 MeV effect-
ively reproduced the results of a previous a-cluster reson-
ant elastic scattering experiment (see Ref. [42] and Table
1), confirming the correctness of our measurement and
data analysis. In the 2*Mg(a,a') inelastic scattering ex-
periments by Kawabata et al. [44] and Adsley et al. [40,
41], the three states at E, = 13.1, 13.79, and 15.33 MeV
n 2*Mg were found to have large a-decay widths com-
pared to their corresponding proton-decay widths and
were tentatively assigned spin-parities of 0*. These states
have correspondence to our measurement and are presen-
ted in Table 1. On the theoretical side, the work of Chiba
and Kimura using the antisymmetrized molecular dynam-
ics (AMD) approach combined with the generator co-
ordinate method (GCM) has predicted a series of 0F
states with various cluster configurations for >*Mg [31],
which are also listed in Table 1 for comparison. The
present study showed that the a+?°Ne configuration in
24Mg may persist to high excitation energies, consider-
ably beyond the thresholds of other cluster configura-
tions. This may affect the formation of other types of
clusterings, which should be orthogonal to existing states.

Recently, decay-path selection was proposed and suc-
cessfully applied to probe the specific cluster structure
[20, 21]. In the present study, owing to the excellent res-
olution of the Q-value spectrum and thus the clear dis-
tinction of the decay paths for each event, we were able
to extract the relative decay strengths of each **Mg res-
onance, as displayed in Fig. 5 and listed in Table 1. Inter-

120r [ to °Ne (ground state)
B to >°Ne (2°)
100 | R 0 *'Ne (49
£ 80t
S 60 I 1 _— -
o
o
2 H
S 40t .
T, 5
1~
20 - -
0 | II | ﬂ__l_.l ol II
CAN AN DY ’»‘o%\’b’b\’bb%%’\QO»\b«usf\,\
\%\%\%\v\v\b‘\a\b«'\'\%%q,&wm@%\,\/ NV T A A A 0"
E, (MeV)

Fig. 5

(color online) Relative decay width determined from the number of counts in each resonance peak, corrected by the corres-

ponding detection efficiency and normalized to the sum of the widths for all three final states of 2°Ne. The green-filled, red-upward-
hashed, and blue-downward-hashed bars represent the relative widths for decay into the ground, 1.634 MeV (2%), and 4.248 MeV (4+)

states of 2°Ne, respectively.
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estingly, we found many resonances decaying domin-
antly into the first or second excited states of the 2°Ne
fragment instead of into its ground state. This may
provide a testing ground for future theoretical calcula-
tions.

V. SUMMARY

A transfer reaction and cluster decay experiment,
16Q(12C,**Mg— a+*Ne)a, was conducted at a beam en-
ergy of 96 MeV. This reaction channel exhibited a large
Q-value in favor of populating the highly excited states of
24Mg. The obtained Q-value spectrum exhibited a suffi-
ciently high resolution, allowing us to discriminate the
decay paths collected to the ground, first excited (1.634

MeV), and second excited (4.248 MeV) states of the 2°Ne
final fragment. A number of resonances in 2*Mg with the
a+?"Ne cluster configuration were observed up to an ex-
citation of 30 MeV, together with the total decay width
and relative decay strengths for various decay paths.
These experimental results encourage more theoretical
work to correctly reproduce the a+2°Ne structure in >*Mg
before being applied to other more complicated configur-
ations.
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