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Abstract The breakup reaction of 9Li on a Pb target has

been measured at 32.7 MeV/nucleon for the first time. Two

peaks of 6Heþ t coincident fragments at 9.8 and 12.5 MeV

were observed and agreed with the results of the generator

coordinate method calculation. The experiment was carried

out thanks to a specially arranged detection system around

zero degrees at the Heavy Ion Research Facility in Lanz-

hou, Radioactive Ion Beam Line in Lanzhou (HIRFL–

RIBLL).
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1 Introduction

In recent years, with the development of RIB facilities, a

large number of weakly bound nuclei are produced and

have been extensively studied. Breakup reaction processes

of weakly bound nuclei are important in the spectroscopy

since the observables in the breakup reactions are strongly

correlated to the microscopic structures of the ground and

continuum states of weakly bound nuclei. These breakup

reactions of weakly bound nuclei play important roles in

researching the cluster resonance structure. Elucidating the

mechanism of clustering in nuclei is of fundamental

importance not only for nuclear many-body dynamics, but

also for understanding some key processes in nuclear

astrophysics [1]. The interest in nuclear clustering has been

pushed strongly due to the study of neutron-rich and exotic

weakly bound nuclei [2]. Many theoretical and experi-

mental studies have been devoted to the cluster structure in

nuclei in the past decades [3–9]. The missing mass method

and invariant mass method can be applied to determine the

excitation energy in the breakup reaction process. Several

experimental studies of light nuclear clustering at HIRFL–

RIBLL were performed. The RIBLL has been constructed

at HIRFL and has been in operation since 1998. Consisting

of four dipoles and sixteen quadrupoles, RIBLL is designed

as a double-achromatic anti-symmetry separator with three

focal points (F0, F2, and F4) and two focal planes (F1 and

F3). RIBLL is a projectile fragmentation (PF) type facility

with a large momentum acceptance and solid

angle [10, 11]. In a representative example carried out at

HIRFL–RIBLL, new resonances close to the respective

cluster separation thresholds were observed in 12Be for the
4Heþ8 He and 6Heþ6 He decay channels based on an

inelastic excitation experiment performed with a 12Be
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beam at 29 MeV/u on a carbon target [12, 13]. The strong

clustering in 12Be with 0þ state at 10.3 MeV is well

demonstrated by using the model-independent angular

correlation analysis and the extracted largely enhanced

monopole transition matrix element of 7:0� 1:0 fm2 for

this state.

For the neutron-rich nucleus, 9Li, many theoretical

descriptions of the cluster structures have been studied, but

experimental investigations are scarce. The cluster struc-

tures of 6Heþ t; aþ tþ 2n, and t ? t ? t in excited states

of 9Li were predicted by references [14–19]. In 1968,

Ikeda et al. proposed a threshold rule for cluster formation,

which suggests appearances of developed cluster states

near the corresponding threshold energy [20]. They spec-

ulated that at the vicinity of an energy threshold for cluster

separation, the nucleus tends to expand its size and favor

the cluster formation in consequence [21]. From the point

of view of Ikeda’s threshold rule, excitation energies of

developed two-body cluster states in neutron-rich nuclei

can be understood systematically. The possible appearance

of 6Heþ t cluster states near the 6Heþ t threshold energy

in excited states of 9Li can be expected [17]. To describe

various cluster and shell structures that may appear in the

ground and excited states of light nuclei, studies of Suhara

et al. [15] show that, in the prolate region along the c ¼ 0�

line, two-body cluster structures or linear-chainlike struc-

tures develop well as the deformation parameter, b,
becomes large. They show a 6Heþ t cluster configuration

when ðb cos c; b sin cÞ ¼ ð1:03; 0:04Þ.
The present experiment was carried out thanks to a

specially arranged detection system around zero degrees at

HIRFL–RIBLL to observe the cluster structures in 9Li

through analyzing the coincident breakup fragments.

2 Description of the experiment

The primary beam is 12C of 53.7 MeV/u delivered by the

HIRFL. The RIBs were produced by bombarding the pro-

duction target, Be with a thickness of 3038 lm, and ana-

lyzed and delivered to the secondary reaction chamber at

the second focal point by RIBLL. We obtained a 32.7

MeV/nucleon secondary 9Li beam with an intensity of

about 1:1� 103 particles per second and a purity of about

99%. The beam particle identification was realized event

by event using the measured time-of-flight (TOF) and

energy loss (DE) values (see Fig. 1). The Pb target was a

self-supported foil with a thickness of 526:9mg/cm2.

In Fig. 2, a schematic view of the detector setup is

given. Three position-sensitive parallel-plate avalanche

counters (PPACs) [22] provided the position of the

incoming beams with a position resolution better than 1

mm. Each PPAC had 51 gold-plated tungsten wires in both

X and Y directions and a sensitive area of 50 � 50mm. We

successively placed the PPAC1, PPAC2, and PPAC3 at

1207, 817, and 112 mm before the target. The position and

incident angle of the beam particles at the target were

determined by extrapolating the position information pro-

vided by PPACs event by event. A telescope consisted of

two detectors and an E detector covering the angles 0�–10�.
The two detectors are double-sided silicon strip detectors

(DSSDs) with a thickness of 523 lm for the DSSD1 and

527 lm for the DSSD2 and a sensitive area of

49 � 49mm, which is divided into 16 strips with the width

of 3 mm and the interval of 0.1 mm between each two of

them in each side. These two DSSDs were also applied to

determine the position of the outgoing particles with a

position resolution better than 3 mm. The E detector is a

CsI(Tl) scintillator array, which is composed of 8� 8

CsI(Tl) crystals [23]. The active area of each scintillator

unit is 21� 21mm2 for the front side and 23� 23mm2 for

the back side; the length of each crystal is 5 cm. The

DSSD1, DSSD2, and scintillator were successively placed

at 40, 133, and 583 mm behind the target. A typical par-

ticle identification is given in Fig. 3 where DE is the energy

Fig. 1 (Color online) DE–TOF spectrum for identifying particles of

the secondary beam

Fig. 2 (Color online) Schematic view of the detector setup; see text

for details
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loss of particles in the detector DSSD2 and E is the residue

energy deposited in the CsI(Tl) crystal. A clear separation

of different nuclei is obtained. The shown nuclei p, d, t, a,
6He, 7Li, and 8Li, are the breakup fragments from 9Li on

the Pb target. In our present investigation, we mainly take

into account the two fragments recorded in coincidence.

We applied the recorded positions by the detectors

(PPACs, DSSDs, and CsI(Tl)) to reconstruct the tracks of

the two charged fragments from the 9Li breakup reaction

on the Pb target. Energy calibrations of the telescope were

achieved using beams of 9Li, 6He, 4He, and 3H produced

from the 12C primary beam. The energy resolutions are

about 65 keV for DSSD1 and 47 keV for DSSD2 measured

with a single-component (241Am) and a three-component

(241Am�238 Pu�239 Pu) alpha source. The estimated

energy resolution of the CsI scintillators is 7–8% deter-

mined with a three-component (239Pu�241 Am�244 Cm)

alpha source. For a proton beam at the energy of 15 MeV,

the resolution is 2:6%. A description of this kind of tele-

scope array can be found in Refs. [24, 25].

In the present work, the relative energy (Erel) of a pair of

fragments was reconstructed from their kinetic energies

(T1, T2) and the opening angle (h12). According to the

invariant mass method, the excitation energy of a reso-

nance state is expressed as [26]

M2 ¼
X

i¼1;2

ðE2
i þ P

!2

i Þ

¼ M2
1 þM2

2 þ 2ðM1 þ T1ÞðM2 þ T2Þ

� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT2

1 þ 2M1T1ÞðT2
2 þ 2M2T2Þ

q
cosðh12Þ;

Ex ¼ M �M0;

Erel ¼ Ex � Ethres;

ð1Þ

where M0 is the rest mass of projectile; Ethres is the

threshold energy of the corresponding decay; Ei and P
!

i are

the energy and momentum of the fragment, i, respectively;

Ex is the excitation energy. The reconstructed excitation

energy of 6Heþ t decay is shown in Fig. 5.

Through analyzing the telescope array, the coincident

charged particles 6He and t were identified and investi-

gated. To estimate the resolution of the Erel and the

detection efficiency (acceptance) for these 6He?t events,

the Monte Carlo simulation was performed considering the

energy and spacial resolutions of the detectors. The simu-

lation is plotted in Fig. 4a, b. Where, the detection effi-

ciency (peak at 37%) for the 6Heþ t channel is shown in

Fig. 4a. The drop down of distribution of the detection

efficiency in case of small relative energies is due to the

ineffectiveness of the coincident measurement for 6Heþ t

fragments, which enter into the same unit of the DSSDs or

CsI(Tl) scintillator; the slow decrease of that (distribution

of the detection efficiency) in case of large relative ener-

gies is due to one or both of coincident fragments may

escape from the detector array with appreciable probabil-

ities. As shown in the Fig. 4b, the simulated resolution of

Fig. 3 (Color online) A typical particle identification spectrum

obtained in the telescope array. The shown nuclei p (proton), d

(deuton), t (triton), 8Li, 7Li, 6He, and a are the breakup fragments

from 9Li on Pb target

Fig. 4 (Color online) The detection efficiency (a) and the resolution

of the Erel (b) for the
6Heþ t events produced by the Monte Carlo

simulation
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the Erel is about 0.8 MeV at an Erel of 2.5 MeV and

increases to 1.1 MeV at an Erel of 5.0 MeV.

3 Results and discussion

In the present experimental study of a 9Li breakup reaction

on Pb target, we reconstructed the excitation energy spectrum

of 6Heþ t decay.As displayed in Fig. 5, two resonance peaks

just above the threshold energy (7.588 MeV) were obtained.

Wemade a double-Gaussian function fitting and got the peaks

at 9.8 MeV for the first and 12.5 MeV for the second. The

GCM calculation for 6Heþ t cluster states in 9Li in Ref. [17]

suggests that the energies of the third 3=2� and the second

1=2� states with relative orbital angular momentum L ¼ 1 lie

within the range of the first peak at around 9.8MeV, and those

of the second 5=2� and 7=2� states with L ¼ 3 lie within the

range of the second peak at around 12.5 MeV. The experi-

mental values are slightly larger than the theoretical ones.

However, it can be considered that the obtained values

reproduce the data fairly well. Based on the present experi-

mental analysis and the theoretical predictions, the picture of
6Heþ t clustering just above the 6Heþ t threshold energy in
9Li might be supported. With considering the detection effi-

ciency of the DE–E telescope and the effective incident beam

particles at a target determined by extrapolating the position

information provided by PPACs event by event, the experi-

mental breakup cross section was deduced to be 1:5� 0:3

(stat.) mb for 6Heþ t decaying channel.

4 Summary

In summary, the experiment of the 9Li breakup reaction

on a Pb target was carried out thanks to a specially

arranged DE–E telescope system around zero degrees at the

HIRFL–RIBLL. The breakup fragments p, d, t, 8Li, 7Li,
6He, and a were identified by the DE–E telescope. Com-

bining the analysis of tracks of the two charged fragments,

coincident charged particles, 6He and t, were identified and

investigated. The excitation energy of 6Heþ t decay was

reconstructed by using the invariant mass method. Two

resonant energies at 9.8 and 12.5 MeV were observed,

which agree with the GCM calculations. The present

experimental analysis and the theoretical predictions might

support the appearance of 6Heþ t cluster states in 9Li.
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