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An experimental study of the helium-cluster decays of the 12Be excited states

has been performed using the 9Li + 7Li → α + α + 8He and 9Li + 7Li → α + 6He +
6He reactions at the 9Li beam energy of 74.8 MeV. At excitation energies

between 10 and 25 MeV, the 12Be excited states decaying into the 4He +
8He, 6He + 6He, and 6He + 6He*(1.8 MeV, Jπ = 2+) have been observed. Most

of the observed states decaying into the 4He + 8He and 6He + 6He correspond

to previously reported states. The decay to the 6He + 6He*(1.8 MeV, Jπ = 2+)

channel has been observed for the first time. Two of the five states observed in

this new decay channel are also observed in the ground state channel 6He +
6He, while two may correspond to the 4He + 8He decaying states. The states

around 13.5 and 20.0 MeV decay to the 6He + 6He and 4He + 8He channels,

while the state around 22.3 MeV decays into all three decay channels examined.

This experiment is complementary to all previous studies of the 12Be cluster

states because of the different reaction mechanisms used for the population of

the 12Be cluster states. The observation of the states at high excitations with

these exotic decay properties strongly supports the molecular structure of the
12Be excited states.
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1 Introduction

Detailed data on the properties of nuclei away from the stability line are essential to

improve the understanding of nuclear structure and reaction mechanisms. In light nuclei,

both aspects of nuclear structure, single-particle dynamics, and nucleon correlations,

which result in clustering, are the most pronounced due to the small number of important

degrees of freedom. Understanding the correlations and formation of clusters is closely

related to fine details of the nuclear force as well as to spatial and quantum symmetries

within the nuclei. Modern nuclear theories are able to realistically model A < 20 nuclei

starting from individual nucleons and basic principles, making possible detailed

comparisons of calculated nuclear properties with the results of phenomenological
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approaches and high precision experimental data [1]. To

benchmark these models, it is of prime importance to obtain

experimental data for the key light nuclei.

The key nuclei to understand α-clustering are beryllium and

carbon isotopes. The 8Be and 12C low excitation level schemes

correspond to ones for an assembly of two and three α-particles,

respectively. The structure of heavier beryllium and carbon isotopes,

as well as the effects of additional neutrons to these cluster structures

is currently not fully understood. Nuclear molecules are one of the

quite exotic structural phenomena discovered away from the

stability line [2, 3]. A nuclear molecule is a system built from α-

clusters and valence neutrons residing in the orbitals which can be

constructed as linear combinations of orbitals around the individual

α-particles. The covalent exchange of the neutrons between the α-

cores increases the stability of the system, similar to the binding of

covalent atomic molecules. The two-center nuclear molecular

structures have been identified in 9Be [4–6] and 10Be [7–9]. To

establish the nuclear molecule as a general type of structure in

neutron-rich nuclei, it is essential to experimentally confirm it in

heavier beryllium nuclei, particularly in the 12Be nucleus in which

four valence neutrons may occupy shell model orbitals, atomic-like

orbitals around individual α-core, or molecular-like orbitals around

both α-cores [10].

The experimental results on the cluster decays of the 12Be excited

states are very limited and often inconsistent. The earliest

measurements of the 12Be projectile inelastic breakup [11–14]

provided evidence for a number of states decaying into the 4He

+ 8He and 6He + 6He clusters. The estimated spins of some of the

observed states indicated that they are members of a rotational band

of a deformed, exotic 6He + 6He cluster structure in 12Be, which may

be linked to an α-4n-αmolecule [12, 13]. This molecular rotational

band was not confirmed in later measurement of the 12Be inelastic

breakup at higher beam energy [15]. The excitation energy spectra

for both helium-cluster decay channels obtained in this work show

fewer structures than the ones in [12, 13] with a large background of

unclear origin. Both experiments used a composite CH2 target and

events originating from different target components were not fully

distinguished. This introduced a large uncertainty in the

reconstructed 12Be excitation energy spectra in both of these

experiments. Although spectra for the assumed reaction on the

hydrogen show structures identified as the 12Be excited states,

spectra for the reaction on carbon are largely structureless. The

most recent measurement of the 12Be breakup off the 12C target [16,

17] at the beam energy similar to one in [12] identified new states

close to each helium-cluster decay threshold and provided results in

agreement with [12, 13] in the overlapping low excitation energy

region. These results are interpreted as confirmation of the proposed

molecular rotational band and evidence for a well-developed cluster

structure in 12Be. Another experimental approach used to examine

the cluster structure of the 12Be excited states is the measurement of

the 8He + 4He resonant scattering using a radioactive 8He beam on a

thick 4He gas target [18]. The obtained results did not improve the

understanding of the 12Be cluster structure as no sharp resonances

were observed in the reconstructed 12Be excitation energy spectra for

both 8He + 4He and 6He + 6He decay channels in the measured

excitation energy range from 13.7 to 16.4 MeV.

From the theoretical side, the structure of the 12Be excited

states above the thresholds for their decay into the 4He + 8He

(8.9 MeV), 6He + 6He (10.1 MeV), and 5He + 7He (12.4 MeV) has

attracted significant interest as an excellent candidate to

characterize the evolution of exotic clustering with the

addition of neutrons. Some of the recent studies use the no-

core shell model (NCSH) [19], the generalized two-center cluster

model (GTCM) [10, 20–22], the microscopic generator-

coordinate method and complemented NCSM calculations

[23], and the antisymmetrized molecular dynamic (AMD)

model [24]. The common result of all of these calculations is

a well-developed cluster structure with states possessing the 4He

+ 8He and 6He + 6He structure and grouped into various

rotational bands. Another important result is the stabilization

of the classical α-cluster structure by excess neutrons. These

exotic clustering modes, together with the breakdown of the N =

8 shell closure required to understand the structure of the ground

and low-lying excited states [25, 26], set the 12Be nucleus as a key

neutron-rich system to benchmark newly developed theoretical

models, and improve the knowledge of nuclear structure.

This study reports the results of the experiment using an

approach different from all previous studies of clustering in 12Be.

Thismethod, resonant particle spectroscopymeasurements ofmany-

nucleon or cluster transfer reactions, was successfully applied in

earlier research on the clustering in light nuclei close to the stability

line. For example, it was applied in previous studies of clustering in
10Be using the 7Li + 7Li→ α + α + 6He reaction, which led to the first

observation of the 6He decay of the 10Be excited states [9]. The 7Li

nucleus has prominent α+ t cluster structure in the ground state (Jπ =

3/2−) with clusters being in l = 1 relative motion, making it a perfect

system for the triton transfer reactions. Two additional neutrons in

the 9Li reduce clustering of its ground state (Jπ = 3/2−) compared to

the 7Li. The overall 9Li + 7Li system has large excess of neutrons (N/

Z = 5/3) making this reaction suitable for the study of the neutron-

rich light nuclei. In addition, the reaction 9Li + 7Li→ α + 12Be has a

large positive Q-value of 12.36 MeV, making it especially suitable for

the study of excited states at high 12Be excitations. This experiment is

complementary to all previous studies of the 12Be cluster states since it

uses the different reaction mechanisms to populate the 12Be cluster

states: the expected main reaction mechanisms are triton transfer

from 7Li to 9Li and t + 2n transfer from 9Li to 7Li. These transfer

reactions may populate exotic molecular structures such as the ones

proposed in [20].

2 Experimental details and data
analysis

The experiment was performed at the ISAC-II rare-isotope

ion beam facility at TRIUMF in Vancouver using the 9Li beam of
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energy of 74.8 MeV and LiF targets of thickness of ≈ 1 mg/cm2.

The average beam intensity during the 6 days of the

measurement was ≈4 × 106 pps. No beam contaminants were

observed in the recorded data. The beam was focused through a

set of collimators resulting in the spot size on the target of <
3 mm diameter. The LiF targets, with natural lithium, were

evaporated on thin (≈40 μg/cm2) Al backing.

The reaction products were detected using a large solid angle

silicon strip detector array assembled of six wedge-shaped

telescopes, each having a ΔE detector of thickness ≈70 μm
and E detector of thickness ≈1.5 mm, arranged in a

“lampshade” geometry which covered an azimuthal angle of

360° (Figure 1). Both ΔE and E detectors were single-sided

strip detectors with 16 circular strips of 5 mm wide separated

by 100 μm of SiO2, specifically YY1 design made by Micron

Semiconductor Ltd. [27]. The polar angular range covered by the

detector array was from 16.6° to 47.8° with an angular resolution

of ≈2°. The resolution in the azimuthal angle was ≈ 55°, defined
by the active area of each of the six segments. The reaction

products were identified using the ΔE–E technique, with

excellent isotope separation from hydrogen to boron nuclei

(Figure 2). Energy calibration of all detectors was performed

using an α-source containing 239Pu, 241Am, and 244Cm isotopes

with α energies of 5.155, 5.486, and 5.805 MeV, respectively. An

additional point for the calibration of the E detectors was

obtained by measuring the elastic scattering of the 9Li beam of

energy 74.8 MeV off a gold target. Two sets of calibration data

were taken. The first dataset had only E detectors mounted, and it

provided high-quality data for the calibration of the E detectors.

The second dataset was taken with both ΔE and E detectors in

place, and it was used for the calibration of the ΔE detectors using

the α-particles from the source which stopped in the ΔE
detectors. This procedure provided high-quality data for the

calibration of both detector sets. Elastic scattering data on the

gold target were also used for fine corrections of the experimental

setup geometry. The detector array was mounted in the TUDA

scattering chamber [28] in the ISAC-II hall. Standard electronics

for processing signals from the silicon strip detectors were used

and data were recorded in the single mode, where every hit in the

E detectors above the set thresholds triggered the reading of all

ADCs, and the event was recorded.

The kinematically complete measurements of the following

reactions were performed to examine the helium-cluster decays

of the 12Be excited states:

9Li + 7Li → α + 12Bep → α + α + 8He,Q � 3.402MeV, (1)
9Li + 7Li → α + 12Bep → α + 6He + 6He,Q � 2.253MeV. (2)

The reaction products were detected in coincidence events

and each detected product was identified using graphical cuts

imposed on the ΔE–E plots such as the one presented in Figure 2.

Coincident detection of two out of the three reaction products

allows the reaction exit channel identification and consequently a

full kinematical reconstruction of the event by the application of

momentum and energy conservation. From the measured

energies in the ΔE and E detectors for each identified nucleus,

its energy in the reaction was reconstructed accounting for all

FIGURE 1
Schematic presentation of the LAMP detector telescope
setup used in the experiment.

FIGURE 2
Typical particle identification of ΔE–E spectrum obtained for
one strip in the E detector: here, the spectrum for strip 5 of
telescope T1 is shown. Observed loci correspond to the (from
bottom to top) 1,2,3H, 3,4,6,8He, 6,7,8,9Li, 7,9,10,11,12Be, and 10,11,12B.
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possible energy losses in the target and inactive layers of the

detectors. A detailed hit reconstruction was also performed by

taking into account the geometrical overlap of the strips in the ΔE
and E detectors, as well as the signal sharing between two

adjacent strips in the detectors. A careful reconstruction of

double hits in adjacent strips was also performed in the data

analysis. The calibration, fine-tuning of the detector geometry,

and hit reconstruction procedure were verified using the elastic

and inelastic scattering of the 9Li beam on 7Li and 19F target

components, elastic scattering on 27Al target backing and 184W

target contaminant, and the 1H(9Li,4He6He) reaction on the

hydrogen target contaminant. The double hit procedure in the

case of hits in adjacent and separated strips was verified by

reconstructing the 8Be ground state for two detected α-particles

in the same detector. All reconstructed excitation energy spectra

confirmed that the applied procedures produced correct results

and that the experimental setup was stable during all data taking

time [29]. The stability of the electronics was validated by

location in the raw ADC data of constant amplitude signal

generated in a pulser during the full data taking time. As an

example, the 19F + 9Li elastic scattering peak for the whole

detector array and for all recorded data is at correct energy

and has a FWHM of 650 keV. For the same set of data, the 7Li +
9Li elastic scattering peak is at correct energy and has a FWHM of

1.3 MeV. The large FWHM value is due to unresolved

contribution of the first excited state of 7Li at 478 keV. The

excited states of the 19F [30] and 7Li [31] at low excitations were

also correctly reconstructed. Another illustration of the data

quality is the 8Be ground state reconstructed from the set of

data of triple coincidence events 4He + 4He + 6He detected in

the whole detector array and for all taken data which is

positioned at the correct energy and has an experimental

FWHM of 70 keV.

The reconstructed energy and angular position of the two

detected and identified reaction products, under the assumption

of the mass of the third, undetected nucleus, determine the

energy and emission angle of the third reaction product. The

sum of energies of all reaction products is equal to the total

energy in the reaction exit channel, from which the reaction

Q-value can be calculated. The reaction Q-value was calculated

for each recorded coincidence event, and it was used to identify

an origin of the event from various possible reactions of the 9Li

beam with different target constituents. This procedure relies on

the correct identification of the undetected reaction product. For

composite targets, such as the one used in this experiment, this

may lead to misidentification of the reaction exit channel in the

case of strong background contributions and low energy/angular

resolution. For this reason, an additional procedure for the

identification of the reaction exit channel, independent of the

mass of the undetected nucleus, was applied [32]. Two

kinematical quantities,

~E � E3 − Q � Ep − E1 − E2, (3)

~P � p2
3

2mu
mu − atomicmass unit( ), (4)

~E � 1
A3

~P − Q, (5)

were calculated for each coincident event and plotted in the so-

called Catania plot [32]. In this plot, events from the specific

reaction gather in a locus around the line with a slope inversely

proportional to the mass number of the undetected nucleus

which intersects the ordinate at the negative value of the

reaction Q-value (Eq. 5, Figure 3). The selection of the events

originating from a particular three-body nuclear reaction was

performed using both the calculated Q-value and a graphical cut

applied around the reaction line in the Catania plot, in order to

remove the background contributions as much as possible.

The aforementioned calculations require knowledge of the

relative azimuthal angle between two detected reaction products,

which cannot be measured using single-sided strip detectors used

in the experiment. Thus, nominal values of the relative azimuthal

angle were used in the calculations: for hits in the telescopes on

the opposite sides of the beam, labeled as dT = 3 events, the

nominal value used was 180°; for hits in telescopes separated by

one detector segment, labeled as dT = 2, the nominal value of 120°

was used; for hits in two adjacent telescopes (dT = 1), the nominal

value was 60°; and for the hits in the same telescope (dT = 0), the

nominal value was 0°. Real angular ranges of the relative

azimuthal angles are [125°–180°] for dT = 3, [65°–175°] for

dT = 2, [5°–115°] for dT = 1, and [0°–55°] for the dT = 0 case.

The large uncertainty in the relative azimuthal angle of the

detected reaction products results in a large uncertainty in the

reconstructed momentum of the undetected reaction product

and degrades the resolution in the reaction Q-value and other

kinematical quantities calculated for identification of the

reaction. This is especially true for the dT = 2 and dT =

1 events. Consequently, for reaction exit channels with

Q-values differing by less than 2.5 MeV in dT = 1, 2 sets of

data, a clean separation of the corresponding events was not

possible. For this reason, experimental data for each reaction exit

channel were compared to detailed Monte Carlo simulations of

all reaction channels that may contribute to that set of

coincidence events. Monte Carlo simulations were performed

using the UNISim MC framework [33] and included a realistic

description of the experimental setup with all relevant sources of

uncertainties, assuming isotropic formation of the 12Be excited

state in the first step of the reaction and its subsequent isotropic

decay [29]. The results of these simulations guided the selection

of events associated with a particular reaction, minimizing

background contributions at the cost of reduced event statistics.

For selected events of the particular reaction exit channel, the

relative energy between each pair of the reaction products was

calculated, in other words, the excitation energy spectra were

reconstructed for all nuclei which are possible pathways to the

same exit channel. Since all the reaction products were identified
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at this stage, it was possible to reconstruct the relative azimuthal

angle from energies and polar angles of two detected nuclei. This

procedure significantly improves the excitation energy

resolution. For wrongly associated events, the relative

azimuthal angle, and consequently the excitation energy are

incorrect and degrade the spectral resolution, but do not lead

to prominent peaks in the spectrum [29]. The excitation energy is

obtained by adding the calculated value of the relative energy to

the corresponding threshold energy for a particular decay

channel. For example, the final state α + α + 8He may have

proceeded through the excited states of 8Be decaying into α + α

and two possible combinations of the 12Be excited states decaying

into α + 8He. The relative energy between detected reaction

products depends on their energies, polar angles, and relative

azimuthal angle, while the relative energy between one detected

and undetected reaction product is calculated using the energy

and polar angle of other detected reaction product.

The 12Be excitation energy spectra were reconstructed for two

possible helium-cluster decay channels: for the 6He + 6He decay,

the 4He + 6He and 6He + 6He coincident events were analyzed

and for the 4He + 8He decays, the 4He + 8He and 4He + 4He

coincident events were analyzed. All selected events presented in

the excitation energy spectra originate from the 9Li + 7Li reaction.

The calculated excitation energies for each selected event are

plotted in 2D correlation spectra for three possible pairs of

reaction products, thus in three 2D spectra in total, of which

the most relevant one for a particular set of data are presented in

Figure 4. The excited state decaying into the particular pair of

nuclei can be identified as a straight locus perpendicular to the

corresponding axis. In the 4He + 6He + 6He exit channel, strong

background contributions from the 10Be states decaying into the
4He + 6He were observed. These results will be presented in a

separate publication. Similarly, the 8Be excited states decaying

into two α-particles produced a strong background in the 12Be

excitation energy spectra for the 4He + 8He decay. These observed

states, known 10Be states at 9.56, 10.15, and 11.76 MeV [34]

decaying into the 4He + 6He, and known 8Be states from the

ground state up to 20 MeV in excitation [34] decaying into two α-

particles, were excellent test samples for quality checks of the data

analysis procedure, for verification of the Monte Carlo

simulations, and for estimation of the uncertainty and

resolution in the 12Be excitation energy. The strongest peaks

in these background contributions were excluded from the final
12Be excitation energy spectra by applying cuts on the regions in

the 2D correlation spectra which were projected on the 12Be axis.

The remaining background contributions in the 12Be excitation

FIGURE 3
Examples of the correlation plots for the identification of events originating from various reaction exit channels: Catania plots reconstructed for
the coincident detection of reaction product pairs relevant for the 12Be excited states. The spectra (A,C) correspond to the data for the 6He + 6He
decay of the 12Be excited states, i.e. reaction (2) with Q value of 2.253 MeV. The spectra (B,D) are for the 4He + 8He decay and reaction (1) with Q =
3.402 MeV. In all the cases, reaction products are detected as dT = 3 events. Red lines mark loci associated with the reaction on the 7Li, blue
dashed lines on the 6Li, and black dotted lines on the 19F. Additional red and black lines in plot C correspond to undetected 6He in its first excited state
at 1.8 MeV for reaction on 7Li, and to undetected 18O in its first excited state at 1.99 MeV for reaction on 19F, respectively. On plot D, intense locus of
the events marked with purple line corresponds to the reaction on hydrogen content of the target.
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energy spectra produce broad structures mainly at large

excitation energies.

The data were analyzed and are presented here separately for all

types of xHe+ yHe coincidence events and for all possible pairs of the

detector array segments (dT = 0, 1, 2, 3), since different sets of events

span different regions of the 12Be excitation energy, have different

uncertainties, and contain different background contributions. The

observed peaks in the 12Be excitation energy spectra were fitted with

a Gaussian function on the top of smooth background contributions

estimated by the polynomial function and, in some cases, broad

Gaussian function at higher excitations to account for increased

background contributions. The detection efficiency was also taken

into consideration in the spectra analysis. Typical examples of the

spectra are shown in Figures 5, 6. It can be seen that excitation

energy spectra have rather low resolution and that most of the peaks

have limited data statistics.

The excitation energy spectra presented have binning of

320 keV, and it was tested that main structures in the spectra

are not artifacts of the data presentation by plotting spectra with

binnings from 200 to 500 keV. The criteria to interpret the

observed peak in the excitation energy spectrum as a

candidate for the 12Be excited state are as follows:

- peak observation in the corresponding 2D correlation plots

of excitation energies, examples are presented in Figure 4

- peak observation in at least two independent sets of data

- agreement in fit parameters of the state for different

datasets: excitation energy difference of less than

350 keV for the low excitations and up to 600 keV for

the highest excitations, and the FWHM value difference

smaller than 350 keV

The only exception from the last two criteria are the states in

the 6He + 6He*(1.8 MeV) decay, because corresponding

coincidence events could have been separated from the data

for the 6He ground state decay channel only for one dataset, the

dT = 3 4He + 6He coincidences.

The Monte Carlo simulations provided detection

efficiency curves for the excitation energy spectra and

estimations of the excitation energy resolution. For these

purposes, simulated data were analyzed in the same way as

experimental data and these values were assigned from the

generated spectra. The correctness of the simulations and a

quality check of the data filtering criteria were validated by the

analysis of the triple coincidence events 4He + 6He + 6He and
4He + 4He + 8He. Because all three reaction products for the

reactions on the 7Li target were detected in these events,

reaction exit channel identification was background-free

and the resolution in the 8,10,12Be excitation energies was

superior to the ones for the double coincidence data.

Reconstructed spectra for simulated events were in

excellent agreement with spectra from the experimental

data. However, these subsets of triple coincidence data

covered more limited phase space of the three-body

reaction, had much lower detection efficiency, and resulted

in much lower event statistics than the double coincidence

FIGURE 4
Typical correlation plots for the identification of excited states: 2D plots of excitation energy spectra reconstructed for composite systems
made of various pairs of the three final reaction products. Plots A, B, C, and D are reconstructed for events associated with the 6He + 6He decay, plots
E, F, G, and H for the 4He + 8He decay of the 12Be excited states. Spectra are reconstructed for the 4He + 6He dT = 3 coincidences for undetected 6He
in the ground state (A) and the first excited state at 1.8 MeV (B); 6He + 6He coincidences for dT = 3 (C) and dT = 1 (D); 4He + 4He coincidences for
dT = 3 (E) and dT = 2 (F); 4He + 8He coincidences for dT = 3 (G) and dT = 1 (H). The candidates for the 12Be states are marked with the lines.
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data. In the 4He + 6He + 6He triple coincidence events, only the
10Be states were observed while in the 4He + 4He + 8He triple

coincidences, in addition to the more intense 8Be states, also

two 12Be states were observed.

3 Results and discussion

Here are presented some typical spectra from the full set of

the results given in [29] which best illustrate the results obtained

for the 12Be excited states. The first set of spectra presented in

Figure 3 show correlation plots used to identify the events

produced in the various possible reaction exit

channels—Catania plots. On these plots are presented selected

coincidence events of identified reaction product pairs relevant

for the study of the 12Be excited states. In all of the cases presented

here, reaction products were detected in the telescopes on

opposite sides of the beam trajectory (dT = 3). The nominal

relative azimuthal angle between detected reaction products of

180° was used initially in the event reconstruction and this led to a

small shift in the corresponding Q-value, which in the worst case

was 500 keV. The spectra A and C correspond to the data for the
6He + 6He decay of the 12Be excited states, that is, the reaction (2)

with a Q-value of 2.253 MeV. The spectra B and D are for the 4He

+ 8He decay and reaction (1) with Q = 3.402 MeV. In all of the

spectra, red lines mark the loci associated with the reaction on
7Li, blue dashed lines are for the reaction on 6Li, and black dotted

lines are for the reaction on 19F. Additional red and black lines in

plot C correspond to the undetected 6He in its first excited state at

1.8 MeV for the reaction on 7Li and to the 18O in its first excited

state at 1.99 MeV for the reaction on 19F, respectively (the Q-

values are more negative for the excited state than those for the

ground state reaction). In plot D, there appears an intense locus

of the events having a large slope and marked with purple line,

which corresponds to the reaction on the hydrogen content of the

target. These spectra show that for the 6He + 6He, 4He + 8He ,and
4He + 6He coincidence events, clean identification of events

originating from the reaction on 7Li is possible, while for the
4He + 4He case, the selected events may contain some

background contributions from other reactions, even if events

at the crossing with intense hydrogen locus were excluded from

further analysis.

The 2D excitation energy correlation plots for identification

of the excited states in the composite systems, made of various

pairs of the final reaction products, are presented in Figure 4. For

the selected events of the particular reaction, the excitation

FIGURE 5
Examples of the 12Be excitation energy spectra for the 6He + 6He decay. Spectra are reconstructed for the 4He + 6He coincidences for dT =
3 and undetected 6He in the ground state (A); 6He + 6He coincidences for dT = 3 (B) and dT = 1 (C); 4He + 6He coincidences for dT = 3 and undetected
6He in the first excited state (D); 6He + 6He coincidences for dT = 2 (E) and dT = 0 (F). Solid red curves are results of the best fit using Gaussian curves
for the peaks on the estimated background. Dotted blue curves represent the detection efficiency calculated by Monte Carlo simulations
multiplied by the labeled factor.
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energy spectra are reconstructed: spectra A, B, C, and D are for

selected events associated with the 6He + 6He decay, while plots E,

F, G, and H are for the 4He + 8He decay of the 12Be states. Spectra

are presented for the 4He + 6He coincidences in opposite

telescopes (dT = 3), for undetected 6He in the ground state

(A) and the first excited state at 1.8 MeV (B), 6He + 6He

coincidences for dT = 3 (C) and dT = 1 (D) case, 4He + 4He

coincidences for dT = 3 (E) and dT = 2 (F) case, and 4He + 8He

coincidences for dT = 3 (G) and dT = 1 (H) case. In the spectra A,

B, and C, the intense loci correspond to the 10Be states but also

loci associated with the 12Be states are visible. In the spectra E and

F, the strongest loci are for the 8Be states which are observed as

diagonal loci on the spectra G and H. In these spectra, the 12Be

states can be also observed.

These 2D correlation plots were used to produce the final
12Be excitation energy spectra as projections on the 12Be axis,

excluding in these projections regions with intense contributions

of the 8Be/10Be states. The 12Be excitation energy spectra obtained

for the 6He + 6He and 6He + 6He*(1.8 MeV) decays are presented

in Figure 5, and the spectra for the 4He + 8He decay are presented

in Figure 6. Figure 5 presents spectra for the 4He + 6He

coincidences for dT = 3 case and undetected 6He in the

ground state (A), 6He + 6He coincidences for dT = 3 (B) and

dT = 1 (C), 4He + 6He coincidences for dT = 3 and undetected
6He in the first excited state (D), and 6He + 6He coincidences for

dT = 2 (E) and dT = 0 (F). Figure 6 presents spectra for the 4He +

8He coincidences for dT = 3 and 8He paired with undetected 4He

(A) and detected 4He (B); 4He + 8He coincidences for dT = 1 and
8He paired with detected 4He (C); 4He + 4He events for dT =

3 and summed contributions of the 8He paired with undetected

and detected 4He (D), 4He + 8He for dT = 2 and 8He paired with

undetected 4He (E) and detected 4He (F), 4He + 8He for dT =

0 and 8He plus detected 4He (G), and 4He + 4He events for dT =

2 and summed contributions of the 8He with undetected and

detected 4He (H). In these figures, solid red curves are the results

of the best fit using Gaussian curves for the peaks on the

background represented by the polynomial function and, in

some spectra, broad Gaussian function at the highest

excitations. Dotted blue curves present detection efficiency

calculated by Monte Carlo simulations multiplied by the

labeled factor.

As already mentioned earlier, in all of the event selection

processes, rigorous criteria were used in the attempt to minimize

background contributions and filter as clean data as possible.

This procedure significantly reduced the final number of

accepted events and resulted in a small number of counts in

the peaks associated with the 12Be excited states. Due to the

limitations of the experimental setup, also the resolution in the

excitation energy is rather low. The results of the simulations

provided the estimates of experimental excitation energy

resolution as follows: for excitation energy 3 MeV above the

decay threshold for dT = 1 events FWHM = 950 keV; for

FIGURE 6
Examples of the 12Be excitation energy spectra for the 4He+ 8He decay. Spectra are reconstructed for the 4He+ 8He coincidences for dT = 3 and
8He paired with undetected 4He (A) and detected 4He (B); 4He + 8He coincidences for dT = 1 and 8He paired with detected 4He (C); 4He + 4He
coincidences for dT = 3 and summed contributions of the 8He paired with undetected and detected 4He (D); 4He + 8He coincidences for dT = 2 and
8He paired with undetected 4He (E) and detected 4He (F); 4He + 8He coincidences for dT = 0 and 8He paired with detected 4He (G); 4He + 4He
coincidences for dT = 2 and summed contributions of the 8He pairedwith undetected and detected 4He (H). Solid red curves are results of the best fit
using Gaussian curves for the peaks on the estimated background. Dotted blue curves represent the detection efficiency calculated by Monte Carlo
simulations multiplied by the labeled factor.
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excitation energy 6 MeV above the decay threshold for dT =

2 events FWHM = 1,050 keV and for dT = 3 FWHM = 750 keV;

for excitation energy 10 MeV above the threshold for dT =

2 FWHM = 1,150 keV and for dT = 3 FWHM = 820 keV. It

should be mentioned that the same problems, limited data

statistics, poor resolution, and large background, can be seen

in all published results on the helium decays of the 12Be states.

The 12Be states observed in this work that decay to 6He + 6He

are listed in Table 1, to 6He + 6He*(1.8 MeV) in Table 2, and to
4He + 8He in Table 3. In these tables, all datasets on the 7Li target

in which the particular decay channel can be observed are listed.

For some datasets, it was not possible to separate different

reaction exit channels, for example, in the 4He + 6He

coincidences, for dT = 1, 2 cases, the events of the 6He decays

into the ground and the first excited state of the undetected 6He

cannot be separated. Also, the datasets for which the relative

energy of the reaction product pair corresponding to the 12Be is at

very high excitation are not considered, for example, the 4He +
6He coincidences for dT = 0. The dataset labels indicate the

reaction exit channel in the form t(p,1 2)3, the identifier of the

pair of detector segments in which reaction products were

detected (dT = 0,1,2,3), and a pair of the reaction products

forming the 12Be state. For each dataset and each observed 12Be

state, the level of confidence of the peak observation is indicated:

clear peak, indication of the peak (one with a small number of

counts), and possible peak (one seen in other datasets, but in this

case, it is obscured by contributions from the background or

other peaks or affected by the detection efficiency). An empty

position in the table means that the particular dataset does not

cover the 12Be excitation energy interval of the peak observed in

other datasets. The peaks with clear observation in, at least, two

datasets are considered as the 12Be states. Other peaks in the

tables, all of them satisfying aforementioned criteria for a

candidate for the state, are considered as tentative states.

Estimated uncertainty in their positions is ±250 keV for

excited states from the decay thresholds to 14 MeV in

excitation and ±400 keV for the states at higher excitations.

Taking into account the quoted uncertainty in the excitation

energy and experimental resolution, most of the observed states

can be associated with the states seen in the previous experiments

[12–18]. The 12Be decay to 6He + 6He*, where one 6He is in its

TABLE 1 12Be excited states observed in the 6He+6He decay. Observation of a clear peak is labeled with •, indication of a peak with ◦, and a possible
peak obscured by the background or other peaks, or affected by the detection efficiency, with ×. Tentative states are in parenthesis.

6He+6He ↓ ‖ Ex [MeV] → (11.7) 13.5 (16.5) 18.5 (20.0) 22.5 25.4

7Li(9Li, 4He6He)dT=3
6He (23) × • ◦ • ◦ • •

7Li(9Li, 6He6He)dT=3
4He (12) • ◦ • •

7Li(9Li, 6He6He)dT=2
4He (12) ◦ • • • ◦

7Li(9Li, 6He6He)dT=1
4He (12) ◦ • ×

7Li(9Li, 6He6He)dT=0
4He (12) •

TABLE 2 12Be excited states observed in the 6He+6He*(1.8 MeV) decay.
Observation of a clear peak is labeled with •, indication of a peak
with ◦, and possible peak obscured by the background or other peaks,
or affected by the detection efficiency, with ×. Tentative states are in
parenthesis.

6He+6He* ↓ ‖ Ex [MeV] → 15.4 16.5 17.8 22.1 24.0

7Li(9Li, 4He6He)dT=3
6He* (23) • • • • •

TABLE 3 12Be excited states observed in the 4He+8He decay. Observation of a clear peak is labeled with •, indication of a peak with ◦, and a possible
peak obscured by the background or other peaks, or affected by the detection efficiency, with ×. Tentative states are in parenthesis.

4He+8He ↓ ‖ Ex [MeV] → 10.3 (12.1) 13.8 15.6 17.5 (19.8) (22.3)

7Li(9Li, 4He8He)dT=3
4He (23) × × • ◦ ◦ ◦ ◦

7Li(9Li, 4He8He)dT=2
4He (23) ◦ • • • ◦

7Li(9Li, 4He8He)dT=3
4He (12) ◦ • ◦ ◦

7Li(9Li, 4He8He)dT=2
4He (12) ◦ ◦ ◦ ◦ ◦

7Li(9Li, 4He8He)dT=1
4He (12) • ◦ ◦ • ◦

7Li(9Li, 4He8He)dT=0
4He (12) • ◦

7Li(9Li, 4He4He)dT=3
8He (13 + 23) ◦ ◦ • • × × ×

7Li(9Li, 4He4He)dT=2
8He (13 + 23) ◦ ◦ ◦ ◦ • ◦ ×
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first excited state at 1.8 MeV and with Jπ = 2+, is observed for the

first time in this work. Two of the observed five states in this

decay channel most likely correspond to the states decaying to

the ground state channel 6He + 6He, while the other two may

correspond to the states decaying into the 4He + 8He decay

channel.

At the low excitations, from the 4He + 8He decay threshold at

8.96 MeV, and the 6He + 6He threshold at 10.11 MeV, up to

14 MeV, states are observed in the 4He + 8He decay channel at

10.3 and 13.8 MeV, as well as the possible state at 12.1 MeV. The

13.8 MeV state is also observed in the spectra for the 4He + 4He +
8He triple coincidence events. In the 6He + 6He decay channel, a

state is observed at 13.5 MeV and indications for the state at

11.7 MeV are found. The 10.3 MeV state was observed in [16,

17], where its spin 0+ was deduced and it was proposed as the

band head of the 4He + 8He rotational band. In the same work,

two other states at 12.1 and 13.6 MeV were observed, for the

13.6 MeV state, its spin/parity 4+ was deduced and it was claimed

that these states are 2+ and 4+ members of the rotational band

with very high deformation. The 12.1 MeV state was observed in

[12, 13], as well as a state around 14 MeV. The broad peak

around 13.6 MeV was observed in [15]. In [12, 13], a spin of 4+

was deduced for the 12.1 MeV and 14 MeV states. The states

which may correspond to here propose 11.7 MeV state in the 6He

+ 6He channel were observed in [14, 16, 17], while the state

around 13.5 MeV was observed in [12–17]. It is likely that the

13.5 MeV state in the 6He + 6He channel is the same state seen at

13.8 MeV in the 4He + 8He channel. The experimental FWHM

values obtained in fits of the spectra in this work support this

claim.

In the 12Be excitation energy ranging from 14 MeV to

19 MeV, in this work, in the 4He + 8He decay channel, the

states are observed at 15.6 and 17.5 MeV. The 17.5 MeV state also

appears in the spectra for the 4He + 4He + 8He triple coincidence

events. In this decay channel, the states were observed close to

15.6 MeV in [12, 13, 15]. In [12, 13], also, the states at 17.4 and

18.2 MeV are reported. The peak around 17.5 MeV can be seen in

this decay channel in spectra published in [15]. In the 6He + 6He

decay channel, a state is observed in this work at 18.5 MeV and

indications for the state at 16.5 MeV are found. In [12, 13], the

states were reported at 16.1, 17.8, and 18.6 MeV, all with deduced

Jπ = 6+, while the spectra published in [15] show peak around

18 MeV. In the 6He + 6He*(1.8 MeV) decay channel, the states

are observed at 15.4, 16.5, and 17.8 MeV. The 15.4 and 17.8 MeV

states may correspond to the 15.6 and 17.5 MeV states observed

in the 4He + 8He channel. The 16.5 MeV state is the only one of

three observed states which may be associated to the 6He ground

state decay channel.

This decay scheme is different than the one observed in the
10Be states. It was observed in [35, 36] that the same 10Be states

decay to the ground and the first excited state of 6He, both for the

states with neutrons in pure σ orbitals and with a mixture of σ and

π orbitals. It is not straightforward to link helium-cluster decay

modes of these two nuclei, because 12Be is a more complex system

with one proposed cluster, 8He, having neutron halo structure. If

this difference in the 6He decay modes is not the result of limited

quality of the presented 12Be experimental results, then it is

related to the structural differences of these two Be isotopes due

to bonding of additional two neutrons around the α—α cores.

At higher 12Be excitations, from 19 to 25 MeV, in this work,

in the 6He + 6He decay channel, the states are observed at

22.5 and 25.4 MeV and in the 6He + 6He*(1.8 MeV) channel,

at 22.1 and 24.0 MeV. There are also indications for the state at

20.0 MeV in the 6He ground state decay channel. The
6He*(1.8 MeV) decaying state at 22.1 MeV may correspond to

the state observed in the decay to the 6He ground state at

22.5 MeV. The state at 24.0 MeV does not have its

counterpart in other two decay channels. In the 4He + 8He

decay channel, a state is observed at 19.8 and indications for

the state at 22.3 MeV are found. It is plausible to correlate these

states to the ones seen in the 6He decay channels. In this

excitation energy range, states are reported [12, 13] at

19.4 and 20.7 MeV in the 4He + 8He channel and at 19.3,

20.9, 22.8, 24.0, and 25.1 in the 6He + 6He channel.

The summary of the 12Be states observed in this work to

decay by the helium-cluster emission is given in Table 4. All

observed states in the three decay channels examined are listed,

with tentative states in parenthesis. The states which correlate

with previously observed states are in bold. The states observed in

the 6He + 6He decay channel are at 13.5, 18.5, 22.5, and 25.4 MeV,

and indications for additional states at 11.7, 16.5, and 20.0 MeV

are found. Five states are observed in the 6He + 6He*(1.8 MeV)

decay channel, at 15.4, 16.5, 17.8, 22.1, and 24.0 MeV. In the 4He

+ 8He channel, states are observed at 10.3, 13.8, 15.6, and

TABLE 4 12Be states observed in this work in the three helium-cluster decays. Tentative states are in parenthesis. The states observed in the previous
studies are in bold.

Decay ‖Ex[MeV]

6He+6He (11.7) 13.5 (16.5) 18.5 (20.0) 22.5 25.4

6He+6He* 15.4 16.5 17.8 22.1 24.0

4He+8He 10.3 (12.1) 13.8 15.6 17.5 (19.8) (22.3)
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17.5 MeV, and indications for the states at 12.1, 19.8, and

22.3 MeV are found.

The 4He + 8He* decay, with 8He in its first excited state, was

examined in the 4He + 4He coincidences, but due to the large

background in this dataset (Figure 3D) and the large width of the
8He excited state, there was no signature of this decay of the 12Be

states. The data analysis for possible 9Li + 3H decay did not

provide any indication for this decay of the 12Be states. This decay

channel was studied only in [15], and the result was structureless

spectrum with an indication of a state at 17.7 MeV. In these sets

of data, the known excited states of 7Li decaying into 4He + 3H

and excited states of 13B are observed. The 13B results will be

presented in a separate publication. Data analysis for the neutron

decay to the 11Be ground and first excited state is also performed

but due to the detector array geometry, the 11Be + 4He

coincidence data scan very high excitation energies in 12Be

and provide the structureless spectrum. The present

experimental data cannot provide information on the spin

and parity of the observed states, not only due to low

statistics and unfavorable resolution but also due to the non-

zero spin projectile and target nuclei (both 9Li and 7Li have Jπ = 3/

2−). The only hint on the possible spin/parity of the observed

states is coming from its decay mode: the states decaying into the
6He + 6He must have even spin and positive parity (0+, 2+, 4+ etc.)

because of identical 0+ constituents, while the states decaying into

the 4He + 8He must be natural parity states (0+, 1−, 2+, 3− etc.) as

both constituents are 0+ nuclei.

An attempt was made in the data analysis to get some hint on

the reaction mechanisms of the 9Li + 7Li reaction which

populates the helium-decaying states in 12Be. It was already

mentioned that the expected main reaction mechanisms are

the triton transfer from 7Li to 9Li and the t + 2n transfer

from 9Li to 7Li. For this reason, the detector array geometry

was optimized to increase the detection efficiency for reaction

products of these transfer reactions using AUSA software tools

[37]. Unfortunately, this detector geometry also optimizes

detection of the background events from the decays of the 8Be

states into 4He + 4He and of the 10Be states into 4He + 6He. These
8,10Be* helium-cluster decays were populated in much simpler

transfer reactions with larger cross sections: the proton, for the
8Be, and triton, for the 10Be, transfer from 9Li to 7Li, and the

proton transfer from 7Li to 9Li for 10Be. In the cluster transfer

reactions, the residual part of the nucleus weakly interacts in the

reaction and will slightly change its state of motion. Thus, if a

triton is transferred from the 7Li target to 9Li beam to form 12Be,

recoil α from 7Li will have small kinetic energy. Similarly, if the t

+ 2n are transferred from 9Li beam to 7Li, the recoil α from 9Li

will slightly change the velocity it had as a part of the beam

particle. With kinematical consideration of the momentum of the

recoil α-particle, it was possible to select events most likely

originating from these transfer reactions. Indeed, it is found

that all observed helium-decaying 12Be states are also seen in

these subsets of the data. However, it is also found that for some

of these states, for which the detection efficiency permitted

detection of corresponding events and which are not

obstructed by events originated in decays of the 8,10Be states,

the recoil α-particles have a broad range of the momentum. This

would imply that the helium-decaying 12Be states were also

produced in reactions such as fusion followed by α-particle

emission. Unfortunately, low data statistics and unfavorable

energy and angular resolution are prohibiting detailed analysis

of the reaction process. It should be mentioned that non-

observation of the 12Be states decaying into the 9Li + 3H

channel implies that there is no resonant contribution in the

triton transfer process from 7Li to 9Li.

4 Conclusion

An experimental study of the 12Be excited states decaying into
4He + 8He and 6He + 6He has been performed using the 9Li + 7Li

→ α + 12Be*→ α + α + 8He and 9Li + 7Li→ α + 12Be*→ α + 6He +
6He reactions. The 9Li beam of energy of 74.8 MeV and LiF

targets of thickness ≈ 1 mg/cm2 were used in the experiment. A

large solid angle silicon strip detector array assembled of six

wedge-shaped detector telescopes was used to detect reaction

products. The reaction products were identified using the ΔE–E
technique. The data analysis consisted of a sequence of event

reconstruction and event selection procedures aimed to reject

events originating from the background processes and to achieve

a clean set of events for further analysis. In each step, rigorous

criteria for selection of the events were applied and quality checks

were performed by comparing the results obtained with the well-

known properties of the nuclei involved in the considered

reactions.

The 12Be excitation energy spectra were reconstructed for two

possible helium-cluster decay channels: for the 6He + 6He decay,

the 4He + 6He and 6He + 6He coincidences and for the 4He + 8He

decay, the 4He + 8He and 4He + 4He coincidences were analyzed.

In the 4He + 6He + 6He exit channel, strong background

contributions from the 10Be states decaying into the 4He +
6He were observed. The 8Be excited states decaying into two

TABLE 5 Decay threshold energies of relevant decay channels for the 12Be helium-decaying states.

Decay 11Be + n 10Be+2n 4He+8He 6He+6He 9Be+3n 6He+6He* 8Be+4n 9Li+3H

Ethr [MeV] 3.17 3.67 8.96 10.11 10.49 11.91 12.15 14.83
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α-particles produced a strong background in the 12Be excitation

energy spectra for the 4He + 8He decay. The 8,10Be* nuclei were

produced by much simpler reaction mechanisms than 12Be*, so

the cross sections for their production are much larger than the

ones for the 12Be*. Contributions of the strongest 8,10Be states

were excluded from the final 12Be excitation energy spectra. The

datasets of various xHe + yHe coincidence events detected in all

possible pairs of the detector array segments were analyzed, and

the results are presented separately. The excitation energy spectra

obtained have significant background contributions, rather low

resolution and observed peaks mostly have limited data statistics,

but the same problems can be seen in all published results on the

helium decays of the 12Be states. A peak in the excitation energy

spectrum is considered as a candidate for the 12Be excited state if

it was seen in corresponding 2D correlation plots of excitation

energies in at least two independent datasets and if the fit

parameters of the state agreed for different datasets. The data

for the 6He + 6He*(1.8 MeV) decay could only be separated from

the data for the 6He ground state decay channel for one dataset,

the dT = 3 4He + 6He coincidences, and this is the only exception

from these criteria. The candidate states are further filtered by the

criterion of clean observation in at least two independent

datasets, the candidate states which did not pass this criterion

are considered as tentative states.

The results are the 12Be excitation energy spectra with the

following observed excited states: 1) 13.5, 18.5, 22.5, and 25.4MeV

states, and tentative states at 11.7, 16.5, and 20.0MeV in the 6He+ 6He

decay channel; 2) 15.4, 16.5, 17.8, 22.1, and 24.0MeV states decaying

into 6He + 6He*(1.8MeV, Jπ = 2+); and 3) the states at 10.3, 13.8, 15.6,

and 17.5MeV, and tentative states at 12.1, 19.8, and 22.3MeV,

decaying into 4He + 8He. The estimated uncertainty in their

positions is ±250 keV for excited states from the decay threshold

energies up to 14MeV and ±400 keV for the states at higher

excitations. Most of the observed states were seen in the previous

experiments. The 6He + 6He*(1.8MeV) decay of the 12Be states is

observed for the first time. Two of the five states observed in this decay

channel most likely also decay to the ground state channel 6He + 6He,

while two may correspond to the 4He + 8He decaying states. The

24.0MeV state does not have a counterpart in the other two decay

channels. The states around 13.5 and 20.0MeV decay to the 6He +
6He and 4He + 8He channels, while the state around 22.3MeV decays

to all three decay channels examined. The experimental results

presented here cannot provide information on the spin and parity

of the observed states, due to the non-zero spin projectile and target

nuclei. The decay modes of the observed helium-cluster decaying

states provide limited information on their possible spin/parity as the

states decaying into the 6He + 6He must have even spin and positive

parity (0+, 2+, 4+, etc.), while the states decaying into 4He+ 8Hemust be

natural parity states (0+, 1−, 2+, 3−, etc.).

The data analysis for the 4He + 8He* decay with 8He in its

first excited state, for the 9Li + 3H decay and for the neutron

decays to the 11Be ground and first excited state for excitations

higher than 25 MeV, was also performed, but the results

obtained do not provide evidence for these decays of the
12Be excited states. The limited quality of obtained results

and the reduced reaction phase space explored in the final

dataset, due to the applied rigorous event selection criteria, do

not permit detailed analysis of the reaction mechanism

populating the helium-cluster decaying 12Be states, but

simple considerations of the momentum of recoil α-particle

imply that various complex reaction mechanisms, from triton

transfer to compound nucleus reactions, may populate these

states.

In the presented experimental work, it was not possible to

identify proposed rotational bands because this measurement

could not provide information on the spin, parity, and partial

decay widths of the observed 12Be states. Even if the presented

results provide limited evidence for the molecular structure in
12Be, they are one important step forward in the

understanding of its structure because of the new

spectroscopy information and the observation of the new

decay mode of the states. Consequently, this advance in

understanding of the 12Be structure may improve the

understanding of the structure of light neutron-rich nuclei

in general. This experiment is the first measurement aimed to

study 12Be by use of the complex nuclear reactions to populate

exotic cluster structures in the neutron-rich light nuclei. The

observation of the helium-cluster decays of the 12Be states

validates this approach and opens the path for future studies

of other neutron-rich light nuclei (such as 14,15B and 15,16,17C)

by the use of re-accelerated neutron-rich ion beams such as

the 9Li beam at the ISAC-II facility at TRIUMF. The observed

helium-cluster decaying 12Be excited states are in agreement

with results of the previous experiments, particularly [12, 13,

16, 17], all performed by the use of breakup after inelastic

excitation of the 12Be fragmentation beams. These new results

show that previous results are not artifacts of the applied

experimental technique. It is evident that in the excitation

energy interval from 10 to 25 MeV, there are the 12Be excited

states decaying into the 4He + 8He and 6He + 6He, and, as it is

presented here for the first time, into the 6He + 6He*(1.8 MeV)

channel. The observation of the states at these high excitations

with these exotic decay properties is strongly supporting the

molecular structure in the 12Be. An inspection of the decay

threshold energies in 12Be (Table 5) leads to the conclusion

that these states should have some peculiar property which

inhibits their decay into the 11Be + n and 10Be + 2n channels,

most probable decay modes for states at the excitations with

very high density of the n/2n states and enables their decay

into the helium-decaying channels. This peculiar property

should be their special structure, most likely the cluster

molecular structure of four neutrons orbiting two α-

clusters, as it is proposed in a number of theoretical studies

[10, 19–24].

Evidently, new experimental efforts are needed to uncover

the structure of 12Be, one of the key nuclei to improve the
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knowledge of the clustering in the neutron-rich nuclei. For

example, measurements of the reactions studied in this work

with an improved detector array with better angular

resolution and larger angular coverage could provide high-

quality data which will result in improved characterization of

the states, including the partial widths for the various decay

channels, the important information to confirm the molecular

nature of the states. The use of the large solid angle segmented

neutron detector in these measurements would enable

determination of the partial widths for various possible

neutron-decay channels and would significantly enhance

the knowledge of the 12Be structure.
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