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Abstract

An isomeric 0" state in °Be was found at E,=2.24 MeV. The isomer was identified by
measuring coincident two ¥ rays from in-flight ”Be nuclei, ?™Be — ?Be* (2]) — "Beg.,
produced by the projectile fragmentation of 'O at 1004 MeV on a beryllium target. Its spin
was determined to be 0% by the angular correlation of the two y-rays. The low excitation
energy of the 0% state is a strong evidence of the break of the N = 8 shell closure in the

2Be nucleus.
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The neutron-rich nucleus '?Be has attracted much attention, since it is suggested
that the N = 8 shell closure may be broken in the neutron-rich Be isotopes. It is well
known that !'Be has the ground state of 1/2* 320keV below the normal 1/27 state,
indicating that the gap between p- and sd-shells is strongly quenched and the p, /2
and s, /2 orbitals almost degenerate. The spectroscopic factor of the n+!1Be(1/2%)
for the ground state of 12Be has been extracted to be about 50 % in a study of the
neutron knockout reaction *Be(12Be,! i Be+7)X[1, 2]. A large deformation of '’Be
has been found in an experiment of the ?Be(p,p’)!“Be*(27) reaction{3]. These facts
indicate that a break of the N = 8 shell closure is seen in ?Be as well as in ''Be.
The recent finding of a low-lying intruder 1~ state at Ex = 2.7 MeV populated by
a Coulomb excitation[4] also supports the picture that the p- and sd-shells almost

degenerate in '2Be.

Another consequence of the degeneracy might be the existence of the second 07
state at a low excitation energy. A possibility of the low-lying Oj states in the
T = 2 multiplets of A = 12 nuclei was discussed already in 1976 by Barker[5]
based on the picture of degeneracy of p- and sd-shells in !'Be. The 0 excitation
energy for 1>Be was predicted to be 2.35 MeV. Many recent theoretical studies[6—
12] also predict a low-lying 0; state. Experimentally, the 2.7-MeV state found in
the mBe(t,p) reaction was a candidate of the Oj state[13]. However, the recent
assignment of 17 [4] to the 2.7-MeV state stimulates an experimental attempt to

search for the undiscovered 0; state.

In an earlier experiment on the (p,t) and (p, He) reactions on '*C, two T = 2 states
were found both for 12C and 2B [14]. In the presently adopted assignment, the
lower states are of 07 which form the isospin multiplet with the ground state of
12Be, while the spins of the higher ones are uncertain[15]. Although the energy

differences between the two states are almost equal (about 2.1 MeV) to the excita-



tion energy of the 2] of the ‘2Be, the angular distributions of the (p,t) and (p,"He)
reactions favor I = O transitions[14]. These facts suggest a possibility that both the
2} and 0; states are closely located at around Ex=2.1 MeV for the T = 2 isospin

multiplets of A = 12 nuclei.

If we assume that the 0] state in '2Be locates just above the 27 state (2.1 MeV),
the 0F state is expected to decay through y emission to the 2* state, which is to be
followed by a cascade y decay to the ground state. In addition a direct decay to the
ground state by emission of e*e™ pair is possible. In both cases, the decay energies
are so smalt that the lifetime of the 05 state can be as long as several tens of ns, and

hence the state could appear as an isomer.

In order to produce '2Be in the isomeric 0;” state, we used a projectile fragmen-
tation reaction of '80 jons. The reaction is expected to populate various low-lying
states of fragment nuclei as demonstrated in several experiments of in-beam -
spectroscopy[16, 17] and in studies on isomeric ratios in the projectile fragmentation[18,
19]. In the present study, the isomeric state was identified by detecting the cascade y
rays in coincidence, which were to appear in its de-excitation (isomer — 27— 0%).
These ¥y rays were measured in coincidence with the fragment which was confirmed
to be !2Be both before and after the decay. This method enabled one to reduce back-
ground y-rays due to nuclear reactions induced by the beam particles in stopping

materials.

The experiment was performed at RIKEN Accelerator Research Facility. A primary
beam of 130 projectiles at 100 A MeV bombarded a 2-g/cm? thick Be target. The
12(m)Be nuclide at 60 A MeV was selected through the RIKEN Projectile Fragment
Separator (RIPS)[20]. The intensity and purity of the 12Be beam were typically

2x10* pps and 85 %, respectively. Two plastic scintillators at the second (F2) and



the third (F3) focal points of the RIPS were used for evént-by-event identification
of 12Be fragments with the time-of-flight (TOF) between the two scintillators and
the energy losses in the scintillators. Gamma rays were detected by an array of 68
Nal(T1) scintillators (DALI) positioned at 70 cm downstream of the F3 scintilla-
tor. Each Nal(T1) had an active volume of 12 x 6 x 6 cm?, and was set with its
longer axis along the horizontal direction vertical to the beam axis. The array was
divided into 6 vertical layers. They respectively consisted of 8, 12, 14, 14, 12, and
8 scintillators and were placed with their centers aligned to the beam line. The en-
ergy threshold for each detector was sct to be lower than 50 keV. Timing signals
were used to distinguish between the true and accidental coincidence events. They
were also used to determine the vertex point at which the y-ray was emitted. This
information on the vertex point was used for the Doppler-shift correction. Time
resolution of each NaI(T1) was better than 1 ns (1&) for 1-MeV photons. The 12Be
nucleus after the isomeric decay was detected by a plastic scintillator hodoscope
with a 1 x 1 m? active area located 4 m downstream of DALL The hodoscope
consisted of a 5-mm thick AF plane and a 60-mm thick E plane{21]. Particle iden-

tification was performed by using AE-TOF and E-TOF information.

Figure 1(a) shows a two dimensional histogram of Ehigh vs E; . for those events
in which two of the NaI(T1) scintillators recorded signals from an in-flight '*Be

particle. Here F high and E

low denote the higher and lower pulse heights from the two

detectors, respectively. As shown in the figure, there is a broad peak around E,; gh =

2MeVand E,

low

=0.15 MeV. This peak becomes sharp after the Doppler correction

as shown in Fig. 1(b), where Eﬁigh and EX

I denote the corrected energies for £y

igh
and E,

ow> TESPEctively. Since the peak energy of Eﬁjgh = 2.10 MeV corresponds to

the excitation energy of the first excited 27 state, the coincident low-energy ¥ ray

may be ascribed to the preceding transition from a new isomeric state, which is



located at around 0.15 MeV above the 27 state.

In order to precisely determine the excitation energy of the new state, the projected

EC

Jow

spectrum with a gate of 1.8 < E}‘]’igh < 2.4 MeV (Fig. 2) has been analyzed
with a Monte Carlo simulation (GEANT[22]). We assume that two photons, one of
which is with the energy of 2.1 MeV, are simultaneously emitted from an in-flight
fragment. The geometry of the experimental setup, the finite energy resolutions
and thresholds of the Nal(T1) detectors are taken into account. The best fit has been
obtained for Ef = 0.14 + 0.01 MeV. This result indicates that the excitation energy
of the new state is Ex = 2.24 + 0.01 MeV. We note that a small peak appeared at
E, =2.24 MeV in the spectrum of the °Be(t,p) reaction[13]. It is probable that the

peak corresponds to the present isomeric state.

In order to make spin assignment to the new state, an angular correlation of the
two cascade ¥ rays was obtained. In Fig. 3, the coincidence yield is plotted as a
function of the difference between the azimuthal angles for the two 7y rays, which
were measured with respect to the direction of the '?Be momentum. We have taken
the azimuthal-angle correlation rather than other usual angular correlations since
the best angular resolution can be obtained. The azimuthal angle can be directly
obtained from the geometrical position of the y-detector, and hence was determined
with a good accuracy, irrespective of the position of the y-emitter along the beam
line. For comparison, theoretical predictions on the angular correlations are shown
for different spin values of .the isomer, where the experimental efficiencies and
angular resolutions are taking into account. Three cases of cascade transitions are
illustrated, respectively representing the isomer spin values of 0,3 and 4; 0 — 2 —
0f (solid curve), 3 — 2 — 0 (dashed curve) and 4 — 2 — 0 (dot-dashed curve),
where only the lowest allowed multipolarity is considered for the ¥ transition. The

isomer spins of 1 and 2 were not considered becanse the relevant lifetime should



be too short for the isomer to survive through a pass of about 30 m before reaching
the detector position. The excellent fit seen in the figure confirms the spin value
of 0. Among possible spin-0 states at low excitation energies possible 0~ states
are theoretically expected only to appear above thel™ state at 2.7 MeV. Thus the

observed isomeric state is most likely to be the second 07 state in 2Be. -

The decay probabilities of the isomer can be obtained by comparing the y-ray yields
to the number of isomeric fragments existing in the range of the y-ray detection.
Here the latter is calculated from the observed 2Be flux and by the isomer ratio
at F3 (Rg; ). As mentioned before, the 0;“ state decays either by emission of the
cascade ¥ rays or by emission of an ete™ pair leading to the ground 0% state. The
partial decay probability for the cascade y emission was obtained directly from
their coincidence yield as Wzy =(1.5+0.1) x 104/ Rp, [sec~!]. On the other hand
the probability for the eTe™ pair emission was obtained from the yield of correlated
0.511-MeV ¥ ray pairs, which were associated with positron annihilation by ma-
terials such as in a beam pipe near the ¥ detectors. Assuming that all the observed
annihilation ¥ rays originate from the isomeric state, the eTe™ decay probability
was estimated as W, _ = (7.54+0.5) x 10% / Rg; [sec™!1=5.0+05 W,,- These
results lead to branching ratios of 1742 and 83+2 % for the E2 and EO decays, re-
spectively. In extracting the probabilities, a Monte-Carlo simulation was performed
to estimate the spatial distributions of the pair-decay and annihilation processes and
the detection efficiencies of these events. It included all the geometries of the ex-
perimental setup. The quoted errors are mainly due to uncertainties in the Y ray de-
tection efficiency. By incorporating these probabilities with the traveling time (260
ns) between the target and F3, we deduced the lower and upper limits of the total
decay rate to be 9.0 x 10* and 2.0 x 107 [sec™ ], respectively, which correspond to

the limitation of 50 ns < T < 11 s on the meanlife 7 of the 05" state.



The present finding of the OEL state at 2.24 MeV is in good harmony with the earlier
discussion by Barker[5] mentioned before, which predicts the state at 2.35 MeV.
~ The degeneracy of the 1/2~ and 1/27 states in !'Be leads to a picture for the
neighboring nucleus !2Be that the last two valence neutrons occupy almost egually
these two orbits and hence two 0" states close in energy should appear. Indeed a re-
cent shell model calculation considering the N/Z dependence of the single-particle
energies[23] indicates that the ground and first excited 07 states are mainly com-
posed of mixtures of the (p, },2)2 and (s, /2)2 configurations and they are separated
from each other by about 1.8 MeV[12]. Another theoretical approach may be made
based on clustering structures in Be isotopes as typically manifested in 3Be. Ac-
cording to the a+o+4n model by Itagaki et al.[9], two non-perturbative 07 states
with the (3/27)%(1/27)? and (3/27)?(1/21)? configurations for the four valence
neutrons degenerate. By using the residual interactions used in ref. [9], the energy
spacing between the two 07 states is calculated to be 1.7 MeV. Thus the observed
07 state is roughly understood as a result of the quenching of the p-sd shell gap that
leads to almost degenerating orbitals of p, /2 and s, /2 The remaining difference in
the observed and predicted excitation energies requires refinement of the models.
For example, the single particle energies and the pairing interactions adopted in the

models should be carefully examined.

In summary we have found an isomeric 0% state in '?Be produced by the fragmen-
tation of '30. The excitation energy is deduced to be 2.24 + 0.01 MeV and the
decay branches of the E2 transition to the first 27 state and the EO (pair) decay
to the ground 0" state are 1742 and 83+2 %, respectively. The lower and upper
limits of the meanlife are 50 ns and 11 us, respectively. Further lifetime measure-
menis with a better precision are anticipated for more detailed understanding on the

nuclear structure of the neutron-rich Be isotopes.
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Fig. 1. Two dimensional histograms as functions of {(a) By, and E, for two-hit events in

DALI and (b) their Doppler-shift corrected energies, Eg; ch and Ef .
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Fig. 2. Doppler-shift corrected y ray spectrum coincident with a 217 — 0] (2.1 MeV) y. His-

togram denotes the prediction of a Monte Carlo simulation assuming an in-flight cascade

decay emitting 0.14 and 2.1 MeV ¥'s.
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Fig. 3. Azimuthal angular correlation for 2.1-MeV and 0.14-MeV yrays. Solid, dashed, and
dot-dashed curves show the theoretical predictions assuming the 0 -2 -+ 0,3 52 —>0

and the 4 — 2 — 0 transitions, respectively.



	
	
	
	
	
	
	
	
	
	
	
	
	
	

