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Low-lying excitations of weakly-bound nuclei have raised intriguing issues. For the weakly-bound nu-
cleus6He, which has a peculiar ”Borromean” structure, soft dipole excitation and a three-body 2+ resonance
have been predicted[1, 2, 3]. Recently, the soft dipole transition has indeed been reported in the6Li(7Li,7Be)6He
reaction [4], which may indicate the existence of low-lying intruder states. The independent study with the same
reaction [5] indicated, however, that this low-lying structure was a2+ resonance. Hence, the detailed experiment
to clarify the low-lying structure of6He has been called for. Here we report the study of6He by the6Li(t,3He)6He
reaction. The (t,3He) reaction has recently been proven to be a powerful spectroscopic tool where a secondary
triton beam is combined with a high resolution spectrograph [6, 7].

The experiment was performed using the S800 spectrograph. The secondary triton beam had a typi-
cal intensity of about 106 particles/s, a mean energy of 336 MeV. It was used to bombard a6Li target with a
thickness of 17.4 mg/cm2 (95% enriched). The momentum of the outgoing3He ion was measured by the spec-
trograph operated in dispersion matching mode. The detailed description of the experiment has been published
elsewhere [8].

Fig. 1 shows the energy spectra obtained for the6Li(t,3He)6He reaction at the 0◦ (a) and 8◦ (b) settings
of the S800. Besides the conspicuous peaks for the transitions to the ground and first excited states in6He, the
spectra show the strong and broad structures atEx ∼5 MeV and∼15 MeV. The structure around 15 MeV is
notable at the higher angular setting, while the structure around 5 MeV rapidly decreases asθlab increases. An
interesting feature of the 5 MeV bump is its very asymmetric shape.

The spectral shape from the 0 degree setting (Fig. 1(a)) was analyzed by Gaussian peak-fitting. The
asymmetric structure around 5 MeV was decomposed into three Gaussians to better study the nature of its com-
ponents. This division is arbitrary, although at least three Gaussians are necessary to obtain an overall agreement
of this structure, indicating its complex composition. The best fit values for the locations of three Gaussians were
4.4±0.1 MeV, 7.7±0.2 MeV and 9.9±0.4 MeV, respectively. The structure around 15 MeV was best fitted with
a location of 14.6±0.2 MeV.

Figure 1: Energy spectra for the6Li( t,3He)6He reaction measured at
336 MeV for (a) 0 degree setting of the S800 (0◦ – 5◦), and (b) 8 degree
setting (4◦ – 12◦).
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Figure 2: Differential cross sections for the 5 MeV (4.4, 7.7 and 9.9 MeV components) and 14.6 MeV structures. Solid
curves show the results of DWBA calculations. The contributions from the negative- and positive-parity states are shown
by the dot-dashed and dashed curves, respectively, for 4.4 and 7.7 MeV components. The 9.9 and 14.6 MeV components
are described by the transition purely to the negative-parity states.

Differential cross sections as a function of momentum transferq are shown in Fig. 2(a) for the 5 MeV
structure ( 4.4, 7.7, and 9.9 MeV components) and in Fig. 2(b) for the 15 MeV (14.6 MeV) structure. Distorted
Wave Born Approximation (DWBA) calculations were performed with the computer code DW81 [9]. Optical-
model parameters of a Woods-Saxon shape were extracted from our elastic scattering measurement of3He on
6Li. The effective projectile-nucleon (t-N ) interactions were based on the effective3He-N interactions derived
phenomenologically for the (3He,t) reaction by Van der Werfet al. [10]. The wave functions and one-body
transition densities for the input for DW81 were calculated with the shell-model computer code OXBASH [11,
12, 13]. The detail of6He energy levels from this shell-model calculation is discussed elsewhere [8].

As shown in Fig. 2(a), the angular distributions for three components for 5 MeV structure all follow the
characteristics of∆L=1 transition (dot-dashed curve), indicating the existence of low-lying dipole states in6He.
On the other hand, the cross section atq ∼ 0 for the 4.4 MeV region is larger than for the 7.7 MeV and 9.9 MeV
regions, suggesting that the structure has a small∆L=0,2 component at the lower excitation energies. Indeed,
the best agreement is obtained with an admixture of transitions to negative parity states (∆L=1), with those to
the positive-parity states (∆L=0,2) being only at lower excitations energies.

The angular distribution for the 15 MeV structure is shown in Fig. 2(b). The distribution is broader than
those for the 5 MeV structure. The distribution is well reproduced assuming that the transition occurs to the
predicted negative parity states (∆L=1) atEx ∼16–20 MeV. The difference between the∆L=1 transitions to
the 5 MeV and 15 MeV structures is that the former is dominated by a transition to2s1p−1(proton hole in the
1p orbital and neutron in2s orbital in 6Li), while the latter is dominated by the transition to1p1s−1 and1d1p−1

configurations. The difference of the angular distributions is then naturally understood by the size of matter
distributions for1s and2s orbitals. Since the2s orbital has a larger mean radius than the1s orbital, the angular
distribution (inq space) is narrower for the 5 MeV structure. The result indicates that the gap between the1p
and2s orbitals is about 5 MeV, significantly smaller than the gap between1s and1p orbital of about 15 MeV.

In conclusion we have measured the6Li(t,3He)6He reaction at 336 MeV. We have observed a broad
asymmetric structure atEx ∼ 5 MeV and another structure at 14.6 MeV, as well as strong peaks for the well-
known ground and first excited states in6He. The angular distributions show that the structure around 5 MeV is
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dominated by the negative parity states with a small mixture of positive parity states in its lower-energy portion.
The existence of intruder states at such low energies suggests a quenching of the1p-2s gap in this nucleus.
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