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Abstract
The 6 Li(t, 3 He)6 He charge-exchange reaction leading to the weakly-bound nucleus 6 He has been studied at 336 MeV. Beyond
the strong peaks for the known ground state (J π = 0+ ) and first excited state (J π = 2+ , Ex = 1.8 MeV), a broad asymmetric
structure around Ex ∼ 5 MeV has been observed. The angular distribution of this structure exhibits the dominance of a 1L = 1
transition, indicating the existence of intruder states at low excitation energies in 6 He.  2000 Elsevier Science B.V. All rights
reserved.
PACS: 25.60.Lg; 21.10.Pc; 27.20.+n
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Weakly-bound nuclei that are found in the vicinity
of the drip lines have attracted much interest due to
their exotic halo and skin structures [1,2]. One area
that has not yet been well studied is the excited states
in the continuum of these nuclei. These states may reflect the two-fold structure composed of a core and a
surrounding cloud of very diffuse valence neutron(s).

* Corresponding author.

E-mail address: nakamura@ap.titech.ac.jp (T. Nakamura).
address: Gesellschaft für Schwerionenforschung
(GSI), Planckstr. 1, D-64291 Darmstadt, Germany.
1 Present

One related manifestation of halo structure is a substantially large E1 concentration at low excitation energies seen in the Coulomb dissociation [3–8]. Twoneutron halo nuclei, such as 6 He and 11 Li, are characterized by a three-body “Borromean” structure. A Borromean nucleus is a quantum three-body bound system (e.g., α + n + n in 6 He) where any of its twobody subsystems (α + n and n + n) is unbound. In
these cases excitation of low-lying continuum structure, such as a soft-dipole excitation and a three-body
2+ resonance, have been predicted by three-body theories [9–11].
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It is interesting that low-lying intruder (non-normal
parity) states play an important role in the structures
of halo and skin nuclei. The one-neutron halo nucleus
11 Be contains an intruder 2s
1/2 neutron configuration
in its ground state where the 1p1/2 configuration is
normally expected. The low-energy dipole excitation
at Ex ∼ 1.3 MeV was observed for 11 Li, indicating
that the ground and/or excited states contain strong intruder configurations [12,13]. This phenomenon is associated with three effects [14]: (1) a reduction of the
gap between the 1p and 1d2s shells from its value of
11.5 MeV in 16 O; (2) the increase in pairing energy
when the intruder configurations involve open shells;
and (3) the deformation energy of the intruder configuration associated with open-shell configuration. The
combination of these effects results in situations where
the configuration associated with excitations across
the shell gap may become degenerate or lower in energy than the normal configuration.
In this work we have studied the structure of
the weakly-bound nucleus 6 He by means of the
charge-exchange reaction 6 Li(t, 3 He)6 He. Since in
the case of 6 He, reliable information on the core-n
interaction exists, this nucleus serves as a prototype
for understanding Borromean continuum structure.
Furthermore, since the deformation of the 4 He core in
6 He is very small [15], the study of the intruder states
may provide an exclusive measure for the effect of a
reduction of a p–sd shell gap among the three possible
effects for the low-lying intruder states.
In spite of this interest, the level structure of 6 He
has not been well established except for the ground
state (J π = 0+ ) and the first excited state (Ex =
1.8 MeV, J π = 2+ ). Beyond these states, three broad
structures have been reported around 5 MeV, 15 MeV,
and 23 MeV, although the observed levels appear to
contain some inconsistencies [16]. The (n, p) reaction on 6 Li at intermediate energy is one of the useful tools to approach the structure of 6 He since simple
distorted-wave theory is applicable. However, because
the neutron beam is secondary, the (n, p) reaction suffers from low statistics and poor energy resolution, of
the order of 1 MeV. Hence, it is difficult to resolve
even the first excited state from the ground state of
6 He. Recently, the (7 Li, 7 Be) reaction as an alternative
to (n, p) was used [17–19], where a low-lying structure at Ex ∼ 5 MeV in 6 He was observed. However,
there was some disagreement about the nature of this

structure. Refs. [17,19] claimed that this structure occurs as a dipole excitation, while Ref. [18] assigned
this structure to be a 2+ state. One difficulty in using this reaction arises from the complicated reaction
mechanism involved with the heavy-ion projectile 7 Li.
For instance since this reaction is accompanied by an
orbital angular momentum transfer for the projectile in
addition to a target, the angular distribution is obtained
by a superposition of many combinations of projectile
and target angular momentum transfers [18]. On the
other hand, the angular distribution for (n, p) is characterized by an orbital momentum transfer only for a
target.
The (t, 3 He) reaction has recently been proven to be
a powerful spectroscopic tool and possibly provides a
better alternative to the (n, p) and (7 Li, 7 Be) reactions.
At the National Superconducting Cyclotron Laboratory (NSCL), Michigan State University, (t, 3 He) reactions have been studied by using a secondary triton
beam with a high resolution spectrograph (A1200 or
S800) [20,21]. Using a dispersion matching technique,
one can reach an energy resolution of a few hundred
keV even though the secondary triton beam has a large
momentum spread. The use of the S800 spectrograph
with its wide angular acceptance (1Ω = 20 msr) enables us to obtain angular distribution with only a few
angular settings, which compensates for the low intensity of the secondary beam. Furthermore, the mechanism of the (t, 3 He) reaction is analogous to (n, p),
which facilitates the analysis of the reaction. For example, only 1L = 0 and 1S = 0, 1 are allowed for
a projectile transition, the same as for (n, p). It is also
important to note that similarities are seen between the
(p, n) and the (3 He, t) reactions [22], the latter being
mirror reaction of (t, 3 He).
The experiment was performed by using the S800
spectrograph at the NSCL. The secondary triton beam
was produced from a 4 He beam of 140 MeV/u on
a thick Be production target. The triton beam had
a typical intensity of about 106 particles/s, a mean
energy of 336 MeV with an energy spread of 1%. It
was used to bombard a 6 Li target with a thickness of
17.4 mg/cm2 (95% enriched). The 7 Li contaminants
in the target hardly affect the spectrum. This is because
up to Ex = 7.7 MeV in 6 He there is no contribution
from the 7 Li(t, 3 He) 7 He reaction due to the very
different reaction Q value. For higher excitations
no significant contribution from 7 Li is expected due

T. Nakamura et al. / Physics Letters B 493 (2000) 209–215

to the small structureless charge-exchange strengths
as shown in the 7 Li(n, p)7 He experiment [23]. The
1-mm-thick scintillator located 30.3 m upstream of
the target was used to count each incoming beam
particle and provided normalization for extracting
cross sections.
The momentum of the outgoing 3 He ions were
measured by the spectrograph operated in dispersion
matching mode. Data were taken at three different angular settings centered at 0, 8 and 18 degrees. These
settings covered the laboratory scattering angle, θlab ,
of about 0–5, 4–12, and 14–22 degrees, respectively.
Positions and angles of the focal planes were measured
by two cathode-readout drift chambers (CRDC) [24].
The 3 He particles were identified by the conventional 1E − E method using the energy signals from
three layers of plastic scintillators downstream of the
CRDC’s. The energy and scattering angle of each particle at the reaction was reconstructed from the CRDC
information. The energy resolution was about 450 keV
FWHM, which was mainly due to the energy loss difference between triton and 3 He ions in the target.
Data with a (CH2 )n target (18.4 mg/cm2) were
taken for calibration purposes. The kinematics lines
(θlab vs. Q) for the 12 C(t, 3 He)12 B(g.s.) and 1 H(t,
3 He)n reactions were used to verify that the angular
reconstruction procedure was done correctly. This was
also used to make a fine adjustment for the reconstruction procedure. The angular resolution was determined
mainly by the incident triton beam divergence and
was about 0.6 degrees FWHM. The normalization for
the beam monitor scintillator was obtained using the
known cross section of the 12 C(t, 3 He)12B(g.s.) reaction at 0 degrees at 381 MeV (11.8 ± 1.4 mb/sr) [20].
The systematic uncertainty for the normalization was
estimated to be about 20%, taking into consideration
the uncertainty in the energy dependence of the cross
section for 12 C(t, 3 He)12 B(g.s.) between 336 MeV and
381 MeV [20], and that in the secondary-beam transmission between the beam monitor and the target.
Fig. 1 shows the energy spectra obtained for the
6 Li(t, 3 He)6 He reaction at the 0◦ ((a) and (b)) and
8◦ (c) settings of the S800. Besides the conspicuous
peaks for the transitions to the ground and first excited
states in 6 He, the spectra show the strong and broad
structures at Ex ∼5 MeV and ∼15 MeV. The structure
around 15 MeV persists at the higher angular setting,
while the structure around 5 MeV rapidly decreases
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Fig. 1. Energy spectra for the 6 Li(t, 3 He)6 He reaction measured
at 336 MeV for (a) 0◦ –1◦ in the laboratory scattering angle, (b)
0 degree setting of the S800 (0◦ –5◦ ), and (c) 8 degree setting
(4◦ –12◦ ).

as θlab increases. An interesting feature of the 5 MeV
bump is its very asymmetric shape, as clearly seen in
the figure.
The spectral shape from the 0 degree setting
(Fig. 1(b)) was analyzed by Gaussian peak-fitting. The
asymmetric structure around 5 MeV was decomposed
into three Gaussians to better study the nature of its
components. This division is arbitrary, although at
least three Gaussians are necessary to obtain an overall agreement of this structure, indicating its complex
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Fig. 2. Differential cross sections for the 6 Li(t, 3 He)6 He reaction
leading to the ground state (upper) and first excited state (lower) in
6 He. The solid curves are the results of DWBA calculations with
normalization of 1.0 and 0.8 for the ground and first excited state,
respectively. For the transition to the first excited state, 1J = 1, 2, 3
components in the calculation are shown as dot-dashed, dotted, and
dashed curves, respectively.

composition. The best fit values for the locations of
three Gaussians are 4.4 ± 0.1 MeV, 7.7 ± 0.2 MeV
and 9.9 ± 0.4 MeV with Γ widths (FWHM) of 4.0 ±
0.1 MeV, 2.3 ± 0.4 MeV, and 3.3 ± 0.7 MeV, respectively. The structure around 15 MeV was best fitted
with a location of 14.6 ± 0.2 MeV with a Γ width
of 5.9 ± 0.7 MeV, consistent with results from the
(n, p) [23] and (7 Li, 7 Be) reactions [18]. The continuum background (dotted curves in Fig. 1) was estimated with a semi-phenomenological parameterization of the quasi-free scattering [18]. With the same
parameters for the locations and widths of these Gaussians, fits were also made for the spectra for (Figs. 1(a)
and 1(c)). The differential cross sections shown below
were obtained with the same procedure.
Differential cross sections as a function of momentum transfer q are shown in Fig. 2 for the ground and
first excited states, and in Fig. 3 for the higher excited
states. These angular distributions have a strong dependence on the orbital angular momentum transfer

Fig. 3. Differential cross sections for the 6 Li(t, 3 He)6 He reaction
leading to the 5 MeV (4.4, 7.7 and 9.9 MeV components) and
14.6 MeV structures. The results of a DWBA analysis are presented
by the solid curves, normalized by the factor indicated for each
state. For the 4.4 and 7.7 components in the 5 MeV structure,
− − −
contributions from the non-normal parity states (2−
1 , 11 , 01 , 12 )
+ +
and normal parity states (22 11 ) are shown by the dot-dashed and
dashed curves, respectively.

1L. Distorted Wave Born Approximation (DWBA)
calculations were performed with the computer code
DW81 [25]. In the DWBA, the transition amplitude is
an integral of the product of distorted wave functions,
a form factor that contains the effective projectilenucleon interactions and transition density. Optical
model parameters of a Woods–Saxon shape were ex-
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Table 1
Optical-model potential parameters obtained from the analysis of
our elastic scattering of 3 He on 6 Li at 335 MeV
V
(MeV)

r
(fm)

a
(fm)

W
(MeV)

rI
(fm)

aI
(fm)

−21.95

1.42

0.74

−7.62

1.49

0.57

tracted from our elastic scattering measurement of 3 He
on 6 Li at 335 MeV at the 8 degree setting of the S800.
The parameters obtained are shown in Table 1, and
were used for the exit channel of the 6 Li(t, 3 He)6 He
reaction. The parameters for the entrance channel were
determined by scaling the depths of the real and imaginary potentials by a factor of 0.85 [26].
The effective projectile-nucleon (t–N ) interactions
were based on the effective 3 He–N interactions derived phenomenologically for the (3 He, t) reactions
[26,27]. The effective interactions Veff in terms of single Yukawa potentials (Y (r)) were taken to be of the
form

Veff (r) = Vτ Y (r/Rτ ) + Vσ τ Y (r/Rσ τ )(σ1 · σ2 )
+ VT τ r 2 Y (r/RT τ )S12 (τ1 · τ2 ),

(1)

where Vτ = 2.0 MeV, Rτ = 1.415 fm, Vσ τ = −3.0
MeV, Rσ τ = 1.415 fm, VT τ = −3.0 MeV fm−2 , and
RT τ = 0.878 fm. Here, S12 denotes the usual tensor
operator.
The wave functions and one-body transition densities for the input for DW81 were calculated with
the shell-model computer code OXBASH [28]. We
assumed harmonic-oscillator (HO) radial wave functions [29]. The positive (normal) parity states were
calculated in the 1p shell basis with the CKHE interaction [30]. This interaction starts with the CKI twobody matrix elements of Cohen–Kurath [31], but the
T = 1 two-body matrix elements were replaced by
those obtained from a fit to the known binding energies and excitation energies of the He isotopes [30].
This modification of the T = 1 matrix elements reflects the influence of the neutron halo/skin nature of
the neutron-rich He isotopes. The B(GT) value for the
β decay of 6 He obtained with the CKHE wave functions is 5.53 compared to the experimental value of of
4.73 [18,32]. The small reduction of the experimental strength is typical of the quenching obtained for
B(GT) values in the p-shell [32]. The B(GT) values

Fig. 4. Energy level scheme for positive (left) and negative (right)
parity states of 6 He predicted by the shell model calculation.

calculated for the 6 Li to 6 He transitions are given in
Table 3 of Ref. [18].
For the negative (non-normal) parity states we use
the s–p–sd–pf model space with the WBT interaction of Warburton and Brown [33]. The configurations
assumed for these non-normal parity states involve the
excitation of one nucleon from the 1s shell to the 1p
shell or one nucleon from the 1p shell to the 1d2s
shell. This interaction was designed to describe nonnormal parity states in the mass region A = 10–20. Its
use here for A = 6 is outside of its intended range,
and we do not expect the energies to be very realistic.
However, the basic structure of the transition densities
involving the excitation from the 1p shell ground state
of 6 Li should be appropriate for an analysis of the reaction cross sections obtained in this experiment. The
6 He energy levels calculated from the CKHE (positive parity) and WBT (negative parity) interactions are
summarized in Fig. 4.
Comparisons of the DWBA calculation with the
experimental angular distributions for the ground and
first excited states are shown in Fig. 2. The transition
to the ground state (6 Li(1+ ) → 6 He(0+ )) has a
forward-peaked distribution, typical of a Gamow–
Teller transition, while the transition to the first excited
state (6 Li(1+ ) → 6 He(2+ )) has a much broader shape,
indicating a large mixture of a 1L = 2 transition. The
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distribution for the ground state transition is in good
agreement with the DWBA calculation (solid curve),
in particular for the forward angles up to q ∼1.5 fm−1 .
The normalization factor here is 1.0. The harmonic
oscillator size parameter b had to be adjusted to a
larger value (b = 2.57 fm), which may be related to
the large radius of the loosely-bound valence neutron
of 6 He.
For the first excited state, reasonable agreement
with the DWBA calculation is obtained with the
same HO parameters as for the ground state. The
shape is characterized by a mixture of 1J = 1
(mainly 1L = 0) and 1J = 2, 3 (mainly 1L = 2), as
expected. The normalization factor for the calculated
distribution is 0.8. The calculation underestimates
the cross section at q ∼ 0 which is dominated by
the 1L = 0 component. We have found that the
calculation for the 1L = 0 component is rather
sensitive to the choice of the interactions in the shell
model.
The angular distributions for the 5 MeV and
14.6 MeV structures are shown in Fig. 3. As described above, the 5 MeV bump was decomposed into
three Gaussians that peak at 4.4 MeV, 7.7 MeV and
9.9 MeV. The angular distributions for these three
Gaussians are broader than that of the ground state
with 1L = 0, and narrower than that of the first excited state with 1L = 2 dominant. This fact suggests
that the transition to the 5 MeV structure has 1L = 1
characteristics, indicating the existence of low-lying
dipole states in 6 He. On the other hand, the cross section at q ∼ 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 1L = 0 component at the lower excitation energies. Indeed, the DWBA calculation shows
that the best agreement is obtained with an admixture of transitions to a negative parity states (1L = 1),
with those to the positive parity states (1L = 0, 2)
being only at lower excitations energies. In our shell
model calculation we adopted first four negative par−
−
−
ity states (2−
1 , 11 , 01 , 12 in Fig. 4) for the 1L = 1
transition. These transitions were used since these levels are closely located, and their angular distributions
are of similar shapes. For 1L = 0, 2 transition, we
adopted two closely-located positive parity states (2+
2
1+
)
shown
in
Fig.
4.
It
should
be
noted
that
the
three1
body calculation [9] also predicted the 2+ state at

about Ex ∼ 4 MeV. Evidence for this 2+ state was also
seen in a recent 6 He+C experiment [34].
The angular distribution for the 14.6 MeV structure
is shown on the bottom part of Fig. 3. 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
at Ex ∼ 16–20 MeV (Fig. 4). In Fig. 3 the calculation
for the 1−
3 state is shown by the solid curve, which is
in good agreement with the data. The assignment of
the 1L = 1 transition is consistent with the result for
the (n, p) reaction [23].
The difference between the 1L = 1 transitions to
the 5 MeV and 14.6 MeV structures is that the former
is dominated by a transition to 2s1p−1 (proton hole in
the 1p orbital and neutron in 2s orbital in 6 Li), while
the latter is dominated by the transition to 1p1s −1
and 1d1p−1 configurations. Since the 2s orbital has
a larger mean radius than the 1s orbital, the angular
distribution (in q space) is narrower for the 5 MeV
structure. This result indicates that the gap between
the 1p and 2s orbitals is about 5 MeV, significantly
smaller than the 1s–1p and 1p–1d gaps of about
15 MeV.
To summarize, we have measured 6 Li(t, 3 He)6 He
reaction at 336 MeV. We have observed a broad
asymmetric structure at Ex ∼ 5 MeV and another
structure at 14.6 MeV above the strong peaks for the
ground and first excited states in 6 He. The angular
distributions show that the structure around 5 MeV
is dominated by the dipole states with a mixture
of positive parity states in its lower-energy portion.
The existence of intruder dipole states at such low
energies suggests a quenching of the 1p–2s gap
in this nucleus. The 14.6 MeV structure has been
found to have a 1L = 1 shape, corresponding to the
transition composed mainly of 1p1s −1 and 1d1p−1
components.
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