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Abstract
We investigated the low-lying spectroscopy of6He via the 2-neutron transfer
reaction induced by the8He SPIRAL beam at 15.4 A.MeV on a proton-rich
target. The light charged recoil particles produced by the direct reactions were
measured using the MUST2 Si-strip telescope array. Two new resonances were
observed above the known2+ state in6He, and the angular momentum trans-
fer was deduced through the analysis of the angular distributions. Results are
discussed in comparison with the recent calculations of various nuclear struc-
ture theories which include the coupling to the continuum technique and to
the ones which give an understanding of the cluster correlations in the light
weakly-bound nuclei.

1 Motivations and experimental probe

New interesting phenomena have been observed close to the neutron drip-line, such as halos or neutron
skins, and low-lying resonant states. Progress have been reported in the understanding of these exotic
structures, related to the weak binding energies of the neutron-rich light nuclei: they can be explained
by the interplay between mean field and shell model configurations with cluster structures [1]. However,
the nuclear models disagree for the predictions of the spectroscopy of nuclei far away from the valley
of stability, due to the different assumptions on nucleon-nucleon interactions, on few-body and pairing
correlations, and to our lack of knowledge on crucial microscopic inputs in the nuclear forces, like the
expression of the isospin-dependent terms and of the spin-orbit force. The existence and position of
resonant states in the light exotic nuclei may provide crucial information to constrain the models and be
used benchmarks to test their validity. For near-drip-linenuclei, like6,8He or24O, the theories all predict
resonant states in the low-lying excitation energy region (below 12 MeV). The characteristics of these
states, position, width, spin and parity, have not been firmly established and sometimes they have not
been clearly observed. In this context, the region of the light nuclei forZ ≤ 8 is particularly attracting:

– the nuclear structure offers a rich variety of phenomena related to weakly-bound structures, alpha-
cluster like, extended halo or skin structures [1–4], changes in the shell structure are also observed
as compared to the shell ordering in the stable nuclei;

– technically, for the systems with a small number of nucleons A ≤ 12, it is feasible for the theo-
ries including the so-called ab-initio or realistic interactions (with 2- and 3-body terms) to carry
out analytical calculations and to obtain accurate resultswithin the Green Function Monte Carlo
Method (GFMC) [5]. The No-Core Shell Model (NCSM) calculations can be applied to the light
nuclei, including different sets of realistic effective interactions. The model was recently extended
to include 3-body interaction for the calculations of the low-lying spectra of the p-shell nuclei [6];
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– for light nuclei close to the drip-line - which means that their particle thresholds are low- their
weak binding features have been triggering important development for the understanding of the
continuum coupling effects in this region, for the last few years [7–11].

– experimentally the drip-line can be reached, like in the Helium isotopes for which beams at low
energies (less than 16 A.MeV) are available at Ganil, this offers the opportunity to measure di-
rect reactions in a low-energy regime, and to investigate both the low-lying spectroscopy and the
spectroscopic factors (SF) [12].

In summary the low-lying spectroscopy in this region is the laboratory to test the interplay between shell
and cluster structures, correlations and mean field effects, mixing between continuum and discrete states.

In this study, we want to determine the low-lying states of the neutron-rich weakly-bound6He. It
has neutron thresholds located at low energy (Sn = 1.77 andS2n =0.97 MeV) and no bound excited state.
The first excited state is a2+ at 1.8 MeV [13].6He is now well known as a halo nucleus [4, 14] and the
2n-halo structure was investigated intensively both theoretically and experimentally but the positions,
spin and parities of the resonant states above 1.8 MeV are notdetermined. On the theoretical side,
various calculations indicated that a series of2+

2
, 1+

1
, 0+

1
states should exist above the2+

1
state and

below the triton-tritonSt+t threshold at 12.3 MeV, but they disagree on the energies of these states.
These predictions have triggered a lot of experimental activities during the last 15 years. None was
successful to determine precisely the energy and width of such states. The main results were obtained
via transfer reactions, which indicated resonances belowSt+t and broad resonances above. From the
7Li(6Li,7Be)6He reaction [15], a2+ state was indicated at 5.6 with aΓ = 10.9 MeV width and structures
possibly(1, 2)− at 14.6 (Γ = 7.4) MeV, and at 23.3 (Γ = 14.8) MeV; a broadΓ = 4 MeV at 4 MeV
was reported in Ref. [16], and at 18 MeV (Γ = 7.7) in Ref. [17]. From the6Li(t,3He)6He reaction
resonance-like structures were seen at 7.7, 9.9 MeV and at 5 and 15 MeV [18]. Experimentally the (p,p’)
is usually a good probe to search low-lying resonances. But,due to the huge physical background, no
resonance except the2+ was indicated from a (p,p’) experiment done with a GANIL6He beam and
the particle spectroscopy technique [14]. For the observation of the resonant excited states via direct
reactions, what we could call the “state preparation" is important: it means that we need to have an
entrance channel providing a good overlap with the final state in the exit channel. From the side-product
of a previous experiment E405S [19,20], the 2n-transfer reaction of the8He SPIRAL beam on a proton-
rich target, a foil of polypropylene(CH2)n, was indicated as a good probe to explore the excited states
of 6He. A follow-up experiment (E525S) was defined and carried out with a set-up devoted to the (p,t)
measurement, having a better efficiency and larger angular coverage.

2 Measurement of the direct reactions

2.1 Experimental set-up for the (p,t) reactions to the excited states of 6He

The (p,t) reactions were measured at GANIL using the8He SPIRAL beam at 15.4 A.MeV and the new
MUST2 Si-strip telescope array [21]. Two beam tracking detectors CATS were used to reconstruct
the incident trajectories. The experimental set-up is presented in Fig. 1. Each MUST2 telescope is
composed by a first 300µm thick Si-strip stage with an active area of 10 cm2 and 128 X and Y strips.
The measurement of the energy loss, time of flight and position is realized by this Si-strip detector.
The second stage can be a 4.5 mm thick-SiLi (not used here) andthe last one is a 4 cm thick CsI-
crystal detector. Time and energy signals are treated undervacuum by front-end ASIC (Application
Specific Integrated circuits) electronics. The light charged particles protons (p), deutons (d) and tritons
(t) produced by the elastic, (p,p’) and 1- and 2-neutron transfer reactions are measured and identified
in the block of 4 telescopes, in coincidence with the He isotopes focused at forward angles in the 5th

MUST2 and in the plastic scintillator. Performances of MUST2 in terms of granularity and resolutions
correspond to the state of the art: the resolution in the positions dx, dy, is 0.53 mm, giving an angular
resolution of 0.53◦ at 15 cm from the target; the energy resolution of the Si-strips is 40 keV at 5.5 MeV.
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Fig. 1: Experimental set-up including one of the two beam detectorsCATS, the array of 4 MUST2 telescope
modules located at forward angles at 15 cm from the target, and the5th telescope used at 0 degrees at 40 cm from
the target (it appears rotated in this picture). An additional plastic scintillator (2 cm2) was located at 0 degrees in
front of the5th telescope.
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Fig. 2: Kinematics of the measured reactions of8He on proton at 15.4 A.MeV. The lines are the calculated
kinematics for the (p,p), (p,d)7Hegs, and (p,t)6Hegs, (p,t)6He2+.

2.2 Kinematics and missing mass method

The results for the direct reactions on the proton target arepresented in Fig. 2 for all the events obtained
with the 50 µm -thick target (4.48 mg/cm2). From the correlations observed in the spectra of energy
versus scattering angle in laboratory (lab.) frame for the tritons, deutons and protons, and with the kine-
matical parameters of these particles, the excitation spectra are deduced via the missing mass method for
6He, 7He and8He, respectively. The particle spectroscopy gives access to both bound excited and reso-
nant states. Here we focus on the6He case and give a summary of the analysis. A complete description
will be given in a forthcoming article [22] and the discussion of the spectra for7He via the (p,d) transfer
reaction will be developed also in a next article.

3 Analysis of the excitation spectra of 6He

The excitation energy spectrum of6He is deduced by missing mass method, from the kinematical char-
acteristics of the triton, the energy and position measuredin the MUST2 array, by considering the events
with t+6He coincidences (corresponding to the6He ground state (gs) in exit channel) andα+t coin-
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Fig. 3: Example of the analysis for an excitation spectrum of6He obtained fromα+t correlations and for a slice
of the kinematics corresponding to the angular range[70, 90]◦cm. The data with the statistical errors are indicated
with the black crosses. The final spectrum (red curve) is obtained by summing the background due to the Carbon
(blue line), the phase space (green) and the resonances (black curves).

cidences (which include the events producing unbound excited states of6He). The resolution in the
excitation energies for the 4.48 mg/cm2 thick CH2 target is of the order of 720 keV.

A structure extracted from the data spectra can be considered as a resonant nuclear state if the
parameters (position and width) are conserved within errorbars, whatever the angular center of mass
(c.m) slice examined between 60 and 150◦, the angular range of our experiment. The extraction of
resonances was realized in three steps. First the physical background was estimated. The first source is
the contribution due to the decay of the exit channel particles6He∗ into α + n + n. These many-body
kinematical effects are modelled by phase space calculations including the experimental response of the
set-up (green curve in Fig. 3). It is interesting to note thatat large excitation energies forE > 14 MeV,
the only way to reproduce the shape of the data is to introducea resonance at 15 MeV. in addition to
the the phase space contributions. This resonance is consistent with the data obtained in Ref. [18]. The
Carbon content in the target also produces possible reactions with anα in coincidence with a triton. This
contribution was estimated from the measured yields on a pure Carbon target, which could be fitted by
a simple linear function. The 2nd step was the subtraction of the physical background to find out the
possible resonance location. We adopted the Breit-Wigner parametrization to define the distribution of a
resonance with the energyER and intrinsic widthΓR:

f(E) =
1

π

ΓR/2

(E − ER)2 + (ΓR/2)2
, (1)

The possible resonances were modelled as Breit-Wigner shapes folded with a Gaussian function, to take
into account the experimental spreading due to the experimental resolution. In the search for resonances
above the2+

1
, the parameters of the peaks corresponding to the gs and2+

1
were kept fixed to the known

values, which were verified as accurate to reproduce the (p,t) kinematics to the0+
gs and to the2+

1
. For

each angular slices in the c.m frame, the parameters of the resonances (position, width and normalization)
were fitted on the subtracted spectra. The number of the possible resonances were also varied to check
out the consistency.

Finally, the total excitation spectra (non-subtracted) for 6He were analyzed for different angu-
lar slices in the c.m. frame to check the consistency of the extracted parameters of the possible reso-
nances. The search of resonances was done for the various slices [65;75], [75;85], [85;95], [95;115]
and [115;150]◦c.m. Theχ2 minimization between the data and the calculated curve was considered for
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Fig. 4: Spectroscopy of6He: comparison between our new results obtained via8He(p,t), and several theories, ab-
initio GFMC [5], NCSM [24], few-body model [23], CSM [8], GSM[9], and the Complex Scaling Method [10].

the energy range between 0 and 20 MeV, with the2+
1

fixed peak, 3 resonances in search, two broad
structures located at 16 and 17.3 MeV and adding the total physical background curve. In the search, the
normalisation of all the peaks and resonances (even the2+

1
one with fixed positions and width) were free

to vary. The resulting calculated curve is shown by the red line in Fig. 3. A structure observed around 8
MeV was not considered as a state since it was not observed forall the slices we considered between 60
and 150◦c.m. In addition to the known resonance2+

1
that we have observed and then fixed in the search

at1.8(2) MeV (Γ = 0.1 ± 0.2 MeV) - consistent with the tabulated values (1.8 MeV and 113 keV), two
new resonances were found:
at2.6±0.3 MeV with an intrinsic widthΓ = 1.6±0.4 MeV and at5.3±0.3 MeV with Γ = 2±1 MeV.
Two structures are observed between 15 and 18 MeV. Since theyare at the limit of our geometrical effi-
ciency, their positions are not determined precisely from our measurement. However they are consistent
with the broad structures observed in previous experiments(see Sec. 1).

3.1 Comparison to the theories

The resonances measured for6He are compared to the calculations done within various theoretical frame-
works: the few-body model [23], the GFMC [5], the NCSM [24], the models treating explicitly the con-
tinuum couplings of bound and scattering states [8, 9], and recently the Complex Scaling Method [10].
As can be seen in Fig. 4, the best description is given by the models including the continuum couplings,
they provide a better treatment of the resonant states, and found them at lower energies than in the other
models.

4 Interpretation of the angular distributions, the CRC analysis

The statistical error is included within the points of Figs.5-6. The systematical errors, including the ones
due to the target, the normalization, the efficiency and the subtraction of the background were estimated
to the level of 11% (total error bar). Our new data at 15.4 A.MeV are in agreement with the previous data
obtained at 15.6 A.MeV [20] and presented in Fig. 5. The previous angular distributions for8He(p,t)
data were analyzed in the framework of the coupled-reaction-channel (CRC) calculations. This method
was showed to be powerful to describe consistently elastic and transfer reactions for a whole set of data
for exotic nuclei, like8He [19,20] and10,11Be [25]. The new data obtained at 15.4 A.MeV are consistent
with our previous measurements and confirm our interpretation for the gs structure of8He.

The analysis of the8He+p reactions measured at 15.6 A.MeV [19, 20] offered for the first time
the possibility to have a full interpretation of the direct reactions induced by an exotic nucleus in the
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Fig. 5: Experimental cross sections for8He(p,p),8He(p,d)7Hegs, 8He(p,t)6Hegs and (p,t)6He
2
+

1

. The previous data
obtained at 15.6 A.MeV are presented in black dots (“E405s"), the new ones at 15.4 A.MeV are in red (E525S).
The curves are CRC calculations at 15.6 A.MeV described in the text.

CRC framework, since the reaction data set included both elastic and 1n, 2n transfer on proton, with a
large angular range covered for all the processes. The spectroscopic factors (SF) of the8Heg.s. respected
to 7He3/2− g.s. and6He(0+) and6He(2+) were deduced [20]: the C2S values are 2.9, 1.0 and 0.014,
respectively. Error bars on the SF are of the order of 30%. These factors are in agreement with the
results obtained from the analysis of the quasi-free scattering of 8He measured at GSI [27]: they found
the 8He/6He0+ overlap of 1.3±0.1; and the S.F. for8He/7He3/2− was of 3.3±0.3. The S.F. correspond
to a structure for the8He gs mainly built on the6He0+ + 2n configuration. The extracted SF indicate a
mixing between the(1p3/2)

4
ν and(1p3/2)

2(1p1/2)
2
ν neutron configurations in the8He gs. The consistency

with the other existing data was checked. At RIKEN, the (p,t)was measured at 61.3 A.MeV [26]. The
SF obtained from our CRC analysis of the (p,t) are in contrastwith the ones (both equal to 1) deduced
from the DWBA analysis done in Ref. [26]. However, the RIKEN data were reanalyzed successfully
within the CRC framework [20] using the same SF inputs as the ones extracted from our SPIRAL data.
This study demonstrates how important the reaction framework is to draw correct conclusions on the S.F.
and to deduce the microscopic structure. Our results corroborate the configurations found in8Hegs by
theα + 4n calculations [28]: 34.9% in(1p3/2)

4; 23.7% in(1p3/2)
2(1p1/2)

2.

The (p,t) cross sections to the new states found in6He have also been extracted. The transferred
angular momentumLt can be deduced from the analysis of these angular distributions. New calculations
taking into account the coupling to these states should be performed in the CRC framework including
possible 2-step processes as it was done for the first2+ state. However, in Fig. 6, we only present the
comparison of the data with a simplified one-step calculations, the aim being to obtain the transferred
momentum of the new states. These calculations consider the0+ transfer pair of 2 neutrons between
the 0+ gs of 8He and the excited state of6He. TheLt values obtained are 2 and 1 for the two states,
respectively. This corresponds to the 2.65 MeV state being a2+. Ambiguity remains for the 5.3 MeV
state, it is a1− in the simple calculation with a pair transfer but, as we saw for the interpretation of the
cross sections to the2+

1
, the 2-step process is needed to conclude about the configurations produced by
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Fig. 6: Angular distributions of the (p,t) reaction to the state at 2.65 MeV (left side) and at 5.3 MeV (right). See
the text for the explanation of the spin, parity of these states.

Fig. 7: New CRC scheme required to take into account the coupling to the new resonances found in this work.

the (p,t) reaction. The state at 5.3 MeV could turn out to be a1+, as indicated by the various theories.
The figure 7 presents the new CRC scheme proposed for further analysis. The coupling to the channels
involving the two new states will be needed. The SF could alsobe extracted and be compared to the
ones provided by the complex scaling method. This will offerthe possibility to check how the cluster
structures evolve as the excitation energies increase.

5 Conclusions

The results obtained via the8He(p,t) reaction are for the moment the most complete ones collected for
the low-lying spectroscopy of6He, with the evidence of two new resonances and the measurement of
a whole set of angular distributions. The new cross sectionsof 8He on proton are in agreement with
our previous measurements. The interpretation for the8He gs, obtained via the CRC analysis [20] are
confirmed: the gs includes not only the(1p3/2)

4
ν but also the(1p3/2)

2(1p1/2)
2
ν configurations, and this

is consistent with the recent dineutron cluster structure discussed by the AMD theory [29].

The new states of6He, at2.6 (3) and at5.3 (3) MeV were found consistent with a2+ and an
Lt = 1 state respectively. Further analysis is needed to determine the parity of theLt = 1 state. The
resonances were compared to the predictions of microscopicmodels. The agreement is satisfactory with
the theoretical predictions in Ref [9, 10]. These approaches include explicitly the continuum-coupling
effect to the resonant and scattering states, and provide a good description of theα+xn cluster structures.
The important feature of these models is their realistic treatment of the coupling to the continuum: the
two neutrons of the halo can interact with each other and be excited to the continuum states. They seem
to be promising for the development of accurate spectroscopic descriptions of the exotic nuclei.

The (p,t) transfer reaction induced by8He at 15.4 A.MeV was a good probe for the exploration of
6He resonances. These direct reactions on proton target and the particle spectroscopy technique using
the MUST2 array or the next-generation devices will be the adequate tool for a systematic investigation
of spectroscopic factors and resonant states of exotic nuclei, specially in the scope of the SPIRAL2
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development of beams at low-energy below 20 A.MeV.
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