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Abstract

We investigated the low-lying spectroscopySéfe via the 2-neutron transfer
reaction induced by théHe SPIRAL beam at 15.4 A.MeV on a proton-rich
target. The light charged recoil particles produced by fhectireactions were
measured using the MUST?2 Si-strip telescope array. Two Bsarances were
observed above the knovt state inHe, and the angular momentum trans-
fer was deduced through the analysis of the angular disiitel Results are
discussed in comparison with the recent calculations abuamuclear struc-
ture theories which include the coupling to the continuuchiique and to
the ones which give an understanding of the cluster comektin the light
weakly-bound nuclei.

1 Motivationsand experimental probe

New interesting phenomena have been observed close touk®melrip-line, such as halos or neutron
skins, and low-lying resonant states. Progress have bgemnted in the understanding of these exotic
structures, related to the weak binding energies of theroruich light nuclei: they can be explained
by the interplay between mean field and shell model configuratwith cluster structures [1]. However,
the nuclear models disagree for the predictions of the spmatipy of nuclei far away from the valley
of stability, due to the different assumptions on nucleanl@on interactions, on few-body and pairing
correlations, and to our lack of knowledge on crucial micogsc inputs in the nuclear forces, like the
expression of the isospin-dependent terms and of the spihforce. The existence and position of
resonant states in the light exotic nuclei may provide eluoformation to constrain the models and be
used benchmarks to test their validity. For near-drip-tinelei, like®®He or?*0, the theories all predict
resonant states in the low-lying excitation energy reglmidw 12 MeV). The characteristics of these
states, position, width, spin and parity, have not been ¥irastablished and sometimes they have not
been clearly observed. In this context, the region of thet liguclei forZ < 8 is particularly attracting:

— the nuclear structure offers a rich variety of phenomelseae to weakly-bound structures, alpha-
cluster like, extended halo or skin structures [1-4], clearig 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 nuckedn< 12, it is feasible for the theo-
ries including the so-called ab-initio or realistic intetians (with 2- and 3-body terms) to carry
out analytical calculations and to obtain accurate resuilisin the Green Function Monte Carlo
Method (GFMC) [5]. The No-Core Shell Model (NCSM) calcutats can be applied to the light
nuclei, including different sets of realistic effectivadéractions. The model was recently extended
to include 3-body interaction for the calculations of thelying spectra of the p-shell nuclei [6];
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— for light nuclei close to the drip-line - which means thatithparticle thresholds are low- their
weak binding features have been triggering important dgweent for the understanding of the
continuum coupling effects in this region, for the last fegays [7—11].

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

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

In this study, we want to determine the low-lying states eftieutron-rich weakly-bountHe. It
has neutron thresholds located at low enetgyy<£ 1.77 andS,,, =0.97 MeV) and no bound excited state.
The first excited state is2i- at 1.8 MeV [13].5He is now well known as a halo nucleus [4, 14] and the
2n-halo structure was investigated intensively both thgcally and experimentally but the positions,
spin and parities of the resonant states above 1.8 MeV areletetmined. On the theoretical side,
various calculations indicated that a series2gf 1], 0f states should exist above tB¢ state and
below the triton-tritonS;,, threshold at 12.3 MeV, but they disagree on the energiesasfetistates.
These predictions have triggered a lot of experimentalities during the last 15 years. None was
successful to determine precisely the energy and width di states. The main results were obtained
via transfer reactions, which indicated resonances bélpw and broad resonances above. From the
7Li(5Li,"Be)’He reaction [15], " state was indicated at 5.6 witi'a= 10.9 MeV width and structures
possibly(1,2)~ at 14.6 = 7.4) MeV, and at 23.31( = 14.8) MeV; a broadl" = 4 MeV at 4 MeV
was reported in Ref. [16], and at 18 MeV (= 7.7) in Ref. [17]. From thé’Li(t,2He)’He reaction
resonance-like structures were seen at 7.7, 9.9 MeV andrat $5aMeV [18]. Experimentally the (p,p’)
is usually a good probe to search low-lying resonances. du,to the huge physical background, no
resonance except tiz" was indicated from a (p,p’) experiment done with a GANIHe beam and
the particle spectroscopy technique [14]. For the obsexvaif the resonant excited states via direct
reactions, what we could call the “state preparation” isartgmt: it means that we need to have an
entrance channel providing a good overlap with the finaéstathe exit channel. From the side-product
of a previous experiment E405S [19, 20], the 2n-transfesti@a of the®He SPIRAL beam on a proton-
rich target, a foil of polypropylenéC H-),,, was indicated as a good probe to explore the excited states
of ®He. A follow-up experiment (E525S) was defined and carrietwith a set-up devoted to the (p,t)
measurement, having a better efficiency and larger angolerage.

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 usingHe SPIRAL beam at 15.4 A.MeV and the new
MUST?2 Si-strip telescope array [21]. Two beam tracking cketes CATS were used to reconstruct
the incident trajectories. The experimental set-up isgresl in Fig. 1. Each MUST2 telescope is
composed by a first 3Q0n thick Si-strip stage with an active area of 10%cand 128 X and Y strips.
The measurement of the energy loss, time of flight and posisorealized by this Si-strip detector.
The second stage can be a 4.5 mm thick-SiLi (not used herejhenthst one is a 4 cm thick Csl-
crystal detector. Time and energy signals are treated watrrum by front-end ASIC (Application
Specific Integrated circuits) electronics. The light clegrgarticles protons (p), deutons (d) and tritons
(t) produced by the elastic, (p,p’) and 1- and 2-neutrondfiemreactions are measured and identified
in the block of 4 telescopes, in coincidence with the He isesofocused at forward angles in thé 5
MUST2 and in the plastic scintillator. Performances of M2Sii terms of granularity and resolutions
correspond to the state of the art: the resolution in thetiposi dx, dy, is 0.53 mm, giving an angular
resolution of 0.53 at 15 cm from the target; the energy resolution of the Spstis 40 keV at 5.5 MeV.
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Fig. 1: Experimental set-up including one of the two beam detedBASS, the array of 4 MUST2 telescope
modules located at forward angles at 15 cm from the targeltiteeb!” telescope used at 0 degrees at 40 cm from
the target (it appears rotated in this picture). An addalgiastic scintillator (2 crf) was located at 0 degrees in

I

front of the5*" telescope.
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Fig. 2. Kinematics of the measured reactions®fe on proton at 15.4 A.MeV. The lines are the calculated
kinematics for the (p,p), (p,8e,s, and (p,tfHe,s, (p,t)’Hey...

2.2 Kinematics and missing mass method

The results for the direct reactions on the proton targepegsented in Fig. 2 for all the events obtained
with the 50 m -thick target (4.48 mg/ch). From the correlations observed in the spectra of energy
versus scattering angle in laboratory (lab.) frame for therts, deutons and protons, and with the kine-
matical parameters of these particles, the excitationtsgppace deduced via the missing mass method for
SHe, "THe and®He, respectively. The particle spectroscopy gives aceebsth bound excited and reso-
nant states. Here we focus on thée case and give a summary of the analysis. A complete désarip
will be given in a forthcoming article [22] and the discussiaf the spectra fofHe via the (p,d) transfer
reaction will be developed also in a next article.

3 Analysisof the excitation spectra of ¢He

The excitation energy spectrum @fle is deduced by missing mass method, from the kinematiat ch
acteristics of the triton, the energy and position measimréite MUST2 array, by considering the events
with t+%He coincidences (corresponding to thige ground state (gs) in exit channel) andt coin-
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Fig. 3: Example of the analysis for an excitation spectruniléé obtained fronw+t correlations and for a slice
of the kinematics corresponding to the angular rafi§e90]¢,,,. The data with the statistical errors are indicated
with the black crosses. The final spectrum (red curve) isinbteby summing the background due to the Carbon
(blue line), the phase space (green) and the resonancek ¢ieves).

cidences (which include the events producing unbound exxatates of He). The resolution in the
excitation energies for the 4.48 mg/énhick C H,, target is of the order of 720 keV.

A structure extracted from the data spectra can be consideyea resonant nuclear state if the
parameters (position and width) are conserved within dvess, whatever the angular center of mass
(c.m) slice examined between 60 and 45the angular range of our experiment. The extraction of
resonances was realized in three steps. First the physickgjlbund was estimated. The first source is
the contribution due to the decay of the exit channel paditHe* into o + n + n. These many-body
kinematical effects are modelled by phase space calcofatiwluding the experimental response of the
set-up (green curve in Fig. 3). It is interesting to note #Hidarge excitation energies fé&r > 14 MeV,
the only way to reproduce the shape of the data is to introdugsonance at 15 MeV. in addition to
the the phase space contributions. This resonance is tamtsigith the data obtained in Ref. [18]. The
Carbon content in the target also produces possible resotvdh anc in coincidence with a triton. This
contribution was estimated from the measured yields on @ @arbon target, which could be fitted by
a simple linear function. The"™2 step was the subtraction of the physical background to firidtmu
possible resonance location. We adopted the Breit-Wigagmetrization to define the distribution of a
resonance with the enerdyz and intrinsic widthl'z:

1 Tr/2
HE) = BB + w2

(1)

The possible resonances were modelled as Breit-WigneesHafnled with a Gaussian function, to take
into account the experimental spreading due to the expataheesolution. In the search for resonances
above the2|, the parameters of the peaks corresponding to the g&jamere kept fixed to the known
values, which were verified as accurate to reproduce thekjpgmatics to theﬁ);S and to the2;". For
each angular slices in the c.m frame, the parameters ofsbeaaces (position, width and normalization)
were fitted on the subtracted spectra. The number of thelpessisonances were also varied to check
out the consistency.

Finally, the total excitation spectra (non-subtracted)%de were analyzed for different angu-
lar slices in the c.m. frame to check the consistency of tlimeted parameters of the possible reso-
nances. The search of resonances was done for the varioas Bb;75], [75;85], [85;95], [95;115]
and [115;150]c.m. They? minimization between the data and the calculated curve wasigered for
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Fig. 4: Spectroscopy dfHe: comparison between our new results obtainedMia(p,t), and several theories, ab-
initio GFMC [5], NCSM [24], few-body model [23], CSM [8], GSN®], and the Complex Scaling Method [10].

the energy range between 0 and 20 MeV, with 2ijefixed peak, 3 resonances in search, two broad
structures located at 16 and 17.3 MeV and adding the totaigéiybackground curve. In the search, the
normalisation of all the peaks and resonances (eve2thene with fixed positions and width) were free
to vary. The resulting calculated curve is shown by the neel iln Fig. 3. A structure observed around 8
MeV was not considered as a state since it was not observedl tbe slices we considered between 60
and 150c.m. In addition to the known resonarg that we have observed and then fixed in the search
at1.8(2) MeV (I' = 0.1 + 0.2 MeV) - consistent with the tabulated values (1.8 MeV and 14@)ktwo
new resonances were found:

at2.6 + 0.3 MeV with an intrinsic widthl' = 1.6 0.4 MeV and at5.3 £ 0.3 MeVwith[' = 2+ 1 MeV.

Two structures are observed between 15 and 18 MeV. Sinceatieest the limit of our geometrical effi-
ciency, their positions are not determined precisely freammeasurement. However they are consistent
with the broad structures observed in previous experim@ets Sec. 1).

3.1 Comparison tothetheories

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

4 Interpretation of theangular distributions, the CRC analysis

The statistical error is included within the points of Fi§s6. The systematical errors, including the ones
due to the target, the normalization, the efficiency and thxraction of the background were estimated
to the level of 11% (total error bar). Our new data at 15.4 AMNdee in agreement with the previous data
obtained at 15.6 A.MeV [20] and presented in Fig. 5. The pneviangular distributions fotHe(p,t)
data were analyzed in the framework of the coupled-reaai@mmnel (CRC) calculations. This method
was showed to be powerful to describe consistently elastidi@nsfer reactions for a whole set of data
for exotic nuclei, like®He [19,20] and?!'Be [25]. The new data obtained at 15.4 A.MeV are consistent
with our previous measurements and confirm our interpetdtr the gs structure diHe.

The analysis of théHe+p reactions measured at 15.6 A.MeV [19, 20] offered ferftrst time
the possibility to have a full interpretation of the direeactions induced by an exotic nucleus in the
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Fig.5: Experimental cross sections fide(p,p) *He(p,df He, s, *He(p,tfHe,s and (p,t?Heﬁ. The previous data
obtained at 15.6 A.MeV are presented in black dots (“E4Q3k¥ new ones at 15.4 A.MeV are in red (E525S).

The curves are CRC calculations at 15.6 A.MeV describedarigkt.

CRC framework, since the reaction data set included bostieland 1n, 2n transfer on proton, with a
large angular range covered for all the processes. Therepeapic factors (SF) of th%l—leg.s, respected
to "Heyo- g.s. and®He(0™) and®He(2™) were deduced [20]: the*S values are 2.9, 1.0 and 0.014,
respectively. Error bars on the SF are of the order of 30%.s@&tactors are in agreement with the
results obtained from the analysis of the quasi-free stagtef *He measured at GSI [27]: they found
the *HefHe,+ overlap of 1.3-0.1; and the S.F. fotHe/'He, ,- was of 3.3:0.3. The S.F. correspond
to a structure for th8He gs mainly built on théHe,+ + 2n configuration. The extracted SF indicate a
mixing between thélps »);, and(1ps2)*(1p1 /)2 neutron configurations in titde gs. The consistency
with the other existing data was checked. At RIKEN, the (was measured at 61.3 A.MeV [26]. The
SF obtained from our CRC analysis of the (p,t) are in contnaitt the ones (both equal to 1) deduced
from the DWBA analysis done in Ref. [26]. However, the RIKEBta were reanalyzed successfully
within the CRC framework [20] using the same SF inputs as tles@xtracted from our SPIRAL data.
This study demonstrates how important the reaction framleigsdo draw correct conclusions on the S.F.
and to deduce the microscopic structure. Our results coratd the configurations found fiHe,; by
thea + 4n calculations [28]: 34.9% ililps 2 )*; 23.7% in(1ps/2)*(1p1/2)*

The (p,t) cross sections to the new states fountHa have also been extracted. The transferred
angular momentuni; can be deduced from the analysis of these angular distriimitiNew calculations
taking into account the coupling to these states should Herpged in the CRC framework including
possible 2-step processes as it was done for the2firsttate. However, in Fig. 6, we only present the
comparison of the data with a simplified one-step calcutatidhe aim being to obtain the transferred
momentum of the new states. These calculations considerttieansfer pair of 2 neutrons between
the 0" gs of®He and the excited state 6He. TheL; values obtained are 2 and 1 for the two states,
respectively. This corresponds to the 2.65 MeV state beig.aAmbiguity remains for the 5.3 MeV
state, it is al~ in the simple calculation with a pair transfer but, as we samtlie interpretation of the
cross sections to th&, the 2-step process is needed to conclude about the coniggisr@roduced by
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Fig. 6: Angular distributions of the (p,t) reaction to the state &52MeV (left side) and at 5.3 MeV (right). See
the text for the explanation of the spin, parity of theseestat
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Fig. 7. New CRC scheme required to take into account the couplinggméw resonances found in this work.

the (p,t) reaction. The state at 5.3 MeV could turn out to € aas indicated by the various theories.
The figure 7 presents the new CRC scheme proposed for fumladrsés. The coupling to the channels
involving the two new states will be needed. The SF could hls@xtracted and be compared to the
ones provided by the complex scaling method. This will offex possibility to check how the cluster

structures evolve as the excitation energies increase.

5 Conclusions

The results obtained via tH#de(p,t) reaction are for the moment the most complete onkescted for
the low-lying spectroscopy dfHe, with the evidence of two new resonances and the measnoterhe
a whole set of angular distributions. The new cross sectidri$le on proton are in agreement with
our previous measurements. The interpretation fo’He gs, obtained via the CRC analysis [20] are
confirmed: the gs includes not only tieps 5);, but also the(1ps2)*(1p; /2)7 configurations, and this
is consistent with the recent dineutron cluster structiseussed by the AMD theory [29].

The new states dfHe, at2.6 (3) and at5.3 (3) MeV were found consistent with 2" and an
L; = 1 state respectively. Further analysis is needed to deterthim parity of thel.; = 1 state. The
resonances were compared to the predictions of microscopiels. The agreement is satisfactory with
the theoretical predictions in Ref [9, 10]. These approadhelude explicitly the continuum-coupling
effect to the resonant and scattering states, and provideddgscription of the.+xn cluster structures.
The important feature of these models is their realistiattreent of the coupling to the continuum: the
two neutrons of the halo can interact with each other and bitegikto the continuum states. They seem
to be promising for the development of accurate spectrosagscriptions of the exotic nuclei.

The (p,t) transfer reaction induced Bile at 15.4 A.MeV was a good probe for the exploration of
SHe resonances. These direct reactions on proton targetharphtticle spectroscopy technique using
the MUST?2 array or the next-generation devices will be thegadte tool for a systematic investigation
of spectroscopic factors and resonant states of exoticeiugpecially in the scope of the SPIRAL2
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development of beams at low-energy below 20 A.MeV.
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