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Spectroscopy of 'He using the *Be(°He ,*Be) transfer reaction
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The unbound nucleus ’He has been investigated via the reaction of a 16.8 MeV ®He radioactive ion beam on
a ?Be target. The measurement of the outgoing ®Be through its well characterized two-a decay permitted the
energy of the He 4+n system to be reconstructed. Through comparison with a complete Monte Carlo simulation
incorporating R-matrix lineshapes, the "He ground state was determined to lie 0.380(28) MeV above the neutron
decay with a width of I' = 0.179(21) MeV. A neutron spectroscopic factor SF = 0.608(18) was extracted in
agreement with the most recent calculations. Significant evidence was found for a broad resonance lying at
2.6(2) MeV above threshold with a I'rwym = 2.3(3) MeV. These parameters are fully consistent with the
properties of 1/27 state reported by Wuosmaa et al. [Phys. Rev. C 72, 061301(R) (2005)]. Limits were also put
on the presence of narrow resonances seen in earlier experiments.

DOI: 10.1103/PhysRevC.94.024619

I. INTRODUCTION

The study of light nuclei far from stability provides crucial
constraints for different nuclear structure theories. Particularly,
the extreme N /Z ratio characteristic of the very light nuclei
makes them suitable for testing ab inito approaches, which
have achieved remarkable progress in the description of light
unbound states.

Since its first observation, the unbound "He nucleus has
been the focus of numerous works. Its ground state was
identified in the "Li(z,>He) charge-exchange reaction [1,2] as
a J* =3/27 resonance with a width of 0.16(3) MeV (full
width at half maximum; FWHM) at 0.44(3) MeV above the
®He +n threshold. This observation was further confirmed by
other experiments [3—10], although quantitative values slightly
differ, as shown in Fig. 1. For many years, despite the several
attempts (see Ref. [22] for a review), no excited state was
found. Korsheninnikov et al. [13] were the first to identified an
excited state in “He. They investigated the p(*He ,d)”He reac-
tion at 50 MeV /nucleon observing a resonance at 2.9(3) MeV,
with a width ' = 2.2(3) MeV. As decay proceeds mainly
into o + 3n, the state was interpreted as a p3,; neutron
coupled to the unbound 2+ excited state of ®He, leading to
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a tentative spin-parity assignment J” = 5/27. Three other
experiments showed a resonance with an excitation energy in
good agreement with Ref. [13]: the *Be(> N ,'F)”He transfer
reaction [3], 8He(p,d)7He at 15.6 MeV/nucleon [6] and
(d,*He) reaction with ®Li beam of 76 MeV [12]. In the latter
two measurements the decay of the "He 5/2 state into o + 3n
was also confirmed.

In the standard shell-model prediction "He ground state
corresponds to a neutron in the 13, orbital coupled with ®He
ground state; however, as reported in Table I, the spectroscopic
factors from recent calculations agree on the importance of
other configurations which are built on ®He(21). The latter
®He(2*) configuration also plays a crucial role in the wave
function of "He 5/2~ state [20,23,24].

Most models predict J* = 1/2~ for the first-excited state
of "He (see Fig. 1). According to Table I, the predominant
configuration consists of a p;,, neutron coupled to the ®He
ground state. In a shell-model framework this state is the
spin-orbit partner of 7Heg,S_ and it plays an important role in
understanding the spin-orbit interaction in the light neutron-
rich dripline nuclei. The promotion of a nucleon from the p3,,
to the pi/, orbital causes an excited state above 2 MeV, in
the known cases of °Be, 9B, °Li, °C, ''C, and ''B [22,26].
However, for the "He nucleus experimental results on the
properties of 1/27 state are still controversial and uncertain.

Two independent measurements found a narrow and low-
lying excited state. Meister et al. [4] studied "He with a beam
of 227 MeV /nucleon ®He on a carbon target. Selecting the
one-neutron-knockout channel, they observed a clear deviation
of the ®He +n invariant mass spectrum from the expected
R-matrix lineshape. Their result was interpreted as the "He
ground state in addition to a low-lying J* = 1/27 state at
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TABLE 1. Spectroscopic factors (SF) from complex scaling
method (CSM) [20], variational Monte Carlo (VMC) [25],* and no
core shell model (NCSM) [24] calculations. For CSM calculations
only the real part of the values are reported.

"He *He -n(lj) CSM VMC NCSMP
3/2° 0*-ps) 0.64 0.565¢ 0.56
2F-pipp 0.005 0.006 0.001
1/2- 0*-pij 1.00 0.91 0.94
2F-psp 0.10 0.26 0.34
5/27 27 -pip 0.85 0.81 0.77
25 -pap 0.10 0.37 0.49

#The numerical values for spectroscopic factors in the VMC model
are taken from Ref. [24].

°In Ref. [24] the authors underlined that the obtained SFs were
an intermediate step to use as input for no-core shell model with
continuum (NCSMC) calculations, not the aim of their work.
‘Green’s function Monte Carlo (GFMC) result, while the VMC
calculation gave a SF equals 0.53; see Ref. [25].

0.6(1) MeV with a width I" = 0.75(8) MeV. The detection of
the ®He nucleus excludes this state as the 5 /2 state observed in
Ref. [13]. In the work of Skaza et al. [6], the excitation energy
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spectrum of "He was described by assuming a resonance at
0.9(5) MeV (I' = 1.0(9) MeV). The analysis of the (p,d)
transfer to this state and its decay in *He 4+n were consistent
with 1/27 assignment. Recently, Aksyutina et al. [9] carried
out an almost identical experiment to that reported in Ref. [4],
replacing the carbon target by a liquid-hydrogen target; the
low-lying resonance was not confirmed. Furthermore, no
evidence for a state below 1 MeV has been found in five other
experiments [5,11,12,14,15] using a variety of techniques.
These studies have provided positive signs of a first-excited
state at higher energy, although these observations are not com-
pletely in agreement among themselves, as shown in Fig. 1.
We report the results of a new measurement, performed
by using the °Be(°He,’He)®Be reaction. This reaction is
characterized by very clear identification of the channel of
interest due to the ®Be decay. Indeed, the ground state of
8Be decays exclusively into two « particles with a very small
breakup energy (Q = 0.092 MeV). For kinetic energies of
8Be above some hundreds of keV, the two « particles remain
kinematically focused and can be identified by coincident
detection in a charged-particle detector. The effectiveness of
this identification technique by ®Be decay have been described
in detail by Wozniak et al. [27-29], and it has been successfully
confirmed in experimental studies with both stable and
radioactive ion beams [30,31]. In the present measurement,
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FIG. 1. Summary of the most recent results for the’He nucleus from experiments, on the left, and from theoretical calculations, on the right.
The solid lines represent the energy of the states in "He, the shaded bands correspond to the widths (Refs. [11,12] quoted the FWHM). When
the width is too broad to be drawn a solid gray line is used. Dashed lines indicate that the resonance parameters are taken from the literature.
The energy values for "He, are given with respect to the ®He +n threshold. The results of the present work are included for a side-by-side
comparison. On the bottom, the symbolic references to the previous results indicate, in order, the work of Korsheninnikov et al. (Kor99: [13]),
Bohlen et al. (BohO1: [3]), Meister et al. (Mei02: [4]), Rogachev et al. (Rog04: [5]), Boutachkov et al. (Bou05: [14]), Skaza et al. (Ska06: [6]),
Ryezayeva et al. (Rye06: [7]), Denby et al. (Den08: [8]), Wuosmaa et al. (Wuo05: [11] and Wuo08: [12]), Aksyutina et al. (Aks09: [9]), Cao
et al. (Caol2: [10]), Gurov et al. (Gurl5: [15]), Wurzer and Hofmann (Wur97: [16]), Pieper et al. (Pie04: [17]), Volya and Zelevinsky (Vol05:
[18]), Canton et al. (Can07: [19]), Myo et al. (Myo09: [20]), and Baroni et al. (Bar13: [21]).
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from the position and energy of coincident « particles, the re-
action “Be + °He — X + ®Be — X + « + « is reconstructed
with the resonant particle spectroscopy technique [32]. Then,
the center-of-mass energy of the undetected system X is
obtained.

The "He states can be populated via both one-neutron
and two-proton pickup from the °Be target. Because of the
small neutron separation energy of °Be (S, = 1.665 MeV),
the former reaction mechanism, (6He ,’He), can be considered
a direct reaction. Therefore, it is expected that one-neutron
pickup would selectively populate states containing the ‘He
ground-state configuration; namely, the ’He 3 /2~ ground state
and 1/27 excited state (see Table I). In addition, when 8Be are
measured at forward angles relative to the beam direction, the
two-proton pickup mechanism may contribute significantly.
In fact, Milin at al. [31] showed that the (°He ,®Be) reaction
proceeds via direct process even at incident energies around
3 MeV /nucleon, resulting in a relatively high cross section,
mainly because of the overlap between the *He and *Be wave
functions [31]. However, only the "He ground state is expected
to be directly populated via the pickup of two-protons from the
9Be target, whereas excited states of 'He involving excitations
in the neutron configuration require higher-order processes.

This paper is organized as follows: In Sec. II the employed
detection systems and the measurement are described. In
Sec. III the analysis method is explained in detail and the
results are presented. Finally, Sec. IV is dedicated to the
discussion of the results and a summary is given in Sec. V.

II. MEASUREMENT

The experiment was performed at the Cyclotron Research
Center (CRC) in Louvain-la-Neuve, Belgium [33]. The *He
beam was produced by the isotope-separation-on-line (ISOL)
technique using two coupled cyclotrons, CYCLONE30 and
CYCLONEI110 [34]. An intense proton beam (200 ©A)
delivered by CYCLONE30 impinged on a LiF target, where
the ®He nuclei were produced via 'Li(p,2 p)°He reaction. The
nuclei diffused out of the target and were collected and ionized
in an electron-cyclotron resonance (ECR) ion source. They
were then injected and accelerated in CYCLONE110, which
was tuned to operate as a powerful mass spectrometer: no
evidence of the °Li isobaric contaminant was seen during
the measurement. The final ®He™ beam had an energy of
Epp = 16.8 MeV and an average intensity on target of about
107 particles per second (pps) for three days of measurement.
To verify the reliability of the detection method, a ®°Li beam
at Ey, = 17 MeV was used to measure the 6Li(gBe ,8Be)7Li
reaction. The intensity of this beam was above 107 pps for
about 10 hours of irradiation.

The target was a 400-ug/cm?-thick self-supporting foil
of Be produced at the Laboratori Nazionali del Sud in
Catania, Italy. This was mounted on a target ladder, together
with a 200-ug/cm?-thick Au target used for calibration.
As shown in Fig. 2, the detection setup consisted of two
annular single-sided silicon detector arrays (SSD) [35]: LEDA
(Louvain—Edinburgh detector array) and Lamp, named after
its shape. These were composed of eight and six SSD sectors,
respectively. Lamp sectors are tilted at 45 degrees with respect

PHYSICAL REVIEW C 94, 024619 (2016)

FIG. 2. Schematic drawing of the experimental setup. On the left
side of the figure, the arrow shows the beam direction and the back
disk in front of Lamp is the target. The Faraday cup, placed behind
LEDA, is not drawn.

to the beam direction. Each sector has 16 strips (5 mm strip
pitch), in total the setup had 224 detection channels over the
full azimuthal range. LEDA was placed about 60 cm from
the target, covering polar angles between 5 and 12 degrees
in the laboratory frame, whereas Lamp was set closer to
detect particles in a polar angular range of 22-71 degrees.
Therefore, the setup provided a high angular coverage in
the forward hemisphere, combined with high segmentation
at small laboratory angles. Additional information on the
experimental setup can be found in Ref. [36].

The energy and time of flight (with respect to the cyclotron
radio frequency) of all charged particles hitting the detectors
were recorded. The intrinsic energy resolution of the Si strip
was about 25 keV FWHM (for 5.486 MeV « particles). The
convolution of the time resolution of the Si detector and the
cyclotron radio frequency was about 4 ns FWHM, while, for
instance, the time of flight from the target to LEDA was around
30ns for 8 MeV « particles. In LEDA the particle identification
was achieved by the time-of-flight method, because the mass
resolution permitted us to clearly distinguish “*He from ®He
particles, as evident from Fig. 3. In contrast, for Lamp the
small distance to the target and the larger solid angle of each
strip, consequence of the tilted sectors, resulted in a poor mass

150

—_
o
o

ToF (arb. units)
3

FIG. 3. The time of flight (ToF) versus the energy for one strip of
the LEDA array. For explanations, see Ref. [36].
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FIG. 4. The two-dimensional energy spectra E,, -E,, for events
(a) with two « particles in coincidence in LEDA, in the case of 14
beam, and (b) when the beam is *He. The contours (gates) indicated
in the plots are discussed in the text.

separation. In this case the identification of « particles from the
8Beg,s_ decay only relied upon the kinematic reconstruction.

Determination of the beam dose was performed from the
direct beam current measurement on a Faraday cup placed
behind the detection setup. The correct normalization of this
reading was obtained by measuring the elastic scattering of
®He on the Au target.

Figure 4 shows two-dimensional energy spectra E,, versus
E,, when two « particles were detected in coincidence in
LEDA, for the °Li and ®*He beams. The plots present two
patterns, perpendicular to and around the diagonal E,, = E,,.
The former corresponds to kinematic loci of constant total
energy, hence to definite states of final nuclei; the latter is given
by the events with the same relative energy between two o
particles, thus related to the Be excitation energy. Events with
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FIG. 5. The reconstructed relative energy of the two « particles,
both detected in LEDA, in the case of °Li beam (result for ®He beam
in the inset); the gate on 8Beg_s_ is applied. According to the Breit—
Wigner function fit, shown as solid line, the peak lies at 92.2(4) keV
with a width T'rwiy = 58(1) keV. The histogram is the result of the
simulation described in the text.

two « particles from the 8Beg,5, decay, which is the signature
for the reaction of interest, were selected with the solid line
gate, shown in Fig. 4. The reliability of this selection can be
verified by performing the kinematical reconstruction. From
the energies, the scattering angles 6 and azimuthal angles ¢ of
each particle (given by the positions of the strips and sectors,
respectively), the relative energies of the system «-« in its
own center of mass is calculated and displayed in Fig. 5. The
peak corresponds to the decay of the ®Be ground state (Q =
0.092 MeV). Its width is much larger than the intrinsic one,
5.57(0.25) eV [22], because it is dominated by experimental
factors (mainly uncertainties on the angles).

The two « particles are confined within a breakup cone.
The edges of the cone are defined by the maximum half break
angle, Bmax = arcsin{[(0.092 MeV)/E(®Be)]'/?} [28], where
E(®Be) is the kinetic energy of the Be and 0.092 MeV is
the Q value of the decay assuming the ®Be in its ground
state. In Fig. 6 the values of B, in function of the 8Be
kinetic energy are compared with the half of the relative
angle between the two « particles, as obtained from the
polar and azimuthal observed angles, 6,/2 = [cos 6; cos 6, +
sin 0; sin &, cos(¢p; — ¢»)]/2 [37]. The maximum half-cone
size of 8 degrees proves the kinematic focusing of the two
particles and their spatial correlation.

The energies and angles of the detected o particles from
the 8Begls_ decay were used to reconstruct the center-of-
mass energy of °He 47 system. Assuming a three-body final
state “Be+ ‘He — X + ®Be — X + o + «, the three-body
Q value, Qj, is calculated from momentum and energy
conservation [32,37]. If Qg,, is the Q value when all the
three final particles are in their ground states, the difference
between Q.. and the calculated Q3 provided the excitation
energy spectrum of the undetected system, which is ®He + n
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FIG. 6. Half of the angle between the two « particles versus
the calculated kinetic energy of ®Be nucleus. The line defines the
maximum half break angle, By, as described in the text.

in the present case. All the spectra are calculated as function of
the resonance energy above the neutron threshold. An identical
reconstruction has been applied for the excitation energy
spectrum of 7Li, which is shown in Fig. 7, when the two «
particles from the SBeg_S, decay are both detected in LEDA. The
center-of-mass energy of °He + n system from the LEDA and
Lamp data are presented in Figs. 8 and in 9, respectively. For
the latter spectrum, three charged-particle coincident events
were selected: two « particles from 8Beg.s_ decay and a “He or
a SHe in the opposite Lamp sector, as schematically drawn in
Fig. 2. Due to the kinematics, an equivalent condition could
not be set by using the LEDA data. The energy loss of the o
particles in the target has to be accounted for in the calculations
above. Since the reaction point is not known, the energy loss
was calculated for half the thickness of the target including a

T
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B ST VOTIRN IR SN M e !
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FIG. 7. The excitation energy spectrum for "Li selecting events
with « particles from SBeg‘SA decay in LEDA. The thick solid red
line is the total fit including the contributions due to the populated
states (dashed lines and curve C) and the three-body phase-space
background: °Li +°Be — SLi +n + ®Be (curve A) and °Li +°Be —
“He +°H +*Be (curve B).
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FIG. 8. The center-of-mass energy of *He 4+n system, obtained
by selecting events with « particles from 8Beg_s_ decay in LEDA. The
thick solid red line is the total fit including the contributions due to
the populated states in "He (dashed lines), the five-body phase-space
background %He +°Be — *He +n + n + n + *Be (curve I), direct
decays of '"Be* and '"Be* (curves III and IV, respectively). The
fit reduces the three-body phase-space contribution, *He +°Be —
%He +n + ®Be, to a value in agreement with zero.

correction for the scattering angles. Tables obtained with the
program SRIM [38] were used.

III. ANALYSIS AND RESULTS

The spectra of Be + *He —» X + 8Beg_s‘ (9Be + °Li —>
X+ 8Beg.s_) reaction include two types of contributions: peaks
related to populated states of "He ('Li) and events from
other channels with 8Beg.s_ as a final nucleus. The latter ones
constitute our background, which we need to carefully evaluate
in order to extract the properties of the populated states in
"He ("Li). To describe these contributions we adopted an
analysis method similar to that used by Denby et al. [8]. We
developed an extensive Monte Carlo simulation including all
processes leading potentially to 8Begs.. The simulated data
are then analyzed with the same procedure of the measured
data. Our Monte Carlo package was GEANT4 based [39] and
it included an accurate description of the beam features, the
reaction mechanism, and the experimental setup. First, the
GEANT4 code tracks ®He (°Li) beam particles in the *Be target,
simulating the energy loss and the straggling until a random
point of interaction, where the reaction is generated. The
resulting particles are then propagated through the detection
setup and the energies deposited in the detector material
is recorded. The reaction processes used to simulate our
background are discussed in the following sections.

When resonances are involved in the simulated reaction,
their lineshapes were considered as input in the generation part
of the Monte Carlo package. These were parametrized by using
a single-level R-matrix code. As detailed in Refs. [40,41], in a
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FIG. 9. The center-of-mass energy of the ®He 4n system, ob-
tained by selecting events with o« particles from the 8Beg_s_ decay
in Lamp. The thick solid red line is the total fit including the
contributions due to the populated states (dashed lines), the five-
body phase-space background °He +°Be — “He +n +n +n + 5Be
(curve I), the three-body phase-space background ®He +°Be —
%He +n + ®Be (curve II), and the direct decays of 0Be* (curve III).

single-level approximation a resonance of an unbound system
C + n, for instance °He +n, is described as

do T'e(Ecn)
O( 9
dEcy — [E, + A(Ecy) — Ecal” + THEcy)

ey

where E¢), is the relative energy of the system C + n inits own
center of mass and E, is the resonance energy, Ay(E¢,) is the
resonance shift, [y(Ec,) = 2y% pe(Ecy,) with y? the reduced
width and p¢(E¢,) the penetrability function £ is the relative
angular momentum between C and n.

The theoretical lineshapes for the resonances of 8Be, "Li
were calculated with R-matrix code by using energies and
widths of the states taken from the literature [22] and channel
radius R equals 4.5 fm for 8Be [42],and R = ro(A}/3 + A,11/3)

with ro set at 1.40 fm for "Li. The value ro = 1.41 fm was
utilized for "He resonances. For He, however, the energies
and the widths were varied over a large range of values. For
each set of resonance parameters a Monte Carlo simulation
was carried out and the results were used, together with the
simulated background, to fit the experimental energy spectra.
In the fit, the normalization factor of each contribution was
taken as a free parameter. By iterating the simulation and
the fit for a large number of energies and widths of the "He
resonances, a X2 surface was obtained, from which energies,
widths, and their uncertainties were estimated.

In both ’Li and "He cases, the fit of energy spectra was
performed by using a minimum number of resonances. The
consistent agreement between the experimental and simulated
data was verified in each step of the reconstruction process. For
instance, Fig. 5 shows the energy in the center of mass of two
« particles detected in LEDA, when the selection illustrated in
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TABLE II. The low-lying energy levels of "Li from the TUNL
Nuclear Data Group (NDG) evaluation [43].

E. (MeV xkeV) 7. T T, or e (keV) Decay
g.s. 3/27;1/2 Stable
0.478 £ 0.003 1/2751/2 T, = 105 £ 3 fs y
4.652 7/2751/2 [em = 69 keV to
6.604 5/27;1/2 918 ta
7.454 5/25:1/2 80 n,t,o
8.75 3/25:1/2 4712 n,o
9.09 1/25;1/2 2752 n,t,a
9.57 7/25:1/2 437 n,t,a

Fig. 4 is applied. The ground state of 8Be is found at the right
energy, and its width, entirely due to experimental factors, is
well reproduced by the simulation.

A. Analysis of "Li spectrum

The method presented above was first applied to describe
the "Li excitation spectrum, as a validation of the analysis
procedure. For this reason, the R-matrix lineshapes for the "Li
resonances were calculated with energies and widths from the
known states listed in Table II. In the "Li excitation energy
spectrum, Fig. 7, four peaks are firmly resolved. The peaks
correspond to the "Li ground state, the 1 /27 bound state, and
the 7/27 and 5/2; unbound states.

The 5/2; state at E, = 6.604 MeV (I' = 918 keV) is not
clearly observed. In Ref. [44] the authors argue that the wave
function of 5/2 state has no fractional parentage with the
predominant term in the 6Lig.s_ wave function. This and the
large width of the state would explain the missing identification
in the present measurement.

The reactions involving the ’Li resonances were simulated
by using precisely the energies and widths values reported in
Table II for the R-matrix calculation. Conversely, the ground
state and the first-excited state are bound, thus do not require
R-matrix parametrization in the GEANT4 code; the excitation
energy of the first-excited state was set at 0.478 MeV as given
in Table II. The simulation output for these bound states were
two Gaussian distributions.

The experimental resolution was 0.19 MeV FWHM. This
rather good value is an effect of a peculiar similarity between
the energy loss in the target by the Li beam ions and the sum
of the two « particles from the 8Beg,s, decay. Consequently,
the reconstructed spectrum is less affected by assuming the
reaction vertex in the middle of the target. The simulated
distributions of the 'Li peaks used in the fit are shown as
dashed lines in Fig. 7. It is worth stressing again that the
energies and widths used to obtain the simulated distributions
are exactly the values reported in Table II. Furthermore, three-
body phase-space contributions were considered: °Li +’Be —
°Li+n +%Be (curve A) and °Li+°Be — “He +°H+®Be
(curve B). The amount of these components in the fit is
limited by the number of events at high (curve A) and low
(curve B) excitation energy. Between 8.5 and 13.0 MeV there
are additional events, which could not be described by the
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already-mentioned contributions. In the literature [22], three
broad resonances are reported in this excitation-energy region
(see Table II); however, because of their large widths, the
limited experimental evidence and for the sake of simplicity,
it seemed appropriate to parametrize these resonances as a
single Gaussian-shaped background (curve C). The results of
the best fit obtained with these seven components is shown
as solid line in Fig. 7 and gives a x? per degree of freedom
of 1.74, validating both the reconstruction procedure and the
reliability of the analysis method.

B. Analysis of "He spectra

In the center-of-mass energy of the °He 4 n system, Figs.
8 (two « particles from the SBeg_s, detected in LEDA) and 9 («
particles in Lamp), the peak corresponding to the "He ground
state is fully resolved. However, contrary to the case of the
Li beam, the °He beam and the two « particles from SBeg's.
decay lose significantly different energies in the target. As a
consequence, the resolution in the spectrum obtained with the
LEDA data is 0.27 MeV FWHM (see Fig. 8). Using Lamp
data, Fig. 9, the detector geometry and position induce a large
uncertainty on the particle trajectories, so the resolution is
1.1 MeV FWHM. The actual resolution could be estimated
by deconvoluting the width of the 7Heg.s_ (as obtained in the
data analysis, see below) from the FWHM of the experimental
peaks. In the two figures the "He ground-state peaks are clearly
separated from the rest of the spectrum (higher energy) by a
minimum at about 1.5 MeV, which constrains the magnitude
of possible background contributions at that energy. However,
at higher energy the background might increase because other
channels are open.

In earlier experimental studies [3,6,13,45] phase-space
contributions played an important role in interpreting the 'He
excitation energy spectrum. As for the "Li spectrum analysis,
the few-body components considered here are those with
SBeg‘S. as a final nucleus. In the fit we have included the
three-body phase space °He 4+ °Be — ®He 4 n + ®Be and the
five-body phase-space °He + *Be — “He + n +n +n + *Be
contributions. Nevertheless, in Fig. 8 the contribution of the
three-body phase space is reduced to zero, contrary to the
fit of the spectrum obtained with the Lamp data; Fig. 9. As
introduced in Sec. I, the mechanism to produce 'He may be
different in the angular ranges covered by the two detector
arrays. In the range where the one-neutron pickup mechanism
is more likely and the 2« particles from the 8Beg,s, decay
are detected in Lamp there may be a sizeable contribution
of the three-body phase space (*He 4 °Be — ®He + n + ®Be)
to the continuous background. On the other hand, if the 2«
particles from the 8Beg,s, decay are detected in LEDA and the
the two-proton pickup is the main process, the °He + n + 5Be
channel requires the removal of an additional neutron from the
target, possibly suppressing this contribution.

All the simulated distributions of the physical backgrounds
are illustrated in Fig. 10. The different shapes, initial rise and
the cutoff edges at high excitation energy, corresponding to
low-energy « particles, are well consistent with the behavior
of both LEDA and Lamp experimental data. Contributions
from other channels such as one-neutron and two-neutron
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FIG. 10. The simulated physical background in (a) LEDA and
(b) Lamp spectra due to ®He + °Be — [I]*He+ n +n + n + °Be;
[I1] ®He(0%) +n + ®Be; [I11] *He+ '"Be*; [IV] “He + ''Be*;
[V] SHe(2*)4+n+°%Be; [VI] SHe+°Be* (J=1/2", E, =
2.78 MeV). The counts are normalized to unity.

stripping reactions were also examined. Results from this
same experiment [36] reported the strong population of
a "Be excited state at E, =10.6 MeV, higher than the
three-neutron emission threshold, which lies at 8.98 MeV
[22]. The authors also provided evidence for a sequential
population of 'Be excited state at E, = 9.6 MeV, above
the 8Be + 2n threshold situated at 8.48 MeV [22]. We have
investigated the contributions in the center-of-mass energy of
the ®He + n system due to the direct breakup of this !'Be
(loBe) excited state into ®Be + 3n (SBe+ 2n). This channel
has been simulated by assuming an isotropic emission of *Be
and neutrons in the center of mass. As shown in Fig. 10, the
simulation results indicate that the breakup of !'Be (’Be)
excited states might contribute mostly in the region of the
spectrum above about 3 MeV. In Lamp, the condition of
detecting a third charged particle together with the two «o
particles from 8Beg,s, decay does not kinematically exclude
these background contributions. However, their shape can
be quite different (see Fig. 10). Contrary to the simulated
results for the LEDA array, in Lamp the contribution due
to the ®He + °Be — “He + !'Be* reaction channel has a
shape similar to the five-body phase-space background, as a
consequence the fit in Fig. 9 reduces to zero the normalization
factor of one of these contributions. However, a different
relative contribution of this background cannot be ruled out.
Other possible sources of background were investigated, such
as the three-body phase space °He + °Be — ®He* + n + ®Be
with ®He left in its first-excited state, or the breakup of
Be* (5/27) and °Be* (1/2]) into n + ®Be, . However, their
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TABLE III. Parameters for "He resonances resulting from the best fit of the excitation energy spectra in Figs. 8 and 9. The reported errors
are only statistical uncertainties. For the resonance at lower energy, the systematic errors are 7%, 11%, and 11% for E,, I'rwum, and [y,
respectively. For the resonance at higher energy, the systematic errors are 4%, 8%, and 8% for E,, I'rwum, and Iy, respectively. The sources of
the systematic errors are discussed in the text. In the last column the SF from previous measurements.

R E, Trwim Ty(E,) pe(Ey) Vobs SF SF

fm MeV MeV MeV MeV This work® Previous works

4 0.380(3) 0.125(2) 0.179(2) 0.098 0.915(20) 0.608(18) 0.512(18) [10]
0.61(3) [9]
0.37(7) [12]
0.64(9) [45]

4 2.600(74) 2.340(70) 2.900(155) 0.914 1.586(120) 1.055(82)

“To calculate the spectroscopic factor (SF) we have used ysi = 1.504(29) MeV, as evaluated in Ref. [9].

inclusion did not improve the quality of the fit, so they have
been excluded.

Any combination of the background reaction channels
described above was not sufficient to correctly reproduce
the center-of-mass energy of ®He + n system in the region
E,. = 1.5t0 5 MeV. For this reason, we added a contribution
from an excited state in 'He formed in the *He + °Be —
"He* + 8Beg,s_ process. As previously explained, to determine
values and errors of the "He resonance parameters, more than
60 000 fits were performed to create the x? surface. Each
fit included the simulated results of the binary reaction con-
tributions obtained with different R-matrix parametrizations;
Eq. (1). Since no information on the "He decays was used to
reconstruct the spectra in Figs. 8 and 9, the parametrization
of the resonance shapes by the single-level approximation,
Eq. (1), was considered appropriate. For the 7Heg_s,, E, has
been varied from 0.340 to 0.460 MeV and I'; between 0.130
and 0.200 MeV, while for the excited state the investigated
ranges were 0.6-4.0 MeV and 0.7-5.0 MeV for E, and Iy,
respectively. The variation steps were not constant, but we
decreased them in the proximity of the minimum in the x>
surface. In all cases, the relative angular momentum ¢ between
®He(0") and n was set equal to unity. Because the results could
be dependent on channel radius R we opted for the value of 4
fm, which has been used in most recent works [9,10,45] and,
therefore, permits us to make R-independent comparisons.
Due to the significantly better energy resolution achieved with
LEDA than with Lamp, the x? surface was only determined
by fitting the spectrum from LEDA data. Once the resonance
parameters minimizing x> were identified, they were used in
the fit of the spectrum from Lamp data.

In Fig. 8 the thick solid line is the result of a fit with
simulated contributions that best reproduce the 'He decay
energy spectrum from LEDA data, given a x? = 171.3 for
170 degrees of freedom (d.o.f.). The values of the resonance
parameters minimizing x> are reported in Table III. The
spectroscopic factors for the ®He(01) 4+ n configuration, SF
in the table, are calculated from SF = y3, /v, where y, are
extracted from the R-matrix parametrization which gives the
best fit and ys% are the single-particle reduced width. The value
assumed for the latter is generally model dependent and this
may generate ambiguities when SF from different works are
compared. To overcome this problem, the SF is evaluated by
considering ysi = 1.504(29) MeV as proposed in Ref. [9] and

also adopted in Ref. [10]. It should, however, be noted that
the reported SF decrease of 25% when the estimation of ysi
for £ = 1 proposed by Bohr and Mottelson [46] is considered.
The SF for the *He(0") + n configuration for both the ground
state and the excited state of "He were computed by using the
same value for the single-particle reduced width. It is worth
noting that the width is sensitive to the spin of the resonance
only via the angular momentum ¢, which is set equal to 1 for
the parametrization of both resonances.

The statistical errors are estimated by the x 2 + 1 statistical
analysis method; the systematic uncertainties are due to the
energy calibration and to the shifts in detector position,
whereas the results are less affected by other sources of
systematics, such as variations of target thickness. This has
been investigated by modifying inside the nominal errors either
the LEDA position or the target thickness in the simulation
code. The systematic errors are 25 keV for the position of
7Heg_5. and 19 keV for its width; for the position and width
of the other resonance they are 100 and 230 keV, respectively.
In the Table III the systematic uncertainties for the ['pwpv are
derived from the systematic errors of the width and they are
14 and 193 keV.

For the excited state of 'He, the values that minimize
the x? are E, = 2.6(2) MeV and I'y—;(E,) = 2.9(4) MeV,
which corresponds to I'ewpm = 2.3(3) MeV. The latter value
is intended before the broadening and the effect of the
experimental setup, directly from the distribution obtained
with the R-matrix code. Although the yield of these resonances
are influenced by the definition of the backgrounds, their
positions and widths remained stable when attempting the fit
with different background combinations. Moreover, no effect
on the results due to the binning of the data has been observed.
The sign of a second peak is appreciably visible also in Fig. 9. It
is worth noting that the good description of both spectra, Figs. 8
and 9, with the same parameters for the two 'He resonances,
confirms our interpretation of these data. The difference in the
covered angular ranges entails that the processes contribute
differently in each spectrum, as evident in the figures.

IV. DISCUSSION

The resonance at E, = 380(28)keV andI', = 179(21) keV
is remarkably consistent with the previous observations of the
"He ground state in Refs. [6,9] and good agreement with
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the most recent experimental results reported in Fig. 1. As
indicated in Table III, four measurements have estimated the
neutron spectroscopic factor for the °He(0") + n configuration
in the 7Heg_s.. In the present work, we calculated a SF =
0.608(18), in agreement with the values from the neutron
knock-out experiment [9] and with the SF from an R-matrix
analysis of "Li(d,’He) He reaction data [45]. A smaller SF
has been extracted from the angular distribution study in
the proton removal and neutron pickup reactions [11,12].
Although it should be noted that the spectroscopic factors are
model-dependent and not pure observables [47], our result is
in line with the theoretical prediction in Table L.

To achieve a good description of our spectra, a second
"He resonance has been included in the data fit. Wuosmaa
et al. [11,12] used complementary reactions, 8Li(d,3He)
and ®He(d, p), to selectively populate and probe states with
different configurations, 5/27 and 1/27, respectively. The
(d, p) reaction data suggested a resonance at 2.6 MeV with a
I'ewam ~ 2 MeV (see Fig. 1), which is in excellent agreement
with the present result reported in Table III. In this table,
the spectroscopic factor for this resonance is also computed,
giving a value comparable with unity. Although this result
should be treated with caution due to the vague notion of the
spectroscopic factor for the broad resonances in the continuum
[48], a comparison with the theoretical calculations in Table I
favors the interpretation of observed resonance at 2.6 MeV
as the 1/27 state. However, in our work, a confirmation of
spin of the resonance could not be achieved experimentally.
Prior works [4,6,11-13] inferred the spin of the observed "He
excited state, 1/27 or 5/27, through the determination of its
decay mode, SHe + n or “He + 3n. Here, due to the limited
angular resolution of the Lamp detector, scarce information
is available on the charged particles from the "He decay,
precluding its isotopic identification. On the other hand, as
discussed in Sec. I, the one-neutron pickup from °Be should
strongly populate the ground state and 1/27 state, similar to
a (d, p) reaction. In the angular range covered by LEDA, the
two-proton pickup may play a role; however, this reaction
mechanism does not exclude the population of either the
1/27 or 5/2  states. The two-proton pickup reaction at much
higher energy has been studied in Ref. [3]. In that case,
the populated state at 2.95(10) MeV, shown in Fig. 1, has
been interpreted as 5/27 for its agreement with a previously
observed resonance [13]. Although further investigation of
one-neutron and two-proton pickup contributions would be
interesting, the difficulties in describing the latter mechanism,
the angular range covered by both detectors, and the limited
resolution of the Lamp detector make an assignment of the
spin from angular distributions not reliable. Excitation energies
and widths from several theoretical calculations are shown in
Fig. 1. The properties of the observed resonance are fairly
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consistent with the results of the resonating group method
[16], Green’s function Monte Carlo [17] with the AV18/IL2
Hamiltonian, and the continuum shell model [18]. Both the
no-core shell model with continuum (NCSMC) [21] and the
complex scaling method [20] predict a broad first-excited state
but at lower energy with respect to the position indicated in
this paper.

In a recent study of mw~-induced reactions, Gurov et al.
[15] set an upper limit of 0.5 MeV on the widths for the first
three excited states of “He. According to our data, a resonance
with such I'rwpm gives a X2 higher than 300; thus, it can be
excluded at 99% confidence level (CL). The present results are
obtained by introducing a minimum number of “He resonances
to describe our spectra. Nevertheless, the presence of more
excited states cannot be ruled out. To evaluate an upper limit
for the population of a low-lying excited state as that reported
in Ref. [4], we performed the fit of the center-of-mass energy
of the ®He + n system in Fig. 8 including such a contribution.
This has been simulated according to an R-matrix shape
with E, = 0.6 MeV and I" = 0.75 MeV. A ratio between the
contribution of such a resonance and the ground state larger
than 4% can be rejected at 99% CL. Note that such a ratio was
54(1)% in Ref. [4]. The upper limit is further reduced to 3.4%
when considering the level claimed in Ref. [6].

V. CONCLUSION

In summary, we have reconstructed the center-of-mass
energy of the ®He+ n system with the resonant particle
spectroscopy technique to study the unbound nucleus "He. The
method based on the identification of « particles from 8Beg,s_
decay has been successfully tested with the *Be(°Li,”Li)*Be
reaction. The analysis of ’He spectra clearly shows the
ground-state resonance, for which properties agree with the
previous experiments and the extracted neutron spectroscopic
factor is in good accord with the recent ab initio calculations.
The "He spectra also suggest a broad resonance at 2.6 MeV.
The width and the position of this resonance are significantly
consistent with the state populated in a ®He(d, p) reaction [11].
Although the limited decay information for this resonance
requires further investigations, our results are encouraging to
finally settle the long-standing puzzle of the "He first-excited
state.
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