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decay threshold.

The level structure of the very neutron rich and unbound ?He nucleus has been the subject of significant
experimental and theoretical study. Many recent works have claimed that the two lowest energy °He
states exist with spins J¥ =1/2% and J* =1/2~ and widths on the order of 100-200 keV. These find-
ings cannot be reconciled with our contemporary understanding of nuclear structure. The present work
is the first high-resolution study with low statistical uncertainty of the relevant excitation energy range
in the 8He+n system, performed via a search for the T = 5/2 isobaric analog states in °Li populated
through 8He+p elastic scattering. The present data show no indication of any narrow structures. Instead,
we find evidence for a broad J™ = 1/2% state in “He located approximately 3 MeV above the neutron

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The quest to understand the superheavy helium isotope °He has
been both long and fascinating. Interest in He originates from its
unusual ratio of neutron (N) to proton (Z) numbers (N/Z = 3.5).
The largest N to Z ratio (N/Z = 3) found among nucleon-bound
isotopes belongs to the next heaviest helium isotope, 8He. A rather
unusual feature of 8He is seen in its two-neutron separation en-
ergy, which is larger than in the less neutron rich isotope ®He.
The isotope He, which is unstable to neutron decay, appears even
more unusual. There has been significant experimental effort to
determine the level structure of “He. A detailed history of “He ex-
perimental studies has been recently given by Al Kalanee et al. [1],
and we will provide a brief overview of the current experimen-
tal and theoretical status with respect to the ground and the first
excited states in “He, which are the main focus of this letter.

The first observation of °He via the °Be(w —, w 1) reaction was
reported in 1987 by Seth et al. [2] and its ground state was iden-
tified at 1.13 +0.10 MeV above the neutron decay threshold. Seth
et al. [2] noted surprisingly good agreement between the energies
of the peaks in the observed spectrum of 7 +-mesons and the pre-
dictions of a shell model, attributing a J™ = 1/2~ spin assignment
to the 113 MeV peak. Shortly thereafter, the He ground state
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was populated using the ?Be('3C,130) and °Be('4C, 1#0) reactions
[3-5] and its energy was revised to 1.27 +0.10 MeV. It appeared
to be a narrow resonance with width of only 100 + 60 keV [5].
The majority of the experimental studies made after Ref. [5] sup-
ported the presence of a narrow J7 = 1/27 level at 1.3 MeV
[6-8,1]. However, none of these experiments had simultaneously
high resolution (comparable to the 100 keV natural width of the
proposed state) with appreciably low statistical uncertainty. The
only investigation which argued against such a resonance was that
of Golovkov et al. [9], where the d(®He, p)°He reaction was per-
formed using 8He beam to populate states in “He. However, the
energy resolution (~0.8 MeV) in Ref. [9] could be considered as a
major obstacle in observing the 0.1 MeV narrow state.

The narrow width of the 1/2~ state was in evident contra-
diction with the original expectations based on the conventional
shell model, that this state is a single particle state with a va-
lence neutron occupying the 1p1/2 orbital on top of the closed
1p3/2 sub-shell. Using simple potential model it is easy to show
that the single particle p-state at 1.3 MeV should have a natural
width in the vicinity of 1 MeV, which is one order of magnitude
larger than the experimental value. While energy of the first 1/2~
state in “He with respect to the neutron decay threshold depends
on the specific residual interaction used in the shell model cal-
culations, the spectroscopic factor (SF) is less sensitive and only
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varies in the range between 0.5 and 0.9 (with SF of 1 being a “per-
fect” single particle state). These conclusions were confirmed in
recent state-of-the-art ab initio calculations, that start from realistic
nucleon-nucleon interactions and 3N forces and directly calculate
the widths of the states of interest [10]. The width of the first 1/2~
state in ?He was studied as a function of energy above the neutron
decay threshold in Ref. [10] and it was shown that if the state is at
1.3 MeV above the neutron threshold then its width is expected to
be 1.2 MeV. A factor of 10 discrepancy between the ab initio pre-
diction for the width of this state and the experimental value is
unusual in view of the fact that the same calculations do a very
good job predicting width of narrow states in this mass region. For
example, the width of the 7He ground state (3/27) calculated in
Ref. [10] is perfectly within error bars of the experimental value of
0.122(13) MeV as are the widths of the narrow (0.033(6) MeV) 3+
state in 8Li at 2.26 MeV. The width of 0.63 MeV was suggested for
the first 1/2~ state in °He by the recent Continuum Shell Model
calculations [11], another theoretical approach that is able to pre-
dict the natural width of the resonance directly and was shown
to work well for the chain of helium isotopes. Therefore, currently
there is no existing theoretical model able to explain the narrow
width of the first 1/2~ state in °He at present. Naturally, this raises
the question of why the structure of 1/2~ state in °He is so differ-
ent from all available theoretical predictions.

An interesting development in the study of He occurred in
2001. A study of the two-proton knock-out reaction from 'Be [12]
was the first to identify a state with ¢ = 0 at an energy less than
0.2 MeV above the 8He+n threshold as the new ground state of
9He. Since then, the existence of the ¢ = 0 resonance in “He and
its actual excitation energy has been a subject of much debate.
There is a huge variation of the results from near zero scatter-
ing length [7,8], consistent with no or at most a very weak £ =0
final state interaction, to scattering length —20 fm [9] correspond-
ing to a strong resonance near the neutron decay threshold in °He.
Recently the d(®He,p)°He reaction was studied again [1] at the
SPIRAL facility. The observation of the ground 2s1/2 state close
to the neutron decay threshold 0.18 £ 0.085 MeV and 1p1/2 state
at 1.2 + 0.1 MeV with a width in the range from 0 to 300 keV
(with 130 keV giving the best fit) was reported. Moreover, the
authors also obtained angular distributions, which supported the
spin-parity assignments for the observed states as J7 =1/2% and
J™ =1/27. Here again the conclusions were made based on rather
limited counting statistics.

In contrast, a very recent theoretical work connecting states in
9He to states in °He [13] argues that the J7 =1/2% state can-
not exist below 1.0 MeV (otherwise '°He must be neutron-bound)
relative to the neutron threshold and is likely located more than
1.8 MeV above the neutron decay threshold based on the current
knowledge of 1°He spectrum [13]. From the discussion above it is
clear that there is an obvious disagreement between some experi-
mental data and our theoretical understanding of nuclear structure
of this exotic helium isotope and the main goal of this letter is to
provide high quality experimental data that can guide us in resolv-
ing this long-standing problem.

The exotic nature of He makes it a very difficult nucleus to
probe experimentally. While many previous studies have endeav-
ored to directly access He states, the work described in this Letter
obtains spectroscopic information on ?He by attempting to popu-
late T =5/2 isobaric analog states in °Li through proton elastic
scattering from 3He. Such a technique is advantageous due to the
high cross section involved in resonant elastic scattering. Further-
more, s-wave states that are otherwise virtual in 8He+n configu-
rations appear as real resonances in 8He+p due to the presence
of the Coulomb barrier. This experimental idea has been explored
previously by Rogachev et al. [14]. However, due to imperfect ex-
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Fig. 1. Level diagram indicating the excitation energy of °Li probed in the cur-
rent measurement (shaded region). The corresponding energies in °He are shown
for comparison. All energies are in MeV. The decay thresholds are calculated from
Refs. [19,20].

perimental conditions, analog states in °Li corresponding to low
excitation energy in “He were inaccessible, and the energy resolu-
tion in the previous experiment [14] was too poor to observe an
analog of the narrow J™ =1/2 state. The authors of Ref. [14] did
not observe it but verified that if the state is narrow (~100 keV)
then its existence would not contradict the experimental data and
that was considered as a confirmation of the narrow width of the
J™ =1/2~ state in question.

The present work was performed with a 8He beam and uti-
lized the thick target inverse kinematics (TTIK) method [15-18],
which has the advantage of measuring 8He+p excitation functions
for elastic scattering with a single beam energy. In this technique,
the incoming ions are slowed in the target gas (methane) and the
recoil protons are detected from a scattering event. These recoil
protons emerge from the interaction with 8He and hit Si detector
array located at forward angles while the 8He ions are stopped in
the gas, as the protons have smaller energy losses than the scat-
tered ions. Due to straggling effects, the energy and angular spread
of the incoming 8He ions increases as the ion traverses the scatter-
ing chamber. The spread of the beam in the chamber also depends
upon its initial quality. Because we intended to populate the analog
of the ground state in He that may be unbound by only 200 keV
or less, we needed to reach a 8He+p center-of-momentum (CM)
energy of about 1 MeV. Fig. 1 shows the corresponding neutron
and proton thresholds in °Li. The excellent quality of the reaccel-
erated 8He beam at the TRIUMF Isotope Separator and Accelerator
(ISAC) facility, produced via the ISOL technique, enabled us to mea-
sure the 8He+p elastic scattering cross section at much lower CM
energies than has previously been possible [14| and with much
better energy resolution on the order of 50 keV. The horizontal
dotted line in Fig. 1 indicates the He neutron decay threshold
with respect to the excitation energy of the T=5/2 isobaric ana-
log states in °Li. It is important to note that the only neutron decay
allowed by isospin conservation for these states is to the T=2 ex-
cited state in 8Li (isobaric analog of the 8He ground state). In spite
of its high excitation energy in 8Li, the T = 2 state is very narrow
(the upper limit is 12 keV); all decays by nucleons are forbidden
due to isospin conservation. The shaded area in Fig. 1 represents
the °Li excitation energy region studied in this experiment and
demonstrates that the isobaric analogs of the states in °He that
are barely unbound or even bound by few tens of keV would be
populated in this experiment.
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Fig. 2. The '2C+p elastic scattering cross section measured with the present setup
at TRIUMF (blue triangles) and TAMU (black circles). The red line is the R-matrix
calculation (see text for the details). (To view this figure in color, the reader is re-
ferred to the online version of the article.)

The 32 MeV beam of 8He ions with a 10% pps average inten-
sity impinged on a scattering chamber filled with 990 Torr of
methane gas, entering the chamber through a thin (4 pm) Havar
film. A windowless ionization chamber (IC) was installed close to
the entrance window to count (for normalization) and identify the
incoming ions. The 8He beam provided by ISAC was very pure;
the only contaminant was 8Li%t, at a level of 2%, and was easily
filtered using the IC. Three quadrant Si detectors (Micron Semicon-
ductors MSQ25 type) were positioned symmetrically with respect
to the beam axis at the distance of 513 mm from the entrance
window, and provided information on the total energy of the re-
coil protons. A custom multi-anode position-sensitive proportional
counter (MPPC) was installed in front of Si detectors to provide
identification of the reaction products (using the AE-E technique)
as well as their transverse position. A figure showing the parti-
cle identification can be found in the supplemental material [21].
Detailed Monte Carlo studies of the present setup indicate CM en-
ergy resolutions for 8He+p elastic scattering events ranging from
40 keV full-width half-maximum (FWHM) at CM energy of 3 MeV
to 100 keV at the lowest energy of 0.8 MeV for the forward Si de-
tector.

By virtue of the experimental technique, any protons detected
in the forward Si array are expected to arise from elastic scatter-
ing from 8He. The primary sources of proton background in the
present measurement would result from inelastic scattering and
fusion evaporation. In both cases, the center of mass energies to
make the reaction appreciable are such that the reactions occur at
the entrance to the chamber. As low energy protons are expected
from both reaction mechanisms, they do not have the energy to
traverse the remainder of the gas and be detected in the silicon,
and thus are effectively filtered in the present method. The fusion
evaporation contribution has been modeled in detail, and support-
ing figures can be found in the supplemental material [22].

Measurements with 12C beam were performed to test the ex-
perimental setup and to verify the analysis procedures. Fig. 2
shows the spectrum of protons from '2C+p elastic scattering mea-
sured in two different runs. The lower energy data (blue triangles)
were measured at the Cyclotron Institute at Texas A&M University
(TAMU), and the higher energy data (black circles) were measured
at the TRIUMF ISAC facility just before the 8He main production
run. The experimental setup was identical in all measurements.
The red curve is an R-matrix calculation (not a fit), convoluted with
experimental energy resolution. Parameters for the R-matrix calcu-
lations were obtained by fitting the differential cross sections of
Meyer et al. [23] and are in perfect agreement with the known
properties of the excited states in 13N [24]. The agreement be-
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Fig. 3. 8He+p elastic scattering excitation functions measured at three different lab.
angles. The corresponding CM scattering angles are functions of energy with range
shown for each section. The red solid curve is the best R-matrix fit. The orange
dash-dotted curve is the Rutherford cross section. The green dotted curve demon-
strates the sensitivity of these data to the hypothetical narrow T=5/2 1/2~ state
in 9Li. The purple dashed line shows the effect of a narrow T =5/2 1/2" state
in 9Li (curve has been divided by two to appear on scale). The SLi(T = 2; Ex =
10.822 MeV; 01 )+n threshold is shown as a dotted blue line. (To view this figure
in color, the reader is referred to the online version of the article.)

tween the R-matrix calculations and the experimental data reflects
the reliability of the analysis procedures.

Fig. 3 shows the excitation functions for 8He+p elastic scatter-
ing obtained in the present measurement. The error bars indicate
the statistical uncertainty. The individual spectra, from top to bot-
tom, correspond to proton detection in the central detector, the
inner halves of the outer detectors, and the outer halves of the
outer detectors, respectively. Scattering events of varying energies
take place at different distances from the detectors, and therefore
at different laboratory angles. The corresponding average CM an-
gles are shown for each spectrum in Fig. 3. The protons emitted
with low energies at higher angle must traverse a longer path be-
fore reaching a Si detector and thus have greater energy loss to
the gas. As such, the lower detection limit in CM energy increases
from the top to the bottom plot.

There is a 1.5 MeV overlap region between these data and the
data measured in the previous 8He+p work [14]. The overall cross
section is a factor of 1.5 higher in the new data set. We believe
that this difference is due to the improved beam quality and the
fact that the stopping location of the beam was much better de-
fined in this experiment by using signals from the proportional
counters. Also, there appears to be a minimum at 16 MeV excita-
tion energy in Fig. 3 of Ref. [14]. This feature is clearly ruled out
by the new measurement. The cross section is flat in this region
and the previous minimum is shown to be a statistical fluctuation.
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Fig. 4. The 8He+p phase shifts for the various partial waves determined from the
R-matrix fit to the 8He+p excitation functions. All but the s-wave (s1/2) phase
shift, shown as the black solid curve, are featureless and close to zero at the
measured energies. The pure potential model phase shift that does not include
the broad T =5/2 1/2% resonance is shown as the orange dotted curve. The
8Li(T = 2; Ex = 10.822 MeV; 0" )4n threshold is shown as a dotted blue line. (To
view this figure in color, the reader is referred to the online version of the article.)

The spectra in Fig. 3 are rather featureless with the exception
of a dramatic rise of the cross section at an energy correspond-
ing to the 8Li(T =2; Ex = 10.822 MeV; 07 )+n threshold, as seen in
Fig. 3a. As demonstrated in Fig. 3, this rise cannot be explained by
Rutherford scattering. The T =3/2 levels in °Li in this excitation
region are unknown, therefore a hybrid R-matrix approach based
on the ideas of Refs. [25,26] was utilized in the analysis. In this
approach the effect of the unknown T = 3/2 levels, which decay
to many isospin-allowed open channels, is described by an optical
model potential (details of the analysis will be published else-
where). The introduction of the optical model increases the param-
eter space, though fortunately the ¢ = 0 partial wave dominates
the excitation function in the measured energy region (kR ~ 1),
as expected from the nearly isotropic angular distributions. Contri-
butions to the cross section from other partial waves were found
to be negligible (see Fig. 4). The optical model potentials used in
the present work should be considered phenomenological, as they
were adjusted to minimize the R-matrix fit to the present data
while varying the resonant T = 5/2 s-wave contribution. In spite
of this, the present p-wave potential produces the ground state
binding energy of °Li within 3 MeV.

The narrow J7 = 1/2~ resonance, suggested to be at 1.3 MeV
above the neutron decay threshold in °He [5,1], would have
been easily observed in our data at an energy of about 1.2 MeV
above the 8Li(0",T = 2)+n threshold of 14.884 MeV. Instead,
the excitation function in that energy region is featureless at
all angles (Fig. 3). The manifestation of the J™ = 1/2~ reso-
nance with a 100 keV width in the energy region of interest is
shown in Fig. 3 with green dotted curve. This calculation properly
treated the neutron decay of the resonance to the 8Li(T = 2; Ex =
10.822 MeV; 0™), which is the dominant decay channel given that
the neutron to proton (8He+p) reduced width amplitude ratio is
fixed by the isospin Clebsh-Gordon coefficients (yy/yp = 2). The
experimental resolution is 50 keV at this CM energy and was also
taken into account in the R-matrix calculation. To escape obser-
vation, the state would need to be as narrow as 20 keV in 9He,
i.e. even narrower than it was claimed in previous measurements.
Another possible way this state could remain unobserved in the
present measurement would be if it was strongly isospin impure.
In this case the decays to many open T =1 channels would make
the resonance broader and weaker. Our calculations show that the
isospin mixing would have to be nearly 50% to make this possible.

As stated above, the most natural explanation of the cross
section rise near the SLi(T = 2; Ex = 10.822 MeV; 0" )+n decay
threshold is a manifestation of the Wigner cusp [27]. This decay
threshold, located at an excitation energy of 14.9 MeV in °Li, is
significant only for the T=5/2 resonances. Closing of this channel
leaves 8He+p as the only open isospin-allowed decay channel for
the T=5/2 resonances and the cross section rises dramatically to
preserve the incoming particle flux. To reproduce the threshold ef-
fect in question, a broad T=5/2 J© = 1/2* resonance needed
to be introduced, with a width comparable to the distance be-
tween the resonance excitation energy and the 8Li(T = 2;E, =
10.822 MeV; 0" )+n threshold. The actual parameters of the T =
5/2 J® =1/2% resonance are fairly sensitive to the shape of the
observed cusp. The best fit (shown as a solid red curve in Fig. 3)
is achieved with the y, =0.5 MeV'/2 and 17.1 MeV excitation en-
ergy for this state. The resulting s-wave phase shift, shown with
the black solid curve in Fig. 4, clearly demonstrates the influence
of the broad s-wave resonance on the behavior of the phase shift.
It produces the sudden change of the phase shift derivative near
the 8Li(T = 2; Ex = 10.822 MeV; 01)+n decay threshold that is in
turn responsible for the observed rise of the cross section. A low
energy resonance with properties claimed in Ref. [1] is incompati-
ble with the measured excitation function (see Fig. 3), as it leads to
dramatic effects near the 3Li(T = 2; Ex = 10.822 MeV; 01 )+n decay
threshold. The cross section near the resonance energy would be
much higher than observed and would have a very distinct shape
that is different from the experimental data (purple dashed curve
in Fig. 3). Due to the upper limit of the data, it is difficult to
state with certainty the energy of the T=5/2 J* =1/2" state,
other than to say that the c.m. energy is similar to the resonance
width. Indeed, similar quality fits can be reproduced by pushing
the state higher in energy and increasing the width and adjust-
ing the s-wave optical potential. Conversely, a sharp rise in x?2 is
seen when forcing the state to lower energies. At an excitation in
9Li of 16.8 MeV the value doubles from the minimum of 2 ~ 230
(x%/N =~ 2.5) regardless of width or potential adjustments, and we
consider this to be a lower limit for the excitation energy for this
broad T=5/2 1/27 state in °Li.

Taking into account the shift functions of the ®He+p and
8He+n systems, the T=5/2 J© =1/2% state physically appears in
9He at c.m. energy of ~3 MeV (with minimum of 2.3 MeV) above
the neutron decay threshold with a width of ~3 MeV (with mini-
mum value of 2 MeV).

In summary, we report the first high resolution search with
low statistical uncertainty for low-lying states in °He through their
T = 5/2 isobaric analogs in °Li. We did not observe any nar-
row structures within the energy range of interest, and ruled out
an existence of a narrow J7 = 1/2~ state in 2He. This conclu-
sion is based on its absence in the T =5/2 spectrum in °Li in
the corresponding energy region. Given the good energy resolu-
tion (~50 keV) and high statistics of the 8He+p data, the narrow
T =15/2 state can only be missed in our spectrum if its width is
smaller than 20 keV or the isospin mixing is very strong (~50%).
We consider both options as highly unlikely, but additional stud-
ies are certainly warranted. We also provided evidence for a very
broad T = 5/2 state with spin J* =1/2% at an excitation energy
of 171 MeV in °Li. This corresponds to a virtual broad (~3 MeV)
state in “He at ~3 MeV energy above the neutron decay thresh-
old (with minimum energy of 2.3 MeV above the neutron decay
threshold).

Two long-standing problems are resolved by these results. First,
the mysterious discrepancy by a factor of 5-10 between the the-
oretical predictions and the experiment for the width of the low
lying J© =1/2 state in “He has been eliminated by showing that
there are no narrow resonances in He at energies between 0 and
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2.2 MeV above the neutron decay threshold (unless the two un-
likely options mentioned above are realised). Second, it was shown
that the actual energy of the J™ =1/27F state in °He is far above
that determined in Ref. [12] and more recently in Ref. [1] and
that it has to be a very broad state. The important question re-
mains: where is the first 1/27 state and what is its width? It is
not possible to give definitive answer to this question from the
data presented in this Letter. The conservative statement is that
the broad T=5/2 1/2~ state at excitation energy above the mea-
sured energy region in °Li (>17 MeV) cannot be excluded, but it
was not necessary to introduce it to fit the experimental data.

The authors are very grateful to the accelerator physicists and
technical staff at the TRIUMF facility for their excellent and ex-
ceptionally professional work and to the management of the TRI-
UMF laboratory for providing ideal environment for successful ex-
periment. The authors acknowledge that this material is based
upon their work supported by the U.S. Department of Energy,
Office of Science, Office of Nuclear Science, under Award No. DE-
FG02-93ER40773. The authors G.V.R. and HJJ. are also supported by
the Welch Foundation (Grant No. A-1853).

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.physletb.2016.01.014.
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