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The first conclusive evidence of a dipole resonance in 'Li having isoscalar character observed
from inelastic scattering with a novel solid deuteron target is reported. The experiment was per-
formed at the newly commissioned IRIS facility at TRIUMF'. The results show a resonance peak at
an excitation energy of 1.03+0.03 MeV with a width of 0.51£0.11 MeV (FWHM). The angular dis-
tribution is consistent with a dipole excitation in the distorted-wave Born approximation (DWBA)
framework. The observed resonance energy together with shell model calculations show the first
signature that the monopole tensor interaction is important in 'Li. First ab initio calculations in

the coupled cluster framework are also presented.

PACS numbers: 24.50+g, 24.30.Gd, 25.45.De, 25.70.Ef

Nuclei with large neutron to proton asymmetry pro-
vide access to observe many unknown phenomena among
which a unique quantum system found was the Bor-
romean halo nucleus. Here, two neutrons are weakly
bound to a core nucleus and located at large distances
from it, forming a low-density large neutron surface
which is the neutron halo [1-3]. Since the discovery of
the halo in ''Li it was first postulated that this extended
density tail of the halo might give rise to a ”soft electric
dipole mode” [2]. Thereafter, a novel phenomenon was
proposed whereby the oscillation of the halo neutrons and
the core might lead to low-energy soft dipole resonance
states [4]. Despite two decades of various experimental
efforts, as mentioned in a recent review [5] it is yet to be
established if indeed the very fragile two-neutron halo in
HTi can sustain a soft dipole resonance state.

In this work we report clear evidence of a soft dipole
resonance state in ''Li at 1.03£0.03 MeV from a first
measurement of the d(*!Li,d’) reaction. Deuterons being
isoscalar probes, the peak observed has an isoscalar soft
dipole resonance character.

This soft dipole resonance is a phenomenon occurring

only when the nuclear surface has an appreciably large
neutron-proton density difference. Therefore, it is differ-
ent from the traditional term ”pygmy dipole resonance”
which was used to refer to resonances arising from nucle-
ons outside an N=Z core [6]. Studies in neutron-rich O,
Ni and Sn isotopes [5, 7, 8] reported some fragmentation
of the dipole strength towards lower excitation energies
(E,) that are considered to be related to the neutron
skin. However, these are still at fairly high E, of ~10
MeV. Dipole resonances located slightly above the neu-
tron threshold can have impact on the neutron capture
rates in r-process nucleosynthesis [6, 9].

Theoretical investigations of soft dipole states in
medium heavy nuclei show that the degree of collectiv-
ity is more in the isoscalar dipole operator [10, 11]. This
large collectivity is due to the isoscalar reduced transition
amplitude being predominantly determined by neutron
particle-hole excitations, most of which add with the pro-
ton contributions. In a weakly-bound halo nucleus like
1T the dipole resonance states should be dramatically
lowered in excitation energy compared to the giant dipole
resonance peak. There has been no identification so far



of the isoscalar dipole resonance in ''Li.

The pion double charge exchange reaction
HUB(r—, 7 t)MLi [12] found indications of a peak at
1.240.1 MeV. However, since this reaction does not
favour the excitation of a collective state, and the dipole
L = 1 nature was not established, it did not allow a
firm conclusion on the soft dipole resonance. Proton
inelastic scattering measurements reported a resonance
peak at 1.3+0.1 MeV with a width I' = 0.75+£0.6 MeV
[13]. The poor resolution in the experiment, 2.2 MeV
(FWHM), made it difficult to confirm the existence of a
resonance state and define its properties. An analysis of
the (p,p’) data in the framework of multiple scattering
expansion of the total transition amplitude [14] proposed
that while there is a strong dipole contribution it is
non-resonant in character. These calculations suggested
an L = 0 resonance at an excitation energy of 0.5 MeV
with a width I'=0.6 MeV. The pion capture reaction
10(n~, pd)!'Li exhibited a peak at 1.0240.07 MeV [15]
but this experiment did not allow a determination of the
nature of the resonance or its width. Peaks were also
found at £, = 2.07+0.12 MeV and 3.634+0.13 MeV.

The °Li-n-n relative energy spectra from the different
Coulomb dissociation measurements are not entirely con-
sistent. The measurement at GSI [16] showed an en-
hancement around E, = 1.25 MeV with C and Pb tar-
gets while a second broad structure was seen around 2
MeV with a Pb target only. The measurement at MSU
[17] on the other hand showed an enhancement of the E1
strength peaked at E, ~ 1 MeV. The most recent data
from RIKEN [18] showed the dissociation spectrum with
a Pb target peaked at a much lower £, ~ 0.6 MeV.

The low-lying dipole strength observed from Coulomb
dissociation in the one-neutron halo nucleus ''Be has
been understood to be of non-resonant character origi-
nating from the long tail of the halo wavefunction [19].
The 1/27 excited state at 3.103 MeV [20] in °C is a
dipole excitation, but is not observed as a peak in the
Coulomb dissociation spectrum [21]. These observations
demonstrate that the Coulomb dissociation spectrum is
dominated by non-resonant E1 strength associated with
direct breakup from the halo density tail. Therefore, one
needs studies through different experiments to investi-
gate if the 0.6 MeV peak most recently observed in the
Coulomb dissociation of 'Li is a resonance state.

In order to conclusively establish a resonance in ''Li
and understand its nature, we performed the first mea-
surement of deuteron inelastic scattering using a novel
thin solid deuterium target. The experiment was per-
formed at TRIUMF, Canada with the ''Li beam re-
accelerated to 5.5A MeV using the superconducting lin-
ear accelerator at the ISACII facility. The study was un-
dertaken using the newly developed ISAC charged par-
ticle spectroscopy station, IRIS [22], that is pioneering
the use of a windowless thin, ~ 100 pm, solid deuterium
target. The experiment setup is shown in Fig. la. The
incoming 'Li beam is counted throughout the experi-
ment using a low-pressure (19.5 Torr isobutane) ioniza-
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FIG. 1: (a) A schematic layout of the experiment. (b) Par-
ticle identification (PID) spectrum of light ejectiles using the
Si(YY1)(AE) silicon array and the stopping (E) CsI(T1) ar-
ray. (c) PID spectrum of heavy reaction residues in coin-
cidence with deuterons using the S3d1(AE) and the S3d2,
stopping (E) silicon arrays.

tion chamber. A total of ~8x10® 'Li bombarded the
target with average intensity of ~3000 pps. The mea-
sured energy-loss confirmed that the beam was devoid
of isobaric contaminants. The beam then interacts with
the solid Dy target formed on a 5.4 um Ag foil backing
that faced the beam direction. A copper shield cooled
to 30K with an opening for the scattered particles sur-
rounds the copper target cell (cooled to 4 K) to reduce the
radiative heating. The target-like reaction products i.e.
p,d,t were identified (Fig. 1b) using annular AE-E ar-
rays of 100 pm thick segmented silicon detectors Si(YY1)
followed by 12 mm thick CsI(T1) detectors. The silicon
detector array is composed of eight independent sectors
forming an annulus and providing azimuthal segmenta-
tion. Each sector is segmented into sixteen rings which
provide the scattering angle. The detector array covered
O1an= 32° to 58°. The CsI(Tl) array is segmented into
sixteen sectors where two sectors match one sector of the
silicon detector. From the AE-E spectrum shown in Fig.
1b the scattered deuterons can be clearly identified. The
energy and scattering angle of the deuterons is used to
reconstruct the excitation energy spectra.

The heavy beam-like scattered at very forward angles
pass through the hole in the annular Si(YY1)-CsI(T1) ar-
ray and are detected using another AE-E array of double
sided silicon strip detectors. Each detector is segmented
on one side into 24 rings which determine the scattering
angle and on the reverse side into 32 azimuthal sectors.
The AE layer is 60 pm thick and the particles stop in
the 500 pm thick E- layer. For the events that are in
coincidence with the deuterons detected by the Si(YY1)-
CsI(T1) array, the AE-E spectrum of the forward silicon



telescope permits clear identification of the ?11Li residues
(Fig. 1c). This detector array subtends laboratory an-
gles ranging from 6,,=3.9° to 12.3°. The forward silicon
telescope also detects the peak position of 'Li elastically
scattered from the Ag backing foil. These data without
and with the Dy target are used to continuously deter-
mine the Dy target thickness during the experiment. The
target thickness was found to remain fairly constant over
the period of the experiment.

The excitation energy of the 'Liy; deduced from the
elastically scattered deuterons in coincidence with 'Li
yields a resolution of 700 keV (FWHM). The angular dis-
tribution from this coincident detection spans the center
of mass scattering angle (6.,,) range of 73° to 114°. The
elastically scattered ''Li identified by the forward silicon
array alone extends the 6., coverage to 52°. Here the
energy spectrum exhibits two distinct peaks due to scat-
tering from the Ag foil and deuteron (d) that could be
fitted by a sum of two Gaussians. The heat shield mask of
the target limits the geometrical acceptance for deuteron
detection as it shadows parts of the Si(YY1)-CsI(T1) tele-
scope array. The detection efficiency was found both
from the elastic scattering data as well as from simu-
lation. A 5% uncertainty of the efficiency is taken for
the simulation results, while the efficiency from the data
has statistical uncertainties. The detection efficiency de-
pends on angles covered and is shown in the inset of Fig.
2. The forward small silicon telescope within its angular
coverage has full geometric efficiency for detecting the
heavy particles, i.e. ''Li. The angular distribution is
shown in Fig. 2. A consistency is found for the overlap-
ping region where two different detection methods were
used, namely from deuteron-''Li coincidence (filled blue
squares and open blue triangles) and *'Li detection alone
(filled red circles). This consistency establishes the cor-
rectness of the efficiency estimation. The coincident de-
tection of d and ''Li has negligible background under the
elastic peak. The uncertainty in the cross section includes
both statistical and systematic uncertainties. The statis-
tical uncertainty also includes the uncertainties resulting
from both the detection efficiency determination meth-
ods. Systematic uncertainties include the target thick-
ness variation which was 15%. Data taken with Ag foil
only (i.e. without the D) show negligible non-target
background contribution to the deuterons in coincidence
with %M Li.

A resonance state located above the two-neutron
threshold of 'Li at ~ 0.36 MeV will decay by neutron
emission to “Li. The inelastic scattering excitation en-
ergy spectrum is therefore obtained from a coincident de-
tection of deuterons and °Li. To reduce the non-resonant
background, a condition is placed for the d and °Li to be
in-plane by requiring the azimuthal angle between them
to be 180°+£20°. The spectrum outside this range is a
continuous background without any peak structure. The
E, spectrum in Fig. 3a shows a very prominent peak
at 1.03£0.03 MeV, which is also present without the in-
plane condition. The width of this resonance was found
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FIG. 2: Elastic scattering angular distribution for d(*'Li,d)
at beam energy 55.3 MeV. The cross section with filled (blue)
squares / open (blue) triangles are from deuterons detected
in the Si(YY1)-CsI(Tl) array using efficiencies from simu-
lation/elastic data. The efficiency of the Si(YY1) array is
shown in the inset where filled squares are from simulation
and open triangles are from elastic data. The cross section
with filled red circles are from ''Li detected in the S3 detector
array. The curve shows distorted wave Born approximation
(DWBA) predictions.

to be 0.514+0.11 MeV (FWHM). This width is obtained
from a fit to the data with either a Gaussian or a Breit-
Wigner distribution with an energy independent width
folded by the Gaussian experimental resolution (FWHM
~ 700 keV from elastic scattering) together with an expo-
nential background. The limited statistics do not allow
for meaningful consideration of a potential asymmetry.
The broad structure around 3.5 MeV is not statistically
significant for distinguishing between phasespace effects
and resonance peak. Hence we do not discuss any further
on that. In order to obtain the differential cross section
(Fig. 3b), the spectrum for E, < 3.5 MeV is fitted with
an exponential background (Fig.3a inset). The back-
ground subtracted counts under the 30 Gaussian peak
region were taken. Other background estimates using a
linear function or a second Gaussian peaked around 3.5
MeV did not affect the shape of the angular distribution
but causes a variation in the overall magnitude which is
included in the systematic uncertainty. Only the statis-
tical uncertainty is shown in Fig. 3b since our aim is
to determine the shape of the angular distribution. The
systematic uncertainties contribute an additional 30%.

The angular distributions are interpreted in the frame-
work of a one-step distorted wave Born approximation
(DWBA) calculation using the code FRESCO [23]. The
calculated elastic scattering angular distribution (black
curve in Fig. 2) yields the best fit optical potential pa-
rameters. Using these potential parameters and a collec-
tive form factor, the inelastic scattering angular distri-
bution is calculated for L=0, 1 and 2 as possible multi-
polarities of excitation from the 'Ligy to the 1.03 MeV
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FIG. 3: (a) Inelastic scattering excitation energy spectrum for
deuterons in coincidence with °Li. Inset: Curve shows fitting
with Gaussian plus exponential function. (b) The inelastic
scattering angular distribution data for the resonance peak
at Ferz=1.03 MeV. The curves are DWBA calculations for
L=0 (pink dashed-line), L=1(red solid line), L=2(blue dotted
line).

excited state. Fig. 3b shows that the angular distribution
normalized to the data is consistent with an L=1 exci-
tation, thereby establishing the dipole character of the
resonance state. The minimum x? for L=0 and 2 dis-
tributions are more than two standard deviations higher
than that for L = 1. Deuteron inelastic scattering will ex-
cite only isoscalar dipole resonance(s) since the deuteron
is an isoscalar probe (T=0). Therefore, this observation
provides the first clear evidence of the isoscalar soft dipole
excitation character of this resonance state. The vibra-
tion of the halo neutrons against the core is associated to
an in-phase vibration of core protons and neutrons giv-
ing rise to the isoscalar dipole mode. A dipole transition
opens the possibility of the resonance state having spin
of 1/2%,3/2% or 5/2+.

Fig.4 compares various theoretical predictions with the
data. The first predictions based on a hybrid model by
Ikeda [4] is shown as model 11. The lowest resonance
is quite close to the data but as discussed in Ref.[4] im-
provements in this model are needed for a more realistic
comparison to the experiment. In this work we present
three new calculations that are discussed below.

Shell model calculations with dipole operators were
performed using the SFO [24] and SFO-tls [25] interac-
tions with p-sd configurations including up to 3hw exci-

tations. The SFO-tls interaction with the single particle
energy of the s-orbital lowered to match the ''Be lev-
els is used. The probabilities for p?- and sd? (s?)-shell
configurations in 'Li are 38.9% and 61.1% (33.6%), re-
spectively for the SFO interaction. The SFO-tls interac-
tion leads to the configuration components of 56.1% and
43.4% (21.7%) respectively. The p-shell part of the SFO
Hamiltonian is obtained from the Cohen-Kurath Hamil-
tonian [26] and the p — sd part is from the Millener-
Kurath interaction [27]. The SFO-tls interaction has im-
proved spin-orbit and tensor component in the p — sd
cross-shell part that is consistent with the 7 + p meson
exchange potential. This leads to an enlarged tensor com-
ponent. Fig. 4 shows that differences between the SFO
(model 2) and SFO-tls (model 3) interactions have sig-
nificant impact on the energy of the dipole resonances.
The larger tensor and spin-orbit contribution in SFO-
tls greatly lowers the excitation energy. The result of
the SFO-tls interaction (Fig. 4 model 3) for the lowest
resonance is found to be in good agreement with the ex-
perimental data thereby showing the importance of the
monopole part of tensor interaction in ''Li.

In another framework the ''Li nucleus is described
with the °Li+n+n three-body model. An inert ?Li core
plus two halo neutrons with isovector dipole transition
operator, predicts low-lying dipole resonances. The re-
sults are shown in Fig. 4 (models 5-7). The excitation
energies of the 3/2 and 5/2" dipole resonances are pre-
dicted to have a strong dependence on the s?> component
in the wavefunction of 'Li. On the other hand in the
the tensor-optimized shell model (TOSM) [28, 29]. the
tensor correlation in ?Li is variationally treated by in-
cluding the high momentum component of 2p2h states
in the configuration mixings. This model produces the
Pauli-blocking effect on the p-shell configuration of 'Li,
which dynamically enhances the s-wave mixing probabil-
ity of last two neutrons in 'Li and explains the ground
state properties. The dipole excitation within the TOSM
framework was also studied in this work, however no low-
lying dipole resonances were predicted. This may point
towards the necessity to include excited ?Li core compo-
nents in the TOSM model.

In a first effort to investigate ''Li in an ab initio frame-
work, Coupled Cluster calculations including the chiral
NNLO force [30] with the two-nucleon interaction only
were performed. The states of ''Li were computed as
proton attached to the 'He ground-state where the two
last neutrons fill up the 2s; /5 orbital. Upto 3p-2h exci-
tations were considered. In this approach, instead of us-
ing a dipole operator the spin of the states determine the
dipole excitation. The results are shown in Fig. 4 (model
4). The excitation energy is higher than the data and the
spin ordering of the 3/2" and 5/27" levels is inverted com-
pared with the shell model results. Further developments
including continuum effects and three-nucleon force will
be investigated in the future.

The Coulomb breakup of ''Li studied in a three-body
model [31] predicts a narrow 1~ resonance at 0.5 MeV
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FIG. 4: The experimental excitation energy compared with
different theoretical model predictions.  1=experimental
data, Shell model with 2= SFO and 3=SFO-tls interactions,
4=Coupled Cluster, 5,6,7=three-body model with 2s,,,
10%, 30% and 50%, respectively, 8=Ref.[32] with '°Li(27),
9=Ref.[32] with '°Li(17),10=Ref.[31] and 11=Ref.[4]. The
red (squares), blue (circles), green (triangles) lines represent
states with spin 3/2%, 5/2%, 1/2%, respectively.

above the two-neutron threshold (i.e. E,~ 0.86 MeV).
The predicted excited state (Fig. 4 model 10) is in
moderate agreement being slightly below the lo error
of the data. However, unlike the conclusion presented in
Ref.[31] the present data clearly confirm that the low-
lying resonance in 'Li is not consistent with the peak
in the Coulomb breakup. Dipole resonances in ''Li have

also been investigated in a complex scaling method [32]
(Fig. 4 models 8,9). The results depend on the '°Li
resonances, model 8 and 9 for 27 and 1~ ground states,
respectively of 19Li and are in fairly good agreement with
the data. From Fig. 4 we see that the three-body mod-
els 5-10 predict closely spaced resonances around 1 MeV
which is different from the shell model and coupled clus-
ter model predictions. However, most of the models show
the presence of a low-energy dipole state.

In summary, the first measurement of d('Li,d’) inelas-
tic scattering provides firm evidence for the existence of
a soft dipole resonance at E, =1.03£0.03 MeV with a
width (FWHM) of 0.514+0.11 MeV having isoscalar char-
acter. The excitation energy compared to shell model
predictions shows the first signature of the importance
of the monopole component of the tensor force in Li.
Three-body models of ''Li also predict resonances close
to the data. First coupled cluster calculations with two-
nucleon force show resonances at somewhat higher ener-
gies than observed. The present data suggest that the
peak observed in Coulomb dissociation is a non-resonant
enhancement from direct breakup.
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