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Abstract

The Li -+ 2H reaction has been investigated at 2.36 MeV /u at the REX-ISOLDE facility. In this Letter we focus on the 100 4 p channel which
potentially holds spectroscopic information on the unbound nucleus 10Li. The experimental excitation energy spectrum and angular distribution
are compared with CCBA calculations. These calculations clearly support the existence of a low-lying (s) virtual state, with a (negative) scattering
length of the order as ~ 13-24 fm and a p| /; resonance with an energy of Er ~0.38 MeV and a width of I" >~ 0.2 MeV.

© 2006 Elsevier B.V. All rights reserved.

PACS: 25.45.Hi; 27.20.4n

1. Introduction

Spectroscopic information for nuclei along the stability line
have successfully been extracted via transfer reactions through
the last half century both for bound and unbound states [I,
2]. Now, with the development of low energy (a few MeV /u)
radioactive beams, at REX-ISOLDE at CERN, ATLAS at AR-
GONNE and ISAC at TRIUME, this method of extracting spec-
troscopic information can also be applied to nuclei far off the
valley of beta-stability. In this Letter we report on the neu-
tron transfer reaction °Li + 2H — 'OLi + p performed in in-
verse kinematics at the post-accelerator facility REX-ISOLDE
at CERN.

* Corresponding author.
E-mail address: henrik. jeppesen@cern.ch (H.B. Jeppesen).
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The study of the unbound system 'Li is of great inter-
est since knowledge on this system is a necessary ingredient
in a theoretical description of the halo nucleus UL (see [3]).
Thompson and Zhukov [4] have, for instance, shown that the
presence of a low-lying s, virtual state is crucial in order to
reproduce the momentum distributions in ''Li fragmentation
experiments. Despite the considerable amount of experimental
information that has been gathered during the past years, the
properties of the continuum of the '°Li system remains unclear,
to the extent that the position and spin-parity assignment of the
ground state is still controversial. It is widely accepted that the
ground state of 101 is constructed of either a Op1/2 ora lsy2
neutron which, coupled to the 3/2~ spin of the °Li core, would
produce states with 17, 2% or 17, 2~ spin assignments, respec-
tively. Theoretically, there are a disparity of predictions. Some
calculations suggest that the ground state should correspond to
an s-wave [5-7], while others conclude that it should be due to
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Table 1

Experimental information on previous experimental results on 104

State E (9Li +n) (MeV) I' (MeV) Ref.
gs 0.80(25) 1.2(3) [11]
gs 0.15(15) <04 [12]
gs <0.15 - [13]
gs (s1/2) >0.10 <0.23 [14]
ex (p12) 0.54(6) 0.36(2) [14]
gs (51/2) <0.05 - [15]
- 0.21(5) 0121039 [16]
- 0.61(10) 0.6(1) [16]
gs (s1/2) < 0.05 - [17]
(p12.1) 0.24(4) 0.10(7) [18]
(P12, 2+) 0.53(6) 0.35(8) [18]
(p12) 0.50(6) 0.40(6) [19]
gs (s1/2) < 0.05 - [20]
- 0.35(11) <0.32 [21]
gs (s1/2) as < —40 - [22]
ex (p1/2) 0.68(10) 0.87(15) [22]

a p-wave coupling [8,9]. The existence of a low-lying virtual
intruder s-state has been predicted by some theoretical models
and is also consistent with the trend observed for the N = 7 iso-
tones [10], that should result in a parity inversion in the case of
the '°Li nucleus.

Experimentally, the situation is also far from being clear (see
Table 1).

Although no clear consensus prevails, most results point to-
ward an s-wave ground state and a p-state around 0.5 MeV. The
lack of consensus shows the need of experiments to help shed
light on the properties of the '°Li nucleus.

2. Experimental setup

The experiment was performed at the CERN/ISOLDE fa-
cility [23], where a pulsed 1.4 GeV proton beam impinged on
a 70 g/cm? Ta target, consisting of 13 rolls of 20 pm foils.
The produced ?Li diffused out of the target, into the ion-source
and was subsequently accelerated to 30 keV. This low-energy
beam was then guided to the REX-ISOLDE post-accelerator
[24], where the 17 ions were bunched, charge bred to the 2%
charge state and accelerated to 2.36 MeV /u.

The accelerated ?Li beam entered the detector setup through
a 4 mm collimator before it impinged on the reaction target;
6.4 um (660 pg/cm?) of deuterated polyethylene (C3Dg with
approximately 3% H contamination). The reaction products
were detected with two telescopes: one small three-layered tele-
scope (10, 300 and 700 um Si) of 10 x 10 mm? area situated at
45° scattering angle covering about 15°. The second telescope
consisted of a 16 x 16 strip double sided silicon strip detector
(DSSSD) of 50 x 50 mm? area backed by a 1000 um Si-pad de-
tector of the same area. The DSSSD was of 64 um thickness,
which allowed protons with more than 2.5 MeV to go through
the DSSSD and into the back detector, thus allowing particle
identification. The DSSSD telescope covered laboratory angles
from 18° to 80°. For a more elaborate description of the exper-
iment, setup and analysis method see [25-27].

3. Calculations and comparison with experimental results

Since 'OLi is unstable against neutron emission, the
Li(*H, p)'Li reaction populates states in the n + Li con-
tinuum. Spectroscopic analysis of transfer reactions leading to
unbound states rely on the assumption that the structures in
the measured excitation energy spectrum contain information
on the properties of the final nucleus. Furthermore, it is com-
monly assumed that the energy and width of the peaks in this
excitation function correspond to the position and width of the
resonances. These parameters are obtained by means of an R-
matrix fit of the experimental excitation energy spectrum in
which resonances are typically parametrized in terms of Breit—
Wigner line shapes. This procedure is indeed justified if the
excitation energy spectrum is not significantly affected by the
reaction mechanism and final state interactions.

In this work we adopt a different procedure. Instead of ex-
tracting the resonance parameters from a fit of the data, we will
treat the reaction within the coupled-channels Born approxima-
tion (CCBA) formalism [1], conveniently adapted for unbound
final states [28]. Using this approach the reaction mechanism
as well as the continuum structure of the '°Li nucleus enter in
a consistent way, without any a priori assumption about posi-
tion or shape of the peaks in the excitation energy spectrum.
Although the CCBA method for the case of unbound states is
formally similar to the case of final bound states, there are, how-
ever, some important differences between the two situations.
In transfer reactions populating bound states, only discrete val-
ues of the energy and angular momenta in the final nucleus are
permitted. By contrast, in transfer reactions to the continuum,
any excitation energy and angular momentum is allowed. Nev-
ertheless, as we will see below, at the rather low bombarding
energy of the present experiment only excitation energies below
E. ~ 1 MeV and small relative angular momenta in the n + °Li
system are significantly populated, thus greatly simplifying the
calculations and the interpretation of the results. Another im-
portant difference comes from the fact that scattering states
are non-normalizable, leading to convergence problems in the
evaluation of the transition amplitude [29]. To overcome this
difficulty a discretization procedure was used in order to repre-
sent the two-body continuum of the n+ °Li system by a discrete
set of normalizable states. With this procedure, the conventional
expressions for the transition amplitude can be evaluated in ex-
actly the same way as for bound states. In the present analysis,
we treat the transfer process within the Born approximation,
but we include all couplings between all final states considered
in the calculation. In particular, we used the prior representa-
tion of the transition matrix which, in the present case, involves
the matrix element of the operator Vi, oy i + Up, 915 — Ujgopiy-
The entrance channel optical potential, Uy 9y j, was taken from
the fit of the elastic data performed in [26]. For the core-core
interaction, Up, 915, we used the proton optical potential of
Powell et al. [30]. The exit channel potential, U[p_loLi], was
constructed from the folding of the p—n and p—°Li interactions.

For the former, we used the Gaussian parametrization V (r) =
—Voexp[—r?/a?], with Vo = 72.15 MeV and a = 1.484 fm,
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Fig. 1. Left: position of the 51 /5 virtual state (upper panel) and scattering length (lower panel) as a function of the potential depth. Right: position and width of the

P12 resonance as a function of the potential strength. In both cases, the 9Li+n potential corresponds to a Gaussian with potential radius a = 2 fm. The scattering
length was calculated from the elastic phase-shift by means of the formula ay = —limy_, g tan (k) / k. The dashed vertical lines delimit the range of values which
provide acceptable fits of the measured excitation energy spectrum for the virtual s-state.

which reproduces the deuteron binding energy and rms radius.
Both diagonal and non-diagonal couplings were included. In
the present calculations, only £ = 0, 1 orbital angular momenta
are considered for the neutron—"Li relative motion. The s- and
p-wave interactions were chosen in order to reproduce the fol-
lowing known properties of the '°Li continuum: In this nucleus,
the lowest 51/ state must be bound. The properties of the low-
energy ¢ = 0 continuum are related to the presence of a non-
normalizable, exponentially increasing virtual state with small
negative energy. The p3,; level is bound by about 4.1 MeV,
while the p;/, wave gives rise to a low-lying resonance.
Following the work of Garrido et al. [3], the s and p com-
ponents of the n—"Li interaction are represented by Gaussian
shapes. In both cases, the radius was fixed to a = 2 fm, which
gives a rms radius for °Li of 2.32 fm [3], in good agreement
with the experimental value. For the £ = 0 wave, we varied
the potential depth in the range V; = 90-102 MeV. For any
value within this range, this potential supports a deeply bound
Os state and a ls virtual state, whose position depends on the
particular choice of Vi. The range of values considered here is
compatible with the existence of a virtual state below 1 MeV
(see Fig. 1). For Vi > 102.3 MeV the potential contains a sec-
ond bound s-state (2s) which is not present in 101i. In order to
reproduce the splitting of the p;/ and p3/, doublet, the £ =1
potential included also a spin—orbit term. As in [3], the radial
dependence of the spin—orbit potential is also parametrized us-
ing a Gaussian shape, with the same range as that of the central
potential. The total strength of the pj/> potential (which in-
cludes the central and spin—orbit components) is then varied in
order to generate a resonance at the desired excitation energy.
In this work, the position of the resonance is defined as the en-
ergy at which the n +° Li elastic phase-shift crosses 7/2. In
our analysis, we considered potential depths within the range
65-70 MeV which, according to the criterion above, is con-

sistent with the existence of a resonance in the energy range
E, ~0.05-0.7 MeV (see Fig. 1). Once the position of the reso-
nance has been obtained, the width is calculated from the p /2
phase-shifts as 2/I" = d&x /dE, ([31], p. 96), where the deriv-
ative is evaluated at the energy of the resonance.

Then, we discretize the £ =0 and £ = 1 continua from zero
to Emax = 1.5 MeV into energy bins of 0.1 MeV and 0.05 MeV,
respectively. For £ =1 we used a finer discretization for a bet-
ter description of the resonance peak. For the states with £ =1,
only the py/> continuum was included, since the contribution to
the cross section coming from the states with p3,> was found to
be very small. This is expected since, in a mean field description
of the '°Li nucleus, the 0p3 /2 orbit is bound and fully occupied
and the next (unbound) p3, states would arise from the next os-
cillator shell (1p3,2), which lies at much higher energies. The
coupled equations were integrated up to a maximum total an-
gular momentum of Jy,x = 8 and with a matching radius of
200 fm. This large radius is motivated by the extension of the
continuum bins. The range of the non-local kernels, which arise
from the transfer couplings, was set to 16 fm. These calcula-
tions were performed with the computer code FRESCO [32],
version frxy.3d.

We first study the separate contribution of the 51,2 and pi 2
waves to the excitation energy spectrum. For this purpose we
performed CCBA calculations including either the 51,5 or the
P12 states. In both cases, all continuum-continuum couplings
(diagonal and non-diagonal) were included. In Fig. 2 we present
the calculated energy distributions arising from s/, states in
1014, integrated over the angular range covered by the ex-
periment (6. = 98°-134°), and for different depths of the
neutron—"Li potential (labeled by the scattering length). Except
for the case V; = 102 MeV, these distributions exhibit a broad
structure, with a maximum that appears roughly at the energy
of the virtual state, with opposite sign. It can be seen that the
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Fig. 2. (Color online.) Calculated excitation energy spectrum for

9Li(?H, p)lOLi leading to ¢ = 0 states in the 0Li(= 9Li + n) system.
The x-axis corresponds to the excitation energy in the 1014 system. The
9Li+n potential is a Gaussian with potential radius @ = 2 fm, and depths
indicated by the labels in the insert.

cross section is particularly favored when the virtual state ap-
proaches zero energy. In particular, for Vy = 102 MeV (which
is very close to the limit case Vy = 102.3 MeV, where the vir-
tual state becomes bound) the cross section is greatly enhanced
at zero energy. The calculations also show a small bump at high
energies, regardless of the position of the virtual state.

In Fig. 3 we present the contribution of the py,, wave to the
energy differential cross section with respect to three different
values of the potential strength, which correspond to different
positions of the resonance, as indicated by the labels in the fig-
ure. Note that, unlike the £ = 0 case, the p;,» cross section
drops rapidly when the excitation energy approaches zero. This
is in fact a general property of £ # 0 waves. As discussed below,
this feature has important consequences regarding the interpre-
tation of the low-lying strength observed in the experimental
data (see Fig. 4). The py, distribution has a well defined maxi-
mum at an energy which is very close to the resonance position.
When the depth of the n + °Li potential increases, the p; /2
resonance moves to lower energies and becomes narrower (see
Fig. 1). Correspondingly, the position of the calculated peak in
the excitation energy spectrum is also shifted to smaller excita-
tion energies and the bump becomes narrower. Therefore, there
is a clear correspondence between the resonance parameters
and the observed peak in the excitation energy spectrum. Note
that, in general, the observed width may differ from the true
resonance width due to the influence of the reaction mechanism
and also to experimental resolution, which is taken into account
in our calculations. Our predictions for the £ =0 and ¢ =1
breakup are qualitatively similar to those found by Blanchon
et al. [33], where calculations for this reaction were performed
using the semiclassical transfer to the continuum approach.

The experimentally extracted excitation energy spectrum for
10Lj is given in Fig. 4. The full excitation energy spectrum for
all detected protons are shown in the bottom of Fig. 5 in [26]. It
exhibits a rather large component below zero excitation energy.
This background is comprised of three different components;
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Fig. 3. (Color online.) Calculated excitation energy spectrum for the reaction
LiH, p)!OLi leading to £ = 1 (py ) states in the °Li(=°Li + n) system.
The abscissa corresponds to the excitation energy in the 1014 system above the
neutron—>Li threshold.
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Fig. 4. (Color online.) Relative contribution of sy and pj/ final states

in the °Li + n system to the excitation energy spectrum for the reaction
9Li(*H, p)!OLi.

elastically scattered 'H, background from '30 in the beam and
a compound contribution from Li + '2C. The two former com-
ponents are seen experimentally not to contribute above zero
excitation energy whereas the latter can be described via an ab-
solute TALY'S [34] compound calculation which gives less than
4 events above zero excitation energy. We therefor ascribe the
events at positive excitation energy to the °Li 4+ 2H reaction.

In Fig. 4 we compare the experimental data with a best fit of
the theoretical excitation energy spectrum. The depths Vi and
V), where varied independently in order to minimize the chi
square. With this procedure we obtained the potential strengths
Vs = 100 MeV (virtual state at |E;| ~ 22 keV with scatter-
ing length a; = —23.9 fm) and V, = 67 MeV (resonance at
E, ~0.38 MeV and width I" = 0.20 MeV). All continuum
couplings (s—s, p—p and s—p) were included in the calcula-
tions. For a reliable comparison with the data all the theoretical
curves have been folded with the experimental energy accep-
tance for the detected protons. Moreover, in the calculations
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we adopted the same binning scheme used for the experimental
data. In Fig. 4 the dashed and thin solid lines correspond to the
calculated 51,2 and py/» contributions, respectively. The thick
solid line is the sum of these two curves. It can be seen that this
calculation reproduces very well the shape of the experimental
data, although the absolute normalization is somewhat under-
estimated. The latter could be due to the contribution of other
continuum configurations not considered in our calculation, to
evaporated protons or even to the uncertainties associated with
the calculations, such as the potential parameters. Note also that
the small bump observed in the calculated s1,2 and py/> dis-
tributions at excitation energies around 1.3 MeV (see Figs. 2
and 3) disappears in the smoothed calculation, due to the small
detection efficiency of low energy protons. It is clearly seen
that the contribution of the s1,, wave is essential to describe
the low energy part of the spectrum. Therefore, our calcula-
tions clearly support the existence of a low-lying virtual state,
as found by other authors [15,17,20,22]. As for the p;/, con-
tribution (thin solid line in Fig. 4), it is found to be crucial to
describe the peak at E, ~ 0.4 MeV. Calculations including the
d-waves were also performed, but the effect on the observables
was found to be very small. Therefore, we conclude that this re-
action proceeds mainly via the population of the s1,2 and pi,2
states in the n + °Li system.

In the chi square analysis, we found that reasonable fits
to the data can be obtained with s strengths within the range
Vs >~ 98-100 MeV. This corresponds to a virtual s-wave poten-
tial state around | E| = 22-76 keV with a (negative) scattering
length of magnitude |a;| = 13-24 fm (see Fig. 1) in good agree-
ment with [20,22]. For Vi > 100 MeV the cross section grows
rapidly at zero energy, in contrast to the observed behavior.

Our estimate for the position of the p-wave resonance is
consistent with the value reported by Santi et al. [21], E; =
0.35£0.11 MeV, which was obtained from the analysis of the
9Li(*H, p)lOLi reaction at 20 MeV /nucleon. It is worth to note
that some authors have also found evidences for a p-wave res-
onance at lower energies, e.g. Santi et al. [21], where the mea-
sured excitation energy could also be well described in terms of
two resonances at 0.2 and 0.77 MeV, which could however not
be determined as being due to either s- or p-waves.

In the present experiment with an energy resolution of
~ 300 keV in the (°Li + n) excitation energy spectrum we
can clearly see that the peak in '°Li is not composed of two
peaks at 0.2 and 0.77 MeV. It is worth to note that, once the
geometry of the neutron—"Li potential is fixed, one cannot vary
independently the energy and width of the resonance in or-
der to improve the fit of the data. A similar argument applies
to the s/, virtual state, whose parameters (position and scat-
tering length) are completely determined by the V potential.
Therefore, our fits are obtained with only two free parameters,
namely, the scattering length (or energy) of the 51> virtual state
and resonance position (or width) of the p;,, resonance.

Besides the excitation energy, experimental angular distri-
butions for the outgoing protons were also obtained. These
data are represented in Fig. 5 (solid circles), and compared
with the CCBA calculation. The 51/, and pi,> contributions
are represented by the dashed and thin solid lines, respec-

””” Si/2

- p1/2

— Sip Py

0
80 100 120 140 160 180

Fig. 5. Relative contribution of 51 /3 and pj 5 final states in the 9Li+n system
to the proton angular distribution.

tively. The thick solid line is the sum of these two compo-
nents. Except for the last point, the calculation reproduces rea-
sonably well the shape and the absolute cross section of the
data.

4. Summary and conclusions

In this work, new experimental data for the Li(*H, p)'°Li
reaction has been obtained at the REX-ISOLDE facility. From
the measured energy and angular distribution of the detected
protons, the excitation energy spectrum and angular distribution
of the '°Li system have been reconstructed.

These observables have been compared with CCBA calcula-
tions in which the final states correspond to different angular
and energy configurations of the neutron—"Li system. In or-
der to deal with normalizable final states, the continuum spec-
trum of the '°Li nucleus was discretized into energy bins. We
found that, at these energies, this reaction populates states of the
n+°Li system at low excitation energies, and small relative an-
gular momentum. In particular, we have shown that the energy
spectrum can be very well described including £ =0 and £ =1
waves only. The inclusion of the £ = 0 virtual state with a neg-
ative scattering length of the order of 13-24 fm was essential in
order to reproduce the observed strength at low energy.

At higher excitation energies, the spectrum is dominated
by the contribution of the pj,> resonance. This resonance is
in fact responsible for the observed peak in the excitation en-
ergy at £, >~ 0.4 MeV. Our calculations show that the energy
of the peak coincides with the position of the resonance in
the neutron—2Li system. This is an important result, because
it clearly indicates that it is possible to establish a simple cor-
respondence between the position of the resonance in the '°Li
system from the position of the maxima in the energy spec-
trum. According to our potential model for the n + °Li system,
the width of the pj,, resonance is I" ~ 200 keV.

Finally, we emphasize that the present method does not make
any a priori assumption on the shape of the excitation energy
spectrum and, moreover, does not require any arbitrary nor-
malization factor. Also, resonant and non-resonant continua are
included consistently.
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This work shows that the measurement of reactions involv-
ing simple reaction mechanisms, combined with the application
of fundamental direct reaction models is a powerful tool to ob-
tain reliable spectroscopic information of unbound nuclei.
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