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Abstract

The ground state structure of 9Li has been investigated through the d (°Li, 1)8Li one-neutron transfer reaction at £/A = 1.68 MeV. The 8Li
sub-system in 9Li was observed in its lowest three energy levels. The spectroscopic factors derived from a DWBA analysis are fairly consistent
in trend with model calculations. The understanding of the N = 6 sub-shell closure from the spectroscopic information and neutron separation

energies is discussed.
© 2007 Elsevier B.V. Open access under CC BY license.
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In recent years the appearance of new shell closures for
neutron-rich nuclei has brought a new interest in our under-
standing nuclear orbitals and the nuclear effective interaction
in these regions. The first evidence of breakdown of the con-
ventional shell closure at N = 20 was pointed out through an
enhancement in Sy, for Na isotopes [1]. This was later con-
firmed from B(E2) values measured by Coulomb excitation of
neutron-rich Mg isotopes [2—-6]. The N = 8 shell closure was
also found to be dissolved for neutron-rich nuclei [7-9].

The disappearance of conventional shell closures however
does not necessarily mean that shell structure is dissolved com-
pletely as one moves to neutron-rich or proton-rich regions. In
parallel to disappearing conventional shell gaps, new shell gaps
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have emerged in these regions. The first observation of a new
shell closure at N = 16 neutron-rich nuclei was reported for
O, N and F isotopes [10]. A more detailed discussion of the
changes of shell closures in light neutron and proton-rich nu-
clei from separation energy systematics, beta decay Q-values
and first excited states of even—even nuclei can be found in
Refs. [11,12]. From these systematic studies, the possibility of
a new sub-shell closure at N = 6 is suggested for neutron-rich
isotopes [11]. This suggestion comes from the increased exci-
tation energy of the first 27 state observed for the N = 6 He
and Be isotopes. However, an increase in energy of the 27 state
in even—even nuclei is not necessarily a confirmation of the ex-
istence of a shell gap, as discussed for example for N =40 in
Ref. [12]. One therefore needs detailed spectroscopy for a com-
plete understanding.

A sub-shell closure at N = 6 was also suggested theoreti-
cally by Otsuka and collaborators [13]. The mechanism for the
emergence of this sub-shell gap in their theoretical approach
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was predicted to be the upward shift of the 1p;/> orbital due
to the spin—isospin interaction. A new semi-empirical mass for-
mula also predicts a sub-shell closure at N = 6 [14].

In this Letter we report an investigation of the N = 6 sub-
shell gap through the spectroscopic study of the ground state
structure of °Li. In a 8Li 4+ n model, the ground state of “Li
is a superposition of different configurations, in which the
8Li ‘core’ is in different states. In the present experiment, the
one-neutron transfer from °Li onto a deuteron target (i.e., the
d(°Li, 1)8Li reaction) resulted in the Li sub-system being ob-
served in its different excited states. The spectroscopic factors
derived for the different configurations show that the first three
levels in 8Li exhaust nearly half of the total occupation num-
ber in the p orbital. The evolution of sub-shell closure at N =6
is discussed later based on spectroscopic strengths and neutron
separation energies.

The experiment was performed using a °Li beam from the
ISAC facility at TRIUMEF, Canada, accelerated to 1.68 A MeV.
The transverse beam emittance was 0.3 mmmrad/f8 and the
beam spot on target had a diameter of 1 mm. The excellent
beam properties enabled fairly good excitation energy resolu-
tion. A 100 ug/cm? deuterated polyethylene foil (CDy), served
as the reaction target.

A schematic view of the experimental setup is shown in
Fig. 1. The particles emitted in reactions of °Li with the tar-
get were detected using segmented annular silicon strip detec-
tor arrays. The LEDA array [15] (inner active radius = 5 cm
and outer active radius = 12.9 cm) covered laboratory angles
~ 25°-50°. This annular array is physically separated into 8
identical sectors. Each sector has sixteen, 5 mm wide rings, that
provide the information of the scattering angle. The LEDA ar-
ray detected the tritons emitted from the d(°Li, r)8Li reaction
as well as deuterons emitted from d(°Li, d)9Li elastic scatter-
ing.

The smaller array, S2, is a double-sided annular silicon strip
detector. The front face is segmented in 48 rings, with 0.5 mm
pitch. The reverse face is azimuthally segmented into 16 sec-
tors. The heavy residues such as °~/Li emitted in reactions with
deuterons are detected by this array. In addition, °Li emitted
in elastic scattering with the carbon component of the target
were also detected. The S2 detector covered laboratory angles
of 6°-17°.

Beam 9Li

(CD2)n LEDA

Fig. 1. Schematic view of experimental setup.

The kinematic curves observed in the S2 detector are shown
in Fig. 2(a). The Rutherford scattering on carbon appears as
the band nearly parallel to the angle axis, as labeled in the fig-
ure. This provides a measure of the beam intensity, which on
an average was found to be ~ 2 x 107 /s. The beam intensity
was therefore measured simultaneously with the transfer reac-
tion throughout the experiment. This allowed us to minimize
uncertainties due to beam intensity fluctuations while extract-
ing the cross sections. The parabolic locus arises from d + °Li
elastic scattering. The d(°Li, °Li)d elastic scattering angular
distribution plotted in the center-of-mass (cm) frame is shown
in Fig. 2(b). The optical potential parameters for °Li + d in-
teraction were derived from an optical model analysis of this
angular distribution, as shown by the solid line in Fig. 2(b).
The loci at higher energies than the elastic scattering (Fig. 2(a))
arise due to the one neutron transfer reaction d(°Li, 8Ligs)t
and d (9Li, 8Li*1+;0~9g)t which have a positive Q-value. The
angular region covered in the S2 detector for the transfer reac-
tion of interest corresponds to the forward cm angle scattering
~ 20°—40°, referred to the reaction in normal kinematics, i.e.,
Li(d, t). In this Letter, center-of-mass angle is the same as that
for the reaction performed in normal kinematics. This defini-
tion is followed to retain the picture that an elastic scattering
reaction is always peaked at forward center-of-mass angles.
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Fig. 2. (a) Laboratory energy vs scattering angle correlation for events in the
S2 detector. (b) The elastic scattering 9Li(d s d)gLi angular distribution in the
center-of-mass frame. The solid line shows the calculation with a phenomeno-
logical optical potential.
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The loci for the light ejectiles observed in the LEDA array
are shown in Fig. 3(a), (c). The deuterons from elastic scat-
tering have the highest intensity as shown in the figure. The
d(°Li, 1)8Ligs and d(°Li, 1)8Li* 4008 loci appear above the
elastic scattering band. The lower band below the d (°Li, d)
was found to result from elastic scattering with protons, which
indicated some hydrogen contamination in the target. The par-
abolic band is due to d(°Li, t)SLi*3+;2_25. This is more clearly
visible when we observe the tritons in coincidence with the
heavy residue in the S2 array as shown in Fig. 3(c). The angu-
lar coverage of the detectors did not cover coincident detection
region for the 8LigS and 8Lie, therefore these loci do not ap-
pear in Fig. 3(c). The Q-value spectra are shown in Figs. 3(b)
and (d) for the 8Li states observed in Figs. 3(a) and (c) respec-
tively.

The differential cross section for scattering in the center-
of-mass frame was obtained from an analysis of the Q-value
for the different states of 3Li observed in the spectra described
above. The background under the peaks was estimated using
a linear fit. The angular distributions obtained are presented in
Fig. 4. The error bars shown include both statistical and system-
atic errors. The beam intensity variation is taken into account
in the statistical errors, as it was determined simultaneously
with the transfer reaction throughout the experiment. The sys-
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tematic errors include effects of target thickness (10%), coinci-
dence efficiency (5%), solid angle (10%). The curves are finite
range DWBA calculations using the code PTOLEMY [16]. The
difference between the codes PTOLEMY and DWUCKS [17]
is the presence of core correction terms in PTOLEMY that
improve the DWBA formalism. The effect of core correction
is visible only at backward center-of-mass angles. Variational
Monte Carlo (VMC) calculations were made for both the spec-
troscopic strength and radial shape of the d—t overlap (both
s- and d-wave components) and the three 8Li—°Li overlaps
[18,19]. Woods—Saxon potentials with wine-bottle modifica-
tions for use in the PTOLEMY entrance and exit channels were
then constructed to reproduce these predicted radial shapes.
These potentials correctly take into account the effective sep-
aration energies, i.e., S, (°Li) + E*(3Li). The total d—¢ spectro-
scopic factor in these calculations is 1.3 and the sum of the p3,2
and p1; factors for 81i-Li is shown in Table 2 and Fig. 5.
The °Li + d optical potentials were derived from fitting to
the elastic scattering angular distribution in this work. To ob-
tain the 3Li + ¢ potentials we started with the °Be + ¢ potentials
at 2.10 MeV [20]. The depth of the real part of the potential was
then adjusted to suit the energy of this experiment and for 8Li.
This was done by linearly extrapolating the depths of 8Li + p
and BLi + d global optical potentials at the desired energy, to
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Fig. 3. Energy vs scattering angle correlations plots in the laboratory frame observed in the (a) LEDA array only, (c) LEDA array in coincidence with the S2 array.
The Q-value spectrum for d(°Li, 1)8Li reaction for (b) the 8Ligs and 8Liex1 from LEDA only and (d) for the 8Liex2 from LEDA with S2 in coincidence. The effect
of the elastic scattering curves in (c) has been omitted in the display of the Q-value plot in 3d. The vertical bands in (a) and (c) reflect the radial strips of the LEDA

detectors.
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8Li + ¢. The depth of the 8Li + d global optical potential was
found to be in good agreement with that obtained from our mea-
surement of 8Li + d elastic scattering. The surface imaginary

102
. d(Li,0)8Ligs (a)
s |
Ke]
E
i N
% 10.:.
: mistey
o |
100] et bt
0 20 40 60 80 100 120 140
Ocm [deg]
102
d(3Lit)BLi . o098 (b)
=
r-
§.10 :
2 | -+
'U'lOO'E— °
[0 5 | PEPETY PNTPL DWTTE DTD SUYWE DYWL PO
0 20 40 60 80 100 120 140
Ocm [deg]
102
dOLi08Liz*; 2,25
-
@
o]
E
g 10F
E L
]
©
10-7 [ b b b b b b b

0 10 20 30 40 50 60 70 80 90
Ocm [deg]

Fig. 4. The differential cross section in the center-of-mass frame for (a) SLigs,
(b) 8Li first excited state, (©) 8Li second excited state. The curves show DWBA
calculations (see text). The center-of-mass angle shown here is that for the re-
action viewed in normal kinematics, i.e., (d, t) reaction.

part was adopted from the 3Li + d potential. It was decreased
by the same percentage as the depth of the real part of the
8Li 4 d potential was increased. The potentials used are listed
in Table 1. Alternatively, we also considered the 7Li + 3He
potential [21] for the exit channel. This slightly changes the
normalization factor but the shape of the angular distribution in
forward angles is unchanged. The effects of these two poten-
tial sets have been included in the uncertainties quoted for the
spectroscopic factors.

The compound nuclear contribution to the differential cross
section has a rather flat angular distribution [22,23], in contrast
to the forward peaked nature of the experimental cross sections.
The exact calculation for such an angular distribution is be-
yond the scope of this Letter. The noteworthy feature however
is that the angular distribution at forward center-of-mass an-
gles is therefore dominated by direct reaction mechanism. The
spectroscopic information can thus be reliably determined from
the forward center-of-mass angles. In this work we have there-
fore derived the spectroscopic factors from the data at forward
center-of-mass angles only. The dashed curves in Fig. 4 show
the DWBA angular distributions (with slightly smaller spectro-
scopic factors) added to the Compound Nuclear (CN) contribu-
tions used in Ref. [23]. At lower energies the compound nuclear
effect is expected to be stronger. An upper limit of the effect
could be considered as the cross section of the backward angle
data in this experiment. The data in Fig. 4 agrees in magnitude
with those in Ref. [23] for the 8Li]+;().98 in the 6., = 80°-140°
region, while it is 1.5 times smaller for the 8Ligs in the same 0.,
region. The cross section for the 8Li3+;2.2 in the 6., = 60°-80°
region agrees in magnitude.

A comparison of the spectroscopic factors obtained in this
experiment to theoretical model predictions and other experi-
ments is shown in Table 2. Comparison with different theories
is shown in Fig. 5. The spectroscopic factors were obtained
by normalizing the DWBA calculations with the VMC over-
laps, to the respective angular distribution through a chi-square
minimization. The spectroscopic factors are therefore the prod-
ucts of the VMC values and the renormalization factor. The
resultant scaled angular distributions are shown in Fig. 4. The
one standard deviation error bars for the spectroscopic factors
include statistical and systematic fluctuations. The systematic
fluctuations arise from the systematic error bars of the angu-
lar distribution (17%), the uncertainty in the exit channel opti-
cal potential (10%), and the difference in slope of the angular
distribution for the 8Ligs and $Liey; compared to the DWBA
calculations (10%). The systematic errors have been added in
quadrature to the statistical ones. It is seen that the general
trend of the spectroscopic factors are in fair agreement with the
model calculations. It is seen that shell model predictions using
a Cohen—Kurath (CK) interaction [24] (filled circles) agree well

Table 1

Optical potential parameters

Channel  Vy [MeV]  rg[fm]  ag [fm] Ws [MeV]  rg [fm]  as [fm] Wy [MeV]  ry [fm]  ay [fm] Vso [MeV]  rso [fm]  aso [fm]
Li+d 67.5 1.54 0.68 3.1 1.72 0.4

8Li4¢ 125 0.8 0.7 33 2.06 0.66 291 2.06 0.72 8.93 1.07 0.66
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for the 8Liexl while the deviation increases for 8Ligs and 8Liexz.
The Variational Monte Carlo (VMC) calculations (filled trian-
gles) predict spectroscopic factors that are in good agreement
with 8Liex» while they are higher than the experimental obser-
vations for the ground state and first excited state of 8Li. The
CK shell model, the VMC calculations and the experimental
observations all agree on the ordering of spectroscopic strength
(Fig. 5). The No Core Shell Model (NCSM) [25] agrees well
(open circle) with the VMC for 8Ligs. The second line of Ta-
ble 2 shows the spectroscopic factors extracted from using the
compound nuclear contributions from Ref. [23]. If our back-
ward angle cross section is taken as the upper limit of the com-
pound nuclear contribution, it will result in a 5-10% decrease
of spectroscopic factors.

The spectroscopic factors for the 8Ligs, ®Liex1 and SLiexa
have a large deviation from those reported in Ref. [23]. The
reason for this is not well understood. There are some differ-
ences between the present data and that of Ref. [23]. In this
work we determine the spectroscopic factors exclusively from
the forward center-of-mass angle scattering data. In contrast,
those in Ref. [23] are determined only from the larger center-
of-mass angles. The incident beam intensity was measured by
Rutherford scattering in this work, while that in Ref. [23] was
deduced with help of optical model analysis. Therefore, some
ambiguity in normalization may exist in Ref. [23]. Apart from
these, ambiguities in optical potentials could also contribute to
the differences in the spectroscopic factors. The spectroscopic
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Fig. 5. Comparison of theoretical spectroscopic factors to those obtained in this
experiment for d(°Li, 1)8Li. See index and text for details.

Table 2
Spectroscopic factors

factor for the 8Ligs derived in this work is smaller (Table 2) than
that obtained from 8Li(d, p)9Ligs reaction at £/A = 9.5 MeV
in Ref. [26], but in agreement with the E/A = 4.9 MeV result
of the same reaction in Ref. [27]. It is also in agreement with
that obtained from ?Be(8Li, °Li) reaction in Ref. [28].

The total spectroscopic factor of neutrons occupying the p-
orbital obtained from this experiment is 1.81 £ 0.43. The model
calculations indicate that 95% of the total strength is from the
p3/2 orbital. In comparison, the B(d, t)!9B reaction yields
a total spectroscopic factor of 4.17 for the three lowest 3T,
1* and 07 levels of '°B [29]. The spectroscopic factor for
12C(p, d)'! Cys is also found to be 4.0 [30]. The *Be(d, p)'°Be
on the other hand shows a spectroscopic factor of 1.67 & 0.69
for the p3/> neutrons [22]. These seem to suggest that the sub-
shell gap at N = 6 is larger for 'C and ''B as compared to
10Be and °Li.

A measure of the gap between the p3,» and the next orbital
can be obtained by the difference in one neutron separation en-
ergy (S,) of the N =5 and N =7 isotopes. This gives us an
estimate of the N = 6 shell gap for each element. Similarly
the difference in S, between the N =7 and N = 9 isotopes
provides a measure of the gap of N = 8. Fig. 6 shows this sys-
tematic study for lithium to fluorine isotopes using the masses
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Fig. 6. Systematic trends of S, (Z, N —1) — S, (Z, N + 1) for different isotopic
chains as indexed in the figure. The lines join the even N isotopes to guide the
eye.

Reaction 9Li =8Ligs +n 9Li=8Ligog +n 9Li=38Liy 05 +n Reference

d(Li, 1) 0.6540.15 0.31+0.07 0.98 +0.2 This work (no CN)
d(Li, 1) 0.59£0.15 0.28 4 0.07 0.94£0.2 This work (with CN)
d®Li, 1) 1.95+0.14 0.824+0.17 244027 [23] TI

d®Li, p) 0.9040.13 [26]

d®Li, p) 0.68 £0.14 [27]

9Be(8Li, %Li) 0.6240.13 [28]

VMC (theory) 1.024+0.08 0.47 +0.04 0.95 4 0.07 [18,19]

CK (theory) 0.88 0.36 133 [24]

NCSM 1.05 [25]
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from Ref. [31]. It should be mentioned however, that the quan-
tity [S,(Z, N — 1) — S,(Z, N + 1)] may not give the absolute
value of shell gaps if other structure effects are present. The in-
teresting point here is the relative behaviour of the gap for the
different isotopic chains. The large gap of N = 6 observed for
the carbon chain at ''C could be partly an effect of the alpha
cluster structure of '>C. It is interesting to note that the behav-
iour of the shell gap for Z =3 to Z = 6 as seen in Fig. 6 is
consistent with the trend of the total spectroscopic factors for
these isotopes.

The weakening of the N = 8 shell gap for low Z isotopes
is also seen in Fig. 6. This study therefore reveals that for very
neutron-rich nuclei since the N = 8 shell gap disappears, the
gap at N = 6 seems to become more prominent in manifest-
ing itself as a shell closure-like behaviour in these regions. It
is probably because of this reason that we observe the smallest
charge radius of the lithium isotopes at °Li [32], showing it to
have much less deformation. The increased two-neutron sepa-
ration energy and excitation energy of 3He as compared to ®He
is also consistent with a shell-gap like behaviour at N = 6.

In summary, the subsystem 8Li (core) inside Li was found
to reside in its ground state and both bound as well as un-
bound excited states. This was ascertained through a one neu-
tron transfer d (°Li, )8Li. The total spectroscopic factor for the
overlap of °Li with a neutron and 8Li in its first three states is
1.81 £0.43. Both traditional shell model and current VMC cal-
culations indicate that 95% of this strength is in the p3,> orbital.
A comparison of the spectroscopic amplitudes and the neutron
separation energies for the different isotopic chains suggest that
the gap at N = 6 is larger for Z =5 and 6 than Z = 3 and 4.
However the N = 8 gap becomes very weak, disappearing for
the low Z isotopes, allowing the N = 6 sub-shell gap to show
its dominance in these regions.
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