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ARTICLE INFO ABSTRACT

Editor: B. Blank The presence of a neutron halo in '°C has been demonstrated in several reaction experiments at intermediate
energies. In the present study, the dynamical effects of this structure are observed for the first time at Coulomb
barrier energies in the '3C + 2%8Pb quasi-elastic scattering at E,,, = 65 MeV, measured at the HIE-ISOLDE facility,
CERN using the high-granularity detector array GLORIA. A combined continuum discretised coupled channels
and coupled reaction channels calculation describes the data well and significant coupling effects due both to
breakup and single-neutron stripping are identified.
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1. Introduction neutron distributions that give rise to the so-called neutron halo [1,2].
At collision energies around the Coulomb barrier, the nuclear reaction

A number of light, neutron-rich nuclides with low 1n or 2n sepa- dynamics of systems involving these nuclei are dominated by strong
ration energies such as °He, ''Li, 'Be or “Be exhibit the extended coupling between the elastic scattering, breakup, transfer, and fusion
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channels. This leads to phenomena not usually present in the scatter-
ing of other, non-halo isotopes (see, e.g., Ref. [3] for a recent review):
absence of a Coulomb rainbow peak, long range reaction mechanisms,
large cross sections for breakup and neutron stripping reactions, and
the dynamical decoupling of the core from the halo neutrons, among
others. In particular, the weak binding energy and extended density
distribution of halo neutrons imply an important coupling effect on the
near-barrier elastic scattering due to breakup and/or neutron stripping
[4,5].

With its ground state an almost pure 2s,/, single-neutron struc-
ture [6-9] and a neutron separation energy S, = 1.218 MeV, 1°C is a
good example of a 1n halo. The 1n-halo structure of 13C has been in-
vestigated in several experiments at intermediate collision energies ~
100 MeV/u [10-12] and higher ~1 GeV/u [7], but its influence on the
low-energy reaction dynamics has been little explored to date. Only the
sub-barrier 1°C + 232Th fusion excitation function has been measured
[13], the observed enhancement being irrefutably due to the halo na-
ture of 13C [14].

The near-barrier scattering of '>C from a heavy target like 2°8Pb pro-
vides an excellent system for exploring the interplay between the vari-
ous possible reaction channels. Continuum Discretised Coupled Channel
(CDCC) and Coupled Reaction Channel (CRC) calculations respectively
predict significant coupling effects due to breakup and single-nucleon
stripping when considered separately for the °C + 298Pb system [15].
An important coupling effect on the sub-barrier elastic scattering and
fusion due to the single-neutron stripping is also predicted by CRC cal-
culations [16]. The strong coupling effect of the single-neutron stripping
is firmly linked to the 25, , configuration of the valence neutron in 3¢,
which underlines the importance of the s-wave configuration in the for-
mation of a neutron halo.

With the goal of disentangling the Coulomb barrier dynamics of
15¢, the quasi-elastic scattering of the 1°C + 298Pb system at Ej,, = 65
MeV, close to the top of the Coulomb barrier, was measured at the HIE-
ISOLDE facility [20], CERN. The high-granularity silicon array GLORIA
[21] was used to provide a continuous angular distribution over the
range 20° < 6, < 120°.

This paper is structured as follows: Sections 2 and 3 describe the ex-
perimental setup and the data reduction procedures. Section 4 presents
the results of new calculations including simultaneous coupling to
breakup and single-neutron stripping. The results of the analysis are
discussed in Section 5, which also includes a comparison with data for
the well-known '2C + 208Pb scattering system at a similar collision en-
ergy [24]. Section 6 provides a summary and conclusions.

2. Experimental setup

The 3G isotope was produced at ISOLDE [18] by spallation reac-
tions induced by a 1.4 GeV proton beam on a CaO primary target. After
ionisation in a plasma source, extraction and mass separation (GPS), the
15C beam was bunched (REX-Trap), further ionised (EBIS [17], Q = 5+)
and injected into REX [19] and HIE-ISOLDE [20] for post-acceleration
to 65 MeV. The main beam contaminant was '°N, originating from EBIS
(residual gas), at the same kinetic energy and an intensity of 10* pps,
which was used for beam monitoring. With a much higher Coulomb
barrier, any contribution from >N induced reactions to the carbon yield
can be neglected. Additional runs with '2C and '30 beams at the same
E /A were also provided for geometry optimisation and data normali-
sation.

Detection of the scattered ions employed the GLORIA (Global Re-
action Array) detector [21], consisting of six multi-segmented AE + E
silicon telescopes. Each telescope comprised a 40 um thick AE double-
sided silicon strip detector (DSSSD) backed by a 1 mm thick DSSSD (E
detector), able to stop all particles punching through the thin AE detec-
tor. All DSSSDs were produced by Micron Semiconductor Ltd. (model
W1) [22] and comprised 16 strips on both front (X axis) and rear (Y
axis) faces, providing a total of 256 pixels.
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Fig. 1. 3D visualisation of the six GLORIA telescopes, labelled A to F. The target
foil is shown in blue and the beam direction is indicated by the arrow.

GLORIA telescopes were placed tangentially to a 6 cm radius sphere
centred on the reaction target, with a total solid angle coverage of ~
25% of 4z and an angular granularity of 3° per pixel. To provide a con-
tinuous angular distribution, the target ladder was oriented at 30° with
respect to the beam direction. Two of the telescopes (A+B) were sym-
metrically placed covering forward angles (15° < 6,,;, < 65°), another
symmetric pair (C+D) covering backward angles (115° < 6, < 165°),
and the two middle telescopes (F+E) were placed to avoid any shadow
from the target plane, covering the angular ranges 60° < 6,,,, < 100°
and 80° < 6,, < 120° respectively. An enriched 2®Pb target from
ISOFLEX [23] of 97.85% purity was used, with a thickness of 2.1
mg/cm?. The detector configuration is shown schematically in Fig. 1.

Each detector was calibrated strip-by-strip using a triple-a source
(®°Pu, 2! Am, and 2**Cm) and a '*3Gd alpha source.

Given the windowless nature of the AE detectors, energy losses in
the front dead layers were disregarded. Optimisation of the scattering
and solid angles for all pixels in each telescope was based on the mea-
sured angular distribution of the elastically scattered '2C beam at 52
MeV, which follows the Rutherford distribution. The X and Y coordi-
nates of the beam on the target, as well as the two rotations around the
X and Y axes, were treated as free variables, assuming that the beam
direction was aligned precisely with the Z-axis. The Z coordinate was
computed by default, in accordance with the GLORIA geometry due to
inherent uncertainties in the beam intensity. The resulting angular dis-
tribution following the optimisation is detailed in Ref. [25].

With this geometrical optimisation, an average !°C beam intensity
of 1.1x103 pps at the reaction target was estimated for a total live-time
of 140 h.

3. Data analysis and results

Elastic scattering events involving !3C nuclei were identified by ex-
amining the AE vs. AE + E spectra, see Fig. 2. However, the overall
energy resolution obtained was about 1 MeV (FWHM), which had an
important effect on the mass resolution such that '#C and >C could not
be resolved. This was partly due to the rather large beam energy spread
of about 225 keV (FWHM) caused by the stripper foil used to remove
part of the beam contaminants and, more importantly, the low statis-
tics which precluded the usual pixel-by-pixel analysis [21]. Therefore,
depending on the scattering angle, '>C elastic scattering events were
mixed with inelastic scattering to the bound 0.74 MeV 5/ 2;’ first ex-
cited state and '“C nuclei from neutron stripping to excited states of
209pb; 14C events from breakup should be excluded due to the larger
energy separation.

The pixels within each telescope were grouped into angular sectors
of 3° for telescopes A and B, and 4° for E and F. Telescopes D and C
were excluded from the analysis due to the absence of '3C events in the
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Fig. 2. Mass spectrum for the angular sector 36° < 6,,, < 39° in telescope A.
Elastically scattered "N and '°C are well separated. Breakup events are ob-
served to the left of the 1°C region.
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Fig. 3. Mass spectrum for the angular sector 36° < 6,,, < 39° in telescope A with
the stripper foil removed, showing elastically scattered '2C, '°N and '30 events.

backward direction. Some pixels of telescopes A and B (forward angles)
also had to be excluded due to channelling effects.

This sectorisation enhanced the clarity with which reaction chan-
nels could be identified within the mass spectra and also reduced the
statistical errors. For calibration and normalisation purposes (discussed
further on) a comparable methodology was applied using the '2C beam
(see Fig. 3).

In order to remove the uncertainties related to the detector geometry
(solid angles) the !3C elastic scattering yield was normalised for each
angular sector using the corresponding '2C yield. The ratio between
the two carbon isotopes was re-normalised to 1.0 for angles within the
range 20° < 6,,;, <40° where both '2C and !>C exhibit pure Rutherford
scattering. In order to reduce the statistical uncertainty the angular re-
gion 70° < 6, < 120° was averaged over intervals of 10°.

The quasi-elastic scattering angular distribution thus obtained is
compared with the elastic scattering angular distribution for 64.9 MeV
12¢ + 208pp [24] in Fig. 4. Error bars are statistical only. Despite the
uncertainties it is readily apparent that the 3C + 293pb data are sig-
nificantly different from the 1>C + 208Pb elastic scattering measured at
the same incident energy. The 1°C + 208Pb data show the complete lack
of a Coulomb rainbow peak associated with strong coupling effects, as
predicted in Ref. [15], whereas the 12¢ 4 208pp data exhibit the usual
Fresnel scattering pattern resulting from the interference of nuclear and
Coulomb interactions.

4. Calculations

According to previous calculations for the 1>C + 298pb system at 65
MeV [15], single-neutron stripping and breakup both have a significant
coupling effect on the elastic channel when considered individually.
Therefore, in this work we include coupling to both processes simulta-
neously. All calculations were performed with the code FRESCO [26].
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Fig. 4. Present quasi-elastic scattering data for 65 MeV '3C + 2%8Pb (filled cir-
cles) compared with the 64.9 MeV '2C + 2%8Pb elastic scattering data of Santra
et al. [24] (open circles).

4.1. Breakup couplings

The °C — n + '“C breakup was modelled using the CDCC formal-
ism. A two-body cluster model of the form described in Ref. [27] was
used to calculate the wave functions required as input to the CDCC cal-
culations including couplings to the n + *C continuum. The valence
neutron was bound to the 4C core (considered as inert) in a Woods-
Saxon potential well. Since the first excited state of 4C is the 6.09
MeV 17, the omission of core excitation should be a reasonable approx-
imation. The parameters of the Woods-Saxon binding potential were
ro = 1.25 fm, ay = 0.65 fm and a spin-orbit term of Thomas form was
included with a fixed depth of 6 MeV. The depth of the central part
was adjusted to reproduce the n + '#C binding energy of >C. These
parameters require some discussion. In addition to its ground state 13C
has a single bound excited state, the 0.74 MeV 5/2%. However, it is
difficult to reconcile the adopted inelastic strength with the measured
single particle strength. According to '4C(d, p)!°C reaction analyses,
see e.g. Murillo et al. [6] and references therein, both the ground and
first excited states in !3C are essentially pure single-neutron states (C2S
~ 1) and should thus be well described by the n + 14C model. The “ex-
perimental” value of the B(E2;1/2* — 5/2%) transition in >C of 2.90
e2fm* is frequently quoted in the literature, for example in Ref. [28]
which gives the source as the compilation of Ajzenberg-Selove [29]
where the transition rate is given as 0.44 + 0.01 Weisskopf units (W.u.).
Given the results of the (d, p) analyses one would expect the wave func-
tions calculated using these binding potential parameters to reproduce
the B(E2;1/2% — 5/2%) rather well. However, the calculated value is
0.078 e?fm*, almost a factor of 40 smaller than the “experimental” one.
It is therefore clear that no reasonable choice of binding potential pa-
rameters will enable the n+14C two-body model of 1°C to reproduce the
“experimental” B(E2;1/2% — 5/2%). The ultimate source of the “exper-
imental” B(E2;1/2% — 5/2%) is actually two lifetime measurements,
Lowe et al. [30] and Mendelson and Carpenter [31], which give values
of 3.73 +£0.23 ns and 3.77 £ 0.11 ns respectively. It is thus possible that
the usually reliable conversion of the lifetime to a transition probability
may fail in this case due to the halo nature of the 13C ground state. Al-
ternatively, the simple two-body model may be inadequate to describe
the wave functions, although a significant influence of core excitation
seems unlikely given both the relatively large excitation energies in-
volved and the (d, p) results. A direct determination of the transition
probability via a Coulomb excitation experiment, for example, is desir-
able to clear up this point. In the light of the above it was decided to
omit coupling to the 0.74 MeV 5/2% level from the present analysis and
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to retain the “standard” binding potential parameters as used in the (d,
p) analysis.

Couplings to the L =0, 1, 2, 3, 4, 5 and 6 non-resonant n + l4c
continuum were included, where L denotes the angular momentum of
the valence neutron relative to the '“C core. The continuum was di-
vided into a series of bins in momentum (k) space of constant width
Ak=0.1 fm~! up to a maximum value of k,,,, = 0.7 fm~!, correspond-
ing to a maximum 3C “excitation energy” of 12.19 MeV. All allowed
couplings, including continuum-continuum couplings, up to multipolar-
ity A =6 were included. This model space was found to give adequate
convergence for both elastic scattering and breakup. Note that the same
binding potential geometry is used for all “states” (including the non-
resonant continuum bins) within a given calculation, in accordance
with the methodology of Ref. [27].

Calculation of the diagonal and coupling potentials within this
model by Watanabe-type cluster folding requires n + 2°3Pb and '*C +
208ph optical model potentials at an incident energy of 4.33 MeV/nu-
cleon. The neutron optical potential was calculated using the global
nucleon parameters of Koning and Delaroche [32]. Since no suitable
14¢ + 208pp optical potential is available the 60.9 MeV '2C + 208pPb po-
tential of Santra et al. [24] was used as a surrogate. No parameters of
the model were adjusted to fit the 1°C + 208Pb quasi-elastic scattering
data. A total of 700 partial waves were included in the calculation and
the matching radius was set to 120 fm.

4.2. Transfer couplings

Couplings to the 208pb(1>C, 14C)2%Pb single-neutron stripping reac-
tion were included using the CRC formalism. The 69.9 MeV !2C + 203pp
potential of Santra et al. [24] was used as a surrogate for the exit chan-
nel “C + 29pb optical potential. The n + '*C binding potential was
the same as used in the cluster-folding calculations for the breakup and
the corresponding spectroscopic factor, C2S = 0.98, is the shell model
result from Table I of Ref. [33]. The n + 298pb binding potential and
spectroscopic factors were taken from Kovar et al. [34]. Stripping to
the following states of 2°°Pb was included: the 0.0 MeV 9/2*, the 1.57
MeV 5/2%, the 2.03 MeV 1/2%, the 2.49 MeV 7/2%, and the 2.54 MeV
3/2%. Transfers to the 0.78 MeV 11/2% and the 1.42 MeV 15/2~ lev-
els were omitted to keep the full (breakup plus stripping) calculation
within tractable limits since these high spin levels are expected to make
only a small contribution to both the cross section and coupling effect.
Test calculations confirmed this. The post form of the interaction was
used and the full complex remnant term and non-orthogonality correc-
tion were included.

5. Results and discussion

The results of the calculations are compared with the quasi-elastic
scattering data in Fig. 5. As discussed previously, the data are in fact
quasi-elastic scattering since they will include not only inelastic exci-
tation of the bound 5 /2;r level of 13C but also !“C arising from the
stripping reactions; '“C events resulting from breakup were separated
due to the larger (and negative) Q-value. Test coupled channel calcu-
lations using the B(E2;1/2% — 5/2%) value from the literature found
that omission of excitation to the °C 5 /2;r level makes a negligible
difference to the quasi-elastic scattering. Therefore, a calculated quasi-
elastic scattering angular distribution was formed by adding the cross
sections for transfer to the 2.03, 2.49 and 2.54 MeV levels of 2Pb to the
elastic scattering. The 4C ejectiles resulting from single-neutron strip-
ping to these levels fall within the 1 MeV energy resolution window of
the quasi-elastic scattering peak. However, as shown in Fig. 5 (a), our
results clearly demonstrate that although the single-neutron stripping
makes a noticeable contribution to the quasi-elastic scattering for an-
gles 0., > 60° it is within the uncertainties of the present data, which
may therefore be considered as pure elastic scattering for all practical
purposes.
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Fig. 5. Present quasi-elastic scattering data for 65 MeV '5C + 2%pb (filled
circles) compared with the results of the calculations. (a) The quasi-elastic scat-
tering predicted by the full (breakup + stripping coupling) calculation (dashed
red curve) compared with the pure elastic scattering result (solid black curve).
(b) The pure elastic scattering predicted by the full (breakup + stripping cou-
pling) calculation (solid curve) compared with the results for breakup coupling
only (dashed curve) and stripping coupling only (dotted curve). Also shown is
the no coupling result (dot-dashed curve). See text for discussion.

Table 1

Total reaction cross sections (o) for 65 MeV '3C + 2%8pb
and '2C + 2%pb [24]. The no-coupling (c,.), summed
breakup (o,,,) and single-neutron stripping (o,,) cross sec-
tions for the 'C + 208Pb system are also given. The °C +
208ph cross sections are the results of the full calculation de-
scribed in the text while the '2C + 2%Pb oy was derived
from an optical model fit to the elastic scattering data.

System og (mb) o, (mb) oy, (mb) o, (mb)

5C+ 2%pp 1695 714 528 192
2Cc+ 28pb 429 — — —

The full calculation including both breakup and single-neutron strip-
ping couplings is in excellent agreement with the data, although given
the large uncertainties the data do not provide a rigorous test of the
model. Nevertheless, they are sufficient to confirm the general pre-
diction that these couplings completely erase the Coulomb rainbow
observed in the kinematically analogous non-halo scattering system '2C
+ 298pp [24], and in the no-coupling CRC calculations shown in Fig. 5
(b) (dot-dashed line).

The total reaction cross section and the integrated breakup and
single-neutron stripping cross sections are given in Table 1. The total
reaction cross section derived from the optical model fit of Santra et
al. [24] for 12C + 208pb elastic scattering data is also given for compar-
ison.

Our analysis reveals the total reaction cross section for the 1°C +
208pp system to be almost a factor of 4 larger than that for the non-halo
12¢ + 208pp scattering system at a similar incident energy. Indeed, the
summed breakup cross section alone is some 20% larger than the >C
+ 208pp total reaction cross section. In addition, since the Q value for
the 208Pb(12C, 11C)2Pb single-neutron stripping is —14.78 MeV and it
is thus poorly matched, the large single-neutron stripping cross section
for the 15C + 208pb system is also significant. However, even after both
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the summed breakup and single-neutron stripping cross sections have
been subtracted from the total reaction cross section for 3C + 2%8pb
the remainder is still a factor of two larger than the non-halo scattering
value. Much of this excess may be ascribed to the “static” effect of the
halo nature of the 1>C ground state on the cluster-folding bare potential
for 15C + 208pb, This is reflected in the significantly larger reaction
cross section for the °C + 2%8Pb no coupling case compared to the 12C
+ 208pp optical model value; the increase is almost a factor of 1.7. The
residual difference provides an illustration of a common phenomenon:
due to the coherent interference of reaction amplitudes, the effect of
coupling to a given set of channels on the elastic scattering as evinced by
the increase in the total reaction cross section is frequently larger than
the sum of the separate cross sections for populating those channels. In
this case the increase in the total reaction cross section due to breakup
and stripping channels (981 mb), is approximately 40% larger than the
addition of the individual cross sections (720 mb).

In Fig. 5 (b) we also compare the elastic scattering predicted by the
full (breakup + stripping) calculation with that predicted by coupling
to breakup only and stripping only. It is readily apparent that while
the effect of the stripping coupling by itself is significant—it leaves
only a slight hint of the Coulomb rainbow observed in the no coupling
result—the influence of the breakup coupling is dominant. It is however
noteworthy that in the angular range around the Coulomb rainbow peak
(in the no-coupling angular distribution) the coupling effect of the strip-
ping when combined with breakup is significantly reduced compared to
that found when just the stripping coupling is present, cf. the difference
between the solid and dashed curves versus that between the dotted and
dot-dashed curves on Fig. 5 (b). This non-linearity of coupling effects
when combining different couplings even when their only interaction is
via their influence on the entrance channel is also frequently observed.

6. Summary and conclusions

The near-barrier elastic scattering of 1> C from a heavy target (2°Pb)
was measured for the first time. Despite difficulties associated with low
beam current on target, the quasi-elastic scattering angular distribu-
tion was obtained, albeit with relatively large uncertainties due to the
poor statistics. The precision was nevertheless sufficient to confirm the
large coupling effects predicted for this system [15]. While the coupling
influence due to the 2°8Pb(13C, 14C)29Pb single-neutron stripping is sig-
nificant, the overall effect is dominated by the '3C — n 4 *C breakup.

A two-body 1+ '*C model is able satisfactorily to describe the quasi-
elastic scattering data within the obtained precision when implemented
within the CDCC formalism. However, the model fails to reproduce the
“experimental” B(E2;1/2% — 5/2%) for excitation of the bound 0.74
MeV 5/2* level of °C, underpredicting it by a large factor, in spite of
both the ground and 0.74 MeV states being almost pure single neutron
levels according to the results of '“C(d, p)'>C analyses [6]. This appar-
ent paradox could be linked to the “experimental” B(E2) being in fact
derived from lifetime measurements [30,31]; it is possible that the halo
nature of the 13C ground state may affect the usually reliable conver-
sion of a lifetime to a transition strength. A more direct measurement
of the strength, via a Coulomb excitation experiment, for example, is
desirable to clear up this point. If the currently accepted value of the
B(E2;1/2% — 5/2%) is indeed found to be accurate it would point to
a more complex structure for either or both of these levels than has
hitherto been assumed.

The total reaction cross section for 1°C + 208pPb at 65 MeV is approx-
imately a factor of four greater than that for 1>C + 298Pb at the same
energy (cf. Table 1). This is linked to the contributions from breakup
and single-neutron stripping, absent for '2C, although some of the in-
crease may be ascribed to “static” effects due to the influence of the
halo nature of the '°C ground state on the 1°C + 208Pb bare potential
calculated using the two-body cluster-folding model, cf. the total reac-
tion cross sections for '>2C + 208Pb and the no coupling 1°C + 208pb
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case in Table 1. The bulk of the increase is, however, attributable to the
dynamic coupling effects.

In summary, the present data are consistent with the picture of °C
as a neutron halo nucleus, in spite of the relatively high S, value of 1.2
MeV. This appears to be due to the essentially pure 2s, /, structure of
the ground state, which is also responsible for the large single-neutron
stripping. The significance of the dynamic effects of breakup (domi-
nant) and neutron stripping, together with the static effect on the bare
potential of the halo nature of the ground state, explain the important
difference between the near-barrier elastic scattering of '°C + 208pb
from that of '2C + 208Pb at the same incident energy, with the dynamic
effects from coupling dominating.
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