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Exploring the Structure of the Most Neutron-rich Boron and
Carbon Isotopes
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Abstract. The most neutron-rich isotopes of boron and carbon are of considerable interest
in terms of their few-body character - most notably through the possible formation of two-
neutron haloes in the Borromean nuclei '°B and ?2C. Here a series of recent investigations
are briefly reviewed, including preliminary results from reaction studies of '®B and 2! C. It
is concluded that 2>C exhibits a prominent halo arising from a significant v2s12/2 valence
neutron configuration. More generally, the structure of the dripline boron and carbon
nuclei appears to be governed by the competition between the v1ds,, and v2s;,, single-
particle orbitals, with a 5/2* — 1/2* level inversion very probably occuring in 2'C.

1 Introduction

The investigation of the light neutron-rich dripline nuclei, including in particular those exhibiting
a halo, is a central theme of nuclear structure physics. In recent years advances have been made
through the development of increasingly more sophisticated models, such as ab intio approaches and
those incorporating explicitly the effects of the continuum. Experimentally, with the advent of ever
more powerful facilities — most recently, the RIKEN-RIBF — detailed studies have become possible
for nuclei lying at and beyond the driplines for Z>4.

In this context, of particular interest are the heaviest candidate two-neutron halo systems, '°B and
22C and the associated unbound sub-systems '®B and 2!C, the continuum states of which are critical
to the defining the '7B-n and *°C-n interactions for three-body models. In addition, '®!°B and ?'*>C
are of considerable interest in terms of the evolution of shell-structure far from stability as they span
the N=14 and 16 sub-shell closures below doubly-magic ?22*0. Indeed, the level structures of '*B
and 2!C can shed light on the evolution of the v2s;,, and v1ds,, levels which may become degenerate
in this region [1].

In terms of ascertaining the halo character of a nucleus, measurements of total reaction cross sec-
tions (ideally across a chain of isotopes) provide the first indications [2]. In practice, such measure-
ments may be carried out at very low beam intensities, a considerable advantage at the dripline. In the
case of '’B measurements were undertaken some time ago at very high energy (800 MeV/nucleon) and
interpreted in terms of a Glauber optical model analysis [3]. An RMS matter radius of 3.11+0.13 fm
was deduced for B as compared to 2.99+0.09 fm for '”B. As such "B did not appear to exhibit a
strongly developed two-neutron halo, but rather, through comparison with the less neutron rich boron
isotopes, it was suggested that it may be better described as a !B core and 4 valence neutrons.
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Figure 1: Two-neutron separation energies derived from experimentally determined masses. The N=8,
14, 16 and 20 (sub-) shell closures are indicated. Adapted from Ref. [6].

In the case of 2*>C intermediate energy (40 MeV/nucleon) measurements undertaken more recently
found a very large enhancement of the total reaction cross section with respect to the less neutron-rich
neighbouring isotopes [4]. Using a similar Glauber optical limit approach an RMS matter radius of
5.4+0.9 fm was deduced — very much larger than systematics would suggest and very much larger
than the well-established single-neutron halo '°C. It was concluded that such a large matter radius
may be attributed to a strong s-wave valence neutron configuration.

2 Masses and valence neutron binding energies

One of the key ingredients in characterising halo systems is the valence neutron binding energy. Deter-
mining experimentally the masses of boron and carbon isotopes at the neutron dripline is not possible
at present, however, using high precision techniques such as those employing traps. Indeed, current
ISOL based techniques are unable to provide even the weakest of beams of such nuclei. As such,
in-flight fragmentation followed by a direct time-of-flight and rigidity measurement represents the
only viable approach [5]. Such measurements have been made at GANIL with a **Ca beam and
the SISSI+alpha spectrometer facility coupled to the SPEG spectrometer [6]. Using well established
masses as references [7], the mass excesses of 16 light neutron-rich nuclei were determined, including
those of B and ?2C for the first time'.

The two-neutron separation energies (S2,) derived from the measured masses and previously es-
tablished values [7] are reported in Fig. 1 [6]. It is clear that '°B and 2>C lie at the very limits of
binding — S,,= 0.14+0.39 and —0.14+0.46 MeV respectively? — suggesting that prominent neutron
haloes may occur. These binding energies may be employed, in conjunction with the radii deduced
from the interaction cross section measurments, to provide a first insight into the valence neutron
configurations.

In a simple picture [9], the matter radius, R,,, may be estimated as,

Ak
"4
IThe first mass measurements were also made for 2°F and 3*Na together with the most precise determinations for 2N and

the deformed, single-neutron halo system 3! Ne [8].
2Given that 22C is bound, this may be taken as providing an upper limit (107) for the S5, of 0.32 MeV.
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Figure 2: Matter radii (R,,) for "B and ?>C as a function of the two neutron binding energy (S,,).
Curves marked with symbols correspond to calculations assuming different valence neutron configu-
rations: 1/2512/2 open circles and v1d52/2 filled points. The experimentally deduced R,, [3, 4] and mass
determinations [6] are shown (shaded rectangles). Adapted from Ref. [6].

where A is the mass number of the nucleus, k£ the number of valence neutrons, R. the matter
radius of the core nucleus, and r, the radius of the valence neutron distribution. The R, adopted were:
2.99 + 0.09 fm for "B [3] and 2.98 + 0.05 fm for 2°C [10]. The valence neutron radius may be
estimated using a Woods-Saxon potential (¢ = 0.65 fm and ry = 1.25 fm), where the depth is adjusted
to ensure the correct binding of each valence neutron (n,{) where it is assumed that the the binding
energy (S,,) is shared equally between them. The results for a range of valence neutron binding
energies are displayed for both the s and d-wave neutron configurations in Fig. 2 along with the
experimentally determined R,, and S,,, where the matter radii for '°B and ?>C noted in the preceding
section were employed. As may be seen, the results for '°B are well reproduced when the valence
neutrons are assumed to be predominantly of d-wave character. This suggests that the radial extent
of the valence neutron distribution will be significantly suppressed by the angular momentum barrier.
On the contrary, the results for 22C strongly support the devopment of a two-neutron halo with a
predominately s-wave configuration in line with the conclusion of the total reaction cross section
study [4] (Section 1).

3 Momentum Distributions

As was first demonstrated in some of the earliest studies of halo nuclei, the momentum distribution
of the breakup prodcuts — in particular the core — can provide a clear signature of their halo character
through their narrow widths [11, 12]. More recently, the momentum distributions from reactions on
a low-Z target (such as Be and C) and associated cross sections have been developed as a spectro-
scopic tool [13, 14], as demonstrated, for example, by the “text book™ case of the systematic study
of Ref. [15]. In simple terms, the core-like reaction residue, following high-energy neutron removal
(or “knockout”) carries rather directly the imprint of the orbital angular momentum of the valence
neutron. On the other hand, the cross section, when compared with reaction calculations (typically
within the eikonal approach), provides a measurement of the spectroscopic strength between the initial
(projectile ground-state) and final (core residue) state [14].

In the case of 22C, the secondary beam intensities available during the early stage operations of the
RIKEN-RIBF enabled inclusive measurements to be made of two-neutron removal on a carbon target
at some 240 MeV/nucleon [16]. For comparison, measurements were also made on the neighbour-
ing carbon isotopes, including 2°C. The momentum distributions were derived using a time-of-flight
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Figure 3: Inclusive longitudinal momentum distribution for two-neutron removal from 2°C and ?*C.
The results of eikonal reaction theory calculations are shown (solid lines). In the case of 22C, the
components arising from s-wave (dashed) and d-wave (dot-dashed line) neutron removal are also
shown. Adapted from Ref. [16].

technique and a spectrometer operating at zero-degrees. The results are shown in Fig. 3 whereby the
narrowness of the momentum distribution for two-neutron removal from 22C, as compared to 2°C, is
clear.

In the case of a Borromen nucleus such as 2>C, essentially all the yield is produced via single-
neutron removal followed by in-flight decay of the unbound 2'C [17]. As discussed in detail in
Ref. [16], combining shell model predictions obtained using the WBP interaction [18], within the
psd model space, with eikonal reaction calculations (including the recoil from the decay of the 2'C
states) the 2°C core momentum distribution was very well reproduced, in both form and magnitude.
As expected, the narrowness of the distribution arises from the s-wave removal component. This result
not only confirms the importance of the v2s]2/2 valence neutron configuration but also suggests that 2! C
has low-lying 1/2* and 5/2* levels. In the case of '°B, while no measurements are yet available of the
core-residue momentum distribution, the shell model calculations suggest that closely spaced levels®
arising from the v2sy/, and v1ds), configurations dominate the low-lying level scheme of '*B [19].

4 Invariant mass spectroscopy of '*B and 2'C

In order to investigate directly the low-lying level structures of '*B and 2! C, the technique of invariant
mass spectroscopy following in-flight decay was employed. In addition, the complementary probes
of neutron-removal from "B and ?*>C, together with single-proton removal from '°C and #’N, were
used to populate different final-states of '*B and 2'C. In simple terms, proton removal is expected
to populate final states with the same neutron configurations as the projectile (v2s;,, in both cases),
whilst neutron removal will probe directly the valence neutron configurations (here, most probably,
v2s12/2 and vldsz/z). As for the momentum distribution study, the secondary beams were generated by
the RIKEN-RIBF facility. The measurements were performed using the SAMURALI spectrometer [20]
coupled to the large area neutron array NEBULA [21].

The preliminary results for the reconstructed fragment—neutron relative energy (E,.;) spectra — that
is the energy above the single-neutron emission threshold — are displayed in Figs 4 and 5. In the case
of proton removal from '°C, the '"B+n spectrum exhibits a very strong accumulation of strength at

3Multiplets, owing to the coupling to the 71p3> hole.
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Figure 4: (Colour online) Relative energy spectra, as shown by the data points, for the C('°C,'"B+n)
(left) and C("’B,'”B+n) (right panel) reactions. In the former a fit (red) is shown including a strongly
interacting s-wave virtual state (blue) and a small non-resonant continuum contribution (dotted line).

In the latter, comparison is shown with the spectrum, renormalised at low E,;, for the C(*°C,'’B+n)
reaction (blue histogramme).
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Figure 5: Relative energy spectra for the C(*>N,?°C+n) (left) and C(**C,?°C+n) (right panel) reactions.
Comparison is shown with non-resonant continuum distributions (dotted lines).

threshold. Such behaviour is indicative of a strongly interacting virtual s-wave state [22] and indeed
the spectrum, as shown, may be very well described with such a state with a scattering length of less
than -50 fm — in agreement with an earlier study [19] — and a small contribution from the non-resonant
continuum [23]. In the case of neutron removal from '°B, in addition to the strong s-wave strength a
broad resonance-like structure is present at around 0.8 MeV with a possible second weaker structure
at ~1.7 MeV. The former lies close to the predicted location of the 27— 4~ levels arising primarily
from the 1ds/, valence neutron [19].

Turning to the results for 2'C (Fig. 5), the relative energy spectrum for proton removal from >N
is, in contrast to an earlier very low statistics study [24], dominated by a prominent resonance-like
structure at around 1 MeV which may be identified, based on the selectivity of the reaction and width,

06011-p.5



EPJ Web of Conferences

as an s-wave resonance. In the case of the neutron removal from 22C, a relatively narrow structure is
observed close to 1.5 MeV above threshold, together with a broad distribution of lower-lying strength.
A first examination of the reconstructed 2! C momentum distribution indicates that the narrow structure
may be identified with d-wave neutron removal, whilst the low-lying strength is consistent with s-wave
neutron removal. Further analysis will be required to confirm these propositions, however it may be
noted that they are in line with the shell-model predictions for the 2! C level scheme, which predict an
inversion of the lowest lying 5/2% and 1/2* states [16].

In addition to refining the analyses and interpretation, including examining !’B and 2°C—y-n co-
incidences, data acquired for dissociation of both the '°B and ?>C beams on a lead target is also being
analysed with the goal of extracting the E1 strength functions. The latter should provide further insight
into the structure and halo character of both nuclei.
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