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8

Fig. 5. Energy levels in a potential with V0 = 20 MeV, Vso = 22 MeVfm2 and α = 0.1115 fm− 2, appropriate to 9Be.

Table 5
Intrinsic energies in 9Be at 
β = 1.82 fm.

State � K P (MeV)

3/2− − 1.78
1/2− + 0.32
1/2+ + 1.35

notation, in Fig. 5. This level may not even be a resonance but rather a virtual state, as pointed 
out in [24,29]. Also, more levels could be included, and the core could be broken by promoting 
neutrons from the core to the valence space. We take here an inert core and a valence space 
consisting of only the three levels in Table 5. Effects of taking βK different for each K can be 
easily studied in the CSM approach since our wave functions, Eq. (11), depend on β , and have 
been evaluated for any value of β in the range 0–6 fm. In the majority of cases, the study can be 
done by simple scaling considerations, since our results are given by explicit analytic formulas.

3.1. Energy spectra

Energy spectra are obtained as in the collective model [39]. On each single particle level of 
K there is built a rotational band, with J = K, K + 1, K + 2, . . . . The energy levels of each 

band are described by [56].

Kπ=

Kπ=

V. Della Rocca, R. Bijker, F. Iachell0, Nucl. Phys. A 966(2017)156
V. Della Rocca, F. Iachello, Nucl. Phys. A 973(2018)1
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12 V. Della Rocca, F. Iachello / Nuclear Physics A 973 (2018) 1–32

Fig. 7. Comparison between the cluster spectrum in CSM and the experimental spectrum of 9Be [50]. The dashed region 
is given by the width of the states.

Fig. 8. Observed rotational bands in 9Be.

3.2. Comparison with ab initio calculations

Energy levels in 9Be have been calculated both in GFMC [34] and in NCCI [38]. From the 
calculated energies one can extract inertial, B , and decoupling parameters, a. A comparison with 
CSM results is shown in Table 10. From this table and from Table 9 one can see that all calcula-
tions are qualitatively in agreement with each other and with experiment. However, quantitatively
discrepancies occur, especially for NCCI. The value of B for KP = 3/2− in GFMC is instead in 
excellent agreement with experiment. It would be of interest to see how the calculated values for 
KP = 1/2+,1/2− in GFMC compare with experiment.

In the case of NCCI it is also possible to compare the intrinsic energies εK of 9Be relative to 
8Be. This comparison is shown in Table 11. It is interesting to note that both CSM and NCCI have 
the state KP = 3/2− bound and the states KP = 1/2+,1/2− unbound, although the energies of 
these states in NCCI are much higher than in CSM and in experiment.

8Be

|9Be> = |8Be> x |n>        |8Be> = α + α
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Fig. 5. Energy levels in a potential with V0 = 20 MeV, Vso = 22 MeVfm2 and α = 0.1115 fm− 2, appropriate to 9Be.
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neutrons from the core to the valence space. We take here an inert core and a valence space 
consisting of only the three levels in Table 5. Effects of taking βK different for each K can be 
easily studied in the CSM approach since our wave functions, Eq. (11), depend on β , and have 
been evaluated for any value of β in the range 0–6 fm. In the majority of cases, the study can be 
done by simple scaling considerations, since our results are given by explicit analytic formulas.

3.1. Energy spectra

Energy spectra are obtained as in the collective model [39]. On each single particle level of 
K there is built a rotational band, with J = K, K + 1, K + 2, . . . . The energy levels of each 

band are described by [56].
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The continuum structure of the unbound system 10Li, inferred from the 9Li(d, p)10Li transfer reaction, is 
reexamined. Experimental data for this reaction, measured at two different energies, are analyzed with 
the same reaction framework and structure models. It is shown that the seemingly different features 
observed in the measured excitation energy spectra can be understood as due to the different incident 
energy and angular range covered by the two experiments. The present results support the persistence 
of the N = 7 parity inversion beyond the neutron dripline as well as the splitting of the well-known 
low-lying p-wave resonance. Furthermore, they provide indirect evidence that most of the � = 2 single-
particle strength, including possible d5/2 resonances, lies at relatively high excitations energies.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Understanding the nuclear shell evolution as a function of the 
proton-neutron asymmetry is one of the major goals in nowadays 
nuclear physics. Within this broad and ambitious program, the 
N = 7 isotopic chain has received much attention both experimen-
tally [1–21] and theoretically [22–30]. The 10Li system represents a 
prominent member of this chain, due to its peculiar features. First, 
it is the first unbound N = 7 isotone, following the weakly-bound 
11Be nucleus. Second, several experiments [4,11,31] suggest that 
its ground state consists of an � = 0 virtual state, followed by a 
narrow p-wave resonance, whose energy sequence would point to-
ward a persistence of the parity inversion observed in 11Be. Finally, 
an accurate knowledge of the 10Li system is crucial for a proper 
understanding of the 11Li nucleus, the archetypal three-body Bor-
romean nucleus.

Despite this interest, and the extensive experimental and theo-
retical efforts, important questions regarding the structure of 10Li 
remain unanswered. Due to the non-zero spin of the 9Li core, the 
s-wave and p-wave structures are expected to split into (1−, 2−)

and (1+, 2+) doublets, respectively. However, these doublets have 
not yet been clearly identified experimentally. In particular, it is 
unclear whether the prominent peak observed in several experi-
ments [12,14,20], and identified with the p1/2 resonance, corre-
sponds to the centroid of the (unresolved) doublet or just to one 

* Corresponding author.
E-mail address: moro@us.es (A.M. Moro).

of its members, with the other component being pushed at higher 
excitation energies.

In the case of the s1/2 virtual state, the situation is less clear. 
Experimentally, its presence was inferred from the narrow width 
of the momentum distribution in one-proton and one-neutron re-
moval experiments of energetic 11Be and 11Li beams on a carbon 
target [31]. Another experimental evidence came from the mea-
surement of the relative velocity distribution between the 9Li and 
the neutron resulting from the decay of 10Li produced after the 
collision of a 18O beam on a 9Be target [4]. This relative velocity 
was found to peak at zero, which is consistent with an � = 0 con-
figuration for the 10Li ground-state. The search for this virtual state 
has been also pursued with transfer experiments. For example, the 
excitation function extracted for the reaction 9Li(d,p)10Li measured 
at E = 2.4 MeV/u at REX-ISOLDE exhibited an excess of strength at 
zero energy which was consistent with a virtual state with a (neg-
ative) scattering length of the order of 13-24 fm [11]. However, a 
more recent experiment for the same transfer reaction performed 
at TRIUMF at a higher incident energy [20] did not show any in-
dication of such near-threshold structure, putting into question its 
very existence.

The situation regarding the presence of one or more d5/2 low-
lying resonances is even more controversial. Evidence of such a 
resonance at Er ∼ 1.5 MeV has been reported in a fragmentation 
experiment of 11Li on 12C performed at GSI [12], and supported 
by the theoretical analysis of Blanchon et al. [26]. The excitation 
function extracted from the 9Li(d,p)10Li reaction [20] displayed 
also a small bump at Er = 1.5 MeV, but the theoretical analysis 

https://doi.org/10.1016/j.physletb.2019.04.015
0370-2693/© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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The calculations shown in Fig. 3 allow us to determine the needed sensitivity to for example 
distinguish a 3- state (l = 2) from a 3+ state (l=3), which is predicted to be the most demanding 
case. The l = 2 transfer and l = 3 transfer exhibit slightly different slopes, and in order to distinguish 
them at the 5s level, we need to measure each of the data point (at 10° - 40°) with better than 5% 
precision, hence at least 400 counts per measured angle, considerably less than the design goal
sensitivity of our proposed measurement, which is discussed below. The preliminary CDCC 
calculations presented in Fig. 3 are being improved, by for example using three body wave function 
(calculated by Dr. Casal). The calculations will be fine-tuned (“calibrated”) by measuring the
angular distributions of the known states in 8Be, shown in Fig. 4.

Fig. 4: Simulated proton spectra in coincidence with alpha-particle (left) and 7Li (right). 

In Fig. 5 we show a portion of the simulated ISS proton spectrum, measured in coincidence with 
the 7Li decay product that are detected in the recoil detector. The ISS resolution has been ignored, 
since it is considerably smaller than the natural width of the shown states. T=1 isobaric analog 
states in 8Be and states without known neutron width, cannot be populated by the 7Be(d,p) reaction, 
and are not included in Fig. 4 (they are shown in Fig. 4 with downward red tick mark). In this 
simulation each known state contributes 5,000 counts, and we show in Fig. 5 the result of six 
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Liam Gaffney, September 21, 2020

Fig. 3: DWBA 
(top) and CDCC 
(bottom) 
calculations for l = 
1 (green), 2 (red) 
and 3 (grey) 
neutron (hole) 
transfer in the 
7Be(d,p) reaction, 
for a nominal state 
at 21.5 MeV, as 
discussed in the 
text. 

7Be(d,p):     <7Be+n|8Be; p-h>  <3He+α+n|8Be; p-h> Jesus Casal 
10B(d,α) :     Complicated interpretation, perhaps multi-step
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Thank You 
Continued by Robin Smith 



Experiment design

• Ensure states can be resolved in energy

• Ensure that angular distributions for different partial 
waves can be resolved – 3±
• Evaluate counts per state required for clear comparison

• Compute efficiency to determine beam time 
required

Robin Smith
Sheffield Hallam University

University of Connecticut



Simulated spectrum T=0

• 5000 counts per 
level

• Gaussian form
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Detection efficiency

• ISS simulation package 
written using NPTool and 
GEANT4

• Performed by David 
Sharp (Manchester) and 
Marc Labiche
(Daresbury)

• Efficiency
• 𝛼 channel – 28%
• 7Li channel – 84%
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level ordering for the lowest five states, while the sixth and
seventh states are interchanged in comparison to the experi-
ment. The same feature is found in the VMC calculation.
Also our higher excited states have energies typically too
large, similar to the VMC and GFMC. On the other hand, the
excitation spectrum of7He, obtained in our calculation, has
energies about two times higher than those of the VMC,
although the level ordering is the same. In addition, in both
approaches a larger decrease in the calculated binding ener-
gies is observed for isobars with higher ground-state isospin
than is observed experimentally.

B. A58 nuclei

In Figs. 5, 6, 7, and 8 we present the experimental and
calculated excitation spectra of8He, 8Li, 8Be, and 8B, re-
spectively. Their ground-state properties are summarized in
Table I. The calculations were performed in a model space of
up to 4\V excitations relative to the unperturbed ground-
state configuration. A harmonic-oscillator frequency of\V
517 MeV was used. As explained earlier in this section, the
two-body effective interaction was evaluated usingNmax
58. We note that the same effective interaction was used for
all the A58 isobars.

Like in the case of theA57 nuclei, we obtain a good
description of the ground state properties as well as of the
low-lying excitation spectra. In particular, for8Be we have
excellent agreement with the experiment for all positive-
parity states below the excitation energy of 20 MeV. We
note that theT50,1, J521,11,31 doublets show signifi-
cant isospin mixing compared to other calculated states. In
our calculations, the lower state always has theT51 com-
ponent dominant. We note that electromagnetic properties of
the 16.6 and 16.9 MeV 21 doublet in 8Be were recently
analyzed@33#. The doublet has almost equal admixtures of
T50 and T51 components. In Table II we compare the
experimentally extracted isoscalar and isovector electromag-
netic transition rates from the doublet with those obtained in
our shell-model calculation. Our results can also be com-
pared with other shell-model calculations as presented in
Table III of Ref.@33#. In those calculations, phenomenologi-
cal effective interactions of Refs.@13–15# were employed.
Our calculation provides excellent agreement with experi-
ment for the M1 properties and, unlike the other shell-model
calculations used for the analysis, gives the positive sign of
the isoscalar-isovector matrix element ratio in agreement
with experiment. Also, unlike the other shell-model calcula-

FIG. 5. The experimental and calculated excitation spectra of
8He. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are presented.
A harmonic-oscillator energy of\V517 MeV was used.

FIG. 6. The experimental and calculated excitation spectra of
8Li. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are presented.
A harmonic-oscillator energy of\V517 MeV was used.

FIG. 7. The experimental and calculated excitation spectra of
8Be. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are presented.
A harmonic-oscillator energy of\V517 MeV was used.

FIG. 8. The experimental and calculated excitation spectra of
8B. The results corresponding to the model-space size of 4\V rela-
tive to the unperturbed ground-state configuration are presented. A
harmonic-oscillator energy of\V517 MeV was used.

3124 57P. NAVRÁTIL AND B. R. BARRETT

P. Navratil and B.R. Barrett, Phys. Rev. C 57, (1998)

1-, 2-... ???
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PHYSICAL REVIEW C 91, 014310 (2015)

FIG. 4. Energy eigenvalues obtained for states in the natural
parity spaces of the even-mass Be isotopes (8 � A � 12). See Fig. 3
caption for discussion of the plot contents and labeling.

The density of states rapidly increases off the yrast line,
leading to the possibility of fragmentation of rotational states
by mixing with nearby states and, in general, hindering the
identification of band members. For the yrast K = 1/2 bands,
alternate band members are raised in energy into this region of
higher density of states, as a result of the Coriolis staggering
in energies. Any excited bands must also be sought in this
region of higher density of states. Nonetheless, several excited
candidate bands can be identified,6 once electromagnetic

6We focus, in the present discussion, on the most clearly identifiable
yrast or near-yrast bands. However, this should not be taken to exclude

TABLE I. Maximal angular momenta accessible for the Be
isotopes in the valence, or Nmax = 0 space, i.e., lowest oscillator
configurations of natural parity. For 9,11Be, the maximal angular
momenta accessible in the Nmax = 1 space, or lowest oscillator
configurations of unnatural parity, are also shown.

Parity 7Be 9Be 11Be 8Be 10Be 12Be

Natural 7/2 9/2 7/2 4 4 2
Unnatural 13/2 13/2

moments and transition matrix elements have been taken into
account, as indicated by shaded squares in Figs. 3 and 4.
Excited candidate bands are identified in the natural parity
spaces of 9Be [Fig. 3(b)], 11Be [Fig. 3(d)], 10Be [Fig. 4(b)], and
12Be [Fig. 4(c)], again with K = 1/2 or 3/2 for the odd-mass
isotopes or K = 0 for the even-mass isotopes. Examples
of fragmentation of rotational candidate band members, as
indicated by quadrupole transition strengths, may be seen in
the present calculations at J = 2 in the excited band of 10Be
[Fig. 4(b)] and at J = 11/2 in the unnatural parity yrast band
of 11Be [Fig. 3(e)].

A basic question to be addressed (taken up in view of the
full set of calculated data in Sec. IV A) is whether the rotational
bands exhibit termination. If so, we then wish to understand
the relation between the terminating angular momentum and
the angular momenta accessible in a traditional valence shell
description for these nuclei. In general, the maximal angular
momentum available in the Nmax = 0 space, i.e., the lowest
oscillator configuration, of the NCCI scheme is, equivalently,
the maximal angular momentum possible in a traditional shell-
model description using the last partially occupied oscillator
shell (here the p shell) as the valence space. This maximal
valence angular momentum is indicated by the dashed vertical
lines in Figs. 3 and 4. For the unnatural parity spaces [Figs. 3(c)
and 3(e)], the maximal angular momentum accessible in the
Nmax = 1 space, i.e., the lowest oscillator configuration of
unnatural parity, is indicated instead. This angular momentum
is, in general, higher than for the corresponding natural parity
space, because promotion of a nucleon to a higher shell relaxes
Pauli constraints on the allowed angular momentum couplings,
while also making higher-j orbitals accessible. The maximal
angular momenta are summarized in Table I.

Candidate yrast bands in Figs. 3 and 4 exhibit some form
of discontinuity in the evolution of the energies with J , or else
clear termination, at the maximal valence angular momentum.
In contrast, several of the excited candidate bands extend
to higher angular momentum without apparent disruption to
the rotational energy pattern. These observations are revisited
below (Sec. IV A) in light of electromagnetic observables.

C. Electromagnetic matrix elements

For each candidate rotational band highlighted in Figs. 3
and 4, we now compare the calculated electric quadrupole

the possibility of additional excited bands, suggestions of which may
be found in the calculated spectra and matrix elements. See, e.g.,
Fig. 2(b) of Ref. [31], for a low-lying example.
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TABLE I. Known States in 8Be above 16 MeV, listed in TUNL A=8 (2004), amended (2005)

Energy Jπ, T Width (keV) Isospin
(∆T = 1)

Boson
Symmetry

Detected
Recoil

11.35 4+, 0 3,500 No Yes α + α
16.626 2+, 0+1 108.1 No Yes α + α
16.6751 (d,p)

threshold
16.922 2+, 0+1 74.0 No Yes α + α
17.2551 proton

threshold
17.640 1+, 1 10.7 Yes No None
18.150 1+, 0 138 No No p+7Li
18.8997 neutron

threshold
18.91 2−, 1(+0) 122 Yes No (p+7Li)
19.07 3+, 1 270 Yes No None
19.235 3+, 0 227 No No p+7Li
19.40 1−, 0 ∼ 645 No No p+7Li
19.86 4+, 0 a 700 No Yes α + α
20.1 2+, 0 880 No Yes α + α
20.2 0+, 0 720 No Yes α + α
20.9 4− a 1,600 No No p+7Li
21.5 3−b, 0 1,000 No No p+7Li
22.0 1−, 1 4,000 Yes No None
22.05 270 p+7Li
22.2 2+, 0 ∼ 800 No Yes α + α
22.2808 deuteron

threshold
22.63 100 No No p+7Li
22.98 230 No No p+7Li
24.0 (1, 2)−, 1 7,000 Yes No None
25.2 2+, 0 No Yes α + α
25.5 4+, 0 broad No Yes α + α

a No neutron decay listed
b Negative parity: Philip R. Page, Phys. Rev. C 72, 054312 (2005)

maintain the 7Be dose produced during the proton run.

[1] P. Maris, M.A. Caprio, and J.P. Vary, Phys. Rev. C 91, 014310 (2015).

[2] S. Pastore, Steven C. Pieper, R. Schiavilla, and R.B. Wiringa, Phys. Rev. C 87, 035503 (2013).
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FIG. 3: Excitation energy spectrum of 8Be. The x axis
is energy in keV and y axis is counts/40 keV.
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FIG. 4: Energy vs θ plot for deuterons from 7Be + d
elastic scattering at Elab= 5 MeV/A. The red dashed

line represents the kinematic line.

Previous works [4-5] with the 7Be + d reaction
could populate states upto 13 MeV in 8Be.
In the present work, preliminary data analy-
sis shows higher excitations upto 20 MeV as is
apparent from the excitation energy spectrum
of 8Be (Fig. 3). The energy vs θ (scattering
angles in lab) plot for the elastically scattered

deuterons from 7Be is shown in Fig. 4. The
Monte Carlo simulations and efficiency calcu-
lations have been carried out using NPTool
(Nuclear Physics Tool) [6]. Study of the above
reaction might go a long way in probing the
7Li abundance anomaly as well as issues re-
lated to 8Be breakup through higher excita-
tions. Data analysis is in progress.
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