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The spectroscopic quadrupole moment of the first 2t state of '2C has been measured employing the

+3.5

Coulomb-excitation re-orientation technique. Our result of QS(ZT) =+9.3733 efm? suggests a larger
oblate deformation than previously reported. Combining this with the consistently re-analyzed adopted
value, we present the most precise value to date of QS(ZT) = +9.5(18) efm?, which is consistent with
a geometrical rotor description. This simple outcome is compared to state-of-the-art shell-model, mean-

field, ab initio calculations, cluster-based and geometrical-like theories, which show varying degrees of
emergent quadrupole collectivity.
© 2023 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

In the quest to understand the structure of the atomic nucleus
and its many facets, experimental benchmarks of key spectroscopic
information provide unparalleled opportunities to test modern nu-
clear theories and advance our understanding of nuclear structure.
Despite the many experimental efforts devoted to probe exotic nu-
clei and observe modifications of their structure (see, e.g., [1]), sta-
ble nuclei still provide valuable benchmarks to further our knowl-
edge of atomic nuclei. The particular case of 12C is of great interest
because of the implications that its structure, specifically the Hoyle
state, has on astrophysics and the creation of carbon-based life on
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earth. At the same time, 2C is, interestingly, one of the very few
nuclei with oblate deformation in the ground state [2,3]. The inter-
play between cluster- and shell-model-like features in 12C [4] still
challenges nuclear theory and places this nucleus at the forefront
of modern experimental and theoretical investigations.

Electromagnetic diagonal matrix elements, accessed for exam-
ple through the spectroscopic quadrupole moment, are very sensi-
tive to nuclear deformation, to the coupling of proton and neutron
degrees of freedom, to clustering, and to subtle components of the
nuclear wave function. Indeed, the first 2% state of 12C, 27, at
4.44 MeV and its spectroscopic quadrupole moment, QS(ZT), offers
a sensitive probe to test many nuclear theories, from shell model
and mean-field approaches [3,5-8], to ab initio calculations [9-12],
to cluster-based and geometrical-like theories [4,13-17].

In this Letter we report on the measurement of the spec-
troscopic quadrupole moment Q,(2]) of '2C, employing the
Coulomb-excitation re-orientation technique. The result is consis-
tent with previous measurements [18,19]. When we re-analyze
the experiment of [18] using consistent values for the transition
strength and nuclear polarizability constant (more details in Sec-

0370-2693/© 2023 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
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Fig. 1. Representative theoretical (blue filled squares) and literature experimental
values (red filled circles) for the (a) QS(ZT) and (b) dimensionless ratio B(E2; OT —
27)/Q22) of 12C, and how they compare with the value extracted from this
work (black filled triangles). From the left to the right: In Medium - No Core Shell
Model (IM-NCSM) and Importance Truncated - No Core Shell Model (IT-NCSM)
using 2- (NN) and 3-body (3N) (NN+3N) chiral Effective-Field-Theory (EFT) inter-
actions [10,20], lattice EFT at Leading Order (LO) [11], no-core ab initio Monte
Carlo Shell Model (MCSM) using the Daejeon16 interaction [12], Algebraic Cluster
Model [17], global Energy Density Functionals [8], Shell-Model calculations using
variable and fixed effective charges (eesr) [5], previous experimental values mea-
sured by Vermeer et al. [18] and by Raju et al. [19]. The experimental values from
this work (black filled triangles) are obtained using x = 1.44(3) (see text for de-
tails) and B(E2; 0] — 27) = 39.7(20)e%fm* [21] (eval BE2) and B(E2; 0] — 2]) =
38.15(95)e2fm* [20] (new BE2). The experimental result we present in this plot
is the result from the present experiment when averaged with a consistently re-
analyzed value from Vermeer et al. [18] (This work (avg.)). In (b) we also indicate
the symmetric rotor limit. A single p12 ® p§/12 particle-hole excitation will give a
ratio of 4.

tion 2) and combine this with our result, we present a significant
improvement over the previous measurements, see Fig. 1. In this
work we average our result with the one from [18] since both
experiments have similar experimental sensitivity to the reorien-
tation effect (40% for the current experiment and 20% for [18]),
and a 50% uncertainty for the QS(Z;L), while the measurement of
[19] has a 10% sensitivity and a 100% uncertainty since it probed
forward scattering angles. Our result challenges nuclear theory by
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revealing some tension between their predictions and the exper-
imental data. Interestingly, the experimental observables suggest
that 12C can be considered as either a triangular structure or an
oblate spheroid. In both scenarios, superfluidity appears to play a
decisive role.

2. Experimental details and results

The experiment was performed at the JYFL accelerator lab-
oratory at the University of Jyvdskyld, Finland. A 47.65 MeV
12¢4+ jon beam delivered by the K130 cyclotron bombarded a
300 pg/cm? thick 2°8Pb target (99.0% enriched) on a 40 pg/cm?
12¢ backing, Coulomb exciting both the projectile and the target.
The centroid of the beam energy distribution was measured to be
47.65 MeV with a 0.1% uncertainty; the beam energy spread was
AE/E = 1% (FWHM).

The subsequent de-exciting y rays following the population of
the 27 state at 4439 keV in '2C, and 37 and 27 states at 2614 keV
and 4085 keV in 298Pb, respectively, were measured by the 15
Compton-suppressed Eurogam Phase-I and 24 Clover Ge detectors
in add-back mode of the juroGaM 11 array [22]. A double-sided sil-
icon CD-type detector (Micron S2), consisting of 16 sectors and 48
rings, was used to detect backward-scattered 2C particles in co-
incidence. The detector was placed at 57.9 mm from the target
subtending polar angles between 149.0° and 158.6° with respect
to the beam direction.

The energy and relative efficiency calibration for the jurocam
1 array was performed with a %6Ga source. Emission probabilities
for eighteen strong lines, from 834 keV to 4806 keV, are known
to better than 1% in %6Ga [23]. The y-ray emissions at 2752 keV
and 4461 keV in %Ga, close to the 2614 keV and 4439 keV in
208ph and '2C respectively, made this radioactive source an ideal
candidate to minimize the systematic uncertainties in the rela-
tive efficiency of the array. The radioactive source was produced at
JYFL in situ using a 11 MeV proton beam on a natural zinc target
through the %6Zn(p,n)®¢Ga and %7Zn(p,2n)®¢Ga reaction channels.

The particle detector was calibrated using a triple « source
containing 23°Pu, *'Am and 244Cm, which emits alpha particles
at three distinct energies between 5 and 6 MeV. The elastically
scattered 12C particles at each scattering angle 6, where 6 is de-
termined by each ring in the silicon detector, were used as higher-
energy calibration points.

A particle-y coincidence window of 90 ns was set and the
corresponding y-ray spectra were further cleaned by subtracting
random coincidence events outside this time window. Additionally,
only single hit events in the particle detector were considered, i.e.,
events where only one hit in one of the rings and one of the sec-
tors were recorded. Finally, particle-energy gates on the inelastic
peaks corresponding to the observed y-ray transitions, i.e., excita-
tion of the 27 state in '2C and the first 3] and 27 states in 208Pb,
were applied.

Doppler correction of the y-ray energies was performed us-
ing the angle between the Ge detector and the velocity vector
of the emitting nucleus (2C or 2%8Pb) calculated from the an-
gle of the detected '2C in the segment of the Si detector. Fig. 2
shows the background-subtracted and Doppler-corrected y -ray en-
ergy spectra generated with particle coincidence, time, and in-
elastic particle-energy gates for the 2] excitation in !2C. Similar
spectra with Doppler correction for the target excitation and the
corresponding inelastic particle-energy gates for the 37 and 21+
excitations in 2%Pb are included in Fig. 3. The measured y-ray
yields for the different transitions in '2C and 2%Pb were found
to be NJ(2]) =2023(255), Nj (37) = 97962(401) and N)(2{) =
2115(252), respectively.

In order to ensure pure electromagnetic interaction between
the projectile and the target, the distance between the nuclear
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Fig. 2. Background subtracted and Doppler-corrected y-ray energy spectrum gener-
ated with particle coincidence, time, and inelastic particle-energy gates for the 2?’
excitation in '2C. The inset focuses on the y ray of interest.
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Fig. 3. Background subtracted and Doppler-corrected y-ray energy spectrum with
particle coincidence, time, and inelastic particle-energy gates for the 3 (top) and
2] (bottom) excitation in 2°%Pb. The insets focus on the y rays of interest.

surfaces must be large enough to avoid the effect of Coulomb-
nuclear interference in the cross-section. In the present experi-
ment, the minimum separation distance between nuclear surfaces
was s ~ 5.6 fm, informed by experimental data on light nuclei [24]
and in conformity with the 5 fm of Cline’s prescription [25]. In ad-
dition, the authors in [26] performed a systematic study of the
Coulomb-excitation probability as a function of the beam energy
for the 12C+%08Pb system for beam energies ranging from 52 to
58 MeV at a scattering angle of 6 4 = 90°. In their published work
it was concluded that Coulomb-nuclear interference effects started
to arise at 58 MeV (s = 5.1 fm) and were therefore not present
in their measurement at 56 MeV (s = 5.6 fm) for the 12C+2%8Pb
system. This further supports the absence of Coulomb-nuclear in-
terference effects in our experiment.

In addition to re-orientation, virtual electric-dipole excitations
via the Giant Dipole Resonance (GDR) also contribute to second-
order to the population of the 21+ state, especially for the case
of light nuclei. In this sense, the 2] state in '2C may be popu-
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lated through a two-step process of the type OT — lcpr = ZT.
The probability of the 2T state being excited through the GDR can
be expressed in terms of the (—2) moment of the total photo-
absorption cross-section (o_,). The o_; value can be estimated by
the hydrodynamic model for heavier nuclei, however, for light nu-
clei one relies on experimental information, which is very scarce.
The deviation of o_, from the hydrodynamic model is typically
expressed in terms of the polarizability constant « [27]

0_5=3.5¢A>3 ib/MeV. (1)

The most featured compilation of photo-neutron cross-section
data was evaluated by Dietrich and Berman in 1988 [28], which
came recently under question [29]. For 12C there are several exper-
iments providing different results for o_;. Out of these, the experi-
mental work of [30] measured with high precision the total photo-
absorption cross-section for 12C and yielded a value of the nuclear
polarizability constant of k = 1.44(3) (0_» = 316(5) ub/MeV). This
value of « is in excellent agreement with x = 1.5(1) obtained by
recent NCSM calculations using the chiral NN+3NF350 interaction
[19]; the latter is reported in [19] as k = 2.2(2) using the formula
0_p = 2.38kA%3 ub/MeV from [31], which is the equivalent of
k = 1.5(1) using Eq. (1). Therefore, in the present analysis we use
k = 1.44(3). We will also present the value of Qs(2]+) as a func-
tion of o_; (or «).

The diagonal quadrupole matrix element of the 2] state in 12C
was extracted using the semi-classical coupled-channel Coulomb-
excitation least-squares code Gosia2 [32]. The code handles the
simultaneous analysis of both target and projectile excitations by
minimizing the x2 function in parallel for both collision part-
ners [33]. In the present analysis, the normalisation transition
was chosen to be the well-known B(E3; 0] — 37) = 0.611(9) e?b®
[21] of the 208Pb target. In this way, the code uses these known
literature data to convert the measured '2C 2] y-ray yield to
an absolute excitation cross section. The Gosia2 input includes
additional relevant spectroscopic information such as lifetimes,
branching ratios, matrix elements and nuclear polarizability, and
also experimental information such as the particle-detector ge-
ometry, y-ray detector geometry and relative efficiency, target
thickness and beam energy. Using the analysis method described
in [33], a 2-dimensional x? surface in the plane of the transi-
tional (27||E2/|0f) and diagonal (2 [|E2|2{) matrix elements,
(27 [IE2]|07)- (2] [IE2]12{) plane, can be constructed to describe
the excitation process in the projectile. The global minimum of the
surface, Xr%lm, will correspond to the set of matrix elements that
best reproduces the measured experimental yields. The 1o uncer-
tainty contour defined by x? < x;m—H will provide the correlated
uncertainty between the parameters. Fig. 4 shows the 10 contour
of the two-dimensional x? surface using the literature value of
the B(E2; 0] — 27) =39.7(20) e*fm* [21] (also written as B(E2)
hereafter) and the default value of the nuclear polarizability con-
stant k = 1. The projected 10 uncertainties yield a value of the
diagonal matrix element of (2](|E2[|2]) = 8.8731 efm?, which
corresponds to a value of the spectroscopic quadrupole moment
of Qs(2]) = +6.7733 efm?, Q;(2]) = 0.75793 (2]||E2(12]). This
result includes an additional £0.35 efm? arising from the 0.1% un-
certainty in the beam energy centroid.

The uncertainty in the QS(ZT) includes the error in all y-ray
yields and all propagated uncertainties from the spectroscopic data
included in the x2 minimisation. This method accounts for all
correlated and uncorrelated uncertainties in the fitting of the ma-
trix elements in the projectile and in the target. The uncertainty
arising from the effect of higher-lying states in both collision part-
ners, the accuracy of the semi-classical description, the nuclear
de-orientation, mutual projectile and target excitation, detector ge-
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ometry and target thickness were investigated and found to have a
negligible effect in the final result.

The contribution of the nuclear polarizability will not change
the size of the 1o contours of Fig. 4 and, since its effect is
systematic, it will only shift the position of the Xém in the
(27 [IE2]|07)- (2 [IE2|12]) plane. The uncertainty in the polariz-
ability constant « can be propagated in quadrature. Fig. 5 shows
the extracted QS(ZT) from the Gosia2 fit to the experimental y-
ray yields as a function of the nuclear polarizability constant
using the adopted value of B(E2) [21]. For k = 1.44(3) our analysis
yields a value of Q;(2]) = +8.4735efm?, which accounts for an
additional +0.1 efm? from the uncertainty in k. The same analysis
using the most recent value of B(E2; 0] — 27) =38.15(95)e?fm*
[20] yields Qs(2]) = +9.3133 efm? for x = 1.44(3), see Table 1.

The result of [18] can be re-analysed using the most up-to-
date values of B(E2) and «, and can be combined with the
present work to further constrain the experimental uncertainties in

Physics Letters B 845 (2023) 138114

Table 1

Obtained result for the Qs(2]) of 12C from the present work and re-analyzing the
data from [18] for nuclear polarizability of ¥ = 1.44(3), and B(E2) =39.7(20) [21]
and 38.15(95) e2fm* [20]. The weighted average for each B(E2) value is also listed,
Qs(ﬁ)wa.

Qs(2]) [efm?] B(E2) Data Q521w [efm?]
+3.6 ;
+8.4739 [21] this work 181423
+7.8+3.0 [21] re-analyzed [18]
+3.5 .
+9.3733 [20] this work 195+18
+9.5+2.0 [20] re-analyzed [18]

QS(ZT). Table 1 includes the data from [18] and this work assum-
ing k =1 and 1.44(3), and B(E2) =39.7(20) and 38.15(95) e*fm*
[20]. There is an excellent agreement between both experiments.

For k¥ = 1.44(3), the weighted average of both experiments
yields QS(ZT) = +8.1(23)efm?® for the evaluated value of the
B(E2) [21] and Qs(2]) = +9.5(18)efm? for the most recent
measurement for the B(E2) [20]. These values can for the first
time discriminate between different nuclear theories. We will use
QS(ZT) = 49.5(18) efm? and refer to as “our result” from here-
after.

In the rotational model this gives an intrinsic quadrupole mo-
ment of Q,(2]) = —(7/2)Qs(2]) = 33(6) efm?, corresponding to
an oblate shape [34].

3. Discussion

To start our discussion we mention that the present results as
well as other structural observables of 12C could be readily under-
stood in terms of a rigid asymmetric top [35,36], a first indication
of which is given by the fact that the experimental energy ratio
E(4])/E(2]) =3.17 is consistent with axial asymmetry”; the ex-
perimental 4]+ level is associated with the Hoyle state [37]. In this
geometric description, the shape of 12C can be described by either
a spheroid with the usual 8 and y quadrupole shape parameters
or three (point) alpha (o) particles forming an isosceles triangle
with an opening angle of Q. The ratio B(E2;0] — 27)/Q2(2))
can only be described using irrotational flow like (relative) mo-
ments of inertia and it is relatively constant over a range of ax-
ial asymmetries, namely Q2 = 50° — 70° and y = 40° — 80°; the
data cannot distinguish between the spheroidal and the triangu-
lar description. When considering the overall absolute scale, the
moments of inertia required to reproduce the energy of the 21+ is
~ 60% of the rigid moment of inertia. An interesting picture thus
emerges in which the structure of '2C could be considered as an
example of a supersolid [38].

We now proceed to compare in Fig. 1 our result for QS(ZT) of
12¢ with various theoretical predictions. Although the high energy
of the y-ray transition (4.44 MeV) and the low Coulomb excitation
cross section make this a challenging measurement, it is evident
that our result places an important constraint to the theory.

It is interesting that the ab initio calculations [10,20,11,12]
firmly predict Qs(27) ~ +6 efm?. This lies at the very edge (within
20) of the experimental value. Similarly, results from the Alge-
braic Cluster Model [17] and the global EDFs [8] lie within 30 of
the experimental value. The shell-model results have a strong de-
pendence on the effective charges [5] used. Specifically, we note
that when using isospin-dependent effective charges (see [6]), the
spectroscopic quadrupole moment agrees well with experiment
with similar predictions either using the WBP interaction [39]
or a monopole-based universal interaction [5]. A combination of
the latter with the conventional effective charges for the sd shell,

4 A symmetric top should yield E(4*)/EQ21) =3.33.
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ep =1.3 and e; = 0.5, pushes the prediction of the spectroscopic
quadrupole moment towards the higher end of the present mea-
surement (SM fixed e.sr(sd) in Fig. 1(a)).

When trying to benchmark theoretical predictions with our ex-
perimental result, it is important to consider also the calculated
B(E2) transition strength, and the dimensionless ratio B(E2)/Q52,
which offers an appealing indicator to extract structural informa-
tion on even-even nuclei [40]. In particular to our discussion, this
ratio is important to assess any convergence limitations that the ab
initio calculations face given the sensitivity of the E2 operator to
the long-range behaviour (tails) of the wavefunctions involved. In
fact, several studies [10,41,42] have shown the robustness of this
ratio, that converges faster than the two observables individually.
An inspection of Fig. 1(b), comparing our experimental value to
the theoretical results,” could suggest that the microscopic inter-
actions need to be revisited, if, to some extent, the ratio minimizes
the convergence issues. As for the effective interaction shell model,
where the truncation effects are embedded in the effective charges,
one should pay attention to the comparisons in Figs. 1(a) and 1(b).
Although the SM fixed e.rf(sd) of [5] appears to explain (partly)
the data, the use of sd charges for 12C may be questionable.

As a final remark, there are still clear challenges faced by the
shell model and ab initio methods in capturing the full geometry
of an asymmetric top in their large, but still limited Hilbert space.

4. Summary

With this work we have presented the most precise to date
value for the spectroscopic quadrupole moment of the ZT state of
12¢, Our result suggests a larger oblate deformation than previ-
ously thought for this state and motivates further theoretical in-
vestigations. It is anticipated that future experimental works [43],
informed by the present work, will shed further light on the struc-
ture of 12C.
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