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Large quadrupole deformation in ’Ne challenges rotor model and modern theory
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The spectroscopic quadrupole moment of the first excited state, O, (2), at 1.634 MeV in 2Ne was determined
from sensitive reorientation-effect Coulomb-excitation measurements using a heavy target and safe energies
well below the Coulomb barrier. Particle-y coincidence measurements were collected at iThemba LABS with a
digital data-acquisition system using the AFRODITE array coupled to an annular, doubled-sided silicon detector.
A precise value of Q,(2]) = —0.22(2) eb was determined at backward angles in agreement with the only safe-
energy measurement prior to this work, O (2;’) = —0.23(8) eb. This result adopts 1/iw shell-model calculations
of the nuclear dipole polarizability of the 2 state that contributes to the effective quadrupole interaction and
determination of Q, (2}). It disagrees, however, with the ideal rotor model for axially symmetric nuclei by almost
30 . Larger discrepancies are computed by modern state-of-the-art calculations performed in this and prior work,
including ab initio shell model with chiral effective interactions and the multireference relativistic energy density
functional (MR-EDF) model. The intrinsic nucleon density of the 2| state in 20Ne calculated with the MR-EDF
model illustrates the presence of « clustering, which explains the largest discrepancy with the rotor model found
in the nuclear chart and motivates the explicit inclusion of « clustering for full convergence of E2 collective

properties.

DOLI: 10.1103/PhysRevC.111.054318

1. MOTIVATION

Light-ion collisions (LIC) is a novel avenue of research
at modern heavy-ion collision (HIC) facilities aimed at
understanding the general hydrodynamic behavior of the
quark-gluon plasma and the geometry of light nuclei, where
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varying shapes, e.g., a clusters and triaxiality fluctuations,
may be inferred from the overlap region or centrality [1] of
the two colliding nuclei [2-6]. The application to smaller
symmetric systems, e.g., '°0+'°0 and *°Ne +?°Ne, has
an advantage with respect to typical Pb 4+ Pb, Au + Au, and
other HICs involving protons because of the lower sen-
sitivity to spatial fluctuations in the proton and a better
defined centrality [7]. One of the most crucial shapes con-
cerns the nucleus 2’Ne [8], where a cluster formation—the
so-called bowling pin—is expected from an increased inco-
herent cross section relative to an assumed spherical shape
[9]. The initial geometry of the nucleus before collision is
crucial, nonetheless, to assess nuclear clusters in future LIC
measurements [3].

©2025 American Physical Society
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A longstanding challenge to nuclear structure physics con-
cerns the large quadrupole deformation of the first excited
state, J™ = 2/ at 1.634 MeV, in *°Ne [10], where J is the
angular momentum and 7 the parity, which arguably presents
the most extreme quadrupole shape in the Segré chart. With
only two protons and two neutrons above the shell closure
with magic number 8, a favorable prolate deformation at
the beginning of the sd shell is expected from the relatively
sharper decrease in energy of the %[220] single-particle Nils-
son orbit as a function of deformation with respect to the
low-lying orbits in a potential of oblate shape [11]. However,
the magnitude of the quadrupole deformation cannot be repro-
duced by the rotational model of Bohr and Mottelson [11] nor
can it be computed by the shell [12,13], mean-field [14—16],
resonating group method [17], and multiconfigurational [18]
models. It further questions the simple picture provided by the
N,N, scheme [19]. With N,(N,) being the number of valence
proton (neutron) pairs, a larger number of valence nucleons in
midshell should produce larger deformations within a major
shell.

In more detail, the spectroscopic quadrupole moment in
the laboratory frame, Q. (J), can be determined for a nu-
clear state with J # 0 or 1/2 using the reorientation effect
(RE) arising from the hyperfine interaction between Q, and
the time-dependent electric-field gradient generated by the
projectile (P) and target (7') during the scattering process
[20-22]. Assuming an axially symmetric rotor, the intrinsic
quadrupole moment of a nucleus in the body-fixed frame,
Q,, can be determined from the reduced transition probabil-
ity connecting the 0] ground and 2 states with an electric
quadrupole (E?2) operator, or B(E2; O;L — 2?) value [11], as

12
0, = (% B(E2;0} — 21+)> . 1

For J* = 2]L and K =0 (e.g., the ground-state band [11]),
where K is the projection of J onto the symmetry axis, Q,(2])
and Q, can be related by

3K2—JJ +1)
QJ+3)J+1)

where Q,(2]) < 0 for prolate and Q,(2]) > 0 for oblate de-
formations.

Nuclear interference may substantially affect the measure-
ment of Q (J) values, a common scenario in most of the
first RE measurements carried out in the 1960s and 1970s
[12]. The nucleus >*Mg provides one of the most dramatic
cases [12], where a very large QS(21+) = —24.3 £+ 3.5¢b was
determined [23], and soon disregarded by some of the same
authors [24] and other groups [25] because of the very close
distance between the colliding nuclei. For negligible nuclear
contributions, Spear’s systematic study of Q(2]) values in
sd-shell nuclei [12] suggests a minimum safe distance of
closest approach between nuclear surfaces of S()min = 6.5
fm, where

0,(21) = 0, =-2/70,, 2)

1.447,7,
(L A JADIL + cosec(D/2)]
lab

—1.25(A)7 + A7) fm, (3)

S) =

¥ is the scattering angle in the center-of-mass frame, Z
and A the proton and mass number, respectively, and Tj,p
the kinetic or beam energy in the laboratory frame in MeV.
Prior to this work, three RE Coulomb-excitation measure-
ments were carried out in 2°Ne [26-28]. Two of the previous
RE measurements, yielding Q. (ZT) = —0.24(3) ¢b [26] and
0, (21+) = —0.20(5) eb [28], were carried out at exceedingly
high T, with S(9 )min as low as 3.8 and 4.2 fm, respectively.
The third RE measurement by Schwalm and collaborators was
performed using a *°Ne gas target at a safe S(9)pin = 7.1
fm, yielding Q,(2]) = —0.23(8) eb. These RE measurements
give a weighted average of QS(ZT) = —0.23(3) ¢b, which
is the accepted value in the National Nuclear Data Center
(NNDC) [12]. Because of the relatively small Z and radius
R, this represents one of the largest quadrupole (prolate) de-
formations in the nuclear chart with a quadrupole parameter
of B, = 0.96(11) [11].

It is interesting to compare the Q (ZT) values determined
with the RE and the one extracted from the rotational model
[11], QS(ZT)B(EQ), using Egs. (1) and (2), by defining the
spectroscopic quadrupole ratio [29-31]

o _|eeh
10,22

Data show r,~ 1 for good rotors in the rare-earth and
A ~ 180 regions, while r, = 0 is expected for an ideal vi-
brator (Q,(2]) = 0) [11]. With Q,(2] )gE2) = £0.165(4) eb
[12,32-34], an anomalously large r, (2] ) = 1.39(49) is deter-
mined in °Ne considering the only safe RE measurement.
As already stated in Spear’s 1981 review article [12], a new
measurement of the Q; (ZT) value in 2°Ne was desirable. We
present it here from a safe, precise and sensitive RE measure-
ment.

. “

II. EXPERIMENTAL DETAILS

Coulomb-excitation measurements have been carried out at
iThemba LABS using the '**Pt(*’Ne, ’Ne*) '*Pt* reaction
at a safe energy of 71.3 MeV and a digital DAQ system
based on 100 MHz Pixie-16 modules from XIA LLC [35].
Pure beams of 2’Ne*" ions at ~1 x 10° pps were extracted
from a 99.99%-enriched 2°Ne gas bottle and accelerated with
the K = 200 separated sector cyclotron (SSC) onto a 95%-
enriched '**Pt target of 1.2 mg/cm? thickness. The scattered
ions were detected using an annular, double-sided silicon
detector (S3-type from Micron Semiconductors [36]) com-
prising 24 rings and 32 sectors [37] and mounted upstream at
27.5 mm from the target position and perpendicularly aligned
with the beam axis. The scattering 6 angles in the laboratory
frame ranged between 128.1° and 157.3°, corresponding to
S(®)~ 7.5 and 6.9 fm, respectively. y rays were collected
with the AFRODITE array [38] comprising eight HPGe clover
detectors at a distance of 19.6 cm between target and Ge
crystals.

A low background y-ray spectrum is achieved by col-
lecting particle-y coincidence events, which require both a
y and a particle hit within a coincidence time window of
approximately 600 ns (10 ns/channel). A gate outside this
prompt window was used for background subtraction. The
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FIG. 1. Doppler (black) and non-Doppler (brown) corrected y-
ray energy spectra in log-y scale for the “*Pt(**Ne, 2’Ne*) 1**pt*
reaction at 71.3 MeV. The inset shows the 1634-keV peak in 2’Ne
in a linear scale.

particle hit was defined by a signal in one © ring and one
¢ sector. A broad particle energy gate covering the range
of the scattered 2°Ne** ions was also implemented. When
multiple y-ray events were detected in crystals within the
same clover, the crystal with the highest deposited energy was
used to Doppler correct the add-back energy of the detected
y ray. Figure 1 shows the resulting Doppler and non-Doppler
corrected y-ray energy spectra in coincidence with all rings.
Total counts ofNyP = 19523(953) and NVT = 882606(29334),
respectively, for the 1634- and 328-keV y rays depopulating
the 2 states in 2ONe and '**Pt were measured.

III. DATA ANALYSIS

The Coulomb-excitation analysis was performed using
the semiclassical coupled-channel least-squares codes GOSIA
and GOSIA2 [39,40]. The integration of y -ray yields accounts
for detector angular limits, beam energy losses [41], and the
solid angle subtended by the silicon detector. The effect of
higher-lying states in 2’Ne was estimated using GOSIA and
considered negligible (<0.1%). Integrated yields for each
data set are constrained by available spectroscopic informa-
tion concerning level lifetimes, branching ratios and matrix
elements for all significant couplings up to the 3] states in
20Ne [42] and '**Pt [42,43]. Further corrections include y-ray
relative efficiencies with standard '>?>Eu and **Co calibration
sources for the projectile and target (8‘: = 145.3(4.4) and
eyT = 344.5(6.9), respectively), internal-conversion processes
[44] and angular-distribution attenuation factors for the finite
size of the detectors [39]. As shown in Fig. 2, experimental
y-ray yields per four rings were rebinned to six data points
and compared with integrated yields calculated with GOSIA2,
which were normalized independently to the experimental
yields in the projectile and target. The shape of the angular
distributions predicted by GOSIA2 for both 2°Ne and '**Pt
are in agreement with experiment, and follow similar trends to
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FIG. 2. Experimental and calculated (GOSIA2) y-ray yields as a
function of particle angle 0 for the de-excitation of the 2] states in
2ONe (left) and '**Pt (right).

those predicted by do,, = P, do,, where P,__is the probability
of exciting the ZT state following the scattering process and
o,, and o, are the Coulomb-excitation and Rutherford cross
sections, respectively.

In order to determine the values of (2] || E2 || 2f) and
(2;r 1| E2 || Ofr) that reproduce the experimental yields, the
maximum likelihood approach [45] has been used. Figure 3
shows the x2 surface with 300 x 300 scanned points together
with the corresponding x* < x2. + 1 for polarizability pa-
rameters of «(2]) = 1.7 (left) and «(2]) = 0.6 (right). As
further discussed below, the polarizability parameter « ac-
counts for deviations of the actual giant dipole resonance
(GDR) effects to those predicted by the hydrodynamic model
[46,47], where the GDR is a collective motion of protons and
neutrons out of phase characterized by the residual particle-
hole interaction [48]. The data are normalized to the excitation
of the '"*Pt target at a beam energy of 71.3 MeV using
GOSIA2 [40], in conjunction with the accepted value of
@i E2 || 0F) = 0.1825(44) eb in 20Ne [49], which is in
agreement with the transitional matrix element extracted from
a recent high-precision lifetime measurement [50].

IV. NUCLEAR DIPOLE POLARIZABILITY

Further care must be taken in second-order Coulomb-
excitation studies of light nuclei [20,21,51-53] where the
nuclear electric dipole (E 1) polarizability competes with the
RE and may influence the determination of B(E2) and Q, (2;”)
values [22,51]. The E'1 polarizability is directly related to the
static polarizability, «,, = %, where P is the electric dipole
moment induced in a nucleus by the time-dependent electric
field E of the partner. Consequently, E'1 virtual excitations via
high-lying states in the GDR [54] can polarize the ground and
excited states of nuclei [51,52,55] without involving short-
range Yukawa forces. Particularly, two-step processes of the
type 0f — 1~ — 27 can polarize the shape of the 2 state.

This effect is characterized by the polarizability parameter
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FIG. 3. Minimization of the x? surface in the (2} || E2 || 2])-(0F || E2 || 2}) 2D plane for the *’Ne projectile when combined with
lifetime measurements [49] for x (2]) = 1.7 (left) and x(2]) = 0.6 (right). The data are normalized to the excitation of the 194pg target at a

beam energy of 71.3 MeV using GOSIA2.

« and is directly proportional to the polarization potential
in modern Coulomb-excitation analysis codes [39,56]. Col-
lective properties may be enhanced for k > 1, whereas shell
effects can be inferred from ¥ < 1 [57-59]. Negligible polar-
izability effects were assumed in previous RE measurements
of *Ne [26-28].

In order to assess the polarizability of the ground state,
«(0F), in *Ne values of o(y, p) = 165(25)MeVmb and
o(y,n) = 115(20) MeV mb have previously been determined
[60] in agreement with 1) the Thomas-Reiche-Kuhn (TRK)
sum rule, o, (E,) =60NZ/A = 300MeV mb [55,61], and
2) proton emission being the predominant decay mode
in A =4n self-conjugate nuclei [62]. A similar value of
o(y, p) = 160(80) MeV mb was observed in prior work [63].
The proton-neutron yield ratio, r,, =o(y, p)/o(y,n) =~
165(25)/115(20) = 1.4(3), is in agreement with predictions
based on the evaporation model of Blatt and Weisskopf

2
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FIG. 4. Variation of « as a function of (2] || E2 || 2}) illustrat-

ing how increase « shifts the quadrupole deformation towards less
prolate deformations.

[64], rp, = 1.3 [62]. The resulting o, = 600(90) ©ub/MeV
[60], which also includes (y, o) contributions (*10%), yields
k(07) =1.7(3).

Shell-model (SM) calculations have additionally been
performed in order to estimate K(OT) by combining the
hydrodynamic model and the o, value calculated from
second-order perturbation theory [65]

1673¢* 1 Z|<z‘||E1||n)|2

&)
Ohc 27 + 1 E,

O_p =

n

using the OXBASH SM code [66] with the WBP interac-
tion [67] (the original usd) and the spsdpf model space.
A value of K(O]L) = 1.7 is calculated in agreement with the
experimental value. Details of the calculations are presented
in Refs. [65,68]. Assuming the same « value for the 21+ state,
k(27) = 1.7, the x* minimization yields (2 || E2 || 2]) =
—0.28(3) eb and QS(21+) = —0.21(2) eb, as shown in the left
panel of Fig. 3.

Nonetheless, growing evidence suggests that « may change
from the ground to excited states [53,68—71]. In fact, recent
SM calculations yield a smaller value of K(2T) = 0.6 in *°Ne
[68], which is the adopted value in this work. Assuming
«(2]) = 0.6, the x> minimization shown in the right panel of
Fig. 3 yields similar values of (2] || E2 || 2) = —0.29(3) eb
and QS(ZT) = —0.22(2) eb, which includes a 3% systematic
error due to quantal effects' and are the adopted values in this
work. Moreover, Fig. 4 shows how (2 || E2 || 2) shifts to-
wards less prolate deformed shapes with increasing « values.

IThe systematic uncertainty from quantal effects is considered
proportional to 1/ [72], where n = § ~ 65 is the Sommerfeld pa-
rameter for this reaction, with a being the half-distance of closest
approach in a head-on collision,A = /i/p the de Broglie wavelength
and n > 1 validates the semi-classical approximation for Coulomb
excitation [52].
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FIG. 5. Microscopic polarizability contributions, «,, to the polar-
izability of the ground 0} and first 2} excited states [Egs. (6) and (7),
respectively] in 2’Ne calculated with the shell model.

Similarly, the dipole polarizability for the the 0] and 2]
states, «,, (0]) and «,, (27), respectively, can be inferred from
second-order perturbation theory

2¢? O | E1| 1= )
w0F) = 22 Zu FIELIIZE o
E1l 1 2.]‘ + 1 - Ey
(21) =4.295 ZATSED fm? @)
o = . —————— Im
o (Of 11 E211 2{)
where a,,(J) = Y, @; and S(E1) is defined by
S(El) = Z Wint
2J; + 1 i
OF NEV |1 (1, I EL | 27)
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EV
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in units of e*fm?/MeV, where Wi,y = W (1102, 21) is the
corresponding Racah W-coefficient [74]. Microscopic contri-
butions to a,, (0]) and «,,(2]), where ,, (J) = )_; o;, were
computed using 17w SM calculations [66] of E'1 matrix ele-
ments with the phenomenological FSU interaction [75] in the
psdpf model space. These SM calculations are described in
detail in Refs. [65,68]. Results are shown in Fig. 5, where it
is evident that «,, (2]) < a,,(0]) arises from the the distinct
microscopic contributions to the polarizability; in particular,
because of the destructive contribution of some of the products
of off-diagonal E'1 matrix elements. Interestingly, most of the
negative contributions arise from 1/iw excitations above the
GDR region, where o (y, 2n) contributions dominate.

V. COMPARISON WITH THEORY

This precise experimental result can now be used to bench-
mark nuclear models and modern state-of-the-art theoretical
calculations. As shown in the left panel of Fig. 6, this new
result [circle for Q (Zfr) = —0.22(2) eb] presents a 2.735¢
standard deviation with respect to the one extracted with
the rotational model, Q;(2] )2 = £0.165(4) eb (square),
which is arguably one of the largest deviations observed in
nuclei. In addition, a large r, = 1.33(12) value is determined,
which is clearly inconsistent with that expected for axially
symmetric rotors (r, = 1). The right panel of Fig. 6 shows
the 7, values for self-conjugate nuclei in the sd shell. In the
SM calculations the 7, ratio does not depend on the effective
charges. Values of r, ~ 1 (diamonds) consistent with ideal
rotors are computed with the WBP [67] and the usdb [76]
interactions. More details on these SM calculations can be
found in Ref. [73]. Nevertheless, large deviations from axial
symmetry are evident at both extremes of the sd shell, sug-
gesting a missing factor.

We have further performed ab initio calculations of ener-
gies and quadrupole moments in 2°Ne with the valence-space
formulation of the in-medium similarity renormalization
group (VS-IMSRG) [77-81]. In this approach, we con-

27 T T L A R T ]
1.8F = NNDC 1
16 *Ne & Shell model (usdb)| |

A Orce 2021
141 ® This work 7

£x |

L & ]
08 24Mg 28g; s2g jL\ T ]
0.6 ]
0.4- i
0.2+ 36ar ]

20 2 T B T

Mass number (A)

FIG. 6. The left panel shows experimental (rotational model [12], previous work at safe energies (Schwalm 1972 refers to [27]) and current
work for «(2]7) = 0.6) and theoretical (relativistic MR-EDF, VS-IMSRG and WPB) 0, (21) values in 20Ne. For the VS-IMSRG calculations,
the interactions are from left to right: PWA, N4LO, N2LOy,, and 1.8/2.0(EM). The right panel shows experimental and theoretical r, values
for self-conjugate nuclei within the sd shell. For comparison, a linear regression to the most accurate data is shown by a dashed line (Orce

2021 refers to [73]).
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FIG. 7. Characteristic 2D intrinsic nucleon density of the 2} state
in 2°Ne obtained with the MR-EDF model.

struct a valence-space Hamiltonian, based on two- (NN) and
three-nucleon (3N) forces from chiral effective field theory.
In particular we use the “EM1.8/2.0” and “PWA” NN +
3N interactions [82—86]—the former of which reproduces
ground-state and separation energies up to the tin region from
constraints to only few-body data [85,86]—as well as Ny LOgy
[87] and N4LO local-nonlocal interaction of Ref. [88], which
well reproduces radii to the nickel region [87,89]. We use the
Magnus procedure [77,89] to decouple an sd shell Hamil-
tonian as well as the '°0O core energy. The effects of 3N
forces between the *’Ne valence nucleons are included via
the ensemble normal ordering technique [81]. Finally, we
use the approximate unitary transformation to decouple a
consistent E2 valence-space operator [90], where no effec-
tive charges are used or needed, in principle. Similar results
of QS(ZT) ~ —(0.12 b are computed, as shown in the left
panel of Fig. 6 (left triangles). This underestimation is not
surprising as ab initio E2 transition rates are smaller than
experimental ones, regardless of the initial interaction. This is
likely due to the complex collective structures which require
many particle-hole excitations to capture sufficiently and are
a particular challenge for most methods [91-94]. Recent ab
initio calculations in the neon isotopes with the projected gen-
erator coordinate method (PGCM) at a harmonic-oscillator
basis size of N, = 4 compute a larger value of Q (2?’) =
—0.183 ¢b in *Ne [95]. Further studies of the origin and
solution to this missing E2 strength are underway [96]. A
slightly smaller value of QS(21+) = —0.143 eb (down triangle
in Fig. 6) is determined using further SM calculations with
the WBP interaction and average effective charges in the sd
shell [76]. Similar results are obtained with the usdb and
usdc interactions [97]. An ingredient that is not explicitly
included in these ab initio and phenomenological interactions
is o clustering.

Furthermore, we have performed multireference energy
density functional (MR-EDF) calculations [98—101] based on

the relativistic Hartree-Bogoliubov (RHB) model [102,103],
using DD-PC1 functional [104] and separable pairing force
[105] as global effective interactions. A total of 118 RHB
states with a wide range of quadrupole and octupole
deformations were first projected onto good values of an-
gular momenta, particle numbers, and parity, and further
mixed within the generator coordinate method framework
[106,107]. The calculated 2 state at 1.84 MeV—slightly
higher than the experimental one at 1.634 MeV—exhibits
a predominantly prolate 'O+« structure—the bowling
pin shape shown in Fig. 7—and decays to the ground
state with a quadrupole transition strength of B(E2;0{ —
27)=0.029 ¢*b?, in agreement with the experimental value.
The corresponding Q,(2;) = —0.15¢b (triangle up on the
left panel of Fig. 6) and r, = 0.97 values are still too
small compared with the experimental values determined
in this work. Ongoing efforts to quantify the uncertain-
ties of EDF-based models [101,108,109], particularly when
extended to the multireference level, may enable a more
rigorous test.

VI. CONCLUSIONS

We present the most sensitive and precise reorientation-
effect measurement of Q (ZT) = —0.22(2) eb in *Ne up to
date determined at safe energies with a heavy target and
backward scattering angles through the x? minimization of
the integrated yields. We further quantify the competing
second-order contribution arising from the electric dipole
polarizability through 174w shell-model calculations. Large
deviations from the rotor-model and various modern nu-
clear theory approaches are found, including ab initio and
MR-EDF calculations performed in this and prior work.
The presence of a bowling pin shape for the 2 state
in 2°Ne calculated with MR-EDF suggests that « clusters
should be explicitly included in modern ab initio calcu-
lations [110]. In fact, a recent calculation by Shen and
the NLEFT Collaboration reproduces the quadrupole mo-
ment presented here when considering o clusters in the
interaction [111].
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