
⦿ Unconventional depletion (“bubble”) in the centre of ρch conjectured for certain nuclei

⦿ Purely quantum mechanical effect
○ 𝓁 = 0 orbitals display radial distribution peaked at r = 0
○ 𝓁 ≠ 0 orbitals are instead suppressed at small r

○ Vacancy of s states (𝓁 = 0) embedded in larger-𝓁 orbitals might cause central depletion 

⦿ Conjectured associated effect on spin-orbit splitting

○ Non-zero derivative at the interior

○ Spin-orbit potential of “non-natural” sign

○ Reduction of (energy) splitting of low-𝓁 spin-orbit partners

⦿ Bubbles predicted for hyper-heavy nuclei

⦿ In light/medium-mass nuclei the most promising candidate is 34Si

[Dechargé et al. 2003]

[Todd-Rutel et al. 2004, Khan et al. 2008, …]

34Si36S
d5/2

s1/2

d3/2

ρch

r

The case of 34Si



The case of 34Si

○ Mild central depletion predicted

[Duguet et al. 2017]
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E [MeV] ADC(1) ADC(2) ADC(3) Experiment
34Si -84.481 -274.626 -282.938 -283.427
36S -90.007 -296.060 -305.767 -308.714

TABLE I. Experimental [39] and theoretical binding energies
(in MeV).

hr2chi1/2 [fm] ADC(1) ADC(2) ADC(3) Experiment
34Si 3.287 3.206 3.204 -
36S 3.411 3.308 3.302 3.2985 ± 0.0024

TABLE II. Experimental [39] and theoretical binding energies
(in MeV).

consistent with missing ADC(3) correlations and the in-
trinsic uncertainty of the input Hamiltonian [23, 31]. Go-
ing to ADC(3) indeed brings about 8-10 MeV additional
binding, which represents about 5% of the correlation en-
ergy generated at the ADC(2) level. Extrapolating the
pattern of reduction in the correlation energy added at
each ADC(n) order, the ADC(3) results can be safely
believed to be about 1-2 MeV (i.e. less than 1%) away
from the fully converged values. With the presently used
NNLOsat Hamiltonian, this happens to be of the order
of the di↵erence to experimental data.

C. Convergence of ground-state radii

Before addressing point-nucleon and charge density
distributions, let us focus on the integrated informa-
tion constituted by point-nucleon and charge root-mean-
square (rms) radii. In Fig. 2, the charge rms radius
hr

2
chi

1/2 of 34Si is displayed for di↵erent values of ~! and
Nmax at the ADC(2) level. As Nmax increases, the de-
pendence on ~! becomes weaker, totalling to about 2%
for Nmax = 13 for ~! 2 [16, 24]MeV.

Point-proton, point-neutron, matter and charge radii
computed at the ADC(3) level are reported in Tab. III.
Additionally, theoretical and experimental charge radii of
36S are compared in Tab. IV. It is currently a challenge
for ab initio calculations to describe both the binding
energy and the size of medium-mass nuclei at the same
time [31]. This situation lead recently to the construc-
tion of the (unconventional) NNLOsat �EFT Hamilto-
nian [23] that is presently used and that indeed improves
the situation significantly [31, 41]. The computed value

hr2pi1/2 hr2ni1/2 hr2mi1/2 hr2chi1/2
34Si 3.085 3.258 3.188 3.204
36S 3.184 3.285 3.240 3.302

TABLE III. Theoretical point-proton, point-neutron, matter
and charge rms radii (in fm) calculated from Dyson SCGF at
the ADC(3) level.

hr2chi1/2 Theory Experiment
34Si 3.204 -
36S 3.302 3.2985 ± 0.0024

TABLE IV. Experimental [40] and theoretical charge radii (in
fm).
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FIG. 2. (Color online) ADC(2) ground-state rms charge ra-
dius of 34Si as a function of the harmonic oscillator spacing
~! and for increasing size Nmax of the single-particle model
space.

hr
2
chi

1/2 = 3.302 fm in 36S is in good agreement with ex-
perimental data. Comparatively, the rms charge radius
computed from the EM Hamiltonian processed through
a SRG transformation is significantly too small, e.g. it is
predicted to be hr

2
chi

1/2 = 2.886 fm at the ADC(2) level
for � = 1.88 fm�1.

Experimental charge radii are unavailable for the un-
stable 34Si nucleus. While charge radii for stable iso-
topes can be measured by means of electron scattering,
laser spectroscopy experiments, e.g. at CRIS@ISOLDE,
currently constitutes the most appropriate way to access
charge radii of unstable nuclei with lifetimes as low as a
few milliseconds. However, Si elements have a high evap-
oration temperature and are thus extremely di�cult to
produce via ISOL techniques. Even if evaporated, they
are very reactive and can form molecules easily, which
make it highly challenging to separate the ion (Si+) to
be able to perform laser spectroscopy. In-flight facilities
such as GANIL, NSCL, RIKEN or GSI should be able
to produce high-intensity beams of Si isotopes in the fu-
ture. Once laser spectroscopy capabilities are developed,
these facilities should be in position to measure the rms
charge radius of 34Si. However, the isotope shifts in light
nuclei being very small, (very) high-resolution and high-
precision laser spectroscopy will be required [42].
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E ADC(1) ADC(2) ADC(3) Experiment
34Si -84.481 -274.626 -282.938 -283.427
36S -90.007 -296.060 -305.767 -308.714

TABLE I. Ground-state energies (in MeV) computed within
ADC(1), ADC(2) and ADC(3) approximations. Experimen-
tal data are from Ref. [44].

long-range, e.g. mean-square radii, operators [43]. As
discussed next, however, in the present case there is lit-
tle impact of the specific value of ~! on density distri-
butions, which constitute the focus of the present paper.
Consequently, and given the lack of a well defined ex-
trapolation procedure for density distributions, the value
~! = 20MeV corresponding to the minimum of the en-
ergy forNmax = 13 is considered in the following sections.

Ground-state energies computed at various orders in
the many-body truncation scheme are compared to ex-
perimental data in Tab. I. At the ADC(2) level, theoret-
ical results are within 4% of experimental data, which is
consistent with missing ADC(3) correlations and the in-
trinsic uncertainty of the input Hamiltonian [28, 36]. Go-
ing to ADC(3) indeed brings about 8-10 MeV additional
binding, which represents about 5% of the correlation en-
ergy generated at the ADC(2) level. Extrapolating the
pattern of reduction in the correlation energy added at
each ADC(n) order, the ADC(3) results can be safely
believed to be about 1-2 MeV (i.e. less than 1%) away
from the fully converged values. With the presently used
NNLOsat Hamiltonian, this happens to be of the order
of the di↵erence to experimental data.

C. Convergence of ground-state radii

Before addressing point-nucleon and charge density
distributions, let us focus on the integrated informa-
tion constituted by point-nucleon and charge root-mean-
square (rms) radii. In Fig. 2, ADC(2) calculations of the
charge rms radius4 hr

2
chi

1/2 of 34Si are displayed for dif-
ferent values of ~! and Nmax. As Nmax increases, the
dependence on ~! becomes weaker, totalling to about
2% for Nmax = 13 for ~! 2 [16, 24]MeV. Table II reports
charge rms radii of 34Si and 36S computed within dif-
ferent many-body truncation schemes. The convergence
pattern is similar for the two nuclei, with tiny di↵erences
between ADC(2) and ADC(3) results. This indicates
that rms radii are essentially converged already at the
ADC(2) level.

4 In the present work charge radii are computed from point-proton
radii by accounting for the finite charge radii of both protons and
neutrons in addition to the Darwin-Foldy correction, see Ref. [45]
for details.
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FIG. 2. (Color online) ADC(2) ground-state rms charge ra-
dius of 34Si as a function of the harmonic oscillator spacing
~! and for increasing size Nmax of the single-particle model
space.

hr2chi1/2 ADC(1) ADC(2) ADC(3) Experiment
34Si 3.270 3.189 3.187 -
36S 3.395 3.291 3.285 3.2985 ± 0.0024

TABLE II. Charge rms radii (in fm) computed within
ADC(1), ADC(2) and ADC(3) approximations. The experi-
mental value is from Ref. [49].

It is currently a challenge for ab initio calculations
to describe both the binding energy and the size of
medium-mass nuclei at the same time [36]. This sit-
uation lead recently to the construction of the (un-
conventional) NNLOsat �EFT Hamiltonian [28] that is
presently used and that indeed improves the situation sig-
nificantly [36, 46]. The computed value hr

2
chi

1/2 = 3.285
fm in 36S is very close to the experimental measurement.
Comparatively, the rms charge radius computed from
the NN+3N400 Hamiltonian processed through a SRG
transformation is significantly too small, e.g. it is pre-
dicted to be hr

2
chi

1/2 = 2.867 fm at the ADC(2) level for
� = 1.88 fm�1.
Experimental charge radii are unavailable for the un-

stable 34Si nucleus. While charge radii for stable iso-
topes can be measured by means of electron scattering,
collinear laser spectroscopy experiments [47] currently
constitute the most appropriate way to access charge
radii of unstable nuclei with lifetimes as low as a few
milliseconds. However, Si elements are highly reactive
and require a high evaporation temperature, thus are ex-
tremely di�cult to produce and extract via ISOL tech-
niques. In-flight facilities, e.g. NSCL at Michigan State
University, are able to provide high-intensity beams of
Si isotopes. Future developments of high-resolution laser
spectroscopy experiments should enable a measure of the
rms charge radius of 34Si [48].
For completeness, point-proton, point-neutron, matter

and charge radii computed at the ADC(3) level are re-

○ Good reproduction of g.s. properties
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➪ Charge density computed via folding
 with the finite charge of the proton

➪ Excellent agreement with experimental 
charge distribution of 36S

➪ Folding smears out central depletion 

⦿ Ab initio calculations predict the presence of a charge bubble


