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17 Arguably, one of the most important global properties of the atomic nucleus is its size. Experimentally
18 determined nuclear charge radii carry unique information on the nuclear force and complex dynamics of
19 protons and neutrons moving inside the nucleus. The intricate behavior of charge radii along the chain
» of Ca isotopes, including the unexpectedly large charge radius of neutron-rich °2Ca, pose a daunting
challenge for nuclear theory!l. Here we present the first measurements of the charge radii of proton-rich
» isotopes 3037:38Ca, whose properties are impacted by the interplay between nuclear superfluidity and
» weak binding. The Nuclear Density Functional Theory shows that the novel Fayans pairing interaction?
2 can successfully explain the behavior of charge radii from light to heavy Ca isotopes. Through this
» model, we show how the new data on 3637:33Ca elucidate the nature of nuclear pairing in weakly bound

proton-rich isotopes.
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2 At low excitation energies, atomic nuclei can be de- s ever, the charge radius is known only to 39Ca (reftd),
28 scribed as condensates of nucleonic (proton or neutron) s primarily due to the difficulty in the production of short-
2 pairs® 2, The resulting superfluid correlations profoundly s lived, proton-rich Ca nuclei. Theoretically, the pat-
3 influence the structure of nucleonic systems, such as finite ss tern of charge radii along the Ca chain is difficult to
s nuclei and neutron stars®. In weakly-bound nuclei, pair- s explaint2i4,

» ing correlations can be enhanced due to the proximity
33 of the particle continuum, which affects the asymptotic
u properties of density distributions. Moreover, due to
55 the self-consistent feedback between particle and pairing

s fields, nuclear size is impacted by pairing correlations®.

-

o0 Recent advances of radioactive beam production and
&1 manipulation techniques, that is to say, the fast in-flight
s2 production and separation®® followed by gas stoppingtd,
63 made it possible to develop a good quality, high-rate
e beam of short-lived proton-rich Ca isotopes, including
w#  The interplay between nuclear size, pairing correla- e 3Ca with a half-life of T} s2 = 102ms, which is suffi-
33 tions, and weak binding takes a particularly dramatic e cient for precise laser spectroscopy measurements. This
» form in spatially-extended, neutron-rich halo nuclei®, & production mechanism complements the capabilities of
w0 such as %He or 'Li. Indeed, their very existence comes e the isotope separator on line (ISOL) facilities (see Meth-
from the additional pairing energy between valence neu-  ods), where significant data on charge radii of selected
2 trons. For weakly-bound, proton-rich nuclei, in which 7 elements have been obtained'?, including the charge ra-
s the Coulomb barrier has a localizing effect on the loosely = dius of neutron-rich *2Ca with T} 2 = 4.6s.

s bound or slightly unbound protons, pairing gives rise
s to the phenomenon of two-proton radioactivity?. The
w6 asymmetry in the energy spectra between mirror nuclei is
« another effect governed by a competition between weak
s binding and charge radiust’. However, little is known
w0 about the radius of a weakly-bound proton-rich nucleus.
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22 Our experiment was performed at the National Su-
7 perconducting Cyclotron Laboratory at Michigan State
University. A schematic of the complete setup is
shown in Fig. Projectile-fragmentation reactions of a
76 140 MeV /nucleon *°Ca primary beam on a thin transmis-
77 sion target (beryllium, 356 pm in thickness) were used to
5o The charge radii of Ca isotopes are known up to °2Ca 7 produce 3¢~39Ca isotopes (see Methods). The desired Ca
s (ref). They exhibit a complicated behavior, with al- 7 ions were separated from the primary beam and other re-
2 most equal values in “°Ca and *3Ca, a local maximum at s action products through the A1900 Fragment separator’®
s3 4 Ca, appreciable odd-even staggering, and a large value = based on magnetic rigidity selections. The selected fast
sa for ®2Ca. Below the lightest stable “°Ca isotope, how- s Ca-ion beam was then injected into a gas cell stopper
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Figure 1| Experimental Setup and Hyperfine Spectra. Projectile-fragment reaction was used to produce the

fast Ca-ion beam, which was thermalized in the gas stopper, extracted at an energy of 30keV, and transported to

the BECOLA facility. Laser resonant fluorescence was detected using bunched-beam collinear laser spectroscopy. An

offline ion source at BECOLA was used to produce stable Ca as needed for the reference measurements taken every

several hours. The hyperfine spectra of the 4s 251/2 < 4p 2P3/2 transition in 36—4944Ca, are shown as a function of

the frequency relative to the centroid of *°Ca. The peaks were fit using a pseudo-Voigt profile (solid red lines), and
isotope shifts were deduced from the difference of each isotope’s centroid from that of 4°Ca.

s filled with a helium buffer gas'®, and the ions were ther-
s malized. Singly-charged Ca ions of one desired mass were
s extracted at an energy of 30keV after the stopping range
s selection in the cell, and the low-energy beam was trans-
7 ported to the BECOLA facility 829,

s At BECOLA, the ion beam was first introduced into
s a helium buffer gas filled radio-frequency quadrupole
o cooler/buncher®’.  Tons were trapped in the cool-
er/buncher, further cooled (improving beam emittance)
and periodically extracted at an approximate energy of
03 29850 €V as ion beam bunches. The time spread of an ion
o« bunch was set to ~1 ps (full width at the half-maximum)
os by adjusting the radio-frequency and release potential.
o6 The narrow time spread is critical for a high sensitivity
o measurement as it reduces background significantly#1*42,
o¢ The bunched ion beam was then overlapped with laser
9 light and co-propagated for bunched-beam collinear laser
100 Spectroscopy.
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w  Laser-induced fluorescence was detected using two

sets of photon detection systems (see Methods). The
4s 251/2 <~ 4p 2P3/2 transition in Call at 393 nm was
probed to measure the hyperfine spectrum. The tim-
ing between the ion bunches was optimized based on the
lifetime of Ca isotopes to maximize the signal to noise ra-
tio (see Methods). A sawtooth-pattern ramping voltage
with discrete steps was applied to the photon detection
system to vary the incoming ion beam velocity. Ions ex-
perienced a Doppler-shifted laser frequency and the hy-
perfine spectrum was scanned at a fixed laser frequency.
Spectra of stable 4044Ca, which were produced in an of-
fline ion source, were measured periodically to be used as
a reference of the isotope shift, and also for ion beam en-
ergy calibration purposes (see Methods). The obtained
spectra of Ca isotopes are included in Fig.
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The 3739Ca isotopes, which have nuclear ground-state
spin of I = 3/2, show hyperfine splittings with six al-
no lowed transitions, whereas single peaks were observed for
10 the even Ca isotopes as they have I = 0. The hyperfine
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Table 1 |Isotope shifts and deduced differential
mean-square charge radii. The numbers in the paren-
theses and brackets are the statistical and systematic un-
certainties, respectively. The differential m.s. charge ra-
dius of ?Ca is consistent with the previous value'!' of
—0.127(20) fm2. The half-life (T1/2), bunching period
(Tp), and rates at the cooler/buncher for each isotope
are also included.

oA 5(r?) Ty T»  Rate
A (MHz) (fm?) (ms) (ms) (1/s)
36 —1073.8(60)[43] —0.196(21)[16] 102 180 50
37  —766.1(47)[49] —0.205(15)[17] 181 330 960
38 —513.1(3)[17] —0.0797(11)[63] 440 220 13500
39 —230.5(2)[18]  —0.1060(7)[64] 859.6 30 60000
T T T
Fy(Ar, BCS) —o— o
3361 Fy(Ar, HFB) —© 1
Ca Fy(Ar*, HFB) —A—
g 3.54 SV-min(HFB) —¥— |
2
g 3.52 -
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Mass number A

Figure 2| Charge radii of Ca isotopes. The charge
radii measured in this work (red squares) and previ-
ous experimental values (black squares) are compared
to DFT predictions of SV-min (HFB), Fy(Ar,BCS),
Fy(Ar,HFB), and Fy(Ar*HFB) models. The values of
Fy(Ar*HFB) for A > 37 are very close to Fy(Ar,HFB)
results; hence, they are not shown. The r.m.s. charge
radii were obtained using the known charge radius of
10Ca (ref??), and its error has been incorporated into
the systematic uncertainty (the gray band).

spectra were fit using a pseudo-Voigt profile to reproduce
line-shape broadening due mostly to the fluctuation of
the applied potential (see Methods). The resulting cen-
troids of the hyperfine spectra of 36=39Ca were compared
to the reference measurement of “°Ca, and isotope shifts
51494 were extracted, which are summarized in Table

The differential mean-square (m.s.) charge radius

5(r2)AA" = (r2)A" — (72)4 can be obtained from the iso-
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tope shift between isotopes A and A’ through

v A A = A T INA | 2 A

marma

oA = (1)
where k and F' are the mass and field shift coefficient, re-
spectively, and determined by the orbital electronic con-
figuration, and m is the atomic mass. The atomic factors
of the 251/2H2P3/2 transition in Call used in the present
study were determined as k = 409.35(42) GHz/amu and
F = —284.7(82) MHz/fm? from a King plot analysis®*.
The obtained differential m.s. charge radii are summa-
rized in Tableand the root-mean-square (r.m.s.) charge
radii are shown in Fig. [2l The present data are shown in
solid red squares and other known values are also plot-
ted in solid black squares. The obtained §(r?) of 3?Ca is
consistent with the known value, and our experiment
has reduced the uncertainty by a factor of 3.

Overall, the charge radii decrease towards neutron de-
ficient isotopes across the neutron N = 20 shell closure,
which makes sharp contrast with the discontinuity seen
at the N = 28 shell closure. Similar behavior has been
observed in the neighboring Ar (ref?”) and K (ref?%) iso-
topic chains. The new charge radii also show an odd-even
staggering, though the amplitude of the effect is smaller
than around N = 24.

Charge radii of proton-rich Ca isotopes are strongly
impacted by nuclear superfluidity. Indeed, as seen in
Fig. 3(a), for 36-38Ca the 0Od3/2 valence proton shell is
weakly bound and the next 0f7/, orbital lies above the
Coulomb barrier. This means that pairing correlations
due to the scattering of proton pairs from the bound
proton states into the proton continuum are expected to
leave an imprint on the properties of these nuclei. In
the presence of low-lying continuum space, the standard
Hartree-Fock (HF)+ Bardeen-Cooper-Schrieffer (BCS)
treatment of nucleonic pairing becomes questionable as
the resulting particle and pair densities are not spatially
localized and acquire an unphysical gas component be-
cause of the nonzero occupation probabilities of unbound
states. To analyze these effects in more detail, we use
nuclear Density Functional Theory (DFT) with realistic
energy density functionals. As a typical representative
of standard functionals, we use the parametrization SV-
min??. These models employ a highly elaborate func-
tional for the mean field together with a contact force
for pairing augmented by some density dependence<®.
The performance of these models on global trends of nu-
clear gross properties is superb, but their simple pairing
functional fails to describe isotope shifts and odd-even
staggering of charge radii in medium-light nuclei®®. To
overcome this hurdle, a nuclear density functional with
a more elaborate pairing functional was employed by
Fayans et al?. Its essential new piece was a coupling
of pairing density to the gradient of normal density. In
ref14 this functional was refitted exactly to the same
pool of fit data as SV-min and additional specific in-
formation on isotopic shifts of radii in neutron-rich Ca



13 leading to a functional called Fy(Ar). This fit used the
18« HF+BCS approximation to pairing. Hence we shall refer
15 to this model as Fy(Ar,BCS).

16 As said above, the BCS approximation becomes un-
18 safe for weakly bound nuclei. To get some insight on the
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Figure 3 |Single-proton structure. (a) Canonical
single-proton energies (g,) (expectation values of the
self-consistent mean-field Hamiltonian in the canonical
states®’) relative to the proton Fermi level (),) for the
Ca chain obtained in Fy(Ar*HFB). The position of the
Coulomb barrier is indicated. For the proton-rich iso-
topes of *0738Ca, the unbound shell 0f7/, is predicted
to lie above the Coulomb barrier, i.e., it is expected
to be affected by proton continuum effects. (b) r.m.s.
radii and (c¢) occupations of canonical single-proton states
in %6Ca obtained in Fy(Ar,BCS), Fy(Ar,HFB), and
Fy(Ar*HFB) models.
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magnitude of the continuum gas effect, Fig. c) shows
the occupations of single-proton states in 36Ca obtained
in Fy(Ar,BCS) model (diamonds), and Fig. [3|(b) dis-
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plays the corresponding single-proton r.m.s. radii. The
ground-state of 36Ca is predicted to have a nonzero pro-
ton pairing gap, which results in nonzero occupations
of unbound single-proton orbits above the Z = 20 gap.
Since these states are formally not localized, their r.m.s.
radii become unphysically large.

To overcome this problem, one has to resort to the
full Hartree-Fock-Bogolyubov (HFB) formalism, which -
for particle-bound nuclei - guarantees the spatial local-
ization of nuclear densities and fields®%31: hence, pre-
venting the particle gas from appearing. To this end,
we re-optimized the original Fy(Ar ,BCS) model within
the full HFB framework. The resulting energy den-
sity functionals are Fy(Ar,HFB) and Fy(Ar*HFB) (see
Methods). To probe the impact of the charge radius of
36Ca obtained in this Letter on model predictions, in the
dataset of Fy(Ar*HFB) we also included the constraint
on §(r2)40:36,

The localized single-particle orbits of HFB are called
canonical (or natural) states®’; those are the eigenvalues
of the single-particle density matrix. The single-particle
r.m.s. proton radii of canonical states in 36Ca obtained
in Fy(Ar,HFB) and Fy(Ar*HFB) models are displayed
in Fig.[3(b). The r.m.s. radii of unbound HFB orbits be-
have very regularly and do not show the marked increase
which is seen for BCS orbits. This allows the HFB occu-
pations of unbound proton states to stay somehow larger
than the BCS occupations, see Fig. c), without dilut-
ing the whole nucleus. It is interesting to note that BCS
at least tries to reduce the problem of continuum gas by
significant reduction of continuum occupations.

Charge radii of Ca isotopes predicted by
SV-min (HFB), Fy(Ar,BCS), Fy(Ar,HFB), and
Fy(Ar<HFB) models are shown in Fig. The
SV-min (HFB) results exhibit characteristic monotonic
dependence on A and practically nonexistent odd-even
effect™334  Due to the presence of proton gas, the
functional Fy(Ar,BCS) dramatically overestimates
charge radii in the proton-rich isotopes of 26:3¥Ca. On
the other hand, the Fy(ArHFB) and Fy(Ar*HFB)
models provide a remarkably good overall descrip-
tion of experimental data. It is noted that values of
Fy(Ar*HFB) above A = 37 are not shown in Fig. [2[ due
to their similarity to Fy(Ar,HFB). Both models tend to
slightly overestimate the odd-even staggering of charge
radii, but this is a minor deficiency considering the scale
of this effect. The unexpectedly large charge radius of
52Ca (ref™) is well explained by the Fy(Ar,HFB) and
Fy(Ar*HFB) models, and their description of A > 48
radii has even been improved.

The comparison between SV-min (HFB) and
Fy(Ar,HFB)/Fy(Ar*HFB) results shows the im-
portance of the non-standard density dependence of
Fayans functional, especially its novel pairing term.
The ability to accommodate the radii along the Ca
chain can be clearly associated with two particular
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features of the Fayans functional, mainly the gradient
coupling in the pairing functional and a gradient term
in the surface energy®. The pairing gradient term was

necessary to reproduce the demanding &(r?)

48,44 519

§(r?)48:52 values. The Fayans pairing functional turned

out to be flexible enough to account also for §

(r2)40,36

255 delivering in Fy(Ar*HFB) a very good agreement with
256 experimental charge radius of 36Ca, while maintaining
257 the same descriptive power as Fy(Ar HFB) for A > 37.
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The new charge radii data on proton-rich Ca iso-

20 topes demonstrated the need for the careful treatment
20 of proton superfluid correlations in the presence of low-
%1 lying continuum states. It is remarkable, that the new
22 Fy(Ar,HFB) and Fy(Ar*HFB) models, based on HFB
23 formalism and the Fayans energy density functional, de-
veloped with the focus on 36~38Ca, also improve descrip-

tion of neutron-rich isotopes all the way to, and including,
22Ca.
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sw METHODS

Isotope production technique

In the present study, a projectile-fragmentation reac-
30 tion was used to produce the isotopes in-flight. This re-
action is characterized by the reaction products being
emitted in a narrow forward solid angle at nearly the
primary-beam velocity. This makes the fast and efficient
selection of fragments possible without regards to their
chemical properties by using a magnetic spectrometer.

In the ISOL technique utilized at other facilities, rare
isotopes are extracted from thick targets bombarded by
light ions. High quality, high intensity beams are avail-
able at low energy (~60keV) for certain elements. The
ISOL production method, however, suffers from a serious
limitation due to long release times from thick targets.
This can lead to large decay losses for nuclides that have
long diffusion and/or effusion times and with short half-
lives at the limits of the nuclear chart.

The photon detection system Two sets of photon
detection systems were used to detect the resonant fluo-
rescence; each detector comprised a light collection sec-
tion and a photomultiplier tube. The collection sections
contained an ellipsoidal reflector, which focuses the sig-
nal tighter than background light, and a following com-
pound parabolic concentrator, which further eliminates
background based on its wider incident angles.

The laser system A Sirah Matisse TS Ti:Sapphire
ring laser was used to produce 787 nm light, and a Spec-
traPhysics WaveTrain generated the 393 nm light by fre-
quency doubling the 787 nm light. The Ti:Sapphire laser
frequency was locked using a HighFinesse WSU-30 wave-
length meter calibrated by a frequency stabilized He-Ne
laser. Laser power at the interaction region was stabilized
at 300 pW using a laser power controller=2.

Optimization of bunching period The bunching
period was chosen to maximize the signal-to-noise ratio
for each isotope. An increased bunching period T} re-
duces the background as B(T}p) « 1/T}, for a given time
spread of an ion bunch. The signal is proportional to the
number of trapped ions, which depends on the ion rate
and the decay loss, as S(T;,) o (1/A)(1—e~*)/ T}, where
A is the decay constant. Signal-to-noise ratio (SNR) can
a0 then be evaluated as
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w20 The SNR is maximized at Tp = 13//\ ~1.8x T1/2. This
a1 condition does not depend on the ion rate, as long as
w22 the space charge of the trapped ions does not disturb
23 the emittance of the released ion bunches. The bunching
a4 periods of 3637Ca were chosen based directly on the life-
w5 time, however due to the increased rates, the bunching
s26 periods of 38:39Ca were shortened to avoid space charge
a7 effects. The bunching periods and approximate rates for
s each isotope are summarized in Table [T}

SNR =

(2)

2 Energy calibration with stable %4*Ca The ion’s
rest-frame resonant laser frequency can be obtained from
the set laser frequency and the total potential applied
to the ion beam, which is the sum of potentials applied
to the cooler/buncher and the photon detection system.
The total potential makes the largest contribution to
the uncertainty in the determination of the charge ra-
dius since the potential at which ions are released from
the cooler/buncher is not directly known and the uncer-
tainty is estimated to be 10 V. In order to eliminate this
uncertainty, a well known isotope shift between stable
40Ca and *Ca isotopes (004 = 850.231(65) MHz*%)
was used to calibrate the total potential. This calibra-
tion is the predominant source of systematic uncertainty.
The spectroscopy of 4%44Ca was performed using ions
produced by an offline discharge plasma ion source®3 and
introduced into the cooler /buncher. The calibration was
performed every several hours throughout the experiment
to monitor and correct for the time dependent variation
of the total potential, and was also affected by fluctua-
tions of the laser frequency. By examining the variations
of the calibration throughout the experiment, the sys-
tematic uncertainty due to both the laser frequency and
total potential was determined.

Hyperfine spectra fitting procedure All peaks
were fit using an asymmetric pseudo-Voigt function“*.
For 36:37Ca, the lineshape (asymmetry, which was negli-
gibly small, and Lorentz fraction) of the peaks was con-
strained to match those obtained from the °Ca refer-
ence, however the line-width was allowed to vary due to
the longer running time. The 4044Ca peaks were typ-
ically ~75MHz wide, while 3"3¥Ca which required the
longest running times, had line-widths of ~80 MHz. In
39Ca (I = 3/2), all six peaks of the hyperfine spectra
were fit with a common lineshape and width, and their
positions were obtained by fitting the 3 hyperfine cou-
pling constants (AHF ~AHF ~BHE 3" <with the upper

lower’ “upper’ -~ upper

and lower levels shifted by,

3K(K 4+ 1) —4I(I +1)J(J + 1)
8I(2I — 1)J (27 — 1)
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(3)
where K = F(F+1)—-I(I+1)—J(J+1), F is the
quantum number defined by the vector F = I+ J, and
I and J are the nuclear and atomic spins respectively.
The height of each peak was allowed to vary freely in
39Ca, and because of the excellent statistics, the relative
intensity of each peak was used as a constraint in the fit
of the 37Ca spectrum (also I = 3/2).

Density functional theory calculations Our DFT
calculations were carried out with the original SV-min
(ref??) and Fy(Ar,BCS) (ref!%) energy density func-
tionals, as well as new functionals Fy(Ar,HFB) and
Fy(Ar+HFB) developed in this work. In general, our
EDF optimization methodology closely followed that of
ref1% Namely, by carefully selecting datasets of ex-
a1 perimental data used in optimization, we generate func-

AFE = %AHF -
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tionals to study questions pertaining to different observ-
ables. The functional SV-min was optimized to the ba-
sic dataset of ref?” containing 224 experimental data
points, including binding energies, diffraction radii, sur-
face thickness, charge radii, and spin-orbit splitting. The
functional Fy(Ar,BCS) was constrained by the basic
dataset of SV-min as well as by additional data on differ-
ential charge radii of Ca isotopes (§(r?)4840 §(r2)48.44
§(r?)52:48)_ Pairing information is included here in terms
of neutron and proton odd-even binding energy stagger-

ing Ag) extracted from three-point binding-energy dif-
ferences.

Unlike in Fy(Ar,BCS), which was developed under the
HF+BCS protocol, pairing correlations in Fy(Ar ,HFB)
and Fy(Ar*HFB) are treated within the full HFB frame-
work using the techniques of*® and without employing
the gap stabilization method3”. Moreover, to constrain
the pairing term, three-point binding energy differences

¢ involving ground states of even-even nuclet*® were

employed rather than Ag). As discussed in ref38 for
open-shell systems, A% is simply related to the pair-
ing rotational moment of inertia and is superior to Ag’),
which involve properties of odd-mass systems that de-
pend on poorly known time-odd fields impacting individ-
ual orbits occupied by an odd nucleon. We have checked
within the BCS method that the fit to even-even gaps
produces practically the same pairing gaps as the fit

to Ag) used in Fy(Ar,BCS). Moreover, the dataset of
Fy(Ar*HFB) also includes the value of §(r?)40:36. For
the purpose of this work, the functional SV-min has
also been re-optimized in the HFB variant; the result-
ing model is called SV-min (HFB), again, using here A$S
as pairing information.

To compute odd-A nuclei, we applied the standard uni-
form filling approximation to blocking®?4% in which an
unpaired nucleon is put with equal probability in each of
the degenerate magnetic sub-states. To find the ground
state, blocked calculations were carried out for all orbitals
near the Fermi energy and the blocked state with lowest
energy were selected.

It is to be noted that the excellent description of charge
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radii in the Ca chain with 39 < A < 50 was obtained
in previous calculations with FaNDF?, DF3, and DF3-a
Fayans functionals®*42 The functionals Fy(Ar,BCS),
Fy(Ar,HFB) and Fy(ArtHFB) used here derive from
FaNDFO.

Finally, it has recently been suggested that the differ-
ences in the charge radii of mirror nuclei can be used
for constraining the neutron equation of state for use in
astrophysics*?. Our theoretical results for 36—38Ca show
that without an advanced approach to proton pairing in
weakly bound proton-rich mirror partners, it will be dif-
ficult to arrive at precise predictions.
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