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Bunched-beam collinear laser spectroscopy was performed on neutron-deficient 52:53Fe prepared
through in-flight separation followed by a gas stopping. This novel scheme is a major step to reach
nuclides far from the stability line in laser spectroscopy. Differential mean-square charge radii 6(r?)
of ®?53Fe were determined relative to stable "°Fe as §(r?)*®%? = —0.034(13) fm? and §(r?)°%>?
= —0.218(13) fm?, respectively, from the isotope shift of atomic hyperfine structures. The multi-
configuration Dirac-Fock method was used to calculate atomic factors to deduce §(r?). The values
of §(r?) exhibit a minimum at the N = 28 neutron shell closure. Nuclear density functional theory
with Fayans and Skyrme energy density functionals was used to interpret the data. The trend of
5(r2> along the Fe isotopic chain results from an interplay between single-particle shell structure,
pairing, and polarization effects, and provides important data for understanding the intricate trend
in the §(r?) of closed-shell Ca isotopes.

PACS numbers: 21.10.Ft, 21.60.Jz, 27.40.4z, 42.62.Fi

Introduction — Since the first estimate of a nuclear
charge radius in 1909 [1L [2], the size of a nucleus has
been a central theme in nuclear structure [3H7]. Signif-
icant data on charge radii have been obtained at Iso-
tope Separator On Line (ISOL) facilities, where isotopes
of selective elements have been investigated. The ISOL
production method, however, suffers from a serious limi-
tation due to long release times from thick targets. This
can lead to large decay losses for nuclides that have long
diffusion/effusion times, and with short half-lives at the
limits of the nuclear chart. In-flight production and sep-
aration [8] used in the present study can provide high-
energy fast beams and enables studies on nuclides far
from the stability line and elements that are difficult at
ISOL facilities. Conversion of the fast beams into low-
energy beams in a gas [9] was already exploited, and was
used for laser spectroscopy for the first time in the present
study on transition-metal Fe known to be notoriously dif-
ficult to produce at ISOL facilities. This is a major step
forward for laser spectroscopy experiments that comple-
ments such capabilities already well established at ISOL
facilities.

The average behavior of nuclear root-mean-square
(rms) charge radii approximately follows the liquid-drop
relation /(r2) oc A'/? with A being the mass number.
The measured radii display local variations around the
average trend, which signal various nuclear structure ef-
fects; a kink in an isotopic chain of rms charge radii at nu-
cleonic shell closures is one such feature [I0]. The under-
lying structural mechanism behind this discontinuity still
remains elusive and even might vary for different shell clo-
sures. The possible explanations range from shifts of nu-
cleonic shells due to the spin-orbit potential [I1], beyond
mean-field correlation effects due to zero-point fluctua-
tions [I2] and configuration mixing [I3], changes in shell
occupations [I4], [15], and density-dependent spin-orbit
potentials [16, 17]. Another subtle feature is the odd-
even staggering with A, which has been explained [18] in
terms of the density-dependent pairing interaction. Both
features are clearly visible in the Ca chain and it has been
a major challenge for nuclear theory to understand the
intricate pattern. In particular the almost equal values of
40Ca and *8Ca radii with eight more neutrons added was
discussed in terms of the novel density dependence of en-



ergy density functionals [I7HI9] and recently reproduced
by ab-initio coupled cluster calculations with optimized
two- and three-body interactions [20] [21].

Regardless of the actual mechanism, trends in rms
charge radii carry extremely valuable information on nu-
clear interactions and many-body nucleonic dynamics.
The main objective of the present study is to investi-
gate how the pattern of rms charge radii around N = 28
changes when moving from semi-magic Ca isotopes to
Fe isotopes, where the neutron-proton polarization ef-
fects are stronger. The charge radii of neutron-deficient
52,53Fe below the N = 28 neutron-shell closure were de-
termined, which is the heaviest element that crosses N =
28 after Mn isotopes [22], where a kink similar to Ca was
observed. The results are discussed within the framework
of the self-consistent nuclear density functional theory.

Ezxperiment — The experiment was performed at
the National Superconducting Cyclotron Laboratory at
Michigan State University. The radioactive >?Fe (T} 2=
8.28 h, I™ = 0%) and ®3Fe (8.52 m, 7/27) ion beams
were produced by fragmentation of a 160-MeV /nucleon
58Ni beam in a Be target. The °2Fe or °3Fe beams were
selected through the A1900 fragment separator [§], ther-
malized in a gas stopper [9], and extracted as singly-
charged-ions at an energy of 30 keV. The Fe™ beam was
transported to the BEam COoler and L Aser spectroscopy
(BECOLA) facility [23] 24], where the beam was injected
into a Radio Frequency Quadrupole cooler/buncher [25].
The trapped ion beam was extracted at an energy of
29856(4) V as ion bunches for the bunched-beam collinear
laser spectroscopy [26, 27]. A charge-exchange cell
[28, 29] containing sodium vapor was used to neutral-
ize the incoming Fe™ beam for laser induced fluores-
cence measurements on the 3d%4s% 5D, < 3dS4sdp 5F;
transition in Fe T at 372 nm [30]. A Sirah Matisse TS
Ti:sapphire ring laser was used to produce 744 nm light.
A Spectra Physics WaveTrain generated 372 nm light by
frequency doubling the 744 nm light.

Ion beams of stable *°Fe were produced using a Pen-
ning Ionization Gauge ion source [29]. The Fe beam
was introduced into the BECOLA beam line every several
hours throughout the experiment and hyperfine spectra
were measured as a reference to determine the isotope
shifts and to monitor the time dependent centroid shift.

Ezxperimental results — The hyperfine spectra of
5253Fe and the reference *Fe are shown in Fig. [1l The
reduced chi squares of the fits were x?/v = 1.06 and
1.00 for ®2Fe and 53Fe, respectively. Isomeric states of
Fe were present in the beam but did not affect the mea-
surements due to their small production fractions to the
ground state of 0.30(1)% and 5.0(2)% for 52Fe and 53Fe,
respectively. The isotope shifts were obtained as §1°6:52
= —1.839(3)(6) GHz and 015653 = —1.252(4)(5) GHz,
where the first and second parentheses are the statistical
and systematic errors, respectively. The systematic error
is dominated by the uncertainty of 11 V of the potential,

at which the ions were released from the cooler/buncher.
The differential mean-square (ms) charge radius
§(r2)AA" = (12)A" _ (r2)4 can be obtained from the iso-
tope shift of atomic hyperfine structures between isotopes
A and A’ with k and F, being the mass and field shift
coeflicients, respectively, and m the atomic mass:

SyAA = A A A T A + Fel(5<r2>A’A/. (1)
marma

Here k = knus + ksvs with knvs = vme, where knuvs
and kgys are the normal and specific mass shift co-
efficients, respectively, v is the transition frequency of
the reference isotope and m. is the electron mass. The
k and F, were computed using the multi-configuration
Dirac-Fock (MCDF) method [32] as implemented in the
GRASP2k package [33]. The RIS3 module [34] was uti-
lized to compute k, while Fy; was calculated by a pro-
cedure described in [35] B6]. The results of these calcu-
lations are summarized in Table [l Model I is a single-
reference calculation, where the wave-function expan-
sion in terms of configuration-state-functions is gener-
ated by virtual single and double excitations from the
ground configuration 3d%4s? and the excited configura-
tion 3d%4s4p into several layers of correlation orbitals
with ¢ < 4. Since the result is clearly unbalanced as
AFE is significantly too low, Model II was constructed
with a multi-reference set that also contains 3d®4p? and
3d"4p in addition to the ground and excited levels, re-
spectively. Computational limitations permitted three
correlation layers. A fourth correlation layer was added
in Model III by limiting ¢ < 3. Since the fourth layer
has a negligible impact on the results, a good conver-
gence with respect to the valence-valence correlation was
confirmed.

The Fy is slightly lowered by the multi-reference set
and in good agreement with the experimental value [37],
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FIG. 1. Hyperfine spectra of 525%°0Fe. The open circles are
the data and the solid lines are best fits of an asymmetric
Voigt profile [28| [3T] to the data.



which has a 50% uncertainty. Since the open d-shell did
not permit an accurate accounting for core-correlation ef-
fects, the effect of core polarization was estimated in a se-
ries of calculations with purely single excitations from the
Ar core. This resulted in a variation of ~0.02 GHz/fm?
on F,. The F, was finally determined to be F, =
—0.52(8) GHz/fm?, where a 15% error was conservatively
assumed for the remaining neglected correlation with the
core. The k is much more sensitive to correlation effects
and changes drastically in the multi-reference models (II
and III) as compared to the first single-reference com-
putation, and also smaller than the experimental value
[37). Alternatively, the & may be evaluated using the
King plot analysis [39] with the §(r?) of stable isotopes
evaluated from electron-scattering and muonic-atom ex-
periments [40], and the 6v44" [37] of the transition used
in the present work. A linear regression analysis was
performed with the slope fixed to the calculated value of
F.1, and both uncertainties of d(r?) and dv being con-
sidered, where the systematic uncertainties of the Bar-
rett radii [41] were also taken into account. The ob-
tained semi-empirical value of k = 1353(43) GHz amu

together with the calculated Fy; result in 5<r2>56’52 =

—0.034(13)(110) fm?2 and 6 (r2)°>*° = —0.218(13)(91)
fm?, which are summarized in Table [[I} Here the first
and second errors are the quadratic sum of the statistical
and systematic errors on v°%4 | and uncertainties on the
atomic factors, respectively.

DFT Models — The rms charge radii of Fe and Ca iso-
topes were predicted by means of nuclear density func-
tional theory (DFT) [42], which is particularly well-suited
for the microscopic description of complex nuclei. At
the heart of nuclear DFT lies the energy density func-
tional (EDF) that characterizes the effective interactions
between nucleons; the coupling constants of the EDF
are usually adjusted to experimental data, including rms
charge radii and binding energies [42H45]. The rms charge
radii were calculated from self-consistent proton densities
corrected by proton and neutron form-factors and spin-
orbit contributions.

Two Skyrme EDFs, SV-min [43] and UNEDFO [44],
as well as two Fayans EDFs, FaNDF° [45] and DF3-

TABLE I k (GHz amu) and Fy (GHz/fm?) calculated by the
MCDF method for the ®D, — °Fs transition in Fe . AE
(ecm™') is the transition energy and CSF is the number of
basis functions.

AE knws ksms Fo CSF
Model I 24805 318 438 —0.55 466254
Model I1 26462 279 776 —0.52 700531
Model IIT 26392 294 746 —0.52 752942
exp. 37 26874.55 441.07 950(140) —0.60(31)

theory [38] 734
adopted 441.97 911(43)

~0.52(8)

a [19], were used. The Skyrme EDFs contain all con-
ceivable bi-linear couplings of densities and currents
up to second order in derivatives, and the correspond-
ing density-dependent pairing functional is of mixed
type [46]. Fayans EDFs have a more complex depen-
dence on particle densities that stems from a fractional
form of their density-dependent couplings, and contain
a Coulomb-nuclear correlation term. The pairing func-
tional of Fayans EDFs effectively accounts for the cou-
pling to surface vibrations and contains the novel density-
gradient term, which is essential for explaining the odd-
even staggering in rms charge radii [I§]. The coupling
constants of the pairing functional were adjusted to one-
neutron separation energies of the specific isotopic chain,
and other coupling constants, determined from fits to
ground-state properties of magic nuclei, were common to
both Ca and Fe.

Since zero-point quadrupole fluctuations, important
for transitional nuclei, are missing in Skyrme EDFs,
quadrupole correlations were considered. This was done
in the framework of the multi-reference DFT at the level
of the Gaussian-overlap approximation [47, 48]. The
Fayans calculations were carried out under the assump-
tion of a spherical nuclear shape. Blocking calculations
for odd-A systems were performed by means of the stan-
dard uniform filling approximation.

Discussion — The measured and predicted values of
charge radii along the isotopic chains of Fe and Ca, and
neighboring isotopes are shown in Fig.[2l An appreciable
minimum at N = 28 can be identified in the experimen-
tal rms charge radii for Fe with the addition of new data
on °2%3Fe, and the values of §(r?)*%52 and §(r?)54°¢ are
similar. The Ca chain exhibits a parabolic behavior with
a strong odd-even staggering between the almost identi-
cal values of °Ca and 3Ca. Above **Ca, experimental
rms charge radii increases rapidly, reaching a large value
at ®2Ca, which is difficult to explain in microscopic theory
[21]. Above N = 28, K [51], Cr [40], and Mn [22] chains
show a trend similar to the Ca chain. However, the Mn
and Fe chains have similar values at N = 26 showing
rapid increase also below N = 28, which deviates from
the Ca trend. The large Fe radius at N = 27 indicates a
smaller odd-even staggering effect in the Fe chain.

TABLE II. §(r?) (fm?) for 2~°8Fe isotopes. The §(r?)**4 of
this work is obtained using the 5(7’2)56’54 [40].

A §(r?)®e4 §(r?)>4 Ref.
52 —0.034(13)(110) 0.282(14)(73) This work
53 —0.218(13)(91) 0.097(14)(35) This work
54 —0.316(5) 0.00 0]
56 0.00 0.316(5) 0]
57 0.125(6) 0.441(6) 0]
58 0.285(6) 0.601(6) 0]
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FIG. 2. rms charge radii (top) of the isotopic chains of Ca
(left) and Fe (right), and differential ms charge radii (bottom)
of K - Fe (left). Data are taken from Refs. [21] 22] 40, [49H5T]
and this work. The uncertainties in the atomic factors are
marked by shading. Calculations with SV-min and UNDEF0
EDFs were performed for even-even mass isotopes only. The
inset shows one-neutron separation energies for the Fe chain.

The predictions of single-reference DFT calculations
with UNEDF0 and SV-min for the Ca chain, shown
in Fig. 2| by dashed lines, are typical of Skyrme func-
tionals that have been calibrated to experimental rms
charge radii: they overestimate rms charge radii for
both °Ca and #8Ca, and are unable to reproduce ei-
ther the kink at N = 28 or the local maximum at 44Ca
[15, 21]. The situation around #4Ca is only slightly im-
proved when quadrupole correlations are added (solid
lines), but the pattern in neutron-rich Ca isotopes de-
teriorates [2I]. Fayans-DFT calculations of the Ca chain
for both FaNDF? and DF3-a reproduce the experimental
rms charge radii well, including the odd-even staggering
[18, [19]. While the value of §(r?)48:52 is still underesti-
mated, the overall trend is predicted correctly.

The single-reference Skyrme-DFT calculations with
UNEDFO and SV-min for the Fe chain (dashed lines)
predict a minimum at N = 28 but the kink is not as
pronounced as the one in the experimental data. A
more prominent kink is obtained when quadrupole cor-
relations are added (solid lines). The reason for this is
given in Fig. |3] which shows that the considered Fe iso-
topes are predicted to be quadrupole-soft, and °?Fe is
even expected to be deformed (also see experimental ev-
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=
T

c
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=
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Energy (MeV) §

FIG. 3. rms charge radii (top) plotted relative to /(r?) at
N = 28; 32 = 0, and potential energies (bottom) for the Ca
(left) and Fe (right) chains calculated with UNEDFO as a
function of 2. Results with SV-min (not shown) are similar.

idence [52]) with the quadrupole deformation parame-
ter of By ~ 0.22. Since the calculated rms charge radii
of %2Fe and ®*Fe are very similar around the spherical
shape, larger quadrupole correlations in °?Fe impact its
rms charge radii. The predicted value of 52Fe at the de-
formed minimum is as large as that of 6Fe, and agrees
with the experimental trend. On the other hand, the Ca
isotopes, which are predicted to be spherical and more
rigid with respect to deformation, show a monotonic in-
crease of rms charge radii with V. Therefore, the defor-
mation effect alone cannot account for the large value of
§(r?)48:46 seen in the experiment.

Though the odd-even staggering in the Fe chain is over-
estimated, the general agreement between the Fayans
EDFs and experiments is very good for both isotopic
chains. One can shed new light on this superior per-
formance of the Fayans EDFs over the Skyrme EDFs
by comparing their predictions for separation energies in
48Ca, which are summarized in Table As compared
to the Fayans EDF's and experiment, the Skyrme models
systematically under-bind the energies of the hole shells
m(1ds/2) and v(1f7/2), and underestimate the Z = 20
and N = 28 shell gaps. Lower separation energies of
valence shells, and increased quadrupole correlation en-
ergies due to smaller shell gaps at NV = 28 in the Skyrme
EDFs result in larger rms charge radii as compared to the
Fayans EDFs and experiment. The single-particle ener-
gies clearly indicate that the magic nuclei “*Ca and **Fe

TABLE III. Single-particle energies (MeV) in **Ca. The DFT
values extracted from one-nucleon separation energies as in
Ref. [53] are compared to experimental estimates [54].

Orbital SV-min UNEDF0 FaNDF° DF3-a Exp.
7T(1d3/2) —14.8 —14.5 —14.8 —15.9 —-16.2
w(1fz;2)  —10.6 —10.9 —-10.3 -9.7 —-94
v(1fz7/2) —-8.9 —8.6 -9.3 -95 -10.0
v(2ps2) —6.0 —6.3 -5.3 -5.8 —4.6




are less susceptible to deformation effects in the Fayans
models. In the absence of deformation in the Fayans
model, which appears to be important for 2Fe in Skyrme
models, a nice agreement of the Fayans models with ex-
periment for §(r?)5452 can be attributed to a monopole
polarization effect [I§].

The rms charge radius generally increases when
quadrupole correlations are added to the Skyrme EDFs
as seen in Fig. This suggests that a re-optimization
of EDFs by including the rms charge radii of Ca and Fe,
properly corrected by zero-point fluctuations, could be
helpful. In this context, it is noted that a small varia-
tion of the saturation density of the Skyrme functional
by about 0.002 fm~3 would result in a ~0.02 fm change
in rms charge radius [55].

Summary — Bunched-beam collinear laser spectroscopy
was applied for the first time to beams prepared through
an in-flight separation followed by a gas stopping. This
novel scheme complements the capacity of ISOL facili-
ties and opens new opportunities for laser spectroscopy
to explore nuclides far from the stability line. The scheme
was demonstrated for neutron-deficient °2°3Fe, and the
SvAA" of the 4s? 5Dy «» 4sdp 5F5 transition in Fe I
were determined relative to the stable *Fe. The MCDF
method was used to calculate the Fy; with an estimated
error of 15%, which was used to evaluate the ksnmg us-
ing the King plot analysis. The determined values of
§(r?) exhibit a sharp minimum at N = 28 with §(r?)54:52
and §(r?)5%56 being similar. The Fayans-DFT calcula-
tions correctly reproduce overall trends of rms charge
radii in Fe and Ca isotopes. The main factor appears
to be the novel density dependence of the surface energy.
Here, further improvements are expected by extending
the full Fayans-DFT formalism to deformed shapes [50]
and also by adding zero-point multipole correlations.
The Skyrme-DFT calculations suggest that the rise of
§(r?)5452 in Fe is primarily due to deformation effects.
On the other hand, since the Ca isotopes are more defor-
mation rigid, the kink at “8Ca is expected to be less im-
pacted by zero-point quadrupole correlations. The poor
performance of the Skyrme EDFs in Ca can be traced
back to their inability to describe the shell structure of
48Ca |53, 57]. The Fayans EDFs with their rich den-
sity dependence perform better in predicting rms charge
radii of Ca and Fe. In summary, while the N = 28 kinks
in Ca and Fe isotopic chains look similar, the underly-
ing mechanisms are different. The unique data on rms
charge radii around NV = 28 in Ca and Fe isotopes will
be instrumental for further developments of the nuclear
energy density functional.
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