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ARTICLE INFO ABSTRACT

Editor: B. Blank Nuclear moments of the antimony isotopes !'*-133Sb are measured by collinear laser spectroscopy and used to
benchmark phenomenological shell-model and ab initio calculations in the valence-space in-medium similarity
renormalization group (VS-IMSRG). The shell-model calculations reproduce the electromagnetic moments over
all Sb isotopes when suitable effective g-factors and charges are employed. Good agreement is achieved by VS-
IMSRG for magnetic moments on the neutron-deficient side for both odd-even and odd-odd Sb isotopes while
its results deviate from experiment on the neutron-rich side. When the same effective g-factors are used, VS-
IMSRG agrees with experiment nearly as well as the shell model. Hence, the wave functions are very similar in
both approaches and missing contributions to the M1 operator are identified as the cause of the discrepancy of
VS-IMSRG with experiment. Electric quadrupole moments remain more challenging for VS-IMSRG.
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1. Introduction

Electromagnetic moments are intriguing observables of atomic nu-
clei which played a major role in the development of the nuclear shell
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model in the last century [1-3]. While nuclear magnetic dipole mo-
ments are sensitive to the single-particle behaviour of unpaired valence
nucleons, nuclear electric quadrupole moments characterize the non-
sphericity, i.e. deformation, of the nuclear charge distribution [4,5].

Modern, phenomenological formulations of the shell model have
been very successful in describing atomic nuclei [6]. In the case of
electromagnetic moments, this is achieved by introducing effective g-
factors and charges in the respective operators [4]. Their purpose is to
provide an ad hoc representation of higher-order physics such as core-
polarization effects or meson-exchange currents, which is not explicitly
modelled in the shell-model calculations. As a consequence, they need
to be adjusted for different mass regions and model spaces [7,8]. One
major effort in the theoretical description of electromagnetic moments
is hence to provide the underlying, microscopic foundation of effective
g-factors and charges.

The rapid advances in nuclear many-body methods over the last
decade [9-15] have raised the prospect that, in the long term, nuclear
phenomena could be consistently described all across the nuclear chart
when employing nuclear forces which are constructed in chiral effective
field theory and rooted in the symmetries of quantum chromodynam-
ics [16-19]. Such ab initio approaches additionally offer the machinery
to systematically evolve the respective nuclear operators such that ef-
fective g-factors and charges should in principle be derivable from first
principles. While ab initio calculations have made significant progress
also for electromagnetic moments [20-23], remaining systematic dis-
crepancies to experimental data demand further theoretical develop-
ments.

This letter reports spins and electromagnetic moments of the an-
timony (Z = 51) isotopes !'3-133Sb measured via high-resolution laser
spectroscopy. Due to a single valence proton outside the Z =50 proton-
shell closure, the nuclear magnetic moments of odd-even Sb isotopes are
expected to follow single-particle behaviour and can be well described
by conventional shell-model considerations. In this study, the experi-
mental data is compared to large-scale shell-model calculations and the
valence-space in-medium similarity renormalization group (VS-IMSRG)
[24,25], a leading ab initio method. While individual magnetic moments
of Sb isotopes have been calculated in Refs. [26-28], the theoretical ap-
proaches employed in the present work utilize the same valence-space
diagonalization. Hence, the full comparison of these two theoretical
models in respect to the experimental data as well as the artificial use
of the shell model’s effective g-factors and charges in VS-IMSRG al-
lows an investigation of the operator construction and renormalization
within VS-IMSRG separated from the obtained nuclear wave functions.
Conducting such a study in Sb isotopes is of special interest when ab
initio theory has just begun to expand its reach beyond the shell closure
Z =50 and into heavier systems.

2. Experiment and analysis

Details of the experiment have already been outlined in Ref. [29].
In brief, radioactive antimony (Sb) isotopes were produced at the ra-
dioactive ion beam facility ISOLDE-CERN [30]. Neutron-deficient Sb
isotopes were generated directly from proton collisions with an ura-
nium carbide target. For neutron-rich isotopes, a neutron converter was
utilized to enable neutron-induced fission of uranium which suppressed
contamination. Following selective resonant laser ionization [31] and
mass separation, cooled ion bunches were prepared in a radio-frequency
quadrupole cooler and buncher [32]. These ion bunches were trans-
ferred at energies of around 50 keV to the COLLAPS beam line, where
they were collinearly overlapped with a narrowband continuous-wave
laser beam. After the ions were neutralized in a charge-exchange cell,
photons emitted from resonantly excited Sb atoms were detected by
four photomultiplier tubes. Scanning the laser frequency was achieved
by altering the floating potential of the charge-exchange cell and thus,
the atoms’ kinetic energy. A frequency-quadrupled Ti:Sa laser at 217 nm
was driving the atomic transition 5525p> 4S; , — 55*5p*6s *P; 5.
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Fig. 1. Hyperfine spectrum of ''*Sb in the 55%5p® *S;, — 55*5p?6s *P;, transi-
tion including a scheme of the hyperfine splitting. The frequency is given as an
offset from the transition frequency (45945.340(5) cm~' [33]).

In this manner, hyperfine spectra of !'3-133Sb (N = 61 — 82), in-
cluding long-lived isomeric states, were recorded. A spectrum of !13Sb
is shown in Fig. 1. The hyperfine parameter A and B were obtained
for the lower and upper level of the transition by fitting the hyper-
fine spectra with the SATLAS package [34]. Table 1 lists all measured
hyperfine parameters A and B in comparison to literature. Bj,ye Was
too small to be properly extracted from the data. Hence, the ratio of
Bypper/ Biower Was fixed to 128.6(6) for the analysis [29]. This ratio was
obtained by constraining Bj,yer of '2!123Sb to the literature values from
Ref. [37] during the fit and then taking the weighted average of both
isotopes.

For several isotopes the spins had been only tentatively assigned in
the literature [40]. Except for the I” = 8~ states in '22Sb and !32Sb, all
observed states were firmly assigned by using different spins for fitting
the spectra and determining the minimum of y? (see Refs. [29,41] for
details). Due to systematics from other odd-odd isotopes with an 8~
state and the tentative assignment in Ref. [40], I” = (87) will be used
in the following for 122Sb and !32Sb.

3. Calculation of the hyperfine anomaly

To extract the magnetic moments u from the measured hyperfine
parameters A with the help of a reference isotope with known u, the
hyperfine anomaly [42,43] has to be taken into account; see below in
Sec. 4. The relevant differential anomaly A may be expressed in terms
of the difference in the Breit-Rosenthal (BR) and the Bohr-Weisskopf
(BW) effects for the considered isotopes [42,43],

ARG op—6+€—¢€, (D)

ref

where the BR contribution § to the hyperfine structure arises from the
finite distribution of nuclear charge and the BW effect ¢ from the fi-
nite distribution of nuclear magnetisation. The former is taken into
account through the modelling of the nuclear charge distribution in the
relativistic Hamiltonian for the atomic electrons; we use a Fermi distri-
bution with a skin thickness of 2.3 fm and rms charge radii estimated
from an empirical interpolation formula [44]. The latter is considered
through a modification to the hyperfine operator; to obtain this, we
use the nuclear single-particle model with the unpaired nucleon wave
function found in the Woods-Saxon potential and spin-orbit interaction
included [45-47]. The orbital g-factor contribution is taken to be that
of a free nucleon, and the spin g-factor contribution g, is obtained from
the (uncorrected) measured value for the magnetic moment, using a
similar procedure as in Ref. [47]. For even isotopes with a proton and
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Hyperfine parameters A and B from the lower (55*5p° *S; ;) and upper (5s*5p*6s *P; ;) level for all measured Sb isotopes in comparison to

literature. Note that B, of '2!'2*Sb was fixed to the given literature values, while By, for all other isotopes was derived from B
using the B-ratio Byp,e/ Biower = 128.6(6), which was fixed in the fit of the hyperfine spectra. Ay, and B

upper

upper O '22Sb slightly changed

compared to the previous publication of this work [29] based on re-analysis. '2"'33Sb are not affected by the re-analysis and the same values

from Ref. [29] are given for completeness. Isomers are indicated by A™.

Ajower / MHzZ Aypper / MHZ Bigwer / MHzZ B pper / MHZ

A 1" Exp. Lit. Exp. Lit. Exp. Lit. Exp. Lit.

113 5/2t -303.0(6) 528.9(6) -3.85(3) -494(3)

115 5/2t -307.3(3) -307.68(19) [35]  539.2(2) -3.71(3) -3.7(5) [35] -478(4)

116™ 8" -64.49(7) 112.94(6) -6.22(3) -800.0(14)

117 5/2¢ -311.9(2) -305(5) [36] 546.5(2) -3.56(2) 3(21) [36] -458.3(13)

118" 8- -65.83(4) 115.31(4) -5.28(3) -678.8(8)

119 5/2¢ -307.0(2) -307.16(6) [35] 537.9(2) -3.64(2) -3.8(4) [35] -468.1(10)

120m 8- -65.38(6) 114.67(4) -4.69(2) -603.1(11)

121 5/2F -299.03) -299.034(4) [37]  523.8(5) 519(6) [38] -3.68(2) [37]  -471(2) -480(15) [38]

122™ (8" -39.8(2) 70.3(2) -4.28(5) -550(6)

123 7/2¢  -162.58(8)  -162.451(3) [37]  285.20(8)  282(4) [39] -4.67(3) [37]1  -602.7(7)

124 8- -32.80(9) 57.38(10) -2.88(2) -370(2)

125 7/2¢ -168.2(2) 294.7(2) -4.30(3) -553(2)

126 8" -31.51(7) 55.54(7) -1.847(13) -237.5(13)

127 7/26 -175.7(2) 307.9(2) -3.90(2) -501(2)

128 8" -32.79(13) 57.7(2) -0.962(11) -123.7(13)

129 7/2¢  -183.1(3) 321.3(3) -3.37(3) -433(4)

130 8~ -34.97(8) 61.78(8) -0.220(13) -28(2)

131 7/2t -189.7(2) 333.2(2) -2.72(3) -350(3)

132m (87 -38.15(15) 66.9(2) 0.29(3) 38(3)

133 7/2¢ -196.1(2) 343.7(2) -2.06(2) -265(2)
neutron contribution to the BW effect, the g, contribution for the pro- 4. Results

ton is found from a neighbouring odd isotope, and that for the neutron
from the considered isotope [48]. For isotopes with different nuclear
spins, the difference in BW effects typically dominates; however, when
the spins are the same the differential BW effect may be very small, and
accurate account of the differential BR effect may be important.

To evaluate the differential anomalies A in the atomic state
55s25p®4S;,, we perform the calculations in two stages. First, we de-
termine an isotope-independent electronic screening factor [49] which
relates the effect in the many-electron atom to that in the hydrogen-
like ion, A ~ x,,AH-ke where we take the screening to be the same
for the BR and BW effects. Then all calculations of the nuclear struc-
ture effects may be carried out for the simple case of the corresponding
hydrogen-like ion. We obtained the screening factor x,, = 0.848(24)
through a semi-empirical approach, by comparing the measured dif-
ferential anomaly '22A!?! [43] with the anomaly calculated for the
H-like system in the nuclear single-particle model. We checked this re-
sult with ab initio atomic many-body calculations performed with the
GRASP many-body suite of codes [50], from which we obtained the fac-
tor 0.909, with a larger uncertainty than the semi-empirical value. The
uncertainty assigned to A comes from the uncertainty in the screening
factor and the (dominating) uncertainty in the nuclear single-particle
model and in the modelling of the nuclear charge distribution. We esti-
mate the uncertainty for evaluation of the BW effect for odd isotopes to
be 10%, and 20% for even isotopes. We consider this to be reasonable
based on the good performance of the calculated differential anoma-
lies for nearby atoms of silver and cesium, where experimental data for
several isotopes are available [43,51,52], and because antimony lies
in the region where the single-particle model works well (one proton
away from magic). The calculated differential anomalies are presented
in Table 2.

Nuclear magnetic dipole moments u and electric quadrupole mo-
ments Q were derived from the hyperfine parameters A, and B
with respect to the reference isotope 23Sb:

upper

Al
U= pre———(1 +A4) 2
ref ArefIref
and
B
0= QrefB— s 3)
ref

where A is the differential hyperfine anomaly as calculated above.
Hi23sp Was determined from the results of the nuclear magnetic res-
onance measurement in Ref. [56] applying the diamagnetic correction
from Ref. [55] estimated through systematic considerations. Q,3g, was
calculated by the advanced molecular method from the experimental
nuclear quadrupole coupling constants in SbN and SbP molecules [57].
Since the hyperfine anomaly calculations were performed for the lower
atomic state 5s25p° 4S, /2> only Ajgyer Was used in Eq. (2) to deter-
mine the magnetic moments. Similarly for the quadrupole moments,
only Bp,er was employed due to the fixed B-ratio.

All obtained electromagnetic moments are listed in comparison to
literature in Table 2. Although a large majority of the hyperfine pa-
rameters were measured for the first time in the present work, a series
of electromagnetic moments of Sb isotopes had previously been deter-
mined by other experimental techniques. Our studies of 5/2+, 7/2%, 8~
states in Sb isotopes revealed 5 new magnetic moments and 15 new
electric quadrupole moments and, with the exception of stable '?!Sb,
improved the experimental precision in all other cases, typically by
about one order of magnitude.
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Nuclear magnetic dipole and electric quadrupole moments of Sb isotopes obtained in this work in compar-
ison to literature. The differential hyperfine anomaly A with respect to '23Sb is included in the evaluations
of the magnetic moments (see text for details). Isomers are indicated by A™. All moments are derived by
using '23Sb as reference. Note that the numerical value of the magnetic moment of '**Sb is slightly differ-

ent from the previous publication of this work [29], since A was not included, while A

upper Was considered

(see Ref. [29]). Quadrupole moments of '21133Sb from Ref. [29] are listed for completeness.

u/ py Q/b
A 1" A(%) Exp. Lit. Exp. Lit.
113 5/2% 0.30(6) 3.402(7) -0.568(12)
115 5/2% 0.31(6) 3.450(4) 3.46(1) [35] -0.548(12) -0.546(75) [35]
116™ 8~ 0.09(6) 2.312(3) 2.59(22) [53] -0.92(2)
117 5/2% 0.31(6) 3.502(3) 3.42(6)" [36] -0.526(11) 0.2(12) [36]
118™ 8 0.10(6) 2.360(2) 2.32(4) [54,55] -0.78(2)
119 5/2% 0.32(6) 3.447(3) 3.45(1) [35] -0.537(11) -0.561(60) [35]
120™ 8~ 0.11(6) 2.344(3) 2.34(3) [54,55] -0.692(14)
121 5/2% 0.323(9)° 3.358(4) 3.3580(16) [55,56] -0.541(11) -0.543(11) [57]
122m 3~ -0.38(7) 1.420(7) -0.632(15)
123 7/2* 0 2.5457(12) [55,56] -0.692(14) [57]
124m 8~ -0.59(11) 1.168(3) -0.425(9)
125 7/2% 0.03(3) 2.637(3) 2.63(4) [54] -0.635(13)
126 8~ -0.63(12) 1.121(3) 1.28(7) [58] -0.273(6)
127 7/2% 0.06(3) 2.755(3) 2.70(4) [55,59], 2.59(12) [58] -0.576(12)
128 8~ -0.58(11) 1.168(5) 1.3(2) [58] -0.142(3)
129 7/2% 0.09(3) 2.872(5) 2.79(4) [26,55] -0.497(11)
130 8~ -0.49(9) 1.246(3) -0.033(2)
131 7/2% 0.12(3) 2.976(4) 2.89(4) [26,55] -0.402(9)
132m 3) -0.39(7) 1.361(5) 0.043(4)
133 7/2* 0.14(3) 3.077(4) 3.00(4) [26,55], 3.070(2) [29] -0.304(7)

2 Re-evaluated in the present work by using the updated reference value from Ref. [55].

b Empirical value for differential anomaly, Ref. [43].

Overall the agreement between this work and literature is reason-
able, but a few discrepancies were identified for certain magnetic mo-
ments. In particular, a deviation is apparent for values measured with
nuclear magnetic resonance of oriented nuclei (NMR/ON), where a cer-
tain magnetic hyperfine field By, in iron, taken from Ref. [60], was
used (!108s127.129.13L1336h)  On the other hand, experiments using the
same technique but a different hyperfine field from Ref. [54], show
good agreement with this work (!18m-120m.1256h)  As already discussed in
Refs. [29,41], By from Ref. [54] leads to consistent results for all iso-
topes and should therefore be used in the future. Another disagreement
is found in '26Sb, which was measured with low-temperature static nu-
clear orientation (NO/S). NO/S depends on several input parameters,
which might have introduced an unaccounted, systematic uncertainty.

5. Methods employed in nuclear-structure calculations
5.1. Shell-model calculations

Large-scale shell-model calculations are carried out with the valence
shell consisting of the proton and neutron orbitals {0g;/,, 1ds/5. 25/ 5,
ld3;5,0h,,, }, see Fig. 2. The effective interaction used here is the same
as the one of Ref. [61]; the neutron-neutron and proton-neutron inter-
actions are taken from the SNBG3 [62]. Since Sb isotopes have only
one valence proton, no two-body proton-proton force has to be con-
sidered. The employed V,, contains central, two-body spin-orbit, and
tensor forces [63]. Its central force is scaled by 0.84 to reproduce one-
proton separation energies of Sb isotopes. As presented in Ref. [61],
the evolution of energy spacings among the 5/27, 7/21 and 11/2] lev-
els in Sb isotopes are well reproduced, in which the tensor force plays
a crucial role. Here the shell-model Hamiltonian matrices constructed
by this effective interaction are diagonalized by using the KSHELL code

————————0h11/2

| |

I 1d3/2
[ 1251/2
I

=

y1ds5/2
1097/2

p

Fig. 2. Relevant orbitals for the Sb isotopic chain. All calculation methods
include the full neutron N =50 — 82 valence space. For the shell-model cal-
culations also the full proton Z =50 — 82 valence space (dashed) is used, while
for the ab initio calculations either the sdg7 (dash-dot) or sdg (full line) valence
space is employed.

0g9/2

n

[64], and magnetic dipole moments and electric quadrupole moments
are calculated with the eigenvectors thus obtained. The effective g fac-
tors adopted are (g]', g/) = (1.11,-0.02) and g . = 0.6g, to reproduce the
magnetic moments of 133Sb(7/2;’), 131Sn(3/2?’), and 131Sn(11/21‘). The
effective proton charge e, = 1.6 is determined from !33Sb, since there is
only a single proton contribution to its quadrupole moment in the calcu-
lations due to the closed neutron shell at N = 82. The effective neutron
charge e, = +1.05 is obtained from a fit of all measured quadrupole mo-
ments of this work.

5.2. Ab initio calculations
The valence-space in-medium similarity renormalization group (VS-

IMSRG) [25] approach is used to compute the relevant observables.
This approach is based on the underlying nuclear interaction. Our



S. Lechner, T. Miyagi, Z.Y. Xu et al.

O VS-IMSRG (sdg)

Physics Letters B 847 (2023) 138278

— - VS-IMSRG (sdg7 + eff) [ This work

—— VS-IMSRG (sdg7) Shell model V Literature
A A
113 "7 121 125 129 133 112 116 120 124 128 132
] ] ] ] ] ] ] ] ] ] ] ]
nd
45 Msp(rds2)
2.5 + /g/
4.0 ﬁ\g’/ s
_
T 2.0 A /_/'

3.5 1 - .
;e B g g
= —— - + n_g-
3 3.0 |T=5/2% / —7/299/1;} 1.5 - / 8 0 é /a

ey _9/‘ - V (m
2.5 v v-H o O.g 0
o 1.0 -
2.0 H
Usp(Mg7/2) \/
0.5 -
15 (@) (b)

I I I I I I I I I I I
62 64 66 68 70 72 74 76 78 80 82

N

I I I I I I I I I I I
61 63 65 67 69 71 73 75 77 79 81

N

Fig. 3. Magnetic moments of (a) odd-even and (b) odd-odd ''>-'33Sb isotopes in comparison to shell-model and ab initio calculations within the VS-
IMSRG framework and the EM1.8/2.0 nuclear interaction. 4, indicates the single-particle value for the respective orbital. (sdg) includes the proton orbitals
{089/2, 0872, 1ds5, 2515, 1d3 5 } and (sdg7) the same except 0gy 5, see Fig. 2. “eff” means that the effective g-factors g, .¢ = 0.6, g, = 1.11 and g, = —0.02 from the
shell-model calculations were used instead of the renormalization of the operator. Literature values are taken from Refs. [26,35-37,53-56,58,59,71,72]. Note that
the second literature value of '2'Sb is the first excited 7/2* state (not observed in this work due to its short half-life).

calculation of the electromagnetic moments begins with the nucleon-
nucleon (NN) and three-nucleon (3N) 1.8/2.0 (EM) interaction [65],
expressed with the 13 major shell spherical harmonics-oscillator ba-
sis at the frequency of 12 MeV. The 1.8/2.0 (EM) interaction is fit-
ted to replicate only few-body data, while ground-state energies for
medium- and heavy-mass nuclei [14,66,67] are well reproduced. Ab-
solute charge radii [66] are underestimated though. We employ the
novel storage scheme for 3N force matrix elements [67], which greatly
reduces the required memory and hence, makes converged calculations
of the Sb isotopic chain feasible. With a sufficiently large truncation
of Ej..« =24, all observables studied in this work are converged. We
include approximate 3N forces between valence-space nucleons with
the ensemble normal ordering technique [68], and truncate many-body
operators at the two-body level, which is known as the IMSRG(2)
approximation. Effective valence-space electromagnetic operators rel-
evant to this work are also decoupled with the same transformation
as the Hamiltonian [20], enabling us to include core-polarization ef-
fects in a non-perturbative way [25]. In the current study, using the
multi-shell approach of Ref. [69], our valence space spans the proton
{0g7/2, ld5/2,2s|/2, 1d3/2} and neutron {0g7/2, 1d5/2,2S1/2, 1d3/2,0h“/2}
orbitals above the '°Sn core, see Fig. 2. For selected isotopes, addi-
tional calculations were performed including the proton orbital Ogy ;.
The VS-IMSRG decoupling is performed with the imsrg++ code [70],
and the full valence-space diagonalizations and corresponding one-
and two-body transition-density calculations are done with the KSHELL
code [64].

6. Discussion
6.1. Magnetic moments

In the single-particle picture, up to 2!Sb, the single proton of an-
timony outside the Z =50 core is located in the 1ds,, orbital, while

from !23Sb onwards, the Og, /2 orbital is occupied. This change in pro-
ton orbital is evident in the spins and magnetic moments of odd-even Sb

isotopes in the ground state as shown in Fig. 3a which also features the
magnetic moment of the first excited state of 12!Sb with I =7/2 [72].
The magnetic moments for both states are rather far away from the re-
spective single-particle moment as already discussed in Refs. [26,29].

Shell-model calculations show excellent agreement with experiment
when choosing appropriate g-factors for valence proton and neutron.
Ab initio calculations within the VS-IMSRG framework, using bare g-
factors, and the EM1.8/2.0 interaction also reproduce well the absolute
values for Sb isotopes with A < 121, where the proton occupies the
lds,, orbital, although the relative trend differs from experiment. On
the neutron-rich side (A > 122), the trend agrees nicely, but in contrast
to experiment, VS-IMSRG yields magnetic moments with absolute val-
ues close to the single-particle moment of the Og;/, orbital. A similar
behaviour had been observed for realistic shell-model calculations of
133Sb and higher-mass isotones in Ref. [29] for which the Ogy, orbital
below Z =50 had to be included for good agreement with experiment.
This had been attributed to proton excitations of the M1 type between
the spin-orbit partners 0Og;/, and 0gy,, which have a particularly strong
impact on magnetic moments where the 0g;, orbital is involved. There-
fore, additional ab initio calculations were performed for '01.131-133gh
with a ®Zr core to include the proton 0Og,g /2 orbital, see Fig. 2 (due to
computational limitations, only isotopes next to a neutron shell closure
could be calculated). This shifts the VS-IMSRG result closer to the ex-
perimental data, see green circles in Fig. 3a. Note that the addition of
the 0gy, orbital into the VS-IMSRG model space has no significant in-
fluence on the magnetic moments of the 5/2% states, as verified for the
5/2* state in '°'Sb. Analogously, the inclusion of the 0y, /, orbital did
not alter the results on the magnetic and quadrupole moments.

The remaining difference between ab initio calculations and experi-
ment of ~ 0.5y might be caused by meson-exchange currents (MEC)
presently not considered in VS-IMSRG. Stone et al. [26] explicitly cal-
culated the contributions from core polarization and MEC for '33Sb,
albeit in a different model. Interestingly, the obtained MEC contribu-
tion of 0.52 uy to '33Sb’s magnetic moment would correspond to the
amount by which the VS-IMSRG misses the experimental target. This
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Fig. 4. Quadrupole moments of (a) odd-even and (b) odd-odd !'>~'33Sb isotopes in comparison to shell-model and ab initio calculations within the VS-IMSRG
framework and the EM1.8/2.0 nuclear interaction. (sdg) includes the proton orbitals {0gy/»,0872, 1ds /2,25, 1d3,} and (sdg7) the same except 0gy 5, see Fig. 2. “eff”
means that the effective charges e, = 1.6 and e, = 1.05 from the shell-model calculations were used instead of the renormalization of the operator. Literature values

are taken from Refs. [35,36,57,76,77].

motivates the inclusion of MEC into future VS-IMSRG calculations for
Sb and other heavier systems which is work in progress. Their explicit
ab initio application is currently limited to light nuclei [73-75].

For the shell-model calculations, effects such as core polarization
and MEC are covered by effective g-factors, which were chosen to
give the best agreement with experimental data. Since shell-model and
VS-IMSRG calculations both employ the same valence-space diagonal-
ization, the approaches differ in their nuclear interactions within the
respective valence space as well as the magnetic-moment (M1) opera-
tor and, thus, g-factors. The ambition of an ab initio method is - per
definition - to derive the g-factors from first principles. For purely di-
agnostic purposes, however, it is rewarding to artificially employ the
effective g-factor of the shell model in the VS-IMSRG calculation, see
VS-IMSRG (sdg7 + eff) in Fig. 3a. Although the relative trends are still
better reproduced by the shell model, the VS-IMSRG result based on ef-
fective g-factors closely matches experimental data. This reveals that
the parts of the nuclear wave functions relevant for magnetic moments
are similar in both methods. Hence, on this aspect, the EM1.8/2.0 inter-
action potential is almost on par with its phenomenological counterpart
when looking at magnetic moments. Thus, the comparison of u obtained
from the conventional shell model with those calculated by combin-
ing ab-initio wave functions with the artificial use of effective g-factors
identifies shortcomings of the M1 operator as the cause for remaining
discrepancies to experiment in the proper VS-IMSRG calculation of Sb
magnetic moments. As the previous discussion suggests, one missing
piece might be the lack of MEC which will hence become subject of
future ab initio work.

To further validate this perspective, we turn to our newly mea-
sured magnetic moments of 8~ states, plentifully found as ground or
isomeric states along the chain of odd-odd !'>~132Sb isotopes. Here the
valence neutron occupies the 0k, /, orbital. Despite the same spin/par-
ity, a structural change manifests itself by a sudden discontinuity in u
between N =69 and N =71 as shown in Fig. 3b. Once again, this is
due to the proton orbital change from 1ds,, to Og;/,. An overall good
agreement with odd-odd magnetic moments is obtained by shell-model

calculations with effective g-factors. Subtle features, such as the mo-
ments of '20Sb and '22Sb, are not fully reproduced.

Similarly as for the odd-even isotopes, ab initio calculations work
fairly well on the neutron-deficient side for 8~ states in odd-odd iso-
topes, while largely underestimating the absolute values on the neutron-
rich side. Including the 0gy/, orbital for '32Sb in the VS-IMSRG cal-
culations brings the theoretical value very close to experiment. This
indicates that also for the odd-odd Sb isotopes with the proton in the
0Og7/, orbital, contributions of proton excitations from 0Ogy/, to Og7/,
can be significant for magnetic moments. When utilising the shell mod-
el’s effective g-factor in the VS-IMSRG calculation without considering
the proton 0gy, orbital, both models reach again good agreement for
neutron-rich magnetic moments, while the agreement for VS-IMSRG is
not as good on the neutron-deficient side, see Fig. 3b.

6.2. Quadrupole moments

The quadrupole moments of odd-even Sb isotopes also exhibit the
change in proton occupation between A = 121 and A = 123, see Fig. 4a.
A rather constant trend is seen for the quadrupole moments on the
neutron-deficient side. Such a behaviour is expected in the mid-shell
region of an isotopic chain [4]. For A > 123, a parabolic trend is observ-
able in which the absolute values of the quadrupole moments decrease
while approaching the shell closure at N = 82. Similar trends have been
found in the Pb region [4] as well as in In [23] and an analogy can
be made for Sb: An increasing number of neutron holes in the A/,
orbital interacting with the single proton causes an enhanced deforma-
tion, which explains this trend in quadrupole moments.

Quadrupole moments of odd-odd 8~ Sb isotopes show an almost
steady decrease from a rather large oblate deformation of Q ~ —1 b at
1128} to a spherical shape at '32Sb with Q ~ 0 b. A small kink in Q can
be observed at N =71, possibly again due to the proton-orbital change.

Calculations in the phenomenological shell-model yield very good
agreement for quadrupole moments of odd-even and odd-odd Sb iso-
topes. As already observed in earlier studies, ab initio theory often strug-
gles with electric quadrupole (E2) observables [12,20,22,23,25,78,79].
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Therefore, the rather large underestimation of quadrupole moments of
Sb isotopes in the VS-IMSRG calculations in Fig. 4 is expected. Even
with the use of the shell model’s effective charges, absolute values
obtained via VS-IMSRG for the odd-even isotopes show a significant dis-
crepancy. Moreover, in the mid-shell region (N =70 — 74), the relative
trends are somewhat different, too. However, quadrupole moments of
the 8~ in the odd-odd isotopes are fairly well reproduced with effective
charges. Compared to the shell-model results, the current VS-IMSRG
framework seems to provide insufficient many-body correlations within
the valence space, in addition to the missing strong E2 operator renor-
malization.

7. Summary

The antimony isotopic chain has been probed by collinear laser
spectroscopy, revealing nuclear spins, magnetic dipole and electric
quadrupole moments of !'3-133Sb. Phenomenological shell-model calcu-
lations show excellent agreement to experiment for both magnetic and
quadrupole moments along the isotopic chain, once appropriate global
effective g-factors and charges are chosen.

By exploiting the valence-space in-medium similarity renormaliza-
tion group (VS-IMSRG) together with the chiral EM1.8/2.0 nuclear
interaction good agreement with experiment is achieved for magnetic
dipole moments of neutron-deficient Sb isotopes. On the neutron-rich
side, deviations from experiment are observed. To reproduce the mea-
surement data, core excitations from the Ogy /2 into the Og; 2 orbital are
shown to play an important but not necessarily sufficient role. Since
the artificial use of the shell-model’s fine-tuned effective g-factors in
the VS-IMSRG calculations results in good agreement with shell model
and experiment, the present study suggests that the relevant parts of
the VS-IMSRG wave function largely match the one obtained by the
phenomenological shell model. Ongoing ab initio advances, not yet con-
sidered in this work, are thus focused on the magnetic-moment operator
by including currently neglected contributions such as meson-exchange
currents. The present analysis suggests the latter will be a key miss-
ing piece to better understand g-factors from first principles. Electric
quadrupole moments of Sb are underestimated by the ab initio calcu-
lations, as already known from previous work, but relative trends are
reproduced reasonably well.

The presented new experimental data motivated the first ab initio
calculations of electromagnetic moments of an entire isotopic chain
above the shell closure at Z = 50. This marks another important step
of ab initio theory towards heavier nuclear systems.
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