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Nuclear moments of indium isotopes reveal 
abrupt change at magic number 82

A. R. Vernon1,2,3 ✉, R. F. Garcia Ruiz2,4 ✉, T. Miyagi5, C. L. Binnersley1, J. Billowes1, M. L. Bissell1, 
J. Bonnard6, T. E. Cocolios3, J. Dobaczewski6,7, G. J. Farooq-Smith3, K. T. Flanagan1,8, 
G. Georgiev9, W. Gins3,10, R. P. de Groote3,10, R. Heinke4,11, J. D. Holt5,12, J. Hustings3, 
Á. Koszorús3, D. Leimbach11,13,14, K. M. Lynch4, G. Neyens3,4, S. R. Stroberg15, S. G. Wilkins1,2, 
X. F. Yang3,16 & D. T. Yordanov4,9

In spite of the high-density and strongly correlated nature of the atomic nucleus, 
experimental and theoretical evidence suggests that around particular ‘magic’ 
numbers of nucleons, nuclear properties are governed by a single unpaired nucleon1,2. 
A microscopic understanding of the extent of this behaviour and its evolution in 
neutron-rich nuclei remains an open question in nuclear physics3–5. The indium 
isotopes are considered a textbook example of this phenomenon6, in which the 
constancy of their electromagnetic properties indicated that a single unpaired proton 
hole can provide the identity of a complex many-nucleon system6,7. Here we present 
precision laser spectroscopy measurements performed to investigate the validity of 
this simple single-particle picture. Observation of an abrupt change in the dipole 
moment at N = 82 indicates that, whereas the single-particle picture indeed 
dominates at neutron magic number N = 82 (refs. 2,8), it does not for previously 
studied isotopes. To investigate the microscopic origin of these observations,  
our work provides a combined effort with developments in two complementary 
nuclear many-body methods: ab initio valence-space in-medium similarity 
renormalization group and density functional theory (DFT). We find that the inclusion 
of time-symmetry-breaking mean fields is essential for a correct description of 
nuclear magnetic properties, which were previously poorly constrained. These 
experimental and theoretical findings are key to understanding how seemingly simple 
single-particle phenomena naturally emerge from complex interactions among 
protons and neutrons.

The atomic nucleus is formed by strongly interacting nucleons  
(protons, Z, and neutrons, N), packed tightly into a volume around a 
trillion times smaller than that of atoms. Hence, describing the atomic 
nuclei and predicting their properties at extreme values of mass and 
charge are the main long-standing challenges for nuclear science. 
Similar to electrons in an atom, the nucleons (protons and neutrons) 
in the atomic nucleus occupy quantum ‘shells’. Thus, nuclei with a 
single valence particle or hole around a nuclear closed shell provide 
important foundations for our understanding of the atomic nucleus. 
Their simpler structure vastly reduces the complexity of the quantum 
many-body problem, providing critical guidance for the development 
of nuclear theory.

Recent advances in our understanding of the strong interaction and 
the development of many-body methods, combined with escalation 

in computer power, have enabled theoretical descriptions of increas-
ingly complex nuclei. Isotopes around the proton closed shell Z = 50, 
are now the frontier of ab initio calculations9,10. The properties of these 
nuclei can be described by complementary many-body methods such 
as configuration interaction methods4 and nuclear DFT11. This has led to 
an increased focus on studying this region of the nuclear chart (around 
Z = 50, N = 50, 82) over the past decade2,8,12–14.

Here we present measurements of two fundamental properties 
of indium isotopes using precision laser spectroscopy: the (spec-
troscopic) magnetic dipole moment, μ, and the electric quadrupole 
moment, Q. Measurements were performed for the neutron-rich In 
(Z = 49) isotopes, reaching up to 131In, which possesses a magic number 
of N = 82 neutrons (see Methods for details). With a single-proton-hole 
configuration with respect to the well-established2,8,14 proton closed 
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shell of Z = 50, the low-energy structure of the odd-mass indium iso-
topes is expected to be governed by a single-hole configuration in the 
proton orbit π1g9/2.

As we show here, the nuclear magnetic dipole moments of odd-mass 
indium isotopes are determined by the total spin distribution of the 
nucleus induced by the unpaired valence proton hole. This is sche-
matically illustrated at the bottom right of Fig. 1. The nuclear electric 
quadrupole moment provides a complementary measurement of 
the nuclear charge distribution and is highly sensitive to the collec-
tive motion of all nucleons15. These observables together therefore 
explore distinct aspects of the nucleon distribution and measuring 
them across a large range of neutron numbers allows a unique insight 

into the evolution of the interplay between single-particle and collec-
tive nuclear phenomena.

Previously, the magnetic moments of the ground state Iπ = 9/2+ of 
indium isotopes were known to exhibit remarkably little variation over 
22 isotopes, from A = 105 to 127 (see Fig. 1b open symbols)7. The constant 
value of the magnetic moment over such a long range of isotopes has 
been presented as an archetypal example of the independent-particle 
behaviour of single-particle states near a proton shell closure6,7. ‘How 
do these seemingly simple patterns emerge from complex interactions 
among protons and neutrons?’ and ‘Do they prevail at extreme number of 
neutrons?’ are two principal open questions that we address in this work.

In addition to the ground state, the indium isotopes can also exist in 
excited nuclear configurations with relatively long lifetimes—isomers—
with spin Iπ = 1/2−. These isomeric states provide further insight and are 
expected to be described by a single-hole configuration based on a dif-
ferent proton orbital (π2p1/2). However, in contrast to the Iπ = 9/2+ states, 
the μ values of these isomeric states exhibit notable variations (see Fig. 3), 
posing a three-decades-long puzzle in our description of these nuclei7.

To unravel the microscopic origin of the electromagnetic properties of 
these isotopes, we compare our experimental results with two comple-
mentary state-of-the-art theoretical methods: (1) ab initio valence-space 
in-medium similarity renormalization group (VS-IMSRG) calculations9,16, 
which start from nucleon–nucleon interactions derived from chiral 
effective field theory17, and (2) symmetry-breaking nuclear DFT11,18. 
The latter assumes nucleons moving within their own self-consistently 
generated spin-dependent broken-symmetry-confining potential. DFT 
provides a satisfactory description of bulk nuclear properties such as 
radii and binding energies across the whole nuclear chart19–21. Here we 
have developed its symmetry-restored version22 to be able to provide 
accurate calculations of spectroscopic μ and Q moments.

Experimental and theoretical developments
Our measurements were performed using the collinear resonance 
ionization spectroscopy (CRIS) technique at the ISOLDE facility of 
CERN23 (see Methods for details). From the hyperfine structure, we 
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Fig. 1 | Evolution of nuclear electromagnetic properties for the 9/2+ ground 
states of 105–131 In isotopes. a, b, The electric quadrupole moments (a) and 
magnetic dipole moments (b). The horizontal dotted line indicates the 
single-particle value (Schmidt limit). Experimental results are compared with 
theoretical calculations from ab initio VS-IMSRG and DFT. Literature 
experimental values for 105–127In were taken from ref. 7. The evolution of 

collective properties of these isotopes is illustrated at the bottom of the figure: 
left, quadrupole polarization gradually reduces to a single-proton-hole value at 
N = 82; right, the magnetic dipole moments abruptly approach the value for a 
single proton hole in a 132Sn core at N = 82, as the dominant effect changes from 
charge to spin distribution.

50 54 58 62 66 70 74 78 82

N

5.5

6.0

6.5

Schmidt limit

DFT HF core coupling

Iπ = 0+, 1+

0+, all-odd Iπ

Iπ = 0+, 2+

All-even Iπ

All Iπ

Experiment

Experiments in literature

99 103 107 111 115 119 123 127 131

A

Iπ = 9/2+

 (μ
N
)

Fig. 2 | A breakdown of the contributions of the polarized core states. 
Breakdown of the contributions of the polarized core states to the final 
calculated μ values of the Iπ = 9/2+ state from the DFT HF calculations, compared 
with experiment. See text for details.
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extracted the magnetic dipole and electric quadrupole parameters 
Ahf and Bhf of the investigated atomic states, corresponding to the two 
long-lived nuclear states, 9/2+ and 1/2−, present in each isotope. Recent 
improvements in the sensitivity of the technique allowed us to achieve 
high-resolution spectroscopy measurements, despite production of 
the indium isotopes at rates below 1,000 atoms s−1 in the presence of 
large isobaric contamination. To enable these measurements, laser 
ionization spectroscopy schemes had to be developed that are both 
sensitive to low isotope rates from a large background and sensitive 
to nuclear properties through hyperfine structure, in addition to the 
development of increased accuracy atomic calculations for the extrac-
tion of their moments24–26.

We performed ab initio VS-IMSRG calculations (see Methods for 
further details) using two different sets of initial two-nucleon (NN) and 
three-nucleon (3N) forces derived from chiral effective field theory27,28; 
the 1.8/2.0(EM)17 and the more recent N2LOGO (ref. 29). The 1.8/2.0(EM) 
set is constrained only by fitting to properties of two-nucleon, 
three-nucleon and four-nucleon systems. N2LOGO was recently devel-
oped to include Δ-isobar degrees of freedom and is also fit to reproduce 
saturation properties of infinite nuclear matter29.

We performed DFT calculations using both Hartree–Fock (HF) and 
Hartree–Fock–Bogoliubov (HFB) approaches, corresponding to con-
figurations of the nucleus constructed using single-nucleon (HF) or 
nucleon–hole pair excitations (HFB) as basis states, with HFB calcula-
tions introducing pairing correlations. The electromagnetic moments 
of semi-magic ± 1 nucleon systems, such as the indium isotopes, are 
well suited to study DFT time-symmetry-breaking (time-odd) contri-
butions to the mean field30,31, which vary with the time-reversal oper-
ator. These fields are predominantly generated by the two-body 
spin–spin interaction terms, and—up until now—were poorly con-
strained within DFT theory. However, they are of particular interest 
as our understanding of time-reversal-violating mean fields is critical 
to tackle open problems of modern physics, such as the search for 
new physics32–34 and dark matter searches35. Our experimental results 
presented an excellent opportunity to perform and test these develop-
ments. To investigate the relative importance of time-odd fields and 
pairing correlations, DFT calculations were performed by turning ‘on’ 

and ‘off ’ of each effect. See  Methods for more details on the 
symmetry-restored calculations. Contrary to shell-model calculations 
based on empirical interactions, in which effective single-nucleon 
charges and g-factors are used to reproduce nuclear moments data, 
in our DFT and ab initio calculations, we use free single-nucleon 
g-factors and bare nucleon charges. In addition, the Landau param-
eter g′0 was able to be constrained in the DFT calculations by the 131In 
magnetic moment.

The results of both ab initio and DFT types of calculation are shown 
along side the experimental Q and μ moments in Fig. 1a, b, respectively, 
for the 9/2+ states of 105–131In. The μ moments of the 1/2− states are shown 
in Fig. 3. All experimental data are presented in Table 1 and Extended 
Data Table 1, and compared with literature values that exist for 105–127In.

Results and discussion
In the single-particle picture, a proton-hole configuration induces an 
intrinsic polarization of the whole nucleus, as indicated schematically 
in Fig. 1 (bottom left). A gradual decrease in the quadrupole moments of 
the 9/2+ states was previously observed up to N = 78. Our measurements 
show a notably larger decrease at N = 82, indicating a marked decrease 
in polarization (Fig. 1a), as the value expected for the single-proton-hole 
configuration36,37 is reached.

The VS-IMSRG calculations reproduce the experimental trends, that 
is, local variations in neutron number, a dip around N = 64 and a gradual 
decrease towards N = 82. However, the magnitude of the Q is underesti-
mated. The reproduction of the magnitude of the quadrupole moments 
is a known challenge for ab initio nuclear theory, as the Q moments are 
a highly collective emergent property of the nucleus that can require 
the inclusion of extensive many-body correlations38.

Conversely, our DFT calculations are able to closely reproduce the 
overall magnitude of the Q moments. As N = 82 is approached, the agree-
ment with the calculations without pairing (HF) shows that describing 
individual neutron orbitals becomes important. However, owing to 
effects induced by occupying individual neutron orbitals, an inac-
curate staggering with neutron number is also produced, compared 
with HFB. As shown in Fig. 1a, time-odd contributions have a negligible 
effect on Q moments.

In contrast to the Q moments, the μ moments of the 9/2+ states 
were known to exhibit little variation7, which is continued up to 129In 
in our observation. However, we observe an abrupt increase at 131In, 
see Fig. 1b, and the atomic spectra in Extended Data Fig. 1. The extreme 
single-particle magnetic moment of a proton in the πg9/2 orbit, the 
so-called ‘Schmidt’ limit39, is also indicated in Fig. 1b.

Our results now show a value much closer to the extreme single- 
particle limit at N = 82, in agreement with decay spectroscopy and 
moment measurements in the region40–44. The μ value at 131In reaches 
93% of the Schmidt free-particle value and 81–84% for N < 82. However,  
the sudden change in the μ values from N < 82 to N = 82 indicates a 
departure from the single-particle picture for the former, which con-
tradicts the generally accepted conclusions from the earlier magnetic 
moment6,7 and transfer reaction45 studies. Extension of transfer reaction 
studies to isotopes in the N = 82 region would therefore be highly valu-
able and should be possible in the near future with the development of 
experiments at radioactive beam facilities, such as SOLARIS at FRIB46 
and ISS at ISOLDE47.

Owing to the standard angular-momentum coupling rules, the 
nuclear quadrupole moments can be measured only in states with 
I > 1/2. The I = 9/2+ states of the indium isotopes thus provide access 
simultaneously to the nuclear quadrupole moments and nuclear mag-
netic dipole moments. The indium isotopes are therefore a unique 
case to study the effect of single-proton-hole coupling to the nuclear 
core on both observables. This is in contrast to thallium (Z = 81), the 
heavier experimentally accessible proton-hole isotopic chain, which 
has a 1/2+ configuration.
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Fig. 3 | Nuclear magnetic moments for the 1/2− isomeric states of 113–131In 
isotopes. Results are compared with ab initio and DFT calculations. The 
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We find that the inclusion of time-odd fields proves to be the primary 
missing component of the mean field for an accurate description of 
magnetic moments. We observe that, without the time-odd mean fields, 
the DFT value obtained for 131In is close to the single-particle value. 
However, the addition of a spin–spin interaction term corresponding 
to the isovector Landau parameter48 of g′ = 0.820  generates time-odd 
mean fields that result in a perfect agreement between the DFT and 
the experimental 131In magnetic moment. The same value of g′0 was 
kept in lighter indium isotopes, so the reproduced abrupt change of μ 
between 129In and 131In was obtained without further adjustment of 
parameters. The value of g′0 adopted here is about two standard devi-
ations smaller than that of g′ = 1.7(4)0  obtained in the recent global 
analysis of ref. 49, which—for other Skyrme functionals—gave values of 
g′ = 1.3(4)0  and 1.0(4). It is also smaller than that of g′ = 1.20  = 1.2 recom-
mended in refs. 48,50 based on the analysis of the Gamow–Teller β decays 
and better aligned with that of g′ = 0.6(1)0  extracted in ref. 51 from the 
Gamow–Teller response functions; see also discussions in refs. 52,53. 
Further studies are needed to see whether the time-odd mean fields 
can be consistently modelled by the single spin–spin term or a more 
involved description is needed.

To further investigate the abrupt change that was observed at 
N = 82 within the DFT framework, we traced back the properties of 
μ in indium directly to those of their polarized cores. To this end, 
we performed symmetry-restoration HF calculations by filling in 
the deformed odd-proton holes obtained in the self-consistent DFT 
states in indium. In this way, we gained access to the corresponding 
0+, 1+, 2+, 3+, 4+,... states of the polarized tin core. The effect of their 
contributions to μ in indium is summarized in Fig. 2. The coupling to 
the 0+ state of the tin core gives results identical to the Schmidt limit. 

At this point, it is essential to note that, without the time-odd mean 
fields, the core is not spin-polarized and, therefore, its states conserve 
signature symmetry and odd-angular-momentum components van-
ish. The effect of the time-odd mean fields on magnetic moments 
thus proceeds through the coupling to the 1+, 3+,..., 9+ states of the 
polarized core. As shown in Fig. 2, the experimental value in 131In is 
reproduced by adding only the 1+ core state to the 0+. Contributions 
of higher odd-I states were negligible. For the N < 82 isotopes, contri-
butions of the 1+ core states stay approximately constant. Coupling 
of the unpaired proton to the even-I polarized core states, which are 
non-existent at the N = 82 shell closure but appear when the neutron 
shell opens, result in the strong decrease of the magnetic moment 
when moving away from N = 82. Even-I contributions beyond Iπ = 6+ 
were negligible. When combined with the 1+ core polarization contri-
bution, the experimental values are closely reproduced. As the even-I 
core excitations would also be blocked at the neutron shell closure 
of N = 50, a measurement of the magnetic moment at N = 50 would 
thus show its magicity.

Our results highlight an important difference between the HFB and 
HF treatments, which is related to the effect of pair breaking. As the 
neutron pairing vanishes at the shell closure, the calculated magnetic 
moment of 131In is the same for HF and HFB calculations. For isotopes 
with N < 82, the HF calculations, which include the polarization induced 
by the broken neutron pairs, reproduce the steep decrease of the mag-
netic moment, as soon as two holes occur. By contrast, the HFB results, 
which do not entail broken pairs, do not reproduce that decrease. Fur-
ther theoretical developments, such as a multi-reference version of HFB 
to include the mixing of deformed two-quasiparticle excited states, are 
needed in the HFB framework.

Table 1 | The magnetic hyperfine structure parameters, Ahf, measured in this work for the odd-mass 113–131In isotopes and 
corresponding extracted magnetic dipole moment values.

Ahf (MHz)

A I 5p 2P3/2 9s 2S1/2 5p 2P1/2 8s 2S1/2 μa (μN) μLit. (μN)

105 9/2+ +5.675(5)7

107 9/2+ +5.585(8)7

109 9/2+ +5.538(4)7

111 9/2+ +5.503(7)7

113 9/2+ +241.8(8) +130(1) +2,276.0(8) +242.7(8) +5.5264(19) +5.5289(2)55

113 1/2− −87(10) −38(20) −774(50) −90(50) −0.21(1) −0.21074(2)56

115 9/2+ +239.9(5) +130.3(8) +2,281.9(8) +243.3(6) +5.5408(2)a +5.5408(2)57

115 1/2− −96(3) −48(9) −903(20) −66(10) −0.2405(38) −0.24398(5)58

117 9/2+ +241(4) +130(5) +2,277(2) +244(2) +5.5286(43) +5.519(4)7

117 1/2− −106(4) −49(10) −1,028(10) −113(8) −0.276(27) −0.25174(3)7

119 9/2+ +240(4) +130(5) +5.499(62) +5.515(1)7

119 1/2− −132(7) −70(10) −0.342(12) −0.319(5)7

121 9/2+ +243(4) 133(5) +5.575(62) +5.502(5)7

121 1/2− −140(2) −85(6) −0.3600(41) −0.355(4)7

123 9/2+ +238(4) +129(5) +5.442(61) +5.491(7)7

123 1/2(−) −160(2) −80(5) −0.4047(54) −0.400(4)7

125 9/2+ +240.3(6) +129.9(8) +5.496(24) +5.502(9)7

125 1/2(−) −176(7) −90(10) −0.450(17) −0.433(4)7

127 9/2+ +241.8(7) +130(1) +2,278.3(6) +243.8(4) +5.5321(14) +5.522(8)7

127 1/2(−) −171(3) −91(10) −1,613(9) −174(8) −0.4355(24)

129 (9/2+) +243.3(8) +132(1) +2,304.9(9) +244.8(7) +5.5961(23)

129 1/2(−) −156(3) −80(4) −1,434(2) −162(10) −0.3871(6)

131 (9/2+) +275.9(6) +149.3(7) +6.312(14)

131 1/2(−) −20(7) −11(4) −188(20) −20(2) −0.051(3)
aThese μ values were determined using a reference NMR value of μ = +5.5408(2) μN (ref. 57). Lit., literature.
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Previously, the decreasing μ values of the 1/2− isomeric states with 

increasing neutron number (see Fig. 3) were not explained by nuclear 
theory. Our new experimental results for 129,131In show a sudden increase, 
which crosses the extreme single-particle value at N = 82. The results 
are compared with literature values of 115–127In in Table 1. We find that 
the DFT calculations without pairing correlations also provide a 
better description than those with pairing correlations (HFB). The 
introduction of time-odd fields improves the agreement with experi-
ment. However, the pronounced increase at N = 82 is not reproduced 
within this framework, with predictions close to the single-particle 
limit. Yet, the experimentally observed variation, and crossing of the 
single-particle limit at N = 82, suggests that the 1/2− isomers are sensi-
tive to collectivity. Our VS-IMSRG calculations provide some insight 
here. Overall, these calculations provide a good description of the 
previously unexplained trend observed for the magnetic moments of 
the 1/2− states. Analysis of the VS-IMSRG calculations indicates that the 
1/2− state contains a substantial component resulting from the coupling 
between the 9/2+ single-particle configuration and the 5− (anti-aligned 
neutrons in the h11/2 and s1/2 orbitals) state of the core. This therefore 
suggests that further refinement of the present DFT calculations would 
be needed to explicitly include other core configurations, for example, 
negative-parity states, to accurately describe the 1/2− states.

Summary and outlook
The indium isotopes have been considered a textbook example for the 
dominance of single-particle properties in heavy nuclei. Here we show 
that their ground-state electromagnetic properties markedly differ at 
N = 82 compared with N < 82, despite the single unpaired proton (πg9/2 
proton orbit) dominating the behaviour of this complex many-body 
system.

Our new experimental results for 129,131In show that, on reaching the 
neutron-rich magic number N = 82, abrupt changes of their electromag-
netic properties are observed, and only at the neutron magic number 
is the single-particle structure almost fully recovered. This challenges 
our previous understanding of these isotopes, which were assumed 
to have a single-particle description by invoking the use of empirical 
effective operators.

We presented two complementary nuclear models to investigate how 
these seemingly simple structures emerge from the complex interac-
tions among nucleons. Both DFT and ab initio calculations provide a 
good description of the experimental trends. Within the DFT frame-
work, the intricate isotopic dependence of the indium magnetic and 
electric ground-state moments turns out to require correct treatment 
of spin and shape polarization exerted by the proton hole on the Z = 50 
magic core. The inclusion of time-odd mean fields was shown to be 
essential to reproduce the experimental findings.

Indium nuclei can coexist in long-lived excited states with Iπ = 1/2−. 
The structure of these states was suggested to be dominated by a single 
unpaired proton in the πp1/2 orbit. However, in contrast to the simple 
trends observed for the ground states, the magnetic moments of the 
1/2− states exhibit a large variation with neutron number, previously 
considered a puzzle in the region7. These features and the new experi-
mental observations are well described by our ab initio calculations, 
for which these isotopes in the region of Z = 50 are the frontier of such 
ab initio calculations of nuclear moments9,10. Our work indicates a very 
mixed configuration for the isomeric states, which is not yet captured 
with the DFT calculations, in which negative parity core polarization 
needs to be included.

Although our ab initio calculations provide a good description of the 
experimental trends, they fall short in reproducing the magnitude of 
the 9/2+ electromagnetic moments. This may be attributed to the lack 
of inclusion of many-body currents, which are known to be essential to 
describe the electromagnetic properties of light nuclei54. Future theo-
retical developments would be needed to include many-body currents 

and clarify the role that they play in heavy nuclei. On the other hand, a 
theoretical description of the nuclear quadrupole moments requires 
the extensive inclusion of neglected many-body correlations. Thus, 
our new experimental results at N = 82 provide critical data for future 
developments of both ab initio and DFT theory.

Our experimental results for 131In allowed an investigation of the 
strength of the time-odd mean fields, which—until now—have been 
poorly constrained in DFT theories. Such time-odd channels are essen-
tial for a correct description of numerous nuclear properties, such as 
double-beta-decay rates34, permanent electric dipole moment meas-
urements32,33 and dark matter searches35. This provides strong motiva-
tion to extend experiments to other isotopes possessing single-hole 
(particle) with respect to suggested nuclear closed shells at extreme 
proton-to-neutron ratios. In addition, further theoretical develop-
ments are needed to investigate the role of meson-exchange currents 
and further non-nucleonic degrees of freedom in nuclear moments.
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Methods

The collinear resonance ionization setup
The indium isotopes were produced at CERN’s online isotope 
separator facility, ISOLDE, by impinging 1.4-GeV protons onto the 
proton-to-neutron converter of a thick uranium-carbide target59. The 
converter suppressed nearby caesium mass contamination60. The indium 
isotopes diffused through the target material and their ionization was 
greatly enhanced by the use of the resonance laser ion source, RILIS61. 
The produced indium ions were then accelerated to 40 keV and mass 
separated using the ISOLDE high-resolution mass separator before being 
cooled and bunched using a gas-filled linear Paul trap (ISCOOL)62,63. 
After a trapping time of up to 10 ms, ion bunches with a temporal width 
of 2 μs were then re-accelerated to 40,034(1) eV and deflected into 
the CRIS beamline23,64. The indium ions were then neutralized with a 
sodium-filled charge-exchange cell with an efficiency of up to 60% and 
predicted relative atomic populations of 57% and 37%, respectively, for 
the 5p 2P3/2 metastable state and the 5p 2P1/2 ground state65. The remaining 
ion fraction was removed by electrostatic deflectors, and the neutralized 
atom bunch was collinearly overlapped with two pulsed lasers, one for 
excitation and another for non-resonant ionization. The atoms were 
resonantly excited using two different ultraviolet transitions in separate 
measurements, the first using 246.8-nm laser light for the 5p 2P3/2 → 9s 
2S1/2 atomic transition and the second using 246.0-nm laser light for the 
5p 2P1/2 → 8s 2S1/2 atomic transition, which is more sensitive to nuclear 
magnetic moments, μ, but alone does not give the nuclear electric quad-
rupole moment, Q. The resonant laser light was produced by frequency 
tripling the light from an injection-locked Ti:sapphire laser system66. 
This laser was seeded using a narrowband SolsTiS continuous-wave 
Ti:sapphire laser and pumped using a Lee Laser LDP-100MQ Nd:YAG 
laser, producing pulsed narrowband 740(738)-nm laser light at 1-kHz 
repetition rate. This light was then frequency tripled to 246.8(246.0)-nm 
light by the use of two non-linear crystals67. About 3 μJ of laser light was 
used to saturate both transitions. The excited atoms were then ionized 
by a final non-resonant 1,064-nm step, provided by a Litron LPY 601 
50–100 PIV Nd:YAG laser at 100-Hz repetition rate. The frequency of the 
resonant first step was scanned and the resulting ions were deflected 
onto a detector, producing the hyperfine structure containing spectra 
from which the hyperfine parameters were obtained. The wavelengths 
were measured using a HighFinesse WSU-2 wavelength meter, which 
was drift stabilized by simultaneous measurement of a TOPTICA DLC 
DL Pro 780 diode laser locked to the 5s 2S1/2 → 5p 2P3/2 F = 2 → 3 transition 
of 87Rb using a saturated absorption spectroscopy unit.

Evaluation of nuclear magnetic and quadrupole moments
The μ values were determined using a reference NMR value of 
μref = +5.5408(2) μN for 115In (ref. 57) and the relation

μ μ
IA

I A
=

,
(1 + Δ), (1)ref

ref ref

in which the differential hyperfine anomaly, Δ, is negligible for these 
atomic states of indium68. Here Aref are our experimentally determined 
values for the 5p2 P3/2, 9s2 S1/2, 5p2 P1/2 and 8s2 S1/2 states of stable 115In 
and A are those of short-lived isotopes. The final μ values presented in 
Table 1 are a weighted average of the μ values from each atomic state, 
which were self-consistent within 2σ.

The spectroscopic nuclear electric quadrupole moments, Q, were 
extracted using the relation

B e Q V= , (2)ZZhf

in which a value of Bhf(
2P3/2)/Q = 576(4) MHz/b was used, obtained from 

relativistic coupled-cluster atomic calculations26. Here VZZ is the electric 
field gradient produced by the electrons at the nucleus.

The ratio of Ahf factors depends dominantly on atomic structure 
and therefore remains constant when the correct nuclear spin assign-
ment is used for fitting of spectra resulting from hyperfine structure69. 
Although reduced χ2 fitting of the spectra (as shown in Extended Data 
Fig. 1) resulted in minima when we use I = 9/2, the spin assignment from 
the ratio of upper and lower atomic state Ahf factors (of the 5p 2P3/2 → 9s 
2S1/2 transition) could not rule out nuclear spins 7/2 and 11/2 outside 
1σ uncertainty. The spin of the I = 9/2 states are tentatively assigned 
by experiment and strongly supported by nuclear theory. The spin 
assignments of the I = 1/2 states were confirmed unambiguously from 
the number of peaks in their spectra.

VS-IMSRG calculations
The VS-IMSRG calculations start from the underlying NN and 3N interac-
tions expressed in the harmonic-oscillator basis. We then construct an 
effective Hamiltonian designed for a particular valence space in which 
the exact diagonalization is feasible16. The effective Hamiltonian was 
decoupled from the full A-body Hamiltonian through the application 
of an approximate unitary transformation derived from the Magnus 
expansion method70. Using the same transformation, the effective M1 
and E2 valence-space operators were then decoupled consistently with 
the Hamiltonian. During the calculation, all of the operators arising in 
nested commutator expansions were truncated at the two-body level, 
the IMSRG(2) approximation.

We begin in a spherical-harmonic-oscillator basis with a frequency 
of ħω = 16 MeV and e = 2n + l ≤ emax = 14 for 1.8/2.0(EM)17,71 (and 12 for 
N2LOGO), with a further cut of e1 + e2 + e3 ≤ E3max = 16 imposed owing to 
storage limitations of 3N matrix elements. The valence space was taken 
as the proton {1p1/2, 1p3/2, 0f5/2, 0g9/2} and neutron {2s1/2, 1d3/2, 1d5/2, 0g7/2, 
0h11/2} single-particle orbits above the 78Ni core.

To investigate the effect of valence space on the calculations, the 
calculations were also performed with the proton {1p1/2, 1p3/2, 0f5/2, 0g9/2} 
and neutron {2s1/2, 1d3/2, 0h11/2, 1f7/2} valence space above the 92Ni core. 
Values of the 9/2+ states varied by <2% and 1/2− by <25%, owing to the 
increased sensitivity of the 1/2 states to collectivity. The trends over 
neutron number in the calculations obtained were unaffected. The 
final valence-space diagonalization and evaluation of electromagnetic 
moments were performed with the KSHELL code72. The effect of fully 
accounting for translation invariance in the M1 operator was found to 
be less than 1%, largely owing to the lack of radial dependence of the 
M1 operator.

DFT calculations
We performed the DFT calculations using code HFODD73,74 version 
(3.01m) and a standard Skyrme density functional UNEDF1 (ref. 75). 
The deformed DFT single-particle wave functions were expanded 
on the spherical-harmonic-oscillator basis up to N0 = 16 quanta. An 
A-dependent harmonic-oscillator frequency ħω was fixed according 
to the prescription defined in ref. 76. For the state 9/2+, the proton 
configuration (with no pairing correlations) was fixed by occupying 
49 lowest axially deformed prolate orbitals, that is, the Nilsson orbital 
[404] 9

2
 with the angular-momentum projection on the symmetry 

axis Ω = −9/2 was left empty. Similarly, for the state 1/2−, the hole was 
kept in the oblate Nilsson orbital [301] 1

2
 with Ω = −1/2. It was essential 

to pick the proton-hole configurations with angular momenta prop-
erly aligned along the axial-symmetry axis. Indeed, as discussed in 
refs. 77,78, the time-odd mean fields and core spin-polarization depend 
on the relative orientation of the intrinsic angular momentum and 
shape.

For both proton configurations, the open-shell neutron configura-
tions were constructed either with (HFB results) or without (HF results) 
pairing correlations included. For all deformed mean-field states Ω  
obtained in this way, which were eigenstates of the z-component of the 
angular momentum, Î Ω = Ω Ωz

, we performed the total angular- 
momentum restoration22 by evaluating the integral



∫IM N β d β βI| ⟩ = d ( )exp( −i ^ )|Ω⟩, (3)IM β

π

M
I

y=0 Ω

in which d β( )M
I

Ω  are the Wigner functions79, M is the projection of the 
angular momentum on the laboratory z-axis and NIM is a normalization 
factor. This allowed us to determine the standard spectroscopic mag-
netic dipole μ and electric quadrupole Q moments80 as

μ
π

II M II Q
π

II Q II=
4

3
ˆ and =

16
5

ˆ , (4)10 20

in which M̂  and Q̂ are the corresponding M1 and E2 electromagnetic 
operators, respectively. In addition, for paired configurations, the 
particle-number symmetry was restored in a similar way22. Neither 
effective charges nor effective g-factors were used in the ab initio or 
DFT calculations.

Data availability
Examples of spectra source data for the previously unmeasured 129,131In 
isotopes, most relevant to this work, are included in this article. The full 
datasets generated and/or analysed during the current study are avail-
able in the Zenodo repository, https://doi.org/10.5281/zenodo.6406949. 
The code used to analyse the data is also included in the repository.

The data files related to the DFT calculations are available at 
https://webfiles.york.ac.uk/HFODD/Projects/Magnetic_and_electric_ 
moments_in_Indium/.

Code availability
The code used to analyse the data is included in the Zenodo repository, 
https://doi.org/10.5281/zenodo.6406949.

The code used to perform the DFT calculations is available at https://
webfiles.york.ac.uk/HFODD/Projects/hf301m/.
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Extended Data Fig. 1 | Example hyperfine spectra of the 129In and 131In isotopes. a, b, Example spectra measured using the 246.8-nm (5p 2P3/2 → 9s 2S1/2) 
transition (a), and using the 246.0-nm (5p 2P1/2 → 8s 2S1/2) transition (b). The 9/2+ ground and 1/2− isomer states are indicated.



Extended Data Table 1 | The Bhf hyperfine structure parameter (from the 2P3/2 state) values, measured in this work for the 
odd-mass 113–131In isotopes and the extracted electric quadrupole moment values
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