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The changes in the mean-squared charge radii relative to 209Bi126 (δ〈r2〉N,126), the magnetic dipole
and electric quadrupole moments in 214−218Bi have been measured using the in-source resonance-
ionization spectroscopy technique at ISOLDE (CERN). Magnetic moments of odd-odd bismuth
nuclei have been analyzed by the additivity relation. Previous tentative spin-parity and configura-
tion assignments based on the β-decay feeding patterns have been supported. A normal odd-even
staggering in charge radii of bismuth isotopes with N > 126 has been observed. The new data
for the δ〈r2〉 of bismuth isotopes allow a study of the isotonic dependencies in the charge radii,
revealing jumps in δ〈r2〉132,126 and δ〈r2〉134,126 at Z = 84. This pattern could be explained by a
sudden onset of octupole deformation at N = 132 and 134 when going from polonium (Z = 84) to
astatine (Z = 85).

I. INTRODUCTION

For nuclei with 130 6 N 6 140 and 85 6 Z 6 92,
the possible presence of octupole deformation (reflection
asymmetry in the intrinsic frame) was predicted long ago
and its extensive experimental proofs exist by now (see
e.g. Refs. [1–7] and references therein). Interest in the
reflection asymmetry phenomena for trans-lead nuclei is
strongly fueled by the prediction that nuclear octupole
deformation significantly enhances P -odd and T -odd nu-
clear electromagnetic moments, making reflection asym-
metric nuclei the first choice candidates in the search for
permanent atomic electric-dipole moments and physics
beyond the Standard Model [8, 9].

There are several phenomena which are taken as
evidence for octupole collectivity, namely, interleaved
positive- and negative-parity rotational bands in even-
even nuclei, parity doublets in odd-mass nuclei, en-
hanced E1 and E3 transition strengths, peculiarities in
the magnetic-moment and decoupling-parameter behav-
ior, etc. [1, 2].

Evidence for octupole deformations can also be found
in the behavior of the nuclear radii. For example, charge
radii, calculated in the framework of the finite-range
droplet model and the energy density functional ap-
proach are in better agreement with experiment when
reflection asymmetry is included [10, 11].

Another sign of octupole effects in this region is a so-
called inverse odd-even staggering (inverse OES) in the
charge radii. As a rule, nuclear charge radii of odd-N
isotopes are smaller than the average of their even-N
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neighbors (normal OES) [12, 13]. Inverse OES, when the
odd-N isotope has a larger radius than the average of its
even-N neighbors, is considered as the possible evidence
of octupole collectivity [14]. The correlation between oc-
tupole deformation and inverse OES was qualitatively
described by Otten [14, 15] and corroborated by the cal-
culations of Leander and Sheline [16].

Near N = 133 inverse OES was found for 85At [17],

86Rn [15, 18], 87Fr [19] and 88Ra [14, 20]. At the same
time, the charge radii of 84Po isotopes display normal
OES near N = 133 [21]. This suggests that polonium
isotopes represent the “southern” boundary of the in-
verse OES (i.e. presumably octupole) region at least
for N = 133. In the present work, we have mea-
sured the changes in the mean squared charge radii of
214−218

83 Bi131−135 relative to 209Bi126 (δ〈r2〉A,209) to study
the OES in radii near N = 133 for bismuth isotopes. Our
results complete the systematics of nuclear charge radii
with 126 6 N 6 134 and 82 6 Z 6 88 and allow us to
analyze the isotonic dependencies of δ〈r2〉 and possible
influence of octupole collectivity on their trends.

II. EXPERIMENTAL DETAILS

The experiments were performed at the ISOLDE facil-
ity (CERN) [22]. Bismuth nuclei were produced in spalla-
tion reactions induced by the 1.4-GeV proton beam from
the CERN PS Booster impinging on a thick UCx target
(50 g cm−2 of 238U). The spallation products effused out
of the high-temperature target (T ≈ 2500 K) as neutral
atoms into the cavity of the Resonance Ionization Laser
Ion Source, RILIS [23]. The bismuth atoms were reso-
nantly ionized when the laser beams were wavelength-
tuned to a three-step ionization scheme [24, 25]. The
produced photoions were extracted and accelerated by a
30-kV potential and mass separated by ISOLDE’s Gen-
eral Purpose Separator or High Resolution Separator.

The hyperfine structure (hfs) and isotope shift (IS)
measurements were performed for the first-step transition
6p3 4So3/2 → 6p2(3P0)7s 2[0]1/2 (λ1 = 306.9 nm) by scan-

ning the frequency of the narrowband Titanium Sapphire
laser with a typical full width half-maximum bandwidth
of ≈ 600 MHz [26].
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Data were collected during three separate experimen-
tal runs which differ by the method of photoion-current
monitoring. During the first experiment (2016), the pho-
toion current of 218Bi was monitored using the Wind-
mill decay station (WM) [27] by detecting the charac-
teristic α decays of the β-decay daughter 218Po, while
for 215,217Big and the 216Big+m mixture, the monitoring
was accomplished by ion counting with the ISOLTRAP
Multi-Reflection Time-of-Flight Mass-Separator (MR-
ToF MS) [28, 29]. In the course of the second (2017) and
third (2018) experimental runs, the ISOLDE Decay Sta-
tion (IDS) [30] was used to detect characteristic α and γ
decays of 214−217Big and 214,216Bim. Partial results from
these studies have been presented in Refs. [31–34].
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FIG. 1. Examples of the hfs spectra for bismuth isotopes.
The preferable nuclear spins (see discussion in Sec. V), mea-
surement device and α- and γ-decay energies when using IDS
or WM, are shown. The solid lines depict the Voigt-profile
fit to the data. The vertical lines mark the centroids of the
corresponding hfs. The zero point on the frequency scale cor-
responds to a wave number of 32588.16 cm−1.

III. RESULTS

Several hfs spectra were obtained for each of the in-
vestigated nuclides during each experimental campaign.
Figure 1 provides typical examples. The upward slope in
214Big hfs [see Fig. 1 (b)] is connected with the increase
of the background due to accumulation of the long-lived
isotopes in the specific experimental conditions (for ex-
ample, 210Rn from the decay of 214Ra).

In 216Bi, two long-lived, β-decaying states are known:
a low-spin, Iπ = (3−)1, and a high-spin, Iπ = (8−) [40].
Due to the large uncertainty of the low-spin isomer exci-
tation energy of 24(19) keV [41], the order of the states in
216Bi is not firmly established, but for consistency with
the literature [33, 39–41], the high-spin state will be re-
ferred to as 216Big.

For 214Bi, as well as the well-known ground state with
Iπ = 1− [42, 43], the high-spin, long-lived β-decaying
isomer with Iπ = (8−) was found [31].

The presence of long-lived β-decaying isomers in
214,216Bi complicates the analysis of the corresponding
hfs. Photoion-current monitoring by the α decay of the
daughter 214,216Po gives the mixed hfs, since the corre-
sponding polonium nuclei are produced in the β decay of
both isomeric and ground states, see Fig. 1 (a, e).

However, it is possible to obtain pure hfs spectra of the
high-spin states in 214,216Bi using the difference in the β
decay schemes for the low- and high-spin states. In the
case of the high-spin 216Big, see Fig. 1 (d), γ lines of 223
and 359 keV (the 8+ → 6+ and 6+ → 4+ transitions in
daughter 216Po) were monitored at IDS as the 8+ and 6+
216Po states are not populated in the β decay of the low-
spin 216Bim [33] and therefore only 216Big hfs is presented
in the experimental spectrum. Similarly, a pure 214Bim

[Iπ = (8−)] hfs was extracted by monitoring γ lines of
244, 325, and 406 keV corresponding to 8+ → 6+, 6+ →
4+, and 4+ → 2+ transitions in daughter 214Po, see Fig. 1
(b).

The positions of the hyperfine components in the hfs
spectra are determined by the standard relation [15] with
five parameters: nuclear spin (I), the IS relative to stable
209Bi (δνA,209), magnetic hfs constants (a1 and a2) for
the first (6p3 4So3/2) and second (6p2(3P0)7s 2[0]1/2) levels

of the ionization scheme, and the electric quadrupole hfs
constant b1 for the first level. Note, that the electric
quadrupole hfs constant for the second level b2 ≡ 0 since
the second level has total electronic angular momentum
J = 1/2.

Due to the limited resolution of the RILIS method we
cannot determine nuclear spin from the hfs spectra alone.
Therefore, we were forced to use available information
on the spin values obtained by nuclear spectroscopy. For

1 Here and below we used preferable spin values in accordance
with Refs. [31, 33, 35–39]. In the present work these assignments
were supported (see Sec. V). Other spin options are considered
in Appendix A.
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TABLE I. Preferred spin-parity assignments (Iπ), IS (δνA,209), hfs constants (a2, b1), changes in mean-squared charge radius
(δ〈r2〉A,209), magnetic (µ) and quadrupole (Qs) moments for investigated Bi nuclei. In the seventh column the results of the
additivity-relation calculation for odd-odd nuclides are shown (µadd), see Sec. V. The statistical and systematic uncertainties
of δ〈r2〉A,209 and µ are shown in round and curly brackets, respectively. The latter values originate from the uncertainty of the
F and M factors for δ〈r2〉A,209 and from the uncertainty of the hyperfine anomaly for µ.

A Iπ δνA,209 (MHz) δ〈r2〉A,209(fm2) a2 (MHz) µ(µN ) µadd(µN ) b1(MHz) Qs(b)

214g 1− 12750(140) 0.532(6){23} 1438(130) 0.265(24){3} 0.28 0a 0
214m (8−) 12880(300) 0.538(13){23} 1520(70) 2.25(10){2} 2.26 −230(500) −0.31(69)
215g (9/2−) 15550(100) 0.649(4){28} 4423(40)b 3.675(33){18}b −397(150)b −0.55(21)b
216g (8−) 17520(130) 0.731(5){31} 1523(25) 2.249(37){22} 2.27 −120(100) −0.17(14)
216m (3−) 17670(160) 0.738(7){31} 1774(40) 0.983(22){10} 0.86 630(200) 0.87(28)
217 (9/2−) 20280(120) 0.846(5){36} 4465(50)b 3.710(42){37}b −520(150)b −0.72(21)b
218 (8−) 22350(160) 0.933(7){40} 1501(14) 2.218(21){22} 2.30 810(200) 1.12(28)

a Fixed.
b Reference [34].

215,217Big, I = 9/2 was fixed in accordance with sys-
tematics and shell-model calculations [35–37]. The in-
determinacy in spin assignment exists for 214,216Bi. The
I = 8 assignment is regarded as preferable for 214Bim and
216Big but the possibility of I = (7, 9) cannot be strictly
excluded [31, 33]. For 216Bim, while the most probable
assignment is I = 3, I = 2 or 4 cannot be definitely ruled
out [33]. In the case of 218Bi, only a range of possible
spins I = 6, 7, 8 can be established based on the β-decay
feeding pattern [38, 39]. However, as will be shown in
Sec. V by the magnetic moment analysis, the preferable
assignment for 218Bi is I = 8. Note that the same spin
for the 218Bi ground state was predicted by shell-model
calculations [38].

Experimental data were fitted with Voigt profiles
(more details are in Ref. [25]). In the fit, the ratio
ρ = a2/a1 was fixed according to its value for 209Bi:
ρ(209Bi) = −11.013(4) [44, 45]. The fitting results (a2,
b1 hfs constants values and values of IS) from different
runs agree with each other within the limits of uncer-
tainties and the final values presented in Table I are the
corresponding weighted means. Only the values obtained
with the preferred spins are shown, while the other (less
probable) spin options are considered in Appendix A for
completeness.

From the hfs constants, the nuclear magnetic dipole
moments µ and electric quadrupole moments Qs were de-
duced relative to the values for 209Bi from Refs. [32, 45].
It was found (see Ref. [45]) that the hyperfine anomaly
(HFA) is not negligible for bismuth isotopes when the
6p2(3P0)7s 2[0]1/2 atomic state is used for µ determina-
tion. High-resolution hfs measurements for lighter bis-
muth isotopes demonstrate that the HFA for states with
spin 9/2 is less than 0.5% whereas for other spins it does
not exceed 1% [46]. The corresponding uncertainties were
taken into account for the µ values in Table I. The elec-
tronic factors F and M needed to extract δ〈r2〉 from the
measured IS, see Eqs. (8 and 9) in Ref. [47], were de-
termined in Ref. [32] by advanced atomic calculations:

F = 23.8(10)GHz fm−2 and M = −750(100) GHz u.
The values of µ, Qs, and δ〈r2〉 are presented in Table I.
It is impossible to extract Qs value from the unresolved
hfs of 214Big, see Fig. 1 (a). Similarity of the structure
of Iπ = (1−) ground states of 212Bi and 214Bi points to
the similarity of their Qs. It was found in Ref. [48] that
b1(212Bi)=80(225)MHz and Qs(

212Bi)=0.11(31). Corre-
spondingly, in fitting, hfs constant b1(214Big) was fixed,
b1(214Big)=0 MHz. The change of the fitting parameters
due to variation of this constant in the limits of ±400
MHz was included in the uncertainties.

IV. CHARGE RADII

- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

1 2 2 1 2 4 1 2 6 1 2 8 1 3 0 1 3 2 1 3 4
N  

�<
r2 >N, 

126
 (fm

2 )

A ( B i )
2 0 5          2 0 7           2 0 9           2 1 1           2 1 3           2 1 5           2 1 7

FIG. 2. Changes in the nuclear mean-squared charge radii
for bismuth isotopes with N > 121 (upward triangles: present
work; downward triangles: Refs. [48, 49]). Full and hollow
symbols label the ground states and isomers, respectively.
The symbols are connected by dashed lines to guide the eyes.

In Fig. 2, the deduced δ〈r2〉 values with systematic and
statistical uncertainties added in quadrature, are plotted
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versus A. In the most cases this total δ〈r2〉 uncertainty is
less than the data-point size. Linear trends with different
slopes are seen above and below N = 126 confirming the
kink at N = 126. Our new data demonstrate that the
linear trend is preserved for 131 ≤ N ≤ 135. The isomers
and ground states in 214,216Bi presumably belong to the
same π1h9/2⊗ν2g9/2 multiplet (see [31, 33]). Due to this,
the deduced isomer shifts for these isomers are negligible
within the limits of uncertainties.

A. Odd-even staggering in charge radii

In order to quantitatively compare the magnitude of
the OES in different isotopic chains, the staggering indi-
cator (γN ; N is odd) is used [50]:

γN =
2δ〈r2〉N−1,N

δ〈r2〉N−1,N+1
. (1)

This indicator is independent of the uncertainties in the
atomic F factor (usually 5 − 10% in the lead region).
Normal OES corresponds to γN < 1, whereas γN > 1
points to inverse OES.

1 2 1 1 2 3 1 2 5 1 2 7 1 2 9 1 3 1 1 3 3 1 3 5

0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2
1 . 4

 8 2 P b
 8 3 B i
 8 4 P o
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N

N o r m a l  O E S

I n v e r s e  O E S 8 5 A t
 8 6 R n
 8 7 F r
 8 8 R a

FIG. 3. Staggering indicator γN for Pb-Ra isotopes (Z =
82 − 88) at N = 121 − 135. Data are from Refs. [15, 17–
19, 21, 48, 49, 51–57] and the present work. The green-shaded
circle outlines the region of the inverse OES at N < 136.

The staggering indicator for bismuth isotopes near
N = 126 is shown in Fig. 3 together with correspond-
ing literature data for isotopic chains with Z = 82− 88.
As seen in Table III, the difference between δνA,209 ob-
tained with different spin assignments, is negligibly small
in comparison with the IS uncertainties. Correspond-
ingly, γN is independent on the plausible spin assign-
ments. Similarly, another ordering of the ground and
isomeric states in 216Bi would not change γ133(Bi) due
to the negligible isomeric shift.

Inverse OES is observed for 88Ra, 87Fr, 86Rn, and 85At
isotopes with N = 133, 135 (see data in the green-shaded
circle in Fig. 3), whereas normal OES at N = 133 is

restored for 84Po isotopes. According to our results, the
bismuth isotopes keep the normal OES for N = 133 as
well. Thus, our data confirm the assumption that Z = 84
is the “southern” boundary for the inverse-OES region at
N = 133 [21]. A clear jump of the staggering indicator
is seen when going from Z = 83, 84 (bismuth, polonium;
γ133 ≈ 0.8) to Z = 85, 86 (astatine, radon; γ133 ≈ 1.2).
Presumably, this jump may indicate an abrupt onset of
octupole deformation for Z > 85 at N = 133.

B. Isotonic dependence of δ〈r2〉 at N > 126

Our new data complete the systematics of nuclear
charge radii at 82 6 Z 6 88 and allow us to analyze the
isotonic dependencies of δ〈r2〉 and search for the possible
influence of octupole collectivity on their trends.

TABLE II. Wavelength of atomic transitions used for IS mea-
surements (λ), electronic factor (F ) for these transitions, and
total relative uncertainty of δ〈r2〉.

Z λ(nm) F (GHz fm−2) Uncertainty of δ〈r2〉 (%) Ref.

82 283 20.3 9 [51, 58]
83 307 23.8 5 [32]
84 843 -12.8 5 [52, 53]
85 795 -11.6 5 [54]
86 745 -19.2a 10
87 718 -20.8 3 [55, 56]
88 468 -39.8 5 [57]

a Corrected semiempirical F factor from Refs. [15, 18], see
Appendix B for details.

The estimation of systematic uncertainties (see Ta-
ble I) is of key significance, when the δ〈r2〉 values for
different isotopic chains are compared. These uncertain-
ties stem primarily from the uncertainty of the electronic
F factor. The F values and total relative uncertainties
used in the calculations of the isotonic δ〈r2〉 dependencies
are summarized in Table II, see Appendix B for details.

In Fig. 4, δ〈r2〉 values for bismuth isotopes near N =
126 are compared with the data for isotonic nuclei with
Z = 82−88. Total uncertainties in the most cases are less
than the data-point size. The δ〈r2〉 values for all of these
isotopic chains are nearly indistinguishable at N < 126,
whereas at N > 126 two groups are clearly seen, one
including At-Ra isotopes and other with Pb-Po nuclei.
Namely, the gradient in δ〈r2〉 is nearly independent of Z
in each group and it is markedly larger for At, Fr, and Ra
chains (Z = 85, 87, 88) than for Pb, Bi, and Po isotopes
(Z = 82, 83, 84).

In Fig. 5, the isotonic dependencies of the δ〈r2〉132,126,
δ〈r2〉134,126 and δ〈r2〉126,122 values are shown, in order
to better visualize the observed effect. We preferred to
analyze the isotonic dependencies of δ〈r2〉 rather than
absolute 〈r2〉 values to avoid the increase of uncertainties
from usually poorly known (or even unknown) reference
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FIG. 4. Changes in the mean-squared charge radii for iso-
topic chains near Z = 82 and N = 126: 82Pb, full squares,
Ref. [51]; 83Bi, downward triangles, Refs. [48, 49] and present
work; 84Po, hollow squares, Refs. [21, 52] (recalculated with
atomic factors from Ref. [53]); 85At, diamonds, Refs. [17, 54];

87Fr, rightward triangles, Refs. [55, 56]; 88Ra, stars, Ref. [57].
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FIG. 5. Isotonic dependence of (a) δ〈r2〉126,122, (b)
δ〈r2〉132,126, and (c) δ〈r2〉134,126. The radon (Z = 86) data
from Refs. [15, 18] were recalculated with the atomic factor
scaled in accordance with its typical overestimation by the
semiempirical method used in Ref. [15], see details in Ap-
pendix B. Other experimental data are from the same sources
as in Fig. 4. In panel (a) the dot-dashed line represents the
weighted mean of the δ〈r2〉126,122 values. In panels (b) and
(c), the dashed lines connect the data points to guide the eyes.

absolute 〈r2〉 values 2.
The δ〈r2〉126,122 values for Z = 82−88 coincide within

the limits of uncertainties, see Fig. 5 (a). In contrast,
δ〈r2〉132,126 and δ〈r2〉134,126 demonstrate marked jumps
when going from Z = 84 (polonium) to Z = 85 (asta-
tine). Note, that these jumps occur at the same Z values
as in the case of the OES at N = 133 (see Fig. 3). It is
natural to suppose that such a jump in the isotonic de-
pendencies of δ〈r2〉 is due to an abrupt onset of octupole
deformation.

The possible gain in the δ〈r2〉 value (δ〈r2〉oct) due to
an increase in the octupole-deformation parameter, β3,
can be estimated by the formula [14, 15, 62]:

δ〈r2〉N1,N2

oct =
5

4π
〈r20〉Nδ〈β2

3〉N1,N2 . (2)

where N = (N1 + N2)/2 and 〈r20〉N is a mean-squared
charge radius of the isotope with N neutrons [12].
This gain should be compared with the experimental
value of the observed jumps (see Fig. 5) δ〈r2〉132jump ≡
δ〈r2〉132,126(At) − δ〈r2〉132,126(Po) = 0.16(5) fm2,
δ〈r2〉134jump ≡ δ〈r2〉134,126(At) − δ〈r2〉134,126(Po) =

0.20(7) fm2.
With β3(Po)=0 and assuming that the whole ef-

fect originates from octupole degree of freedom, an
agreement with experiment requires β3(At132)=0.112(18)
and β3(At134)=0.125(25) in Eq. (2). However,
it is possible that some fraction of the observed
jump could be due to a quadrupole deformation
β2. One can estimate this contribution using,
for example, the β2 values from the macroscopic-
microscopic calculations in Ref. [63]: β2(Po132)=0.02,
β2(Po134)=0.039, β2(At132)=0.039, β2(At134)=0.103.
Then, the agreement with experiment will be obtained
with β3(At132)=0.107(18) and β3(At134)=0.083(15).

These values are compatible with the β3 value (β3 =
0.10) ascribed to the odd-A Rn, Fr, Ra, Ac, Th isotopes
with 131 6 N 6 140 in Ref. [64]. In the framework of
the macroscopic-microscopic calculations [3, 63] similar
values (|β3| = 0.12 − 0.13) were predicted in the region
131 6 N 6 136, 85 6 Z 6 88. Recent calculations with
five Skyrme energy-density functionals also predict β3 ≈
0.10 for radium and radon isotopes with N = 132, 134
(see Fig. 6 in Ref. [7]).

V. MAGNETIC MOMENTS OF ODD-ODD
214,216,218BI

Comparison of the experimental magnetic moments of
the odd-odd nuclei with the estimates from the additivity

2 For the previous attempts to analyze the 〈r2〉 isotonic depen-
dencies see Refs. [12, 59–61]. Note, that the absence of the ex-
perimental data on the absolute 〈r2〉 values for Po, At, Rn, Fr,
Ra hinders the extension of the isotonic-dependencies analysis in
the framework of these approaches in this region.
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relation (see Ref. [65] and references therein), µadd, fa-
cilitates understanding nucleon orbital occupations and
indicates the most probable spin of the nuclei in question.

Magnetic moments for odd-A 215,217Bi were measured
and discussed in Ref. [34]. It was shown that the further
one moves from the magic N = 126, the larger the admix-
tures of other configurations to the leading one (π1h9/2)
become [34].

The most probable configuration for odd-odd bismuth
isotopes with 126 < N < 135 is π1h9/2 ⊗ ν2g9/2 (see
Refs. [31, 33] and references therein). We compared
our experimental data with the results of the additivity-
relation calculations for different members of this multi-
plet. The above mentioned configuration mixing is effec-
tively taken into account when in the framework of the
additivity-relation calculations, individual empirical µ
values for the π1h9/2 and ν2g9/2 orbitals were taken from
the available magnetic moments of the closest odd-A
polonium and bismuth isotopes (see Refs. [34, 48, 66, 67]).

As seen from Table I and Table III (Appendix A), the
Iπ = (8−) assignment gives the best agreement between
µadd and µexpt for 214Bim, 216Big and 218Bi. Thus, our
magnetic-moment data support the Iπ = (8−) assign-
ments for 214Bim and 216Big made in Refs. [31, 33]. The
µadd value assuming Iπ = (3−) gives a better description
of the experimental µ than with Iπ = 2− or 4−. Note,
that the additivity-relation calculation fails to reproduce
µ for isotonic 218At with a 40% discrepancy relative to the
experimental value [17]. This difference was attributed to
the possible influence of the octupole collectivity [17]. In
contrast, a satisfactory description of µ(216Bim) by the
additivity relation supports the inference of the absence
of noticeable octupolarity in 216Bi.

VI. SUMMARY

To summarize, IS and hfs were studied for neutron-
rich bismuth nuclei 214−218Big and 214,216Bim using the
in-source resonance-ionization spectroscopy technique.
Magnetic dipole and electric quadrupole moments were
derived from the analysis of hfs. The Iπ assignments for
the odd-odd nuclides, Iπ(214Bim) = (8−), Iπ(216Big) =
(8−), and Iπ(216Bim) = (3−), proposed by β-decay
studies [31, 33], are supported by the comparison of
the measured magnetic moments with the results of the
additivity-relation calculations.

Jumps in the isotonic dependencies of δ〈r2〉126,132 and
δ〈r2〉126,134 when going from Z = 84 to Z = 85 were
observed. This pattern, as well as the behavior of the
OES, could be explained by the assumption of a sudden
onset of octupole deformation at N = 132 − 134 when
going from Z = 84 to Z = 85.

Additional measurements by other techniques, es-
pecially those which are more directly able to mea-
sure octupole deformation, such as Coulomb excitation
(COULEX), to help understand the nature of reflection
asymmetry in this region, would be important.
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APPENDIX A: RESULTS WITH DIFFERENT
SPIN OPTIONS FOR ODD-ODD BISMUTH

ISOTOPES

As indicated in Sec. III, there is some ambiguity in the
spin assignment for odd-odd bismuth nuclides. Although
the most probable spin assignments are well established
[31, 33, 38], other spin options cannot be definitely ruled
out. For completeness, in Table III the results of fitting
with all possible spin assignments are presented along
with the µadd values.
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TABLE III. Spin-parity assignments (Iπ), IS (δνA,209), hfs constants (a2, b1), changes in mean-squared charge radius
(δ〈r2〉A,209), magnetic (µ), and quadrupole (Qs) moments for investigated Bi nuclei. In the seventh column, the results
of the additivity-relation calculation for odd-odd nuclides are shown (µadd). The statistical and systematic uncertainties of
δ〈r2〉A,209 and µ are shown in round and curly brackets, respectively. The latter values originate from the uncertainty of the
F and M factors for δ〈r2〉A,209 and from the uncertainty of the hyperfine anomaly for µ. The results with preferable spin
assignment are highlighted in bold.

A Iπ δνA,209 (MHz) δ〈r2〉A,209(fm2) a2 (MHz) µ(µN ) µadd(µN ) b1(MHz) Qs(b)

214g 1− 12750(140) 0.532(6){23} 1438(130) 0.265(24){3} 0.28 0a 0
214m (7−) 12940(300) 0.540(13){23} 1737(70) 2.25(9){2} 1.98 −230(500) −0.32(69)

(8−) 12880(300) 0.538(13){23} 1520(70) 2.25(10){2} 2.26 −230(500) −0.31(69)
(9−) 12830(300) 0.536(13){23} 1372(70) 2.28(12){2} 2.54 −220(500) −0.30(69)

216g (7−) 17580(130) 0.734(5){31} 1726(25) 2.230(32){22} 1.98 −140(100) −0.19(14)
(8−) 17520(130) 0.731(5){31} 1523(25) 2.249(37){22} 2.27 −120(100) −0.17(14)
(9−) 17540(180) 0.732(7){31} 1379(30) 2.29(5){2} 2.55 −340(200) −0.47(28)

216m (2−) 17900(170) 0.747(7){32} 2453(50) 0.906(18){9} 0.57 190(200) 0.26(28)
(3−) 17670(160) 0.738(7){31} 1774(40) 0.983(22){10} 0.86 630(200) 0.87(28)
(4−) 17550(160) 0.733(7){31} 1348(40) 0.99(3){1} 1.15 760(200) 1.05(28)

218 (6−) 22480(160) 0.938(7){40} 1962(18) 2.173(20){22} 1.72 800(200) 1.10(28)
(7−) 22410(160) 0.935(7){40} 1701(16) 2.199(21){22} 2.01 810(200) 1.11(28)
(8−) 22350(160) 0.933(7){40} 1501(14) 2.218(21){22} 2.30 810(200) 1.12(28)

a Fixed.

APPENDIX B: ELECTRONIC FACTORS AND
UNCERTAINTIES OF δ〈r2〉

The estimation of systematic uncertainties of the δ〈r2〉
values is of key significance when the isotonic dependen-
cies are studied. The main contribution to the total δ〈r2〉
uncertainties stems from the uncertainty of the corre-
sponding F factor, see Table I.

In the framework of state-of-the-art atomic calcula-
tions using a coupled-cluster method or multiconfigura-
tion Dirac-Hartree-Fock approach, the theoretical uncer-
tainty in the δ〈r2〉 values was estimated for the bismuth
(5% [32]), astatine (5% [54]), francium (3% [56]), and ra-
dium (5% [57]) atoms. For polonium, total uncertainties
in δ〈r2〉 values were estimated to be ≈ 5% [52].

The electronic factor F for the 283-nm transition in
lead is calculated usually by the King-plot procedure tak-

ing into account K X-ray, muonic atom, and elastic elec-
tron scattering data. Different versions of this procedure
were used in Refs. [58] and [51]. For the lead isotopes,
we adopted the F factor from Ref. [51] with an uncer-
tainty of 9% which covers the mean difference between
δ〈r2〉 values obtained in Ref. [51] and Ref. [58].

Unfortunately, only the result of the semiempirical
(SE) F -factor calculation is available for radon isotopes
[15, 18]. It was established, however, that the SE
method as a rule overestimates F factor by 10 − 30%
[14, 57, 68, 69]. In the present work, a correction factor
of 15(10)% was accepted taking into account the differ-
ent F -factor data for the xenon atom which has a similar
electronic structure [69, 70]. It is worth noting that the
same correction factor of 15% was found for adjacent ra-
dium isotopes, see relevant data in Refs. [14, 57].
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[3] P. Möller, R. Bengtsson, B. Carlsson, P. Olivius,

T. Ichikawa, H. Sagawa, and A. Iwamoto, At. Data Nucl.
Data Tables 94, 758 (2008).

[4] P. A. Butler, J. Phys. G 43, 073002 (2016).
[5] S. E. Agbemava, A. V. Afanasjev, and P. Ring, Phys.

Rev. C 93, 044304 (2016).
[6] L. P. Gaffney, P. A. Butler, M. Scheck, A. B.

Hayes, F. Wenander, M. Albers, B. Bastin, C. Bauer,
A. Blazhev, S. Bönig, N. Bree, J. Cederkäll, T. Chupp,
D. Cline, T. E. Cocolios, T. Davinson, H. De Witte,
J. Diriken, T. Grahn, A. Herzan, M. Huyse, D. G. Jenk-
ins, D. T. Joss, N. Kesteloot, J. Konki, M. Kowalczyk,
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W. Köster, J. Lettry, A. Nieminen, K. Partes, M. Ramd-
hane, H. Ravn, K. Rykaczewski, J. Szerypo, K. Van de
Vel, P. Van Duppen, L. Weissman, G. Walter, A. Wöhr,
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