Phys. Lett. B 871 (2025) 140013

Contents lists available at ScienceDirect

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb —

Letter

Electromagnetic moments of 2!>2!7Bi: Probing shell evolution beyond
N =126

A. N. Andreyev® 2, A. Barzakh© " M. D. Seliverstov®, Z. Yue 2, Menglan Liu® ¢,

Cenxi Yuan & ¢, A. Algora®®, B. Andel @1, S. Antalic ®f, M. Al Monthery © ¢, D. Atanasov ™!,
J. Benito/, G. BenzoniX, T. Berry', M. L. Bissell™, K. Blaum ‘", M. J. G. Borge",

K. Chrysalidis“°, C. Clisu®, T. E. Cocolios ¥ 9, C. CostacheP?, J. G. Cubiss & 2,

T. Day Goodacre 2 5-™ G, J. Farooq-Smith (259, D. V. Fedorov® ", V. N. Fedosseev (21,

L. M. Fraile), H. O. U. Fynbo", V. Gadelshin®, L. P. Gaffney*", R. F Garcia Ruiz*™,

C. Granados™4, P. T. Greenlees?, R. D. Harding®', L. J. Harkness-Brennan", R. Heinke>>™,

A. Herlert @7, M. Huyse9, A. Illana®®, J. Jolie®®, D. S. Judson", J. Karls’*, J. Konki?,

P. Larmonier', I. Lazarus?!, D. Leimbach >, R. LicaP, Z. Liu®>*, D. Lunney®¢, K. M. Lynch>™,
M. Madurgaah, V. Manea', N. Marginean?, R. Marginean?, B. A. Marsh', C. Mihai?,

P. Molkanov", P. Mosat’, M. Mougeot’, J. R. Murias/, E. Nacher?, A. Negret?, D. Neidherr®,
L. Nies, R. D. Page", S. PascuP, A. Perea”, V. Pucknell®/, P. Rahkila?, C. Raison?,

E. Rapisarda’, K. Rezynkina?, M. Rosenbush®?¥, R. E. Rossel’, S. Rothe 21,

V. Sanchez-Tembleque/, K. Schomacker®", L. Schweikhard ¥, C. Seiffert’, S. Sels 9, C. Sotty?,
L. Stan?, M. Stryjczyk 2 %2/ D. Studer®, J. Sundberg®*, C. Siirder®™, O. Tengblad”,

P. Van Duppen 29, V. Vedial, M. Verlinde¢, S. Vifials”, N. Warr®", A. Welker »",

F. Wienholtz %™, R. N. Wolf":2°

aSchool of Physics, Engineering and Technology, University of York, YO10 5DD, York, United Kingdom

b Affiliated with an institute covered by a cooperation agreement with CERN at the time of the experiment, Russia

¢ Sino-French Institute of Nuclear Engineering and Technology, Sun Yat-Sen University, 519082, Zhuhai Guangdong, China

d Instituto de Fisica Corpuscular, CSIC - Universidad de Valencia, E-46980, Valencia, Spain

¢ HUN-REN Institute of Nuclear research (ATOMKI), P.O.Box 51, H-4001, Debrecen, Hungary

f Department of Nuclear Physics and Biophysics, Comenius University in Bratislava, 84248, Bratislava, Slovakia

8 Physics Unit, College of Applied Sciences, University of Technology and Applied Sciences, P.O. Box 74, AL Khuwair, Muscat 133, Oman
h Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117, Heidelberg, Germany

LCERN, 1211, Geneva 23, Switzerland

I Grupo de Fisica Nuclear, Facultad de Ciencias Fisicas, EMFTEL & IPARCOS, Universidad Complutense de Madrid, 28040, Madrid, Spain
k Istituto Nazionale di Fisica Nucleare, Sezione di Milano, I-20133, Milano, Italy

! Department of Physics, University of Surrey, GU2 7XH, Guildford, United Kingdom

™ Department of Physics and Astronomy, The University of Manchester, M13 9PL, Manchester, United Kingdom

™ Instituto de Estructura de la Materia, CSIC, Serrano 113 bis, E-28006, Madrid, Spain

° Institut fiir Physik, Johannes Gutenberg-Universitdt, D-55128, Mainz Mainz, Germany

P “Horia Hulubei” National Institute for R & D in Physics and Nuclear Engineering, RO-077125, Bucharest, Romania

9 Instituut voor Kern- en Stralingsfysica, KU Leuven, B-3001, Leuven, Belgium

' School of Physics and Astronomy, University of Edinburgh, EH9 3FD, Edinburgh, United Kingdom

$ TRIUMF, 4004 Wesbrook Mall, V6T 2A3, Vancouver, BC, Canada

t Department of Oncology Physics, Edinburgh Cancer Centre, Western General Hospital, Crewe Road South, EH4 2XU, Edinburgh, United Kingdom
U Department of Physics and Astronomy, Aarhus University, DK-8000, Aarhus C, Denmark

¥ Oliver Lodge Laboratory, University of Liverpool, L69 7ZE, Liverpool, United Kingdom

W School of Engineering and Computing, University of the West of Scotland, PA1 2BE, Paisley, United Kingdom

* Department of Physics, Massachusetts Institute of Technology, Cambridge, USA

Y Department of Physics, University of Jyvdskyld, P.O. Box 35, FI-40014, Jyvdskyld, Finland

* Corresponding author.
E-mail address: barzakh_ae@pnpi.nrcki.ru (A. Barzakh).

https://doi.org/10.1016/j.physletb.2025.140013

Received 29 May 2025; Received in revised form 16 September 2025; Accepted 4 November 2025

Available online 7 November 2025

0370-2693/© 2025 The Author(s). Published by Elsevier B.V. Funded by SCOAP®.  This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/physletb
https://www.elsevier.com/locate/physletb
https://orcid.org/0000-0003-2828-0262

$^{215,217}$


$N=126$


$(Z=83)$


$Z=82$


$^{209}$


$(Z=83$


$N=126)$


$\mu $


$\mu $


$N$


$N=126$


$N=130$


$N>130$


$^{215,217}$


$(N=132,134)$


$I^{\pi } = 9/2^-$


$\mu $


$^{209,211,213}$


$^g$


$^{215,217}$


$\mu $


$_{\mathrm {MU}}$


$\mu $


$9/2^-$


$N=130$


$\mu $


$(Z=83)$


$(Z=85)$


$N>126$


$\mu $


$_{\mathrm {MU}}$


$\mu $


$Q_s$


$\mu $


$^{107\mathrm {{\rm \ensuremath {-}}}129}\mathrm {Cd}$


$N = 126$


$^{207}\mathrm {Tl}$


$^{195-211}\mathrm {At}$


$N=126$


$^{208}\mathrm {Pb}$


$N=126$


$^{213}\mathrm {Tl}$


$^{215}\mathrm {Tl}$


$\ensuremath {\beta }$


$^{214}\mathrm {Bi}$


$\ensuremath {\beta }$


$^{216}\mathrm {Bi}$


$^{187}\mathrm {Au}$


$\ensuremath {\beta }$


$^{215}$


$^{217}$


$^{217}\mathrm {Bi}$


${\mathrm {Bi}}^{209}$


$^{217,218,219}\mathrm {At}$


$\alpha $


${}^{223}\mathrm {Fr}:$


${}^{219}\mathrm {At}$


$^{219}\mathrm {Fr}$


$^{221}$


$^{214\ensuremath {-}218}\mathrm {Bi}$


$Z>82$


$\mathit {sd}$


$\beta $


$\ensuremath {\alpha }$


$^{214}\mathrm {U}$


$\ensuremath {\alpha }$


$N=126$


$^{207,208}\mathrm {Hg}$


$N=126$


$N=126$


$I^{\pi } = 5/2^+$


$A$


$Z=63$


$N=82$


$78\leq N \leq 88$


$A$


$N=126$


$(Z=81)$


$(Z=49)$


$N=126$


$N=82$


$(Z=83)$


$h_{9/2}$


$Z=82$


$^{209}$


$\mu _{\mathrm {Schmidt}}$


$^{209}{\mathrm {Bi}})=2.6\,\mu _N$


$\mu _{\mathrm {expt}}$


$^{209}$


$)=4.1\,\mu _N$


$\mu $


$N=126$


$\mu $


$\mu $


$N<126$


$N>126$


$\mu $


$\mu (11/2^-)$


$\mu (7/2^+)$


$Z$


$N$


$9/2^-$


$N = 130$


$N = 128, 130$


$\mu $


$\mu (9/2^-)$


$N>126$


$\mu $


$^{215,217}$


$(N=132,134)$


$\mu $


$\mu $


$N=126$


$\mu $


$^{208}$


$_{\mathrm {MU}}$


$^{213,215}$


$\mu $


$Q_s$


$N=126$


$_x$


$^{-2}$


$^{238}$


$T \approx 2500$


$6p^3 \,\, ^4 \! S^o_{3/2} \rightarrow 6p^2 (^3 \! P_{0})7\!s \,\, ^2 [0]_{1/2}$


$\lambda _1 = 306.9$


$^{215, 217}$


$^{187-191, 214,216}$


$^{215,217}$


$^g$


$^{217}$


$\alpha $


$^{217}$


$T_{1/2}=1.53(5)$


$^{217}$


$\beta $


$^{-1}$


$^{215}$


$^g$


$^{217}$


$^{217}$


$I$


$^{209}$


$\delta \nu _{A,209}$


$a_1$


$a_2$


$6p^3 \,\, ^4 \! S^o_{3/2}$


$6p^2 (^3 \! P_{0})7\!s \,\, ^2 [0]_{1/2}$


$b_1$


$b_2 \equiv 0$


$J=1/2$


$^{215,217}$


$^g$


$I=9/2$


$\rho = a_2/a_1$


$^{209}$


$\rho (^{209}$


$) = -11.013(4)$


$a_2, b_1$


$\mu $


$Q_s)$


$^{215,217}$


$\mu $


$Q_s$


$^{209}$


$\mu $


$\mu $


$Q_s$


$g$


$\pi h_{9/2}$


$_{83}$


$_{85}$


$_{87}$


$I^{\pi }=(9/2^-)$


$g$


$g=\mu /I$


$\pi h_{9/2}$


$_{83}$


$_{85}$


$_{87}$


$N=126$


$I^{\pi }=(9/2^-)$


$^{217,219}$


$HF=1.1$


$\alpha $


$^{213,215}$


$I^{\pi }=(9/2^-)$


$^{219,221}$


$I^{\pi }=9/2^-$


$5/2^-$


$\pi h_{9/2}$


$(N=128,130)$


$\mu (h_{9/2})$


$128 \leq N \leq 134$


$g$


$^-$


$N>130$


$N$


$g$


$^-$


$g(^{213}$


$^g)$


$g(^{215,217}$


$^g)$


$9/2^-$


$^{215,217}$


$^{217,219}$


$h_{9/2}$


$^{219,221}$


$\pi 1/2^-$


$h_{9/2}$


$9/2^-$


$g$


$^{219,221}$


$g$


$^{215,217}$


$g$


$^{217,219}$


$5/2^-$


$9/2^-$


$\pi 1/2^-$


$h_{9/2}$


$^{215,217}$


$^{217,219}$


$\pi h_{9/2}$


$_{83}$


$_{85}$


$_{87}$


$\pi h_{9/2}$


$_{83}$


$_{85}$


$_{87}$


$Q_s$


$^-$


$9/2^-$


$Q_s$


$^-$


$Q_s$


$^-$


$\mu $


$Q_s$


$\delta \langle r^2 \rangle $


$\delta \langle r^2 \rangle $


$N=132$


$\mu $


$Q_s$


$A$


$N=126$


\begin {equation}\label {eq-mu} \mu =g_L^{\mathrm {eff}}(p)L_p+g_L^{\mathrm {eff}}(n)L_n+g_s^{\mathrm {eff}}(p)s_p+g_s^{\mathrm {eff}}(n)s_n\end {equation}


$L_{p,n}$


$s_{p,n}$


$g$


$g_L^{\mathrm {eff}}(p,n)$


$g_s^{\mathrm {eff}}(p,n)$


$g_L(p)$


$\mu (^{207}$


$^m$


$\pi h_{11/2})$


$g_L^{\mathrm {eff}}(p)=1.095(11)$


$g_L^{\mathrm {eff}}(n)$


$g_L^{\mathrm {eff}}(n)=-0.04$


$g_s$


$A$


$A=203-217$


$g_s^{\mathrm {eff}}=0.57 g_s^{\mathrm {free}}$


$g_s^{\mathrm {free}}$


$g_s$


$g_s$


$\mu $


$g$


$2^+, 3^-$


$M1$


$M1$


$g_s$


$g_s$


$g_L$


$\mu $


\begin {equation}\label {eq-Q} Q_s=e_pQ_p+e_nQ_n,\end {equation}


$Q_{p,n}$


$e_{p}$


$(e_{n})$


$e_{p}=1.5$


$e_{n}=0.5$


$Q_s$


$jj66$


$(82<Z, N<126)$


$jj67$


$(82<Z <126, 126<N<184)$


$N=126$


$jj66$


$jj67$


$^{217,219}$


$^{217}$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$\pi + \rho $


$^{132}$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$jj66$


$p\,-\,p$


$n\,-\,n$


$p\,-\,n$


$_{\mathrm {MU}}$


$jj66$


$_{\mathrm {MU}}$


$jj56$


$50<Z<82$


$82<N<126$


$jj66$


$_{\mathrm {MU}}$


$p\,-\,n$


$\mu $


$I^{\pi }=9/2^-$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$\mu $


$9/2^-$


$\mu $


$N=126$


$N>126$


$N<126$


$N=130, 132, 134$


$_{\mathrm {MU}}$


$\mu $


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$\mu $


$9/2^-$


$_{\mathrm {MU}}$


$\mu $


$9/2^-$


$N$


$N>130$


$Q_s$


$N=126$


$^-$


$\pi h_{9/2}$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$\nu 0i_{11/2}$


$\nu 1g_{9/2}$


$\nu 0i_{11/2}$


$\nu 1g_{9/2}$


$N>126$


$_{\mathrm {MU}}$


$N\geqslant 126$


$_{\mathrm {MU}}$


$N=126$


$_{\mathrm {MU}}$


$\pi 1h_{9/2}\otimes \nu 1g_{9/2}^{N-126}$


$\nu 1g_{9/2}$


$N$


$N=130$


$\pi 1h_{9/2}\otimes (\nu 1g_{9/2}^{N-128} \otimes \nu 0i_{11/2}^2)$


$N>126$


$\nu 0j_{15/2}$


$\nu 1g_{9/2}$


$\mu $


$N > 130$


$\nu 0i_{11/2}$


$\nu 1g_{9/2}$


$_{\mathrm {MU}}$


$\nu 1g_{9/2}$


$\nu 0i_{11/2}$


$\mu $


$9/2^-$


$N>126$


$\nu 0j_{15/2}$


$\nu 0i_{11/2}$


$\nu 1g_{9/2}$


$\nu 0i_{11/2}$


$\mu $


$9/2^-$


$\nu 0i_{11/2}$


$\nu 1g_{9/2}$


$\mu $


$9/2^-$


$N>126$


$\pi 1h_{9/2}$


$\pi 1f_{7/2}$


$\pi 0i_{13/2}$


$\pi 0i_{13/2}$


$\nu 1g_{9/2}$


$\nu 0i_{11/2}$


$N=132, 134$


$\mu $


$9/2^-$


$\mu $


$9/2^-$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$\nu 1g_{9/2}$


$\nu 0i_{11/2}$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$^{217, 219}$


$\langle \nu 1g_{9/2},$


$\nu 1g_{9/2}|V|\nu 1g_{9/2},$


$\nu 1g_{9/2}\rangle $


$\nu 1g_{9/2}$


$^{219}$


$(\pi 1h_{9/2})^3 \otimes (\nu 1g_{9/2})^6 \otimes (\nu 0i_{11/2})^2$


$(\pi 1h_{9/2})^3 \otimes (\nu 1g_{9/2})^8$


$^{215,217}$


$^g$


$\mu $


$^-$


$\mu $


$^-$


$\mu $


$^-$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$\mu $


$9/2^-$


$N>126$


$_{\mathrm {MU}}$


$_{\mathrm {MU}}$


$\mu $


$^-$


$N>126$


$\mu $


$^-$


$\mu $


$^-$


$N=126$


$N=132,134$


$j$


$\nu 0i_{11/2}$


$\nu 0j_{15/2}$


$N=126$

https://orcid.org/0000-0002-2879-0169
https://orcid.org/0009-0001-8005-7810
https://orcid.org/0000-0001-8028-1487
https://orcid.org/0000-0002-3495-3614
https://orcid.org/0000-0002-2034-0358
https://orcid.org/0000-0001-7959-8153
https://orcid.org/0000-0002-5239-2961
https://orcid.org/0000-0003-4468-9316
https://orcid.org/0000-0002-0456-7878
https://orcid.org/0000-0002-5076-8654
https://orcid.org/0000-0003-1499-0888
https://orcid.org/0000-0001-8384-7626
https://orcid.org/0000-0002-8572-896X
https://orcid.org/0000-0001-8767-1445
https://orcid.org/0000-0003-1619-0964
https://orcid.org/0000-0001-5727-7754
https://orcid.org/0000-0001-6694-4635
https://orcid.org/0000-0001-6515-2409
https://orcid.org/0000-0002-5053-7370
mailto:barzakh_ae@pnpi.nrcki.ru
https://doi.org/10.1016/j.physletb.2025.140013
https://doi.org/10.1016/j.physletb.2025.140013
http://creativecommons.org/licenses/by/4.0/

A.N. Andreyev, A. Barzakh, M.D. Seliverstov et al.

2FAIR GmbH, PlanckstrafSe 1, 64291, Darmstadt, Germany

aaIstituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Legnaro, I-35020, Legnaro, Italy

a Institut fiir Kernphysik, Universitdt zu Koln, 50937, Kéln, Germany

ac Department of Physics, University of Gothenburg, SE-412 96, Gothenburg, Sweden

ad STFC Daresbury, WA4 4AD, Daresbury Warrington, United Kingdom

¢ Institute of Modern Physics, Chinese Academy of Sciences, 730000, Lanzhou, China

af School of Nuclear Science and Technology, University of Chinese Academy of Sciences, 100049, Beijing, China
28 CSNSM-CNRS, Université de Paris Sud, 91400, Orsay, France

ah Department of Physics and Astronomy, University of Tennessee, 37996, Knoxville, Tennessee, USA

al GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291, Darmstadt, Germany

4 Institut fiir Physik, Universitdt Greifswald, 17487, Greifswald, Germany

ak Center for Accelerator-Based Science, RIKEN Nishina, 351-0198, Wako, Saitama, Japan

al Institut Laue-Langevin, 71 Avenue des Martyrs, F-38042, Grenoble, France

am Institut fiir Kernphysik, Technische Universitdt Darmstadt, 64289, Darmstadt, Germany

an Institut fiir Kern- und Teilchenphysik, Technische Universitdt Dresden, 01069, Dresden, Germany

a0 School of Physics, ARC Centre of Excellence for Engineered Quantum Systems, The University of Sydney, 2006, NSW, Australia

Physics Letters B 871 (2025) 140013

ARTICLE INFO

Editor: Prof. Betram Blank

Keywords:

Laser spectroscopy
Hyperfine structure
Dipole magnetic moments
Shell-model calculations

ABSTRACT

The nuclear properties of bismuth isotopes (Z = 83), with just one valence proton above the closed spherical
shell at Z = 82, are expected to be governed by a single unpaired proton. However, already in semimagic 2*Bi
(Z =83, N = 126), the magnetic moment (u) strongly deviates from the single-particle Schmidt value. A near
linear decrease in u with the increase of N after the N = 126 magic number was observed up to N = 130. In
order to test whether this trend is kept at N > 130 and to reveal the underlying mechanisms, an investigation
of 25217Bj (N = 132,134) has been undertaken. The magnetic dipole and electric quadrupole moments of the
I™ =9/2- nuclear ground states in these isotopes have been measured for the first time using the in-source
resonance-ionization spectroscopy technique at ISOLDE (CERN). It has been shown that the linearly decreasing
trend of u(?**2!1213Bi8) is broken in 2!>!"Bi with a nearly constant value of u observed. Experimental data have
been compared to calculations in the framework of the configuration-interaction shell model with the monopole-
based universal Vy,; +LS interaction. The peculiarities in the behavior of u(Bi, 9/27) with increasing neutron
number are explained as being due to the shell evolution, change of the neutron orbitals occupancies and strong
configuration mixing beyond N = 130. Also, the difference in the y trends for bismuth (Z = 83) and astatine (Z =
85) isotopes with N > 126 are reproduced by the shell-model calculations. It is shown that monopole interaction
plays noticeable role in the description of the peculiarities of the 4 behaviour. Additionally, the extension of the
application of the V,;; interaction to the y isotopic trends for heavy nuclei is important for further study of the

capabilities of this promising version of the shell-model calculations.

1. Introduction

One of the key properties of atomic nuclei are the values of their mag-
netic dipole and electric quadrupole moments. The spectroscopic elec-
tric quadrupole moment (Q,) probes the collective degrees of freedom
(e. g., deformation), whereas the magnetic dipole moment (y) is closely
connected with the single-particle properties of the nucleus. Their de-
scription as a function of neutron number within the isotopic chains, es-
pecially the irregularities which are often observed near shell closures,
provide a crucial benchmark for nuclear theory (see, e.g., Refs. [1-5]
and references therein).

For example, the magnetic moment of the I* =5/2% odd-A eu-
ropium (Z = 63) ground states reaches a maximum at the neutron shell
closure at N = 82 with a near-linear decrease on both sides of the closed
neutron shell (78 < N < 88; see Fig. 4 in Ref. [6]). Similar kinks were
also observed for the thallium (Z = 81) and indium (Z = 49) isotopic
chains at the neutron magic numbers N = 126 and N = 82, respectively
[3,7,8].

In this respect, the bismuth isotopic chain (Z = 83) is especially in-
teresting since bismuth has just one hy, proton above the shell closure
at Z = 82. However, even for semimagic 2Bi, one finds a very large de-
viation from the single-particle Schmidt value: uggmig G Bi) = 2.6 uy,
Hexpt CBi) = 4.1 uyy [9]. Furthermore, similar to the aforementioned
cases, a near linear decrease in u on both sides of the N = 126 magic
number was observed, albeit with different gradients.

The isotopic yu trend for isotonic astatine isotopes was found to dis-
play the close resemblance to the u trend for the bismuth nuclei with
N < 126 [10]. It was expected that this similarity is preserved also at
N > 126. Indeed, throughout the nuclide chart the isotopic dependen-
cies of y for nuclei with the same spin and parity are very similar, see, for

example, systematics of u(11/27), u(7/2%) values in odd-Z, even-N iso-
topes, see Refs. [3,5,11] and references therein. However, prior to the
present work, magnetic moments for the bismuth 9/2~ ground states
was known only up to N =130 [12-14] whereas in the astatine iso-
topic chain, isotopes with N = 128, 130 have very short lifetimes (125
ns and 100 s, respectively) and cannot be studied by laser spectroscopy.
In order to provide an opportunity to compare u(9/27) trends for bis-
muth and astatine isotopes at N > 126 and to reveal the underlying
mechanisms, in the present work u of 2!5217Bj (N = 132, 134) has been
measured.

On the theory side, impressive descriptions of x in several long iso-
topic chains have been achieved by the deformed energy-density func-
tional calculations with accounting for the time-odd terms [1,2,4,5,8]
and in the framework of the theory of finite Fermi systems based on the
Fayans functional [3,15-18]. However, both approaches fail to repro-
duce experimental y for bismuth isotopes near N = 126.

As indicated in Ref. [4], this discrepancy is most likely due to spe-
cific configuration mixing. Such configuration mixing should be strongly
dependent on the number of neutrons outside the closed shell and, cor-
respondingly, might be a source of the observed behavior of u.

Recently, significant progress was achieved in the large-scale shell
model calculations in the region near 2%8Pb (see Refs. [19-25] and ref-
erences therein). In particular, the monopole-based universal interaction
Vyu was introduced [26] in order to construct shell-model Hamiltonians
for different model spaces in a unified way. For example, this interac-
tion was used to understand the recently-discovered isomeric states in
21321571, where shell evolution plays a significant role [21,27]. In or-
der to further test this interaction, a comparison of the corresponding
shell-model calculations with the experimental data for 4 and Q; near
N = 126 was implemented in the present work.
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2. Experimental details

The experiments were performed at the ISOLDE facility (CERN) [28].
The bismuth nuclei were produced in spallation reactions induced by the
1.4-GeV proton beam from the CERN PS Booster impinging on a thick
UC, 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 [29]. The bismuth
atoms were resonantly ionized when the laser beams were wavelength-
tuned to a three-step ionization scheme [30,31]. The hyperfine struc-
ture (hfs) measurements were performed for the first-step transition of
the ionization scheme, 6p° 4S§ = 6p>(Py)7s 2[0], /2 (A = 306.9 nm) by
scanning the frequency of a narrowband Titanium Sapphire laser [32].
The produced photoions were extracted and accelerated by a 30-kV po-
tential and mass separated by ISOLDE’s General Purpose Separator.

Data were collected during three separate experimental runs which
differ by the method of the photoion-current monitoring. During the
first experimental campaign (2016) the photoion current of 2!5217Bi was
monitored by ion counting with a Multi-Reflection Time-of-Flight Mass-
Separator (MR-ToF MS, [33,34]). In the second and third runs (2017,
2018) the ISOLDE Decay Station (IDS) [35] was used for decay-based
ion-current monitoring. Partial results from these experimental cam-
paigns can be found in Refs. [24,25,36] (187-191.214216Bj),

3. Results

Over three experimental campaigns, seven hfs spectra were mea-
sured for 21Bi¢ and four for 2!7Bi. Fig. 1 provides typical examples.
Note, that intensities ratios of the >!7Bi hyperfine components on Fig. 1
do not correspond to the theoretical values due to saturation and
not optimal fixation of the second-step transition frequency. These
distortion factors were explicitly taken into account in the fitting proce-
dure [10,31].

The positions of the hyperfine components in the hfs spectra are
determined by the standard relation [37] with five parameters: nu-
clear spin (1), isotope shift relative to the stable 2%Bi (v, 9), mag-

netic hfs constants (a; and a,) for the first (6p° 4S§ /2) and the sec-
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Fig. 1. Examples of the hfs spectra of 2!>?'7Bis. The nuclear spins, detection
method and the year of experiment are shown. In the case of ?!"Bi, the energy of
the « particles from the decay of daughter *'7Po (T, = 1.53(5)s) produced after
2I7Bi g decay, is also indicated. They were used for monitoring the photoion
rate. The solid lines depict the Voigt-profile fit to the data. The zero point on
the frequency scale corresponds to a wave number of 32588.16 cm™'.
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Table 1
Hfs constants (a,, b;), magnetic (1) and quadrupole (Q,) moments
fOI' 2]5’217Bi.

A T Tp(s)  a, (MHz) p(uy)? b,(MHz)  Q,(b)

215 (9/27) 456(12) 4423(40)
217 (9/27) 98.5(13) 4465(50)

3.675(33){18} —397(150) —0.55(21)
3.710(42){19} —520(150) -0.72(21)

a The statistical and systematic uncertainties are shown in round
and curly brackets, respectively. The latter values originate from
the uncertainty of the hyperfine anomaly.

ond (6p*CPy)7s 2[0];,) level of the ionization scheme, and electric
quadrupole hfs constant b, for the first atomic level. Note, that the
quadrupole hfs constant for the second level b, =0 since the second
level has total electronic angular momentum J = 1/2.

Due to the limited resolution of the RILIS method we cannot deter-
mine the nuclear spin from the hfs spectra. Therefore, we used avail-
able information on the spin values obtained by nuclear spectroscopy.
For 215217Bi¢ a spin of I = 9/2 was used, in accordance with systemat-
ics, beta decay pattern [38-40], the structure of excited states [41] and
shell-model calculations [38,41].

The experimental data were fitted with Voigt profiles (more details
are in Ref. [31]). In the fit, the ratio p = a,/a, was fixed according to
its value for 29Bi: p(*"Bi) = —11.013(4) [9,42]. The fitting results from
the different runs agree with each other within the limits of uncertain-
ties and the final values of the hfs constants shown in Table 1, are the
corresponding weighted means.

From the hfs constants, the nuclear 4 and Q, values were deduced,
relative to those of 2°Bi taken from Refs. [9,36]. High-resolution hfs
measurements for lighter bismuth isotopes demonstrate that the hyper-
fine anomaly (HFA) for bismuth isotopes with spin 9/2 is less than 0.5%
[43]. Corresponding uncertainties were taken into account for deduced
u values. The values of y and Q, are presented in Table 1.

3.1. Magnetic moments

In Fig. 2, the g factors (g = p/1I) for the zhy;, ground states in g;Bi,
ssAt and g;Fr isotopes near N = 126 are shown. The spin and parity
assignment I” = (9/27) for the 217219 At ground states is based on the low
hindrance factors, H F = 1.1 and 1.16(4), of their « decays to the ground
states of 213215Bi, which have established I = (9/27) assignment [44,
45]. The spin and parity assignment for the 2!%?2! Fr ground states (I” =
9/2~ and 5/27) are reliably established as well, and both states have
leading 7hy,, configuration, despite the change in spin from 9/2 to 5/2,
see Refs. [46,47].

Note, that in the astatine and francium isotopic chains, some key
isotopes (N = 128, 130) have very short lifetimes and cannot be studied
with laser-spectroscopy measurements. Thus, the bismuth isotopes rep-
resent a unique chain where information on u(hy,) at 128 < N <134
can be obtained without gaps.

The isotopic dependence of g(Bi, 9/27) strikingly deviates from that
for the adjacent astatine and francium isotopic chains at N > 130. In-
stead of a rapid decrease with increasing N, as seen in astatine and
francium isotopes, one can see the stabilization of g(Bi, 9/27) whereby
g(®13Bi#) coincides with g(*'>2!7Bi¢) within the limits of uncertainties.

The 9/2~ ground states in 2'>?!7Bi and 2!7.2!9At are considered to
be predominantly spherical g, states, see Refs. [41,51] and references
therein. In contrast, neutron-rich francium isotopes are known to have a
moderate quadrupole deformation and exhibit parity doublet bands and
inverse odd-even staggering in radii, associated with octupole deforma-
tions [52-54]. Moreover, ground states of 2!%22!Fr are supposed to be
the band heads of strongly Coriolis-perturbed rotational bands built on
the #1/27[541]hy /2 Nilsson orbital.

An obvious difference in the interpretation of the 9/2~ ground states
in the isotonic francium, and astatine and bismuth nuclei, explains
the sharp decrease of g(*'%??'Fr) in comparison with g(*'32!7Bi) and
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Fig. 2. g factors for the 7h, ), ground states in ¢;Bi (red upward triangles: present
work; blue downward triangles: Refs. [12,13]), gsAt (black squares: Refs. [10,
48]) and g, Fr (green rightward triangles: Refs. [49,50]) isotopes. The data points

without labels correspond to the nuclei with I* = (9/27). The data points are
connected by lines to guide the eyes.

g(®17219A¢), see Fig. 2. Namely, calculations in the framework of the
Nilsson model with effective decoupling parameter describe magnetic
moments of the 5/27 and 9/2~ band members of the x1/27[541]hy,
band fairly well [34].

Below (Section 4) we will not consider deformed francium isotopes in
our shell-model calculations which are restricted to spherical nuclei. The
assumption of spherical symmetry for 2'5217Bi and 217-219At [41,51] will
be additionally justified by the good agreement of the spherical theory
and experiment for the magnetic moments of these nuclei (Section 4).

3.2. Quadrupole moments

In Fig. 3, the quadrupole moments for zhy,, ground states in g;Bi,
gsAt and g;Fr are shown. The isotopic dependence of QO (Bi, 9/27) differs
from the common pattern for the adjacent astatine and francium isotopic
chains. However, this deviation cannot be regarded as well established
due to the large uncertainties.

As was stressed in [48], surprisingly, despite an obvious difference
in the interpretation of the 9/2~ ground states in the isotonic francium
and astatine nuclei, the corresponding quadrupole moments have nearly
the same values. Before drawing any conclusions, it would be highly
desirable to remeasure Q,(Bi, 9/27) and Q,(At, 9/27) with reduced un-
certainty.

In view of the difference of the x (and, possibly, Q,) behaviour for
bismuth and astatine isotopes, it is important to compare the §(r?) val-
ues for these nuclei. As seen in Fig. 4, isotopic 5(r>) dependencies for
bismuth and astatine are very similar and there are no irregularities at
N =132 or 134.

4. Shell-model calculations

The u and Q, values of odd-A bismuth and astatine isotopes in the
vicinity of N = 126 shell closure were calculated in the framework of the
configuration-interaction shell model (CISM) [19], using the expression
(Refs. [20,56]):
u=g L, + &L, + g (p)s, + g (m)s, )
where L, , and s, , are the proton and neutron angular momentum and
spin terms of the nuclear matrix elements, respectively.

In Eq. (1), the effective orbital and spin g factors for protons and neu-
trons (geLff(p, n) and g?ff(p, n)) were used instead of the free ones since
the shell-model calculations were performed in the truncated model
space. A renormalization of the g; (p) factor was also applied, which
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Fig. 4. Changes in the mean-squared charge radii for bismuth (downward trian-
gles, [12,13,55]) and astatine (squares, [10,48]) odd-A isotopes near N = 126.

was recently determined by the measurement of u(*’TI", zhy, ) [3],
S (p) = 1.095(11).

There are several estimations of geL”(n) in the lead region. Nearly
all of them fall within the interval [-0.03, -0.05], see Refs. [57,58]
and references therein. In our shell-model calculations a mean value
of g¢f(n) = —0.04 was used.

The choice of the g -factor renormalization (the same for protons and
neutrons) was based on the condition of the best agreement with the
experimental data for the ground-state magnetic moment of the odd-A
bismuth isotopes with A = 203 — 217. The result, g* = 0.57¢{r°, where
gﬁree is the g, factor of the free nucleon, is reasonably consistent with the
commonly used g,-factor renormalization (see, for example, Ref. [20]).

The departure of y from the Schmidt value is often considered in
terms of the first-order (CP1) and second-order (CP2) core-polarization
corrections, as well as the meson-exchange current contribution (see
Ref. [59] and references therein). The latter can be accounted for by the
orbital g factor renormalization. CP2 comes from the valence-nucleon
coupling with the low-lying collective excited states of the core (2*,3",
etc.). This type of mixing cannot be taken into account in the frame-
work of the CISM calculations. Nevertheless, an important correction of
the second order could be connected with a tensor component of the
M 1 operator. Previous studies in the framework of CISM [20] indicated
that the second-order M1 operator has very limited influence on the
magnetic moment. Therefore, in our case, we did not include this term.
The contribution from the CP1 correction was effectively accounted for
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by the renormalization of the g, factor. The renormalization of the g
and g; factors has not noticeable effect on the u trends. It shifts the
theoretical curve as a whole.

Quadrupole moments were calculated by the formula:

0, =¢,0,+¢,0,, (2)

where Q,, are the proton and neutron quadrupole matrix elements and
e, (e,) denotes proton (neutron) effective charge induced by in-medium
and core-polarization effects. We accepted the standard values e, = 1.5
and ¢, = 0.5 [60,61] and did not apply the optimization procedure for
these effective charges owing to the large uncertainties in the experi-
mental Q, values, see Table 1 and Fig. 3.

The shell-model calculations were performed using the code KSHELL
[62] in two model spaces: jj66 (82 < Z, N < 126) (neutron-deficient iso-
topes) and j;j67 (82 < Z < 126,126 < N < 184) (neutron-rich isotopes)
[19]. Neutron excitations across the N = 126 shell gap were not taken
into account. The same set of strength parameters was used for both
model spaces, jj66 and jj67. For 217-219At and 2!7Bi a monopole-based
truncation was implemented with a threshold of 5 MeV. This method
was applied and described in detail in Ref. [63].

Two effective interactions were used. The first one was constructed
from the monopole-based universal interaction Vy; (Refs. [26,64]) and
the M3Y type of spin-orbit interaction [65] (Vy;; +LS). The Vy interac-
tion contains a Gaussian central force and a bare = + p meson exchange
tensor force. The strengths of the central forces were changed in accor-
dance with Refs. [26,64]. Namely, the proton-proton (neutron-neutron)
central forces were enhanced by 15% (5%) to enable a more accurate
description of the low-lying excitation energies in medium-heavy nuclei
[19,63,66].

The interaction parameters were the same as used in Ref. [63] for
the 132Sn region. CISM calculations with the Vy; + LS interaction were
successfully performed in different regions of the nuclide chart (see Refs.
[19-21,66] and references therein). Note, that earlier one had to choose
different effective Hamiltonians with different origins for different nu-
clear regions. It is of great significance that the Vy;;+LS interaction
enables one to construct effective Hamiltonians for several regions from

one basis. More detailed information about the Vy;; +LS interaction can
be found in Ref. [19].

The second effective interaction combines the Kuo-Herling and Vy,
interactions. For the jj66 model space, the p — p, n — n, and p — n parts
of two-body interactions were taken from the Kuo-Herling particle inter-
action (KHPE) [67], Kuo-Herling hole interaction (KHHE) [68], and Vy;,
interaction [26], respectively (see application of the same combined in-
teraction for the jj66 model space in Ref. [69]). Another combination
of Kuo-Herling and V) +LS interactions was proposed in Ref. [20].

Note that the KHHE interaction was constructed in the j;j56 model
space (50 < Z < 82 and 82 < N < 126). There is no Kuo-Herling interac-
tion for the proton-neutron part in the jj66 model space. Correspond-
ingly, we were forced to use the “combined” interaction with the Vy;,
effective nuclear force in the p — n sector, to address this issue.

The results of the calculations are compared with the experimental
data in Fig. 5. As one can see, all trends in x(Bi, 9/27) isotopic behavior
are reproduced by both interactions: namely the decrease of y on the
both sides of N = 126, the more rapid drop for N > 126 than N < 126,
and the flattening at N = 130, 132, 134. However, the V,;; +LS interac-
tion better models the abrupt transition from the steep decrease to near
constancy of y in accordance with experimental data compared to the
KH-V\,y interaction which displays a smoother transition. Remarkably,
the Vyy +LS interaction also describes u(At, 9/27) isotopic behavior
fairly well, reproducing the unexpected difference between bismuth and
astatine isotopic chains. At the same time, the KH-V\; interaction fails
in describing the regular monotonic decrease of u(At, 9/27) with the
increase of N for N > 130.

Both shell-model calculations give similar results for the Q, values
and reproduce the trend of the quadrupole moments for bismuth iso-
topes near N = 126 (see Fig. 6). However, a more detailed analysis is
not possible due to the large experimental uncertainties.

5. Discussion

In the framework of the CISM calculations, the isotopic trend of the
magnetic moments is determined by the subtle interplay between in-
terlinked mechanisms. These are the evolution of the effective single-
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particle energies (ESPE) due to the monopole interaction [26,64], the
change in occupancies of the shell-model states, and configuration mix-
ing. The evolution of the ESPE, in particular, changes the energy differ-
ence between v0iy; /, and vlgy,, orbitals (see Fig. 7).

In Fig. 8, the percentage of the main neutron components in the
wavefunction of the bismuth ground states is shown for the Vy;; +LS
interaction. Naively, one would expect a dominant z1hg/, ® vlgg’\;;m’
configuration when neutrons successively fill the vlg,, orbital, which
is closest to the Fermi level (see inset in Fig. 8). However, one ob-
serves that the occupancy of this configuration rapidly drops with
increasing N, and after N =130 the leading configuration becomes
wlhy), ® (vlgé‘;;'28 ® vOifl/z). Moreover, for N > 126 the configuration
component with two neutrons in the v0j;5,, orbital also becomes larger
than that with only the vlgy,, neutron orbital occupied. As the mag-
netic moment strongly depends on the configuration, the different mix-

Physics Letters B 871 (2025) 140013

N

i) 126 128 130 132 134
= T T T T T
)
= | - ]
g 10 . 5 V)isn
] S 4 Vi
S 084 ‘\\ %\ 3 V8o | |
g N )
S gelr ™ vEE . = e
£ 064 2 ®,oN-128 N 1 ]
ug v vt O el \\\ 0 wp

; 2 12
§ o4& Vs ®velid® A 4
o F 4= visn® vitn®© 1ed3 . N
£ I T
< 0.2 e S - Sea - N

v N -

IS oy it -2l
.8 - e
£ 004 -
]
- T T T T T

209 211 213 215 217

A

Fig. 8. Fraction of the wavefunction components for Bi isotopes with N > 126
(Vyy +LS interaction). In the inset, schematic diagram of the neutron single-
particle orbitals above N = 126 is shown.

ing leads to a different trends in u values for bismuth and astatine iso-
topes with N > 130 (Fig. 5). A similar picture with a dramatic change in
the underlying configurations is also seen in the calculations using the
KHPE interaction.

It should be noted that the reduction of the energy gap between
the v0iy, , and vlgy,, orbitals when using the V\,, +LS interaction (see
Fig. 7) not only favors the excitation of a single neutron from vlgy, to
v0iy, ;», but makes much more probable the scattering of pairs of neu-
trons from the lower to the higher orbitals due to pairing.

Let us now consider the difference between the u(9/27) trends for
bismuth and astatine isotopes with N > 126. The occupancy of the
v0jj;s/, orbital lowered the ESPE of the v0iy, /, orbital, which becomes
closer to that of the vlgy,, orbital. This increases the occupancy of the
V0iyy /, orbital, decreasing the value of 1(9/27). At the same time, neu-
trons occupying the v0i;; /, orbital push it away from vlgy,,. The com-
petition between the two mechanisms results in the observed decrease
and then stabilization of x(9/27) in bismuth isotopes with N > 126.

In contrast with bismuth nuclei, in astatine isotopes there are extra
protons which occupy the zlhy,, z1f;,, and z0i3/, orbitals. Adding
protons to the z0i,3, orbital pulls the vlgy,, and v0iy, /, orbitals closer
due to the neutron-proton tensor interaction. Therefore, the balance
achieved in bismuth isotopes at N = 132, 134 is broken in the isotonic as-
tatine nuclei, resulting in the different trends for x(9/27) in these chains
(see Fig. 2).

The difference in the u(At, 9/27) description by the KH-Vy;; and
Vmu +LS interactions can also be explained by the difference in the
corresponding shell-evolution pictures. The KH-V,,; interaction over-
estimates the gap between vlg,,, and v0i,, , shells. Moreover, this gap
increases when adding neutrons to the valence space in the KHPE calcu-
lations, while it decreases in the Vy;; +LS case (see Fig. 7). As a result,
the calculated KH-V),; magnetic moment of 2!7?!9At increases and de-
viates from the experimental value [see Fig. 5(b)].

In order to check the influence of the monopole part of the inter-
action, the monopole matrix elements (v1gy . vlgy,|V vlgy s, v1gy))
of KHPE were artificially increased by 0.1 MeV. As a result, the ESPE
of the vlgy,, orbital increased for all nuclei considered, and the domi-
nant configuration of the ground state of >!At proved to be (r1hy,)* ®
(vigy;»)® ® (W0iy 1) rather than (x1hy,)* ® (v1gg),)®. Correspondingly,
KHPE magnetic moments of astatine isotopes becomes closer to the ex-
perimental data [see Fig. 5(b)].

6. Summary

To summarize, the hfs of the 306.9-nm atomic transition was studied
for 215217Bi¢ using the in-source resonance-ionization spectroscopy tech-
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nique. Magnetic dipole and electric quadrupole moments were derived
from the experimental data. The isotopic dependency of u(Bi, 9/27) de-
viates strikingly from the pattern in the adjacent astatine isotopic chain.

Magnetic moments [u(Bi, 9/27) and u(At, 9/27)] were calculated
within the framework of the CISM with KH-V);; and Vy; +LS interac-
tions. The peculiarities in the u(Bi, At, 9/27) isotopic behavior (in par-
ticular, the different patterns for bismuth and astatine at N > 126) are
well reproduced by the calculations with Vy; +LS interactions. How-
ever, the KH-V); interaction fails to describe the p(At, 9/27) values for
N > 126. The difference between the u(At, 9/27) and the u(Bi, 9/27)
isotopic dependencies, as well as the difference between calculation re-
sults with different interactions are related to the configuration mixing
and shell-evolution effects. Quadrupole moments of bismuth-isotopes
ground states near N = 126 are described by CISM calculations with
both interactions fairly well.

Notably, magnetic moments of astatine isotopes with N = 132,134
were described without the appeal to octupole deformation although
there are some evidence in favor of the reflection asymmetry for these
nuclei [48,55].

Our inference on the increased occupation of the high-j v0i,,, and
v0j;s5/, neutron orbitals above N = 126 may be further relevant to the
discussion of their role in producing the kink in the mean-square charge
radii in the lead, mercury and thallium isotopic chains [70-73].
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