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Introduction

** Nobelium isotopes 250_262NO provide a benchmark test for theoretical models
pretending to describe superheavy nuclei.

** Nobelium isotopes are the heaviest nuclei for which there is some (though
yet poor) spectroscopic information (250-256 No )

**|sotopes 252254 No are most studied.

** DFT models yet give very different predictions for No features (pairing, s-p
spectra, K-isomers, ... ).

**The topic is very hot.

** Recent and planned experiments for spectroscopy of No isotopes
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Basic reviews on low-energy spectra
(mainly for K-isomers and g.s. rotational bands):
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Despite a huge experimental and theoretical effort for No
iIsotopes, some open problems are yet disputed.
New experimental data appear.
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V. O. Nesterenko ©.2 M. A. Mardyban.,"2 A. Repko®.? R. V. Jolos®."? P.-G. Reinhard ©.* and Alan A. Dzhioev'
' Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia
’Dubna State University, 141982 Dubna, Moscow region, Russia
3Institute of Physics, Slovak Academy of Sciences, 84511 Bratislava, Slovakia
*Institute for Theoretical Physics II, University of Erlangen, D-91058, Erlangen, Germany

- systematic study of low-energy spectrain 20-262Nq

252,254
- detailed analysis for No

- interpretation of K-isomers K” =8 2" 3* 4*

origin of recently observed states K* =0" in “*No

pairing vibrations vs superdeformed gs (Dao, Nowacki)

experiment Dubna-Strasbourg-GANIL: M. Forge et al., J. Phys.: Conf. Ser. 2586, 012083 (2023).




M1 scissors mode in ®*No

Low-energy (~2.5 MeV) collective mode
Characterized by strong orbital M1 transitions
Should exist in all deformed nuclei

Already observed in light, medium and heavy (U, Th)
nuclei

pTpd nTni

What about superheavy nuclei and nearby?

Predicted:
N. Lo ludice and F. Palumbo, Phys. Rev. Lett. 41, 1532 (1978)

First observed:
D. Bohle et al, Phys. Rev. Lett. 137, 27 (1984)

Review:
K. Heide, P. von Neumann-Cosel and A. Richter, Rev. Mod. Phys. 82, 2366 (2010) ,

V.O. Nesterenko, M.A. Mardyban and A.Repko, arXiv:2609.21489v1 [nucl-th], subm. to PRC.



Why SM in heavy nuclei is important?

Impact of SM to strength functions is relevant for description

of stellar nucleosynthesis processes, like the rapid neutron-
capture process (r-process), as it increases the neutron-capture
probability.

Both centroid energy and integral M1 strength contribute to SM
phenomenological formulas (ie.g. those based on two-rotor model).

SM estimation formulas should be tested in the wide mass region
and especially for heavy nuclei.
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Experiment: g e
. oo 238F | Jsm
- accelerator Laboratory of the Univ. of Jyvéiskyld. 2 4&
- Reaction 2°°pPp(“®Ca,2ny)?**No 8 251 _;?PAca'C‘
. . e aram.
- Very complicated experiment W2 2F (Ref 7]
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Results:

- first observation of M1 scissor mode (SM) in so heavy nucleus
- SM energy: ~2.5 MeV

- SMstrength: > B(M1T)=11.8 (19)4



Experimental data and theoretical estimations

F.l. Bello Garotte et al, Phys. Lett. B 834, 137479 (2022).
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D1M Gogny QRPA: ad-hoc energy downshift
Empirical estimations:

- SMLO: underestimation of strength

Results:
- SM energy: ~ 2.5 MeV
- SM strength: 11.8 (19) x4

Sum rule (rigid Mol):
- SM energy: ~ 2.1 MeV
- SM strength: 12.1 Hy

WFM:

- SM energy: ~2.6 MeV
- SM strength: 13.4

E.B. Balbutsev and |.V. Molodtsova,
Eur. Phys. J. A60, 185 (2024).

- GLO: overestimation of the energy centroid and strength
RAINIER

- EGLO: does not converge

A further microscopic analysis is necessary

E1 + M1 Lorentzians



The model.
fully self-consistent Skyrme QRPA: SG2, SG2+J72, SLy4, SLy5

A. Repko, J. Kvasil, VON., and P.-G. Reinhard,
. arXiv:1510.01248[nucl-th]
2d QRPA (COdeS Of A RepkO) A. Repko , J. Kvasil, VON, W. Kleinig, P.-G. Reinhard EPJA, 53,

- fully self-consistent matrix RPA, 221 (2017)
- ph- and pp-channels, A. Repko, J. Kvasil, VON, PRC, 99, 044307 (2019)
_ removal Of SpriOUS admixtures { J. Kvasil, A. Repko, VON, EPJA, 55, 213 (2019)

Mean field (SKYAX)
- deformation from the minimum of the total energy B = 4_77 Qo
- 2D mesh in cylindrical coordinates 3 AR?
- calculation box: 3R, mesh step 0.4 fm
- sp levels up to +55 MeV

2qp basis (SLy5): 2qp states until ~ 100 MeV, EWSR ~100%

o G. Colo, H. Sagawa, S. Fracasso, P.F. Bortignon,
Pairing: volume monopole pairing, BCS / PLB, 646, 227 (2007) .

Inclusion of central-exchange J*2 term, which can be important for
description of M1 excitations




Perturbative (SG2 vs SG2+J72) and consistent (SLy4 vs SLy5)
inclusion of central exchange J*2 term.
Can be important for description of M1 excitations

Hoe = 2 =20y 2 By Doy .

) 5 G. Colo, H. Sagawa, S. Fracasso and P.F. Bortignon,
+by(pr —j2) =V, Z{pq Ty — } Phys. Lett. B 646, 227 (2007).
V.O. Nesterenko, P.l. Vishnevskiy, P.-G. Reinhard,
A. Repko and J. Kvasil, EPJA 60, 28 (2024).
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TABLE 1. IS effective masses mg/m, spin-orbit parameters
by, and tensor parameters by and b for SG2, SLy4 and SLy5.

spin-orbit terms

force |mo/m by b1 i
MeV fm® |MeV fm®|MeV fm®
SG2) 0.79 h2.b -0.96 4774

SLy4| 0.70 61.5 47.37 -129.15
sLy5| 0.70 63.0 48.87 -129.07




B(M11) [13]

B(M11) [13]

V.O. Nesterenko, M.A. Mardyban and A.Repko,

Orbital, spin, total B(M1) strengths. arXiv:2609.21489v1 [nuck-th]
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The impact of JA2 term is large in the perturbative case (SG2 vs SG2+J72)
and small in the consistent case (SLy4 vs SLy5)



Comparison with experiment and previous estimations:

Method AE [MeV]| E.|Y Born(M11) |3 Bapin(M11) |3 Booe (M11)

exp [12] 1.7- 3.0 |2.5] - - 11.8
sum rules [12, 20] - 2.1 12.1 - -
QRPA, Gogny [12, 50][ 1.8-2.9 |24 0.2 - -

GLO [12, 22] 1.0-6.0 |34 - - 28.2

SMLO [12, 23] 1.1-6.0 (2.9 - - 6.3

WEFM [§] - 2.6 - - 13.4

SG2 1.2-30 |25 2.82 1.04 5.22

1.2-40 (2.9 6.28 1.26 8.07

1.2-50 |38|] 747 1.50 10.19

SG2 + J° 1.2-30 (24 2.53 0.91 452

1.2-40 (2.8 5.71 1.21 8.30

1.2-5.0 [38]] 715 4.91 11.57

SLy4 1.2-30 (24 2.61 0.84 4M

1.2-40 [2.9 7.77 1.22 10.31

1.2-50 |31] 887 1.40 11.65

SLy5 1.2-30 (25 2.62 1.44 5.72

1.2-40 (3.0 7.36 1.02 11.03

1.2-50[32]] 875 2.12 12.62

We predict for SM:
- a larger energy interval 1.2 — 5.0 MeV
- a higher centroid energy ~ 3 MeV
- fine structure: two groups of peaks
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acceptable agreement with
the experimental data:

E ~2.5MeV
> B(M1T)=11.8 (19) 4,

nd

Experiment has many subtle
points in extraction
of M1 strength

“should only be considered as
as an estimation”



Nuclear transition current densities for QRPA states |V>
5, (r) = (v]j[0) ()

Convective nuclear current

: eh : .
jlr) = _Eﬁ Z qu&ﬁ (d(r — 1‘;;)?;; — %.i;ﬂ(l‘ — L))
g=n.p keq
Effective charges: ejl?eff=1 , e?eﬁ =0 <« proton current

P — n

€. =0, € =1 <« neutron current
P —=AN

€ =€ =1 <« IS current

| O n
€ =€er=1 <« IV current



SLy5 distributions of nuclear current for the states with the largest B(M1)
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- strong IV flow, mainly in lateral (equator) regions
- different IV flow for states at 2.4 MeV and 3.2 MeV
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IV flow does not support the scissors-like scheme
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IV flows for ~2.4 MeV and ~3.2 MeV states: SG2, SG2+J72, SLy4, SLy5
~2.4 MeV ~3.2 MeV

Ay i

e S T

Similar results for the

(e applied forces

SG2+J72

Stability of our results to the
choice of Skyrme force

SLy4

SLy5




SM fragmentation and lateral distributions of the nuclear current

also takes place in light and medium and heavy deformed nuclei

T. Shizuma et al, 166

H. Pai et al, 50 PRC 113, 044325 (2026) Er
PRC 93, 014318 (2016) Cr - :
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So,
1) fragmentation of M1 SM strength into distinct groups
2) specific lateral (non-scissors) distribution
of the nuclear current

seem to be general phenomena.



Possible reasons of SM fine structure

Always: 1ph transitions between neighbouring s-p states
Arising due to the deformation splitting

spin-orbit deformation
splitting splitting
> = 3/27[4021] F+9
L A\ 5/2°7402 1] F+5
2d,, ( h
ey e 1/2°[4114] F+1
2d — Lo ﬁ I
3/2'[4117] F
2d;,,
1/2'[420 1] F-6
spin-flip orb. scissors

transitions  transitions

Fragment of proton s-p scheme
near the Fermi level F

Strong M1 1ph transitions (between
neighboring s-p states arising due to
the deformation splitting)

in the proton and neutron s-p schemes
already can lead to fragmentation of
M1 SM strength into two fractions.

V. O. Nesterenko, P. I. Vishnevskiy, J. Kvasil,

A. Repko and W. Kleinig,
PRC, 103, 064313 (2021)

162 Dy

Fragment of neutron s-p scheme
near the Fermi level F
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However, the reasons of M1 fragmentation can be additionally
influenced by other factors:

strong (usually constructive) interference between orbital and
spin fractions in M1 transitions

high density of s-p states (e.g. in heavy nuclei)

(e.g. in 254No two strong M1 transitions in the proton s-p scheme
mainly produce the fragmentation)

coupling with complex configurations

triaxiality, shape coexistence

So, each nucleus can suggest its own set of fragmentation factors.



Conclusions for M1 “scissors” mode in bin NO

Skyrme QRPA analysis of Jyviskyld experiment

acceptable description of experimental data
254

fine structure of SM, not only in No

deviation from the scissor scheme for IV nuclear currents !

fragmentation of M1 SM strength into distinct groups
and
lateral (non-scissors) distribution of the nuclear current
seem to be general phenomena.




Thank you for attention!
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