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Charge radii and B-decay properties of nuclei
near magic neutron shell N=126

Precision laser spectroscopy of the hyper-fine splitting spectra and beta-decay measurements
of exotic nuclei at RIB facilities have reached a new level nowadays.

The nuclear charge radii and beta-decay half-lives near N=126 (important for the r-process)
have been intensively explored recently at CERN, GSI etc...

This calls for theoretical studies of different nuclear observables <r’>, Q,, uand T% peq decay
of exotic very neutron-rich nuclei in a single self-consistent framework.




Motivation

The self-consistent FFST with modified Fayans functional DF3-a is used for
simultaneous description of the

isotopic dependence of the radii (R_charge) and P decay half-lives .

The isotopic behavior of the R_charges is sensitive to the spin-parity of the shell orbit occupied by the valence neutron.

The B decay half-lives are sensitive to the ordering of neutron orbitals due to the GT and FF decays competitions!
By definition the Fayans functionals complies with experimental single-particle spectra.
For N=126 region, the reference nucleus is 208Pb: Ae (n2g9/2-n1i11/2 )= - 780 keV

Relativistic Hartree-Bogoliubov (RHB) with covariant EDFs gives an inversed order of the neutron states at N > 126 !

How this difference may influence the simultaneous description of R_charge and T1/2



Fayans functional DF3-a.  Self-Consistent Ground State.
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Fitted to the nuclear masses, matter densities, s.p energies of magic nuclei.
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I. Nuclear charge radii. Odd-even staggering. Kink of the isotopic curves at N=126
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DF3-a . Charge radii in Pb isotopes. The different pairing options.
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Electromagnetic moments and radii near N=126.
I.N.Borzov,S.V.Tolokonnikov, Physics of Atomic Nuclei 87, 423 (2024).
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Charge radii of thallium isotopes in the vicinity of magic N =126.

Z.Yue, A. N. Andreyev, A. E. Barzakh , I.N. Borzov, et.al. Phys.Rev. C 110, 034315 (2024).

Electromagnetic moments and radii near N=126.
I.N.Borzov,S.V.Tolokonnikov , Physics of Atomic Nuclei 87, 423 (2024).
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cocaacyromces ¢ IKCnepumeHmalbHbIMUu OAHHbIMU

H3zeecmnvie RMF ¢ynkyuonano
U. C. Perera et.al., Phys.Rev. C 104, 064313 (2021)

aubo saeviuwarom ¢,

JUOO0 NPUBOOSAM K CUTLHOU Z-3A8UCUMOCTIU.




PEAAMUBUCMCKUX MOOesAX «U3/10M» 3apA008bIX paduycos npu N=
803HUKAem 3a cyem uHsepcuu yposHel n2q99/2 — nlill/2.

Ha skchepumeHme Hem UHeepcuu - yposeHb n2g9/2 Huxe Ha 780 keV !

PHYSICAL REVIEW C 104, 064313 (2021)
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Nuclear beta-decay of Hg isotopes (... 2 proton holes atZ=821)

KoHrypeHuus famos-Tenneposckux u cross-shell nepexodos nepsozo 3anpema npu N>126 > YysecmeumesnibHOCMb CKopocmu
6ema-pacnada K aHepausaM, opbumasnbHbIM K8BAHMOBbLIM YUC/IAGM U CmeneHuU 3anos1HeHus HelimpoHHbIX yposHeli 2g9/2 u 1i11/2.

1§ 11/2 A~T1/270~ W < Q% Wep 2> Wer
29 9/2
GT N=126
1i 13/2 B(GT") ~ [<p[M[n1>]2  ~
VS. 7 1i 13/2 ~(n, M= (1—n,?) *8(1+1)/(21+1)
FE 1h 9/2

lMpu HopmanbHOM nopadKe 3anonHeHusA npu N 2126 :
1h 11/2 - cywecmseH 8K1ao 8 T1/2 8bICOKO3HEP2eMUYECKUX
FF nepexodos ¢ 299/2 ([=4).
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[TonHas ckopocms B-pacnada A cyuwecmseHHO 3a8UcUm om Moao KaKasa U3 «KOHKypupyrowux» opbumanetl
3anosHAemcs nepsoli npu N>126 : 2g9/2 (I=4) uau 1i11/2 (I=6).



Beta-decay half-lives and Pn-values for Hg isotopes.
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BknroueHue 8 RMF cea3u ¢ poHOHamu
(Particle Vibration Coupling)
Mo2s10 bbl ycmpaHUMs UHBEPCUD, HO
(30 cuem cmsac4eHuUA cunosol pyHKYUU )
npusesno bbl K dansHelwemy
yCKopeHuro B-pacrniada !




DF3-a. Energetics of 204Hg and unstable 205-212Hg isotopes
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CamocoenacosaHHble FFST pacyemsl Ha ocHoge ¢hyHKYuoHana DF3-a 0na eceomempuyeckux (R_charge),
aHepeemuyeckux (QB ) ceolicm8 OCHOBHbIX COMOAHUU, @ MAaK#e Ma2HUMHbIx momeHmos (1 — CQRPA , w=0) u
6ema-pacnada (T1/2, Pn - CQRPA) maxcensix uzomonos 8bau3u HelimpoHHoU obosnoyku N=126.

na uzomonos Hg uHOekcbl «u32uba» u3omon-3a8ucumocmu 3apA008bIX pPaoduycos8 Mnpu rnepeceyeHuu
mazauyeckoli 060s104Kku N=126 00cmamoYHO XOpoWo onucbIBaOMcA ¢ pyHKYuoHasnom DF3-a.
ToyHOCMb pacyema makas x#ce, KaK U 8 Hawux pacyemax 8 uzomonax Tl, Pb, Bi (Z=81 - 83).

Z Yue, A. E. Barzakh, A. N. Andreev, I. N. Borzov, .... S.\.Tolokonnikov et.al.
PHYSICAL REVIEW C 110, 034315 (2024).

PaccuumaHHbie ¢ mem xce pyHKyuoHasnom DF3-a nepuodsl noaypacnada uzomonos Pt, Au, Hg, Tl,Pb, Bi, Po
cpasHeHsl ¢ komnuaayuel MATATS (2017) u NUBASE 2020.

B FFST ¢ ¢pyHKUuoHanom ®asHca DF3-a 00HoBpemMeHHO onucbi8ArOMCA 3KCN. 0OHOYACMUYHbIE CrIeKmpbl,
3apsadosble paduycsl U nepuodsl bema-pacnada: T1/2 . CpasHeHue ¢ RMF nodxodom — Heobxo0umocmeo
YyCMPAHEHUA «UHBepcUuU» 8 00HOYACMUYHbIX CIIEKMPaXx...
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N=126 isotones are important for the r-process nucleosynthesis
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Competition between allowed and first-forbidden B decay in r-process waiting-point nuclei within a relativistic beyond-mean-field approach
Caroline E. P. Robin and Gabriel Mart’inez-Pinedo, Phys. Rev. (2024), arxXiv:2403.17115 NL3*

“...Again, the too strong decrease of the half-lives due to QVC observed in 204Pt ( ~1s I.B.) and 206Hg (~80s) could potentially be explained by the fact that, in the
present study, we do not include ground-state correlations induced by QVC. “



Most of the nuclear EDFs used in self-consistent mean-field calculations have
been derived from phenomenological effective interactions.
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Skyrme DF

In S-C FFST normal part of Fayans DF: fractional-linear term depending on nucleon densities.
The idea is to transform this anstatz to Migdal’s quasiparticles
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E(p) = Fayans DF

I The Fayans DF includes Coulomb exchange, surface and pairing terms depending on density gradient
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I Fayans functional is the Kohn-Sham type EDF T=p2/2M

effective mass m*/M, =
with free (independent-particle) kinetic energy operator N



DF3-a + CQRPA, RHB +QRPA, Finite Amplitude Method
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d)yHKl(I/lOHaJl Dasanca. Hoewvie 02paHUu4Yenust U3 ypaenenuii COCMOAHUA.
H. H. bop3os, C. B. Torokonnuxos Aoepnasn puzuxa 86 Ne3, 403-409 (2023)

[MpensoxxeHo HOBOE ypaBHEHHE COCTOSHUS [Tl (BYHKIIMOHANA IOTHOCTH 3Heprun DF3-a. Bapbupyercs cBo0oaHbIiT mapamerp N, n30BeKTOpHOIT 00beMHOI YacTH (PyHKIIMOHAIA C
JIOTIOJTHUTEIBHBIM YCIIOBUEM Ha BEpXHUH MpeAes JHEPTUH MaKCUMyMa FMTaHTCKOTO TUMOJIBHOTO pe3oHaHca B siape 208Ps. [Ipu sToM coxpaHeHo kauecTBO mpeasiayniero gpura DF3-a

SZICPHBIM IJIOTHOCTSIM, MaccaM sJep, OMHOYACTHYHBIM YPOBHSM U 3apsaoBeiM paauycam. [lapamerpsl YPC - sneprusi cummerpun J=S(p0) u ee npousBognasi L(p0) cpaBauBarorcs ¢
UX OIICHKaMHU U3 SKCIIEPUMEHTOB [0 MaccaM U 3apsiIOBBIM paauycam siaep. st u3iedennoro mapamerpa Hakiona L(p0) =55 - 60 M»B Bennunna «HeWTpoHHOH 11y0s» ARnp =0.183
—0.170 ¢m (Tab6m.1), gto 6musko k oreake ARNp=0.17 + 0.004 ¢m, HaiigeHHON B MoAean ["ayCCOBCKUX MPOIECCOB M3 SIEPHBIX MAacc, PaJnyCoOB HEHTPOHHBIX 3BE3/] H SKCIICPUMEHTOB
10 TPaBUTAI[MOHHBIM BOJHAM. OTa OIIEHKA TOYHEE, YeM HaiiJicHHas B HAPYIIAIOIIEM YeTHOCTh JIEKTPOHHOM paccessHuu — B dkcnepumente PREX Il -- ARnp - 0.283 + 0.071fm.
Baxxno, 4ro BenmumnHa “HeWTpoHHOW HIyObr” st pedepentHoro sapa 208Pb, ouenennas B padore R Essik et.al Phys.Rev. C 104 (2021) , xak ARnp(exp) = = 0.183 + 0.004 ¢m
OIMCBIBACTCS B TOM JKe MHTepBaje 3HaueHuit h2— = 1.5-2.0: ARnp (th) = 0.183-0.170 ¢m.
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Tabmuma 1. Pacder ¢ dpynrnuonanom DF3 nag pasmuyanbeix 3nadennii mapamerpa h .

WGpR = \/Mma/mi, my,m3

NEePBRIH B TPeTHit MoMeHTHI ciytoBoit yuknun GDR.

Py

hy [T (\B)| [ | o | Souwy | wpr (2Pb) (M3B)|L(po) (M3B)| ARy (*5Pb) ()| ARmy (*Ca) ()
0 32.0 |0.808]0.808]|0.808 12.80 85.6 0.228 0.192
0.5/ 31.2 10.775]1.163(0.969 13.37 64.0 0.204 0.180
] 30.5 10.747(1.494|1.115 13.73 53.4 0.184 0.170
2 —29.2 0.694(2.080|1.387 14.11 42.9 0.154 0.154
3 28.7 10.673|2.693|1.687 14.41 38.3 0.137 0.143

oz
p (fm?)

03 0.4

0.5

ARnp(exp)?%Pb = 0.17 +0.004 fm

R Essik et.al PR C 104 (2021)

ARnp(exp) = 0.283%0.071 fm

PREX-II Collaboration (2021)



Most of the nuclear EDFs used in self-consistent mean-field calculations have been derived from phenomenological

effective interactions. A recent proposal: the Skyrme functional combined with the surface and pairing parts from the
Fayans functional.

E = E(p.7) + E(p) + E(p, T) + E°(p) + E7%7 (p) + £™ (p)

Skyrme Fayans
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where 7y = p;/peay and xpair = Pg/Psar- The 7, peay = 0.16 fm™ and =g = £p(paat) are given, fixed values. The
non-linear surface coefficient is fixed as kS = ki, . Coulomb term and c.m. correction are irrelevant here. Note that
the parameters for the volume terms are handled in term of nuclear matter parameters £ /A., ete as is indicted in
the line below the volume terms.

V.A Khodel, E.E Saperstein Phys.Repts. 92 (1982) , A.B Migdal FFST. 2"d ed. 1983,
S.A Fayans JETP Letters 104 (1998)



HFB with M3Y-P6a NN-interaction
with density-dependent (3N ) LS-part
(It has no i-g inversion).

V_Is(0)= Dlo®R:)I [-V}8(;)] Lij - (s +5;).

p(r)

D[p(r)] = —w, m

H. Nakada and T. Inakura
Effects of three-nucleon spin-orbit interaction

on isotope shifts of Pb nuclei.
Phys. Rev. C 91, 021302(R) (2015).
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FIG. 3. (Color online) Occupation probabilities on nlgg /2 and
n0i,1 /2 obtained by the HFB calculations. Blue dot-dashed
(green dotted) line is for nlgg /o and red solid (orange dashed)
line for n0Z11 /2 in the M3Y-P6a (M3Y-P6) results.



Spin-isospin excitations (GT, FF).

Continuum pn-QRPA based on the generalized density-functional

S=0, T=1 (nn,pp) mass dependent g.s . paring + S=1, T=0 (pn) dynamic pairing
Continuum pnQRPA, full ph-basis, SO(8) symmetry

Moller, P.; Nix, J. R.; Kratz, K.-L.
ADNDT, Vol. 66, p.131,1996

Pairing only in the g.s.
Dynamic pairing ignored.
BCS + RPA, SU(4) .
Spurious effects.

u: Particle-hole channel:
é-interaction
with Landau-Migdal constant g’
+ ;T-meson + p-meson exchange

V:  Particle-particle channel: CQRPA :
T=0, 6-interaction NN-interaction parameters (ph):
with one parameter: g’ ,, are the same for all nuclei with A>40.
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