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Bimodal fission in 396122:

symmetric elongated (sEF) and asymmetric (aEF)
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Bimodal fission in 394120:
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Shape transition from a biconcave disc to torus in 3%4120
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Shape transition from a biconcave disc to a torus in 304120
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Shape transition from a biconcave disc to a torus in 304120

(biconcave disc shapes)
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Shape transition from a biconcave disc to a torus

for e-e isotopes Z=120 and isotones N=184
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Single-particle levels in the

Single-particle levels in the

| basis as a function of Q,

canonica

| basis as a function of Q,,
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Single-particle Routhians as a function of the cranking frequency &00
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Toroidal high-spin isomers (THSI) in 394120

PHYSICAL REVIEW C 95, 054315 (2017)

TABLE I. The particle-hole excitation configurations leading to
the states of "™120,5 with £ = I,(prolon) + /(neutron) = 26 +
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Hiper-heavy isotones N=196
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Hiper-heavy isotones N=196
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Hiper-heavy isotones N=196
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Stability against triaxial distortion
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The ([3—Y) potential energy surface of e-e hiper-heavy
Z =132 and 134 isotopes

0 40 80 120 160 0 40 80 120 160 0 40 80 120 160 0 40 80 120 160 0 40 80 120 160  AE=1 MeV

(QZZ +2Q2 )1/2 (b) (Q2 +2Q2 )1/2 (b) (QZZ +2Q2 )1/2 (b) (QZZ +2Q2 )1/2 (b) (Q§0+2Q%2)”2 (b)
3281 32196 3341 32202

0O 40 8 120 160 O 40 80 120 160 O 40 80 120 160 0 40 80 120 160 O 40 80 120 160  AE 4 pev
(Q5,+2Q5,)" (b) (Q5+2Q3,)" (b) (Q5+2Q5,)' (b) (Q5,+2Q5,)'” (b) (Q5+2Q3,)" (b)

_pa—1V20
P = |Tensame \/Q20+2Q22— 2A5/3JQ20+2Q22’ y = tan ITEZ-



Possible mechanisms for the production of toroidal high-

spin isomers (THSI) and toroidal vortex isomers
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A) Production of a toroidal high-spin isomer
by deep-inelastic scattering

B) Production of a toroidal vortex nucleus
by punching through a target nucleus

C) Production of light-mass toroidal isomers by elastic scattering — time projection
chambers (TPCs) of noble gases under a high voltage




Evidence for high excitation energy resonances in the 7 alpha disassembly of 2*Si
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The excitation function for the 7 alpha de-excitation of 2*Si nuclei excited to high excitation
energies in the collisions of 35 MeV /nucleon **Si with '*C reveals resonance structures @hal may
indicate the population of toroidal high-spin isomers sich as those predicted by a number of recent
theoretical calculations. This interpretation is supported by extended theoretical analyses.

PACS numbers: 25.70.1q
Keoywords: Intermediate energy heavy ion reactions, Clusters

The experiment was performed at Texas A&M University Cyclotron Institute. A 35 MeV/nucleon 22Si
beam produced by the K500 superconducting cyclotron impinged on a 12C target.

The smallest energy of detected alpha in 7alpha events is about 3.3 MeV in the lab frame. Thresholds
are similar for other alpha conjugate exit channels. Using the AMD+GEMINI simulation analysis before
and after experimental filtering, we can estimate the detection efficiencies for 7 alpha events: 0.108.
The detected event numbers of 6 alphas, 7 alphas and 8 alphas are 24849, 6467, and 840, respectively.
The ratio between themis: 1:0.26 : 0.03.
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Streszczenie

Badania z wykorzystaniem srednio-polowych modeli samo-zgodnych (z natlozonymi wi¢zami na masowy
moment kwadrupolowy Q,,) wskazuja, ze niezaleznie od masy jadra atomowego (z liczbg masowg A > 12)
obserwujemy uniwersalny proces ewolucji ksztattu jader. W miar¢ jak w obliczeniach zmniejsza si¢ zadana
warto$¢ momentu kwadrupolowego (Q,, < 0) elipsoidalne jadro osigga ksztatt dysku (deformacja oblate),
by naste¢pnie sta¢ si¢ dyskiem dwustronnie wklestym (podobnym do krwinki czerwonej - erytrocytu).
Dalsza ewolucja ksztaltu jadra prowadzi do rozktadu materii jadrowej w postaci torusa.

Nalezy podkresli¢ uniwersalny charakter zaobserwowanego (jak dotad tylko teoretycznie) zjawiska:
dla dostatecznie duzych wartosci deformacji oblate "toroidalne rozwigzania" w samo-zgodnych obliczeniach
srednio-polowych pojawiajg si¢ zarOwno dla jader lekkich jak 1 najciezszych.

Toroidalne jadro jest uktadem silnie wzbudzonym i niestabilnym. Okazuje si¢ jednak, ze wzbudzenia
czastka-dziura nukleonow, w przypadku takich jader, prowadzi¢ moga do izomerycznych (metastabilnych)
stanow wysoko-spinowych.

Dodatkowym czynnikiem stabilizujagcym jadra w ksztalcie torusa jest liczba atomowa Z. W przypadku, gdy
liczba protonow w jadrze osigga warto$¢ Z = 132 (hipotetyczne jadra hiper-ciezkie) toroidalne rozwigzania

tworzg lokalne ptaskie minimum, ktore wskazuje na mozliwos¢ istnienia toroidalnego stanu izomerycznego
(bez wzbudzen czgstka-dziura nukleonéw).
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Light N=Z toroidal nuclei in constrained SkM*-HFB model
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Light rotating toroidal nuclei in HF-cranking model
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Toroidal high-K isomers as a possible source of energy!?
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Conclusions

Our studies show that the toroidal (genus 1) form of the nuclear density
distributionisr 1 exceptional phenomenon, but a regular characteristic
of strongly oblc. ~. /0 ~.ed heavy and super-heavy nuclei.

The doughnutshape n° . are not the exception, but the rule!

(in this region c « or .ations)

The genus 1 and genus O total ene  , minima become closer in energy

With increasing the atomic number Zand t'  rass number A.

For Z=138 and A=364 the toroidal equilibriumb. . t~ “e a global minimum.

The toroidal solutions are more stable ag .ns* ?-decay than the genus 0
solutions.

A.S. and C. Y. Wong, Acta Phys. Pol. B 40, 753 (2009).



SkM*-CHFB model

The symmetry unrestricted code HFODD [1]
and an augmented Lagrangian method [2]
were used to solve constrained HFB equations
with SkM* Skyrme force [3] in the p-h channel
and a density dependent mixed pairing [4, 5]
interaction in the p-p channel.

The stretched harmonic oscillator basis
of HFODD was composed of states having
not more than Ny = 26 quanta in either
of the Cartesian directions, and not more
than 1140 states in total.

SkM* SLy4  Units/Comments
to -2645.0 -2488.913 MeV fm?
t 410.0  486.818 MeV fm®
to -135.0  -546.395 MeV fm®
t3 15595.0 13777.0 MeV fm3te
o 0.09 0.834 -
1 0.0 -0.344 -
T9 0.0 -1.000 -
T3 0.0 1.354 -
1/« 6.0 6.0 -
Wo 120.0 123.0 MeV fm®
cy 0.0 0.0 (spin-orbit tensor term, J?)
Pst 0.16 0.16 fm™3
1] 1.0 1.0 -
FEout 60 - MeV (HFB)
Eou - NorZ (no. of s.p. states, BCS)
Vi 0.5 1 (0.5-mixed, 1-surface pairing)
|7 -268.9 -842.0 MeV fm?
VY -332.5  -1020.0 MeV fm3

[1] N. Schunck et al., Comput. Phys. Comm. 216, 145 (2017).
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The total energy in the Skyrme-HF/HFB model

EY = <(I)HF‘[:[‘(I)HF> 2 L
— /dB’r [gkm + gSk + ggzgu Coul + gpazfr} Ecorfm

2
Erin = LTU kinetic energy density
2m
ggzgul 6 pp /d3 / Pp r) direct Coulomb en. density
[r—7"|
1/3
Se;_ug — —%62 ( ) / p4/5( ) exchange Coulomb en. density
' (in the Slater approx.)
6
p(r)\’]
gpair — Z I 1 — Vl <— pg (’l“), Isovector pairing en. density
g=p,n Pst

Vi = 0, 1, or1/2 forvolume-, surface-, or mix-type pairing

Pst = 0.16 fm_3 : 17‘é|(r ) - pairing density for protons and neutrons.



The equality-constrained prpblem (ECP)

[ min £"[p]
p A
< subject to: Z (D(P)|Ng|P(p)) = Ny,
q=p,n
D _(2(5)|Qr]2(P)) = Q.
\ At
E"p] = E“[p,7,1:5T,j,F;p an objective function

= /dgr (gkin(r) + Egi(r) + gg}‘;‘ul(r) + gmoul(r) + Epair (T)) + Ecorr

The Skyrme EDF in the case of even-even nuclei (time-reversal symmetry)

EMr) = (Of polpi + C2F peApy + CF pyry + C’g’o]]f) (central terms)
t=0,

1
+ Z (OFthV : Jt> ,  (spin-orbit term)
t=0.1




HFODD: the self-consistent symmetries

= time-reversal T

A

= parity P

A

" X-, y-, z-signature R =exp(=irtJ
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" X-, Y-, Z-simplex S.,.=PR,_ .
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