Do nuclei assume toroidal shapes?
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The equality-constrained problem (ECP)

in nuclear density functional theory (DFT)
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The Skyrme EDF in the case of even-even nuclei (time-reversal symmetry)
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The total energy in the Skyrme-HF/HFB model
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HFODD: the self-consistent symmetries
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Examination of evidence for resonances at high excitation energy in the 7« disassembly of **Si
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The experimental excitation function for the 7o de-excitation of 381 nuclei excited to high excitation energies
in the collisions of 35 MeV/nucleon *Si with '*C reveals resonance structures, [The possibility that these
structures may indicate the population of toroidal high-spin isomers such as those predicted by a number of
recent theoretical calculations is discussed and the need for further investigations is emphasized.

DOL: 10.1103/PhysRevC.99.014606

Here we report results for an investigation of 28Si, focusing
on the 7o decay channels of excited projectile-like fragments
produced in the reaction 35 MeV /nucleon 2*Si + '2C. In this
reaction the energy available in the center of mass 1s 294 MeV.
Interpolation of the systematic calculations of the authors of
[44] indicate that the maximum angular momentum, Ly, 1S
941 (a reaction cross section of 2417 mb), L for fusion is
26h and the rotating liquid drop limiting angular momentum
1s 40%. These parameters indicate that the bulk of the reaction
cross section will lead, not to_fusion, but to initially binary
configurations of excited projectile-like and target-like nuclei.

Motivated by the predictions of toroidal isomeric states in
a number of light nuclei, we have undertaken searches for
evidence of their existence. For **Si, the nucleus investigated
in the present work, the Staszczak and Wong calculations
indicate that toroidal shapes with I = 0 become possible at
excitation energies greater than 85 MeV. The existence of a
stabilized state with angular momentum of 44k and excitation
energy of 143.18 MeV [16] was predicted. See Table 1.

TABLE 1. Calculated parameters for the predicted toroidal iso-
mer in 2*Si. Left to right: Spin I = I., quadrupole moment Q», the
cranking rotation frequency fiw, excitation energy E., toroidal major
radius R, minor radius d, aspect ratio R/d, and maximum density

pmz\x

1 01 hw E, R d R/d Pmax
[z] [b]  [MeV] [MeV] [fm] [fm] [fm ]

#Si 44 586 28

143.18 433 145 299 0.119

[16] A. S. and C. Y. Wong, A region of high-spin
toroidal isomers, Phys. Lett. B 738, 401 (2014).
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The experiment was performed at Texas A&M University
Cyclotron Institute. A 35 MeV /nucleon ?®Si beam produced
by the K500 superconducting cyclotron impinged on a >C
target. The reaction products were measured using a 47 array
Neutron Ion Multidetector for Reaction Oriented Dynamics
with the Indiana Silicon Sphere (NIMROD-ISiS) [45,46],
which consisted of 14 concentric rings covering from 3.6°
to 167° in the laboratory frame [45]. In the forward rings
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For the 23Si 4 !2C reaction, a total of 17.5 million events
were recorded and a significant proportion of events had
significant «-like (AL) mass emission (i.e., «-particles or
a-conjugate nuclei). About 3.19 x 10° events had AL = 28.

Of these 6467 detected events had seven a-particles.

The smallest energy of detected «-particle in 7« events is
about 3.3 MeV in the laboratory frame. Thresholds are similar
for other a-conjugate exit channels. Using the AMD + GEMINI
simulation analysis before and after experimental filtering, we
estimate the detection efficiency for 7o events to be 0.108.
The detected event numbers of 6a, 7o, and 8« events are
24 849, 6467, and 840, respectively. The ratio between them
is 1:0.26:0.03.
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200k H++ - Mixed events In Fig. 2(a), we compare the experimental spectrum for the
- § . 7o events to an uncorrelated 7« spectrum. The spectrum of
- — AMD+Gemini .
® 300k uncorrelated events was constructed by randomly selecting
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FIG. 2. Excitation energy distribution leading to observed 7«
events. 'Top Panel: The data are represented by solid red circles.
An uncorrelated spectrum derived from event mixing is represented
by the dotted green line. The filtered result from an AMD-GEMINI
calculation 1s indicated by the solid blue line (see text). The last two
are normalized to the experimental spectrum at the lower edge of the
spectrum. Bottom Panel: The differences between the experimental
spectrum and the others are presented. Relative to the uncorrelated
background derived from the experiment the statistical significance
of the difference peak at 114 MeV is 5.00, at 126 MeV is 7.90, and

at 138 MeV is 7.10. See text.
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FIG. 2. Excitation energy distribution leading to observed 7« i”“"d

events. 'Top Panel: The data are represented by solid red circles.
An uncorrelated spectrum derived from event mixing is represented
by the dotted green line. The filtered result from an AMD-GEMINI
calculation 1s indicated by the solid blue line (see text). The last two
are normalized to the experimental spectrum at the lower edge of the
spectrum. Bottom Panel: The differences between the experimental
spectrum and the others are presented. Relative to the uncorrelated
background derived from the experiment the statistical significance
of the difference peak at 114 MeV is 5.00, at 126 MeV is 7.90, and

at 138 MeV is 7.10. See text.

exp{—(E: — E1)*/20%}, (4)

X
AV4 2o I

Conligurations 1 (E; — Ey) E,;
in#2/2mR* (MeV)

(Op-0Oh), (Op-Oh),. 0 0 91.82

(1p-1h), (Ip-1h); 16 14 101.2

(Op-0h), (2p-2h); +(2p-2h),(0p-Oh), 14 14 101.2

(2p-2h), (2p-2h), 28 28 110.58

(2p-2h), (3p-3h), +(3p-3h),(2p-2h), 36 49 124.65

(3p-3h),(3p-3h), 44 70 138.72

(3p-3h), (4p-4h); +(d4p-4h),(3p-3h), 50 91 152.79

(4p-4h), (4p-4h); 36 112 166.86
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Toroidal nuclei in cranked SkKM*-HF model

Quadrupole moment Q, (b)
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A. S. and C. Y. Wong, A region of high-spin
toroidal isomers, Phys. Lett. B 738, 401 (2014).




High-K toroidal isomers in 28<A<52
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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
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Streszczenie

Badania z wykorzystaniem s$rednio-polowych modeli samo-zgodnych (z nalozonymi wigzami na masowy
moment kwadrupolowy Q,,) wskazuja, ze niezaleznie od masy jadra atomowedo (z liczbg masowa A > 12)
obserwujemy uniwersalny proces ewolucji ksztattu jader. W miare jak w obliczeniach zmniejsza si¢ zadana
warto§¢ momentu kwadrupolowego (Q,, < 0) elipsoidalne jadro osigga ksztatt dysku (deformacja oblate),
by nastepnie sta¢ si¢ dyskiem dwustronnie wklestym (podobnym do krwinki czerwonej - erytrocytu).
Dalsza ewolucja ksztaltu jadra prowadzi do rozktadu materii jagdrowej w postaci torusa.

Nalezy podkresli¢ uniwersalny charakter zaobserwowanego zjawiska:
dla dostatecznie duzych wartosci deformacji oblate "toroidalne rozwigzania" w samo-zgodnych obliczeniach
srednio-polowych pojawiajg si¢ zarowno dla jader lekkich jak i najciezszych.

Toroidalne jadro jest uktadem silnie wzbudzonym i niestabilnym. Okazuje si¢ jednak, ze wzbudzenia
czgstka-dziura nukleonow, w przypadku takich jader, prowadzi¢ mogg do izomerycznych (metastabilnych)
standw Wysoko-spinowych.

Dodatkowym czynnikiem stabilizujacym 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

tworza lokalne ptaskie minimum, ktore wskazuje na mozliwos¢ istnienia toroidalnego stanu izomerycznego
(bez wzbudzen czastka-dziura nukleonow).



Shape transition from a biconcave disc to torus in 304120
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Toroidal high-spin isomers (THSI) in 394120

105 T T T T T T T T T
i .7""“'---017.— .- I =208f 04 1
100 el ! F 120184 (SkM*)I J
> sl % THSI ]
= i ]
4 90 b i
w® | creeenes | =144 PHYSICAL REVIEW C 95, 054315 (2017)
§I 85 ~ [ T
L
! | =126 . .
5 B0  vee teeen... | =81 ‘ 1 | TABLE I. The particle-hole excitation configurations leading to
o |=71% eeve | =817 the states of **120,g, with I. = I.(proton) + I.(neutron) = 26 +
W75t - 55 =8l and I. = 79 4 129 = 208.
e 1=07
70 - . | o_”_"?_’_""" ‘I"*—fof—l??,,_,_‘ Hole states Particle states
Quadrupole moment Q_, (b) I.(proton) = 26 [12,1,-3] —7/2 [11,1,8]1 17/2
[11,0,—7] —13/2 [12,0,8] 17/2
— ' ' ' ' - [10,1,—7]1 —13/2 [12,0,12] 25/2
3 | =81#, 208# _
E 016 8 1h, 2084 - . L(proton) = 79 [11,0,—11] —23/2 [11,1,8] 15/2
= i \ 120, (SKM*)I | [10,2,—4] —=7/2 [13,0,5]9/2
T [11,1,—4] —=7/2 [13,0,9] 17/2
i 012r e [10,1,-9] —17/2 [13,1,61 1372
% Y A Vet s W P b I_(neutron) = 55 [13,0,—13] =27/2 [10,2,6] 13/2
S 008 - [12,0,—12] =232 [9.2,5] 11/2
= L [13,0,—9] —19/2 [13,1,10] 2172
£ Fome - [12,1,—9] —19/2 [14,0,10] 21/2
2 004r ] I.(neutron) = 129 [10,2,—4] =9/2 [13,0,13] 25/2
>
.‘E
8 0.00 R=9.76 i
0 5 10 15 20



Hiper-heavy isotones N=196 and isotopes Z=132
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Toroidal high-K isomers as a possible source of energy?
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