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Method

Results for 1305 nuclei with Z=98-126 (both odd and odd-odd)
and a set of 72 actinides with experimentally determined

fission barriers:
- equilibrium shapes
- masses, separation energies, Q alpha values
- saddle point shapes and fission barrier heights
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Artide history: We systematically determine ground-state and saddle-point shapes and masses for 1305 heavy and
Received 21 October 2020 superheavy nuclei with 7 = 98-126 and N = 134-192, including odd-A and odd-odd systems. From
Accepted 5 November 2020 these we derive static fission barrier heights, one- and two-nucleon separation energies, and @, values
Available online 19 December 2020 for g.s. to g.s. transitions. Our study is performed within the microscopic- macroscopic method with

the deformed Woods-5axon single-particle potential and the Yukawa-plus-exponential macroscopic
energy taken as the smooth part. We use parameters of the model that were fitted previously to
masses of even-even heavy nuclei. For systems with odd numbers of protons, neutrons, or both,
we use a standard BCS method with blocking. Ground-state shapes and energies are found by the
rrumrmz atmn mrfr SEVen eu:mlly sjrmmetnc deformations. A search for saddle— points was performed I:n}r
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North-east of the table of nuclides: decay via alpha-emission
(yellow) or spontaneous fission (green); max. half-lives (ca):
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Main interests of the study:
- limits of nuclear stability;
- possible new structural effects;

- possible influence of SHN on
nucleosynthesis via r-process in supernovae
and neutron star mergers — its assessment
requires fission barriers, alpha-decay rates
etc;

- access to chemical properties of new
elements.

Involves a serious extrapolation of theory —
there Is uncertainty concerning magic numbers
beyond lead.

Example of exp. data:
observed decay chains for Z=117
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Alpha — decay energies which are nuclear mass differences can be converted into
alpha half-lives by means of simple formulas valid to ca 1 order of magnitude.

Fission barriers (in actinides the first and second barriers are experimentally
evaluated) give probability of fission at sizable (over the barrier) excitation energy.
These quantities are useful for estimates of various reactions.

Spontaneous fission half-lives require more knowledge then the barrier height
alone. However, together with the overall energy landscape they give clue about it.



Selfconsistent mean-field theory with effective density — dependent
Interaction: HF or HFB (or RMF); schematically:

P = Z | 0, ) (0n |, density made shape-dependent via constraints on moments
n occ

I
E({‘Pﬁ}\] — E(p) — zf;wpvn T a z {Fp,v’yﬁ — 1’;“:5?_\1.1351,:.0?;“
Hv = uvyd
SE({0x})/80m =h(p) | om).  h(p)pu = (T+V)Py = eudy.

Micro-macro method: idea that macroscopic energy formulas are 99% correct while
the remnant is due to bunching of s.p. levels into shells — hence shell correction.

a density p. obtained from p by a procedure of averaging over

F.
F Y S

the shell structure, — Z(p)y, = (F+V)y, =€, y,.

pj — Z_n occ | ])UH?) <])UH |
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Enp(p) —E(P) =Trh(p)(p> —p°) + terms ~ (8p)
Based on this, one assumes: Eyr(p) =~ Erp+Trh(p®—p°)=E;p+dE.

Micro-macro method may use various geometric deformations of nuclear surface

R(®,¢) = c({B}Ro{1+ ) BroYao(D.9)+
A=

E Bﬁ.;x K{;x [:19: ﬂﬂ'}}

A= 1,u>0
Etot (,B,w) — Emacro (/Bzy) T Emicro (:B,w)
E o (B,,) = Yukawna +exponential
E icro (85, ) = WO00ds - Saxon + pairing BCS

+ energyonmaps: B =B (5,) ~ Breo (Fy, =0)
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Ground state shapes
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Micro-macro results; mostly four - dimensional minimization

In contrast to many Skyrme
forces, Woods-Saxon micro-
macro model gives lower barriers
and mostly oblate ground states
for Z>=124,126 (no magic gap
for 126 protons).



Fit to experimental masses
. 7>82, N>126,

e Number of nuclei: 252

* For odd and odd-odd systems there are 3
additional parameters — macroscopic energy
shifts (they have no effect on Q alpha).

Predictions for SHE:

38 Qalpha Values, /=101-118,

/ differ from exp. by more than 0.5 MeV,
the largest deviation: 730 keV (blocking).

Slight underestimate for Z=108;
Overestimate: 109-113



Statistical parameters of the fit to masses in the
model with blocking in separate groups of even-
even, odd-even, even-odd and odd-odd heavy

nuclei:
e - - e -0 O -0
N 74 56 69 53
f 0.0 1.013  0.824 1.703
<| M™ — AEEP | 0.212 0340  0.356  0.566
Max | M™ — M**? |  0.833 0836 1.124 1.387
dRMS 0.284 0425 0435  0.666

The same but for the method without blocking.

2 - o= 2 = 0 0= 0

N 74 56 69 53
h 0.0 -0.751 0268 0.234
<| M™ MR |~ 0187 0.460 0273 0.295
Maz | M™ —AM°*P | 0652  1.398 0892  0.853
SRMS 0.251  0.551 0343 0.366

Q alpha
204 nuclei in the fit region
blocking g.p.method

mean 326 keV 225 keV
error

rms 426 keV 305 keV

88 nuclei Z=101-118

mean 217 keV 196 keV
error

rms 274 keV 260 keV
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Finding fission barrier heights requires a whole landscape.

1) One needs n =5 - 6 deformation variables (at least).
2) Saddles cannot be obtained by minimization (that is
Inherent in selfconsistent methods). Energy on n — dimensional
grids is required, and usually a subsequent interpolation.
3) Inclusion of odd-A and odd-odd nuclei multiplies effort
by 25 - 100 due to various possible configurations.
Because of the above there are very few systematic calculations of
fission barriers, and even less satisfactory ones.

Selfconsistent type (inherently relying on minimization):
- 100 many symmetries imposed,
- no sufficient control on multiple minima &
valley-to-valley switching => no certainty about saddles
Micro-macro type:
- too few deformations or
- the use of the minimization in the saddle search.



Example of misleading minimization - P. Moller et
Saddle Search Strategies lllustrated al, Phys. Rev. C 79 (2009) 064304
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We used 5 or 7 — dimensional energy grids; the shapes included either nonaxiality or
mass-asymmetry;

calculations including both non-axiality and mass-asymmetry were done for a check.
Immersion Water Flow method was used for finding (multiple) saddles.

Interpolated grids for IWF included ca 10 millions of points.

Finally, the (not automated) selection of proper saddles was done.
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CALCULATED FISSION BARRIER HEIGHTS

Total number of P
considered nucler : 1305 N=178 < 8.5 MeV
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WS — our results
FRLDM — P. Moller et al.. Phys. Rev. C 91. 024310 (2015).

SKM= — A. Staszczak et al.. Phys. Rev. C' 87. 024320 (2013).

RMF — H. Abusara et al. : Phys. Rev. C 85, 024314 (2012): 82. 044303 (2010).
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Thank you for your attention



