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Stanislav Ulam has remarked:

It is remarkable how a few

characters scribbled on a

blackboard can change the

course of world history.



Feynman:

• I do not care how smart you are

• or how complicated your model is

• If it does not agree with experimental measure-

ments it is wrong!



Nuclear BINDING ENERGY

Bethe-Bacher (-Weizäcker) (1936)

B(N,Z) =

+avA (Volume energy)

−asA2/3 (Surface energy)

−aC
Z2

A1/3
(Coulomb energy)

−aI
(N − Z)2

A
(Symmetry energy)

−δ(A) (Pairing energy)

Bethe and Bacher, Revs. Mod. Phys. 8 (1936) 82
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Bethe and Bacher,
Revs. Mod. Phys. 8 (1936) 82 ( in §33):

“There remains thus the nucleus containing 8 neu-
trons and 8 protons, i.e. , 16O, to test the shell struc-
ture” hypothesis by means of nuclear energies. It
seems in fact that there is ample evidence for a par-
ticular stability of 16O, and thus for the individual-
particle approximation.”

So, already in 1936, shell-structure, single-particle
models, and how they might modify a macroscopic
model were in mainstream discussions.



Hahn and Strassman conclusively identified

barium in the products after bombarding ura-

nium with neutrons

(Naturwiss. 27 (1939) 11)

Meitner and Frisch proposed that observa-

tions of barium in the reaction products were

due to nucleus deforming like a drop

(Nature 143 (1939) 239)

Frisch measured (the predicted) fragment high

kinetic energies

(Nature 143 (1939) 239)

Bohr and Wheeler Calculated

(Phys. Rev. 56 (1939) 426):

Nuclear POTENTIAL ENERGY

versus deformation
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B(N,Z) =

+avA (Volume energy)

−asA2/3Bs(β) (Surface energy)

−aC
Z2

A1/3
BC(β) (Coulomb energy)

−aI
(N − Z)2

A
(Symmetry energy)

−δ(A) (Pairing energy)



Swiatecki (and others) observed that experimen-
tal actinide spontaneous-fission half-lives differed sub-
stantially from what could be explained from smoothly
varying (with neutron number and proton number)
liquid drop barriers.
He correlated the differences with differences be-
tween liquid-drop ground state masses and mea-
sured masses and found that such ground-state “shell
structure” could account for the observed behavior
of actinide spontaneous fission half-lives.







Are the heaviest actinides ending the periodic sys-

tem of observable elements? Scharff-Goldhaber men-

tions in Nucleonica already in 1957 that There may

be for instance, another region of relative stability at the

doubly-magic nucleus 126X
310 (the closing of the j neutron

shell)”

Since she mentions it so casually this possibility was

probably always recognized by the community. Ex-

actly which nuclei might be stable was overlooked

in calculations for a further 10–25 years, see below.









In Nucl. Phys. 81 (1966) 1, Myers and Swiatecki
present a mass table based on a postulated shell-
correction expression with Z = 126 as the next magic
proton number beyond Z = 82. However they state
that Meldner suggested to them that Z = 114 was
another possibility. They also observed that in previ-
ously published Nilsson modified-oscillator level di-
agrams there were large spherical gaps at this pro-
ton number (but since they were not labeled their
significance was not always recognized).







It was assumed that relatively stable nuclei near
the next magic number would be separated from the
last stable nuclei at the end of the currently known
ones by a sea of instability. Some large-scale cal-
culations happened to include some such nuclei (al-
though they were focused on actinides and the next
assumed magic numbers). Some nuclei in the sea
of instability were actually calculated to have large
negative shell corrections below -5 MeV. But the sig-
nificance was not noted at the time. (next 4 frames).











In 1975 Seeger and Howard published the first
global mass table with deformations and level struc-
ture based on calculated microscopic correction based
on a general nuclear-structure model and the Struti-
nsky method. No other mass table in this issue
is based on a general theoretical nuclear structure
model able to model many correlated nuclear prop-
erties.





In 1981 a global mass table based on the folded-
Yukawa single-particle model was published. In the
summer of 1982 in the LBL cafeteria Peter Arm-
bruster asked Peter Moller: “Do you think the large
(negative) shell corrections you obtain in the vicinity
of Z = 108 and N − 162 are related to the just dis-
covered new elements at the GSI”. The calculated
shell corrections were subsequently plotted in color
where the large shell corrections for DEFORMED nu-
clei in the previously assumed “sea of instability”
clearly stand out. (next 3 frames)









FRDM with 1970 Spin-Orbit and Range 
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µ730 = 0.1356 MeV 
σ730 = 0.5817 MeV 
σ1654 = 0.669 MeV 

FRDM (1992) 

New Masses in AME2012 Evaluation, 
Relative to 1989, Compared to Theory 
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µ730 = 0.0635 MeV 
σ730 = 0.4948 MeV 
σ1654 = 0.6047 MeV 

FRDM (2012-to89) 

New Masses in AME2012 Relative to AME1989, 
Compared to FRDM(2012) when Adjusted to AME1989 
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µ730 = −0.2298 MeV 
σ730 = 0.7624 MeV 
σ1654 = 0.7786 MeV 

FRLDM (1992) 

New Masses in AME2012 Evaluation, 
Relative to 1989, Compared to Theory 
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The next 5 frames compare calculated Qα
with experimental data. The FRDM data
were all published/submitted before the ex-
periments so they represent actual predic-
tions. Many features of the data are repro-
duced by the FRDM, notice in particular the
kink in the vicinity of Z = 108 and N = 162.
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Calc. (ADNDT 26 (1981) 165 ) 
Exp. (Z.Phys.A 350 (1996) 281) 
Calc. (ADNDT 26 (1981) 165 ) 
Exp. (Z.Phys.A 350 (1996) 281) 
Calc. (ADNDT 26 (1981) 165 ) 
Exp. (Z.Phys.A 350 (1996) 281) 
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⇐ ε2>0.1 ε2<0.1 ⇒ 

GSI-TASCA (2014) 
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Beginning in 1999 computer tech became

sufficiently powerful to make practical to cal-

culate fission potential-energy surfaces ver-

sus 5 independent shape coordinates for a

total of millions of different shapes. The

calculations showed results in agreement

with the old assumptions that many actinide

systems divide into one large spherical frag-

ment and one smaller deformed. In 2011

Randrup et al (PRL 106, 132503 (2011))

showed that remarkably accurate fission yields

could be calculate based on random walks

on these potential energy surfaces without

introducing any adjustable parameters. Next

4 frames. The random walk method was

then used to calculate, or predict, where

asymmetric fission would occur, 5th frame.
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Five Essential Fission Shape Coordinates

M1 M2

⇒  5 315 625 grid points − 306 300 unphysical points

⇒  5 009 325 physical grid points
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Fission Barrier and Associated Shapes for 232Th 
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Contrasting Fission Potential-Energy Surfaces Hg↔U

Ichikawa et al., PRC 86 024610 (2012)
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The next 4 frames illustrate barrier heights
and fission half-lives. The first shows that
fission half-lives (shorter than 30d) have mainly
been observed for barrier heights above 5
MeV. The next two refer to a Polish Woods-
Saxon calculation of barrier heights. The
4th frame are barriers calculated in the folded-
Yukawa. Frame 1 and 4 are from PRC 91
(2015) 024310. Frame 4 shows that bar-
riers in the r-process path or decay back
from the r-process are so low that fission
would occur. The two different models in
frame 3 and 4 both indicate that barriers
are calculated to be too low to allow nuclei
with approximately Z > 120 and N > 190

to exist. It would be desirable to study iso-
topes with neutron numbers closer to N =

184 than currently available to test these the-
oretical predictions.



Calculated Fission-Barrier Height 
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PHYSICAL REVIEW C 95, 014303 (2017)

Adiabatic fission barriers in superheavy nuclei

P. Jachimowicz

Institute of Physics, University of Zielona Góra, Szafrana 4a, 65516 Zielona Góra, Poland

M. Kowal* and J. Skalski

National Centre for Nuclear Research, Hoża 69, PL-00-681 Warsaw, Poland

(Received 15 June 2016; published 4 January 2017)

Using the microscopic-macroscopic model based on the deformed Woods–Saxon single-particle potential

and the Yukawa-plus-exponential macroscopic energy, we calculated static fission barriers Bf for 1305 heavy

and superheavy nuclei 98 � Z � 126, including even-even, odd-even, even-odd and odd-odd systems. For

odd and odd-odd nuclei, adiabatic potential-energy surfaces were calculated by a minimization over configurations

with one blocked neutron or/and proton on a level from the 10th below to the 10th above the Fermi level. The

parameters of the model that have been fixed previously by a fit to masses of even-even heavy nuclei were kept

unchanged. A search for saddle points has been performed by the “imaginary water flow” method on a basic

five-dimensional deformation grid, including triaxiality. Two auxiliary grids were used for checking the effects of

the mass asymmetry and hexadecapole nonaxiality. The ground states (g.s.) were found by energy minimization

over configurations and deformations. We find that the nonaxiality significantly changes first and second fission

saddle in many nuclei. The effect of the mass asymmetry, known to lower the second, very deformed saddles in

actinides, in the heaviest nuclei appears at the less deformed saddles in more than 100 nuclei. It happens for those

saddles in which the triaxiality does not play any role, which suggests a decoupling between effects of the mass

asymmetry and triaxiality. We studied also the influence of the pairing interaction strength on the staggering of

Bf for odd- and even-particle numbers. Finally, we provide a comparison of our results with other theoretical

fission barrier evaluations and with available experimental estimates.

DOI: 10.1103/PhysRevC.95.014303

I. INTRODUCTION

Although fission barrier heights Bf are not directly mea-

surable quantities, i.e., are not quantum observables, they are

very useful in estimating nuclear fission rates. As the activation

energy Ea (per mole) in chemistry gives a rate k of a chemical

reaction at temperature T via the Arrhenius law k = Ae−Ea/RT

(where R is the gas constant and A is the frequency factor)

[1,2], the fission barrier gives the fission rate �f of an

excited (as they usually are in nuclear reactions) nucleus

via: �f ∼ e−Bf /kTeff , where Teff is an effective temperature

derived from the excitation energy, and k is the Boltzmann

constant. For example, knowing fission barriers of possible

fusion products helps to predict a cross section for a production

of a given evaporation residue in a heavy-ion reaction: one

can figure out whether neutron or alpha emission wins a

competition with fission at each stage of the deexcitation of a

compound nucleus. Moreover, one can try to understand the

experimentally established intriguing growth of the total cross

sections around Z = 118; for its correlation with Bf ; see, e.g.,

Fig. 6 and the related discussion in Ref. [3]. On the other hand,

the prediction of the spontaneous or low-energy (i.e., from a

weakly excited state) fission rates, governed by the regime

of the collective quantum tunneling, requires an additional

knowledge of the barrier shape and mass parameters.

A nonobservable status of the fission barrier, again in

analogy to that of the activation energy in chemistry, is

*michal.kowal@ncbj.gov.pl

reflected in its possible dependence on a reaction type and/or

the excitation energy (effective temperature) range. This leads

to some uncertainty in calculations of fission barriers. In

particular, it is not clear whether intrinsic configurations should

be conserved along the level crossings, which increases Bf ,

or the adiabatic state should be followed. This is especially

relevant for odd-A and odd-odd nuclei, in which sharp

crossings of levels occupied by the odd particle exclude the

strictly adiabatic scenario. It is known that, if the projection

of the single-particle angular momentum � on the symmetry

axis of a nucleus is conserved, the diabatic effect on the fission

barrier can be huge; see, e.g., Ref. [4]. As there is no accepted

formula for a barrier correction due to the nonadiabaticity, it

is usually ignored, even in odd-N and/or odd-Z nuclei.

A general idea is that, at the excitation energies close to and

higher than the barrier but still not inducing sizable dissipative

corrections, the adiabatic barrier could be used for calculating

fission rates.

Since calculations of potential-energy surfaces (PESs) for

odd-A and odd-odd nuclei involve a repetition of calculations

for many low-lying quasiparticle states which multiplies the ef-

fort (especially in odd-odd systems), systematic studies of their

fission barriers are rather scarce. Up to now, they were provided

mainly by the Los Alamos microscopic-macroscopic (MM)

model and recently by some self-consistent models [5]. The

current state of theoretical predictions in fission of even-even

nuclei (with Z � 100) has been discussed recently in Ref. [6].

In the present paper we extend our MM model based on

the deformed Woods–Saxon potential, which up to now was

applied mainly to even-even nuclei [7], to odd-A and odd-odd

2469-9985/2017/95(1)/014303(20) 014303-1 ©2017 American Physical Society





Calculated Fission-Barrier Heights 
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C O N C L U S I O N S

• All global nuclear-structure models are based on

“effective” forces. To expect infinite accuracy with

global models is unrealistic.

• Both Wood-Saxon and folded-Yukawa based mod-

els give properties of SHE elements to useful

accuracy. Both models predicted subsequently

observed Qα values well, in particular the kink

near Z = 108 and N = 162, but show no hope of

stability for new elements with Z > 120 and no

isotopes with N > 190.

• Remaining differences between these models and

between the models and experiment to a large

extent reflect somewhat unavoidable model un-

certainties.

• Obviously smaller deviations can be achieved by

local adjustments of parameters, but for those of

us who strive to improve global model accuracy,

this would be a null results.



• Most HFB models have poor (mass) results for

known nuclei, therefore their stability predictions

in the SHE region are irrelevant. It would be de-

sirable to reduce the number of parameter sets

and not use different parameter sets for differ-

ent purposes, and work to understand how to

bring the model results into useful agreement

with known data such as nuclear masses.

• For heavy systems it is not the lowest minimum

that is the most stable, it is the minimum with the

highest fission barrier, a fact overlooked in some

calculations.

• Although much used, 2D FISSION potential-energy

surfaces obtained in constrained HFB calcula-

tions are flawed and do not, and cannot, reflect

the properties of the “full” higher-dimensional potentia

energy function.

• The folded-Yukawa model has been extended to

describe many fission properties such as fission

(charge, isotopic) yields and neutron-emission

versus fragment mass, with encouraging accu-

racy.
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Sierk, Ragnar Bengtsson, Hiroyuki Sagawa, and Takatoshi Ichikawa,
Phys. Rev. Lett. 103 (2009) 212501

15. New Finite-Range Droplet Mass Model and Equation-of-State Parameters
P. Möller, W. D. Myers, H. Sagawa, and S. Yoshida,
Phys. Rev. Lett. 108 (2012) 052501 (LA-UR-11-11461)

16. Nuclear Shape Isomers
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Simpson, P.-A. Söderström, P.M. Walker, H. Watanabe, Z.Y. Xu, Y.L. Ye, H. Baba, F.
Browne,, 12 R. Daido, P. Doornenbal, Y.F. Fang, G. Gey, T. Isobe, J.J. Liu, C.S. Lee, P.S.
Lee, Z. Li, Z. Korkulu, Z. Patel, S. Rice, L. Sinclair, T. Sumikama, M. Tanaka, V. Phong,
A. Yagi, R. Yokoyama, G.X Zhang, N. Aoi, T. Alharbi, F.L. Bello Garrote, G. Benzoni,
A.M. Bruce, R.J. Carroll, K.Y. Chae, Z. Dombradi, A. Estrade, A. Gottardo, C.J. Griffin,
H. Kanaoka, I. Kojouharov, F.G. Kondev, S. Kubono, I. Kuti, N. Kurz, S. Lalkovski, G.J.
Lane, E.J. Lee, G. Lotay, C.-B. Moon, H. Nishibata, I. Nishizuka, C.R. Nita, A. Odahara, Zs.
Podolyák, O.J. Roberts, C. Shand, H. Schaffner, S. Terashima, J. Taprogge, Z. Vajta, and
S. Yoshida,
Phys. Rev. Lett. 118 (2017) 072701

29. Neutron-γ competition for β-delayed neutron emission
M. R. Mumpower, T. Kawano, and P. Möller
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Peter Möller and Christelle Schmitt,
European Physics Journal A 60:27 (2024)


