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1 Introduction

Experimental methods of nuclear physics play
an important role for the identification of new
chemical elements in nature. A hundred years ago
two elements with Z=84 (Po) and Z=88 (Ra)
were identified due to their strong o radioactivity
by M. Curie and P. Curie. Up to date about thirty
elements were identified by the observation of a-de-
cay chains from an unknown nuclide to a known

~%1 which includes the named superheavy

elements with Z=107—110 (Bh-Ds) and the un-

named ones with Z>= 111""'2], In China two new

nuclide!'

nuclides *°Db and **° Bh were synthesized by Gan et
all?+ 81,

Theoretically it was predicted that there exists
a superheavy island in the chart of nuclides in
1960s. It was thought that some superheavy nuclei
could be stable for spontaneous fission or have very
long half-lives of spontaneous fission. Their half-
lives for a-decay (or B-decay) are long enough to

observe their existence and to investigate their
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properties. The half-lives of superheavy nuclei
from various models range from ys (107° s) to 10*
a. These will be tested by future experiments.

One guess on the cause of the existence of
long-lived superheavy nuclei in 1960s is that there
is a spherical shell closure at Z=114 and N=184.
It is well known that there are spherical magic
numbers 2, 8, 20, 28, 50, 82 for protons and 2,
8, 20, 28, 50, 82, 126 for neutrons. The nuclei
with magic numbers are more stable than neighbor-
ing nuclei according to spherical shell model. It is
considered that next double magic nucleus is Z=
114 and N=184 according to some theoretical cal-
culations. Recently there are suggestions from
mean-field calculations that Z=120, N=172, N=
184,--- may be spherical magic numbers for super-
heavy nuclei.

Although the isotopes with magic proton num-

ber are more stable than neighboring isotopes, a

different situation can happen for an open-shell nu-
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cleus if there are many valence nucleons outside
closed shells. Bohr and Mottelson have pointed out
that for configurations with particles outside closed
shells, the nucleus can gain energy by deforma-
tiont®). The number of stable nuclides on an iso-
topic chain of even-Z rare-earth isotopes is as high
as 5—6 where many rare-earth nuclei are deformed
in their ground states. Beyond the doubly-magic
nucleus **Pb some heavy nuclei such as **Th,
235.236.281J, 24Py and *’Cm have very long half-
lives of a decay. It is found that there is deforma-
tion in their ground states (3= 0. 26—0. 30)0%,
For heavier nuclei with Z= 100 and N= 152 it is
known that there is quadrupole deformation §, =
0. 3 in their ground states and the deformation also
leads to the appearance of deformed subshell N=
152 around Z = 100. The nuclei with N =152 is
more stable to spontaneous fission than expected
(the branch ratio of spontaneous fission is very
smaller than that of « decay). They also have lon-
ger half-lives of ¢ decay than expected. For super-
heavy nuclei with Z== 108 and N== 162 various cal-
culations show that there is a deformed subshell
and the nuclei in this mass range can have longer
half-lives of @ decay than expected. Up to now it is
unclear whether there is deformed subshell for su-
perheavy nuclei with Z= 114 or Z = 120. Some
mean-field calculations suggest there is deformation
or superdeformation in the ground states of some
nuclei on Z=110—120 isotopic chains™!! ". This
will be tested by future experiments,

Studies on superheavy nuclei provide an op-
portunity to see where is the end of the periodic ta-
ble of chemical elements, to search the long-lived
superheavy elements, and to test various nuclear
models which are built based on the properties of
nuclei near the stable line. In this article we dis-
cuss some important problems on current resear-
ches of superheavy nuclei. This paper is organized
in the following way. Section 2 is an analysis on
the experimental half-lives of nuclei. We discuss in

Section 3 the parity conservation and octupole de-

formation of even-even nuclei in the present relativ-
istic mean-field (RMF) model with the 6 » w » and
o mesons. Section 4 is a short review on spontane-

ous fission of nuclei. Section 5 is a summary.

2 Long Lifetime Nuclei beyond **Pb

As we stated in the introduction, **Th,
235.236. 288 (] 22Pyy . 27Cm are long lifetime nuclei be-
yond * Pb. Why these nuclei have abnormally long
half-lives of g-decay? We give a detailed explana-
tion in this section.

We list the ground state properties of long-li-
fetime nuclei beyond **Pb in Table 1 where the
number of long-lifetime nuclides ranges from 1 to 4
for an isotopic chain (the longest-lifetime nuclide of
an isotopic chain is included). In Table 1 the first
column is the nuclide and the second column is the
half-life of the ground state where the half-lives are
taken from Refs. [15,16]. The third column is the
{13.18)

a-decay energy The spin and parity of the

ground states of parent nuclei and daughter nuclei

[15.163

are given in columns 4 and 5 . The quadrupole
deformation parameter of even-even nuclei is listed
in column 6 where the data are from Ref. [10]. In
the last column we give the branch ratio of a-decay
from the ground state of the
clide, [15-181

It is seen from Table 1 that many nuclides

long-lived nu-

have very long half-lives. The half-lives of **Th,
£35.236. 238 ], 2V Py, and *“Cm can compare with the
life-time of the earth. At first let us focus on even-
even nuclei in Table 1. It is known experimentally
that there is prolate deformation in the ground
states of above nuclei. The quadrupole deformation
parameters in these nuclei are approximately @ =
0.26-—0. 29" For odd-A and odd-odd nuclei in
Table 1. it is known from the spin and parity of
their ground state that they are also well deformed
and their deformation parameters are close to those
of neighboring even-even nuclei*'"". For example
Bohr and Mottelson pointed out there is deforma-

237

tion for Np and its deformation parameter 3, =
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Table 1  Ground state properties of long-lived heavy nuclei beyond *** Pb and the ground
state spin and parity of their daughter nuclei (J3)
Nuclei Tiz2/a Q./MeV 1z 13 B a decay/( %)
232Th 1, 405X 101 4, 082 ot ot .261 100
) 3.276 X 10t 5.150 (3/2y~ 3/2)" 100
my 2.455X 10° 4.858 ot ot .272 100
By 7.038X 10% 4,678 (772>~ (5/2)+ 100
By 2.342X 107 4.573 o or . 282 100
niy 4, 468X 10° 4,270 ot ot . 286 100
2 Np 2.144X 108 4,958 (5/2)* (3/2)~ 100
2Py 2.411X 10 5.245 a/aH+ (1/2)~ 100
20 py, 6.564X 103 5. 256 o ot . 289 100
HIPy 3,733X 10° 4,985 1k ot . 292 100
APy 8.000X 107 4. 666 o+ o . 293 100
H3IAm 7.370X 108 5,439 (5/2)~ 5/ 100
25Cm 8.500X 10° 5,623 /2y (5/2)* 100
HECm 4.760X 103 5.475 ot ot . 298 100
H7Cm 1.560X 107 5.353 9/2)~ (7/2)+ 100
“8Cm 3.400X 10° 5.162 ot o+ .297 92
U7 Bk 1, 380X 10% 5. 890 (3/2) (#) (5/2)~ 100
usCf 3.510% 102 6. 296 (9/2)~ (/2 100
20 Cf 1.310X 10} 6.128 ot ot . 299 100
nict 9.000X 102 6.176 a/ay+ (9/2)~ 100
BICf 2. 645X 10° 6.217 o+ ot . 304 97
BEs 1.300X 10° 6. 790 5~ 6t 76
BIEg 0. 056X 10° 6. 739 (7/2H+ (7/2+ 100
B Eg 0. 756X 10° 6.616 (ANE:D 2- 100
57Fm 0.275X 10° 6. 864 9/2)*+ (&) (/) (#) 100
258 Md 0.141X 10° 7.271 (BY (%) TT(CH) 100

0.25 (see Ref. [17]: On ®'Np, 266-267; On **U,
27.:3—274, and Fig. 5-14; On the Nilsson Levels
with N>126, 225, Fig. 5-5). It is concluded from
Table 1 that the long-lifetime nuclei (and the lon-
gest lifetime one) have significant deformation in
their ground state. Is this an accident coincidence
between the longest-lifetime nuclei and nuclear de-
formation of ground state? We think that this is
not an accident coincidence. It shows that de-
formed heavy nuclei can have very long half-lives.
In general deformation can increase the stability of

nuclei for open-shell nucleil™, The half-lives of nu-

clei are determined by decay energies and by the
ground state properties. When there are enough
valence neutrons and protons, deformation can lead
deeper binding of nucleons than expected®™. The
half-lives of nuclei can become longer due to this.
When nuclear half-lives are determined by a-decay.,
the influence of deformation becomes very impor-
tant because the half-lives of q-decay are very sen-
sitive to the variation of decay energy. A small de-
crease of decay energy can lead to a large increase
of half-life because there is an exponential relation-

ship between the half-life and decay energy
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log) o (T, )~E, 2.

It is also seen from Table 1 that some odd-A
and odd-odd nuclei have long half-lives. In some
cases they have the longest half-life on an isotopic
chain. Importantly some odd-N nuclei on an even-
Z isotopic chain have longer half-lives of «-decay
than the neighboring even-N nuclei. Some odd-N
nuclei on an odd-Z isotopic chain also have longer
half-life than the neighboring even-N nuclei on this
chain. This is an interesting phenomenon when the
half-life is determined by a-decay. It is related to
both the blocking effect of odd-nucleon and the se-
lection rule of favored a-decay on spin and parity.
Iet us take U of Table 1 as an example to see
this interesting phenomenon. Although the a-decay
energy of ®* U is between the decay energy of **' U
and the decay energy of ?**U, the half-life of ** U is
much longer than those of ** U and **U. Usually
the blocking effect of an odd nucleon leads to the
variation of the half-life with a few times. Only in
some special cases the blocking effect of an odd-nu-
cleon can lead to the variation of the half-life with
10-—100 times because of the selection rule of an-
gular momentum and parity in a dccay. Here the
decay of U belongs to one of the special cases
where the spin and parity of parent and daughter
nuclei are different. Because the ground-state spin
and parity of ®*U (J5=(7/2)7) are different from
those of ' Th (J;=1(5/2)"), the a-decay to the
ground state of ' Th is an unfavored transition and
this transition only occupies a small component in
all modes of a-decay from **U to various states of
'Th (5%)%.

this mass range, there are many Nilsson levels in

Because there is deformation in

% Th, The most important

the energy spectrum of
branch in all a-transitionst’® is a favored transition
(55%) which occurs between the ground state of
U (Jr=(7/2)") and the excited state of ' Th
(Ji- =(7/2)7 ) where the excited energy of this
state is 0. 205 MeV. The decay half-life of ** U is

mainly determined by this favored transition. The

effective decay energy to this excited state of *' Th

is Q; =4.678—0.205=4. 473 MeV. This leads to
that the half-life of " U is abnormally longer than
those of #*?*U. Therefore deformation plays an
important role for the abnormally long hali-life of
1, The above argument on the long half-life of
2% is also valid for other nuclei with odd-nucleon
where the spin and parity of parent and daughter
nuclei are different. For example " Cm in Table 1
is the longest lifetime nuclide on Z = 96 isotopic
chain, It has a much longer half-life than those of
#Cm and **Cm. The favored transition (branch
ratio; 71%) in all otransitions of *"Cm is to the
excited state of **Pu with J3* =(9/2)" and with
excited energy E* =0, 402 MeV''"", This leads to
that *’Cm is the longest lifetime nuclide on Z=96
isotopic chain. 2'*%'Cf have longer half-lives than
those of #*#2Cf due to the same cause wherc #'C{
is the longest lifetime nuclide on Z = 98 isotopic
chain, Therefore deformation plays a crucial role
for the long half-life of some odd-A and odd-odd
nuclei in this mass range. In the lower part of Ta-
ble 1 the ground-state spin and parity of some nu-
clei are unknown and their estimated values by Au-
di et al'’*! are listed with a symbol # . Although we
only listed the long lifetime nuclei on Z=90—101
isotopic chains in Table 1, the conclusion here can
be valid for other mass range such as superheavy
nuclei.

It is also known from nuclear data tablest'™
that there exist isomers near thesc long lifetime nu-
clides. Nuclear deformation leads the splitting of a
spherical level into many Nillson levels. Therefore
various configurations of nuclei become close in en-
ergy and these provide an opportunity for shape co-
existence in low excited spectrum. The existence of
isomers shows again the importance of deformation
in this mass range and shape cocxistence leads to
the deep binding of many nuclei in general, But for
few nuclei it could also lead to the weak binding of
a nucleon outside a deformed subshell. The prolate
deformation dominates the ground state of these

nuclei. This is consistent with previous conclu-
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sions.

Nuclear deformation also leads to an exotic
phenomenon for the nuclide ®°UMJ, On the one
hand it has a very long half-life of a decay due to
the negative parity in its ground state. This means
it is very stable for ¢ decay. On the other hand it is
very unstable for artificial fission. A low-energy
neutron can leads its fission. This can be associated
with the influence of nuclear deformation. There is
an isomer with a very low excitation energy for
#5Ul8]| The properties of this isomer are E* =
0.077 keV, J*=(1/2)*, T\, =26 min. The spin
and parity of both ground state and the isomer
state is consistent with quadrupole deformation
3= 0.25 for #°Ul'"), When we see the variation
of the last neutron separation energy with neutron
number for odd-N nuclei on U isotopic chain, the
separation energy decreases with the increase of
neutron number for mass range from *'U to #° U,
This is drawn in Fig. 1, from which it is seen that
there is a sudden decrease of neutron separation en-
ergy at “*UUS)| The possible cause is that deform-
ation leads to a subshell at N = 14200 and the
143th neutron in the ground state of U is weakly
bound. This can also be seen from the lower part
of Fig. 1 that N=142 can be approximately consid-
ered as a deformed subshell. There is a very low
isomer in **U ( E* =0. 077 keV). The two Nils-
son levels with N=143 J*=(7/2)  and with N=
145 J*=(1/2)" are very close in energy in this
mass range. Therefore two neutrons in the ground
state of U are not weakly bound due to strong
configuration mixing of the two levels from pairing
interactions. When two neutrons are added on
U, U is formed and it is again normally
bound. Because the single particle levels in 2°U are
&ense due to deformation and the last neutron is
very weakly bound, a low-energy neutron can lead
to the occurrence of artificial fission in *** U.

When **U is in its ground state, its half-life
for a decay is very long. But it is very unstable for

artificial fission. This is due to the exotic effect of

nuclear deformation. **U is also very stable for
spontaneous fission because its half-life of sponta-
neous fission (T4 = (1. 8—3.5) X 10" a) is much
longer than that of a decay (T, =7. 04X 10®% a).

We will discuss this in Section 4 in detail.

6.0

58}
56}
54}
52}

50}

S(n) / MeV

as|

a6t

231 232 233 234 235 236 237 238 239
140

135} \\
130}

. Even-A U isotopes

25} T\
2o} N=142
st T

S(2n) / MeV

11.0}+ ~.
105}

10.0 L

Fig. 1 The variation of the one-neutron separation energy in
odd-A U isotopes and the variation of the two-neutron
separation energ in cvem-A U isotopes. A deformed

subshell effect appyv.irs at N=142.

3 Parity Conservation and Octupole
Deformation of Even-even Nuclei
in RMF Model

Because there is rare discussion on the odd-
multipolarity deformations of even-even nuclei in
the published RMF articles, we discuss in this sec-
tion whether there exist the odd-multipolarity de-
formations in present RMF model with ¢ , « , and
e mesons. We concentrate our discussions on the
octupole deformation which was believed to be the
most important one of the odd-multipolarity de-
formations in nuclei. As the octupole deformation
of even-even nuclei is directly related to the asym-
metry of space reflection, the existence of static oc-

tupole deformation means the non-conservation of
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parity in nuclei.

In 1956 Lee and Yang''***! pointed out that
experimental data do indicate parity conservation in
strong énd electromagnetic interactions to a high
degree of accuracy, For the processes related to
weak interactions they found there is no experi-
mental evidence of parity conservation, They pre-
dicted that there exists the violation of the symme-
try of space reflection in g -decay of a nucleus. This
is also called as the parity non-conservation of the
weak interaction in physics. It was first predicted
by Lee and Yang in 1956 and confirmed by Wu et
alt?)_ In order to explain the parity non-conserva-
tion in f-decay, Lee and Yang introduced the axial-

vector term (i. e. ¥; matrix) in the LLagrangian den-

sity of the weak interaction-?-*!

. Therefore the ap-
pearance of the y; matrix in the l.agrangian density
is a necessary condition to explain the parity viola-

tion in B-decay'®**%.

This is widely accepted and it
becomes a part of the Standard Model in nuclear
physics and particle physics.

For the strong interactions and the electro-
magnetic interaction, it is generally believed that
parity conserves and there is no parity-violating
term in the Lagrangian density or the Hamiltonian,
Since 1956 experimental physicists spent much
time to try to find the violation of parity conserva-
tion in strong interactions (such as nuclear spec-
trum and nuclear reactions) but they found that
parity is conserved to a good precision (1077) in
strong interactions and in the electromagnetic in-
teraction, For an atomic nucleus which is a quan-
tum many-body system with a definite number of
protons and neutrons, Mayer and Jensen'® dis-
cussed the problem of the parity and pointed out
that the ground states of all nuclei with an even-
number of protons and of neutrons have zero angu-
lar momentum and even parity. Bohr and Mottel-
sont?'#!1 discussed the problem of the parity in nu-
clei clearly and pointed out that the ground-state
rotational band of even-even nuclei is 0", 2%, 47,

--« if there 1s the symmetry of space reflection and

of time reversal. The ground-state rotational band
of even-even nuclei will be 0%, 1%, 2*, 3%, 4% ,-.-
(parity doublets) if parity does not conserve. They
stressed that a parity-violating deformation can ap-
pear if there is a parity-violating mean-field'**} po-
tential like the term pseudo-scalar interaction.
They further pointed out'®®? that the absence of
parity doublets shows the invariance of space re-
flection of the intrinsic motion. Bohr and Mottel-
son®"! concluded from the analysis of experimental
data of a-decay and 'y-decay that the parity selection
rules are obeyed to a high degree of accuracy. It is
also pointed out in other textbooks that parity con-
serves for a nucleus'?®-?"3,

The relativistic many-body problem of nuclei

They

found a theoretical description of the relativistic

was developed by Serot and Walecka?J,

many-body problem within the framework of quan-
tum hadron dynamics ( QHD)!, The model
(QHD-ID! contains fields for baryons and four
kinds of mesons: the neutral scalar meson(s), the
neutral vector meson(w), the isovector-vector mes-
on(p), and the isovector pseudoscalar meson ().
Of courses the photons are included because there
are electromagnetic interactions between protons.
A local Lagrangian density with the nucleons, the
mesons 6, w, p» ® and photons can be construc-
ted!”®). The local Lagrangian density of the RMF

model is written as followst?:2%7,

Crmr= Lot Lus (D

where the Lagrangian density of the x meson is

¥, = %(a#ﬂ“ cA ot —minte ) —
L_ PR
Lgyy a o )

The Lagrangian density ¥,,, for interacting nucle-

.
ons, o6, w and p mesons, and photonst?-2]

LYy =Wy d, —MV—g Vo ¥ —
g..,@‘)’”w,,‘? —g,,‘i'}’” par' W+

1 1 1
—J"s 9 —— miat — — 3~
5 gd, o ) m,o 3 g2 0
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Ig30'4+z- fg((l),_,a)'u)z_

L aa,.+ S M w, —

TR R+ 0 —

% P F,, — cWyAr % A—) %, )

Q= w — 7w, <p
Rll/.zv — a;.lpuv _ avpup’ (5)
Fro=arAr— 9 A*, (6)

where the meson fields are denoted by 5, w, and
and their masses are denoted by m,, m, and m, re-
spectively. The nucleon field and rest mass are de-
noted by ¥ and M. A, is the photon field which is
responsible for the electromagnetic interaction, e/
4w = 1/137. The effective strengths of the cou-
pling between the mesons and nucleons are, re-
spectively, g., g, and 8,. &2 and g, are the nonlin-
ear coupling strengths of the ¢ meson., c; is the
self-coupling term of the ¢ field. The isospin Pauli
matrices are written as ¢, 75 being the third compo-
nent of r ¢,

For the mesons in the Lagrangian density of
the RMF model (Egs..(1-—3)), the most important
It carries the quantum
number J=0, T=1 and P=— 1% The equa-

tions of motion for the fields are easily obtained

meson is the x meson(28:291_

from the variational principle/®+9, [n order to de-
scribe the ground state properties of even-even nu-
clei we need static solution of the above Lagrang-
ian. For this case the meson field and photon fields
are assumed to be classical fields and they are time
independent (c-numbers). The nucleons move in
classical fields as independent particles (mean-field
approximations). The Dirac field operator can be
expanded in terms of single particle wave functions
¥ =2 $; a, where q, is a particle creation opera-

£28:291 and ¢, is the single particle wave function.

tor
It is useful to stress that nuclear density distribu-
tions can be measured directly by electron scatter-

ing or by other methods. Up to now the density

distributions with symmetry of space reflection are
obtained experimentally for.even-even nuclei.

In order to obtain the coupled RMF equations
of even-even nuclei (the Hartree approximation)
from Eq. (1) Serot and Walecka made two impor-
tant assumptions'™, They assumed that there are
good parity and invariance of time reversal for
even-even nuclei’®, Ring also agreed that these
assumptions are right™™?, Reinhard also admitted
that nuclear states in the RMF model have definite
parity™!. The above two assumptions are the ba-
ses of the RMF formulations and are independent
of the methods of numerical calculations. These
two assumptions also agree with the experimental
facts that there are the good parity and invariance
of time reversal for even-even nucleil®-#), The g
meson is dropped off as the mean-field of the x
meson breaks the parity on the Hartree level® sl
Preston et al wrote that odd electric moments must
vanish if theories are invariant under time reversal
or if the system has a definite parity®®l The RMF
Lagrangian (Eq. (3)) is used for the calculations of
even-even nuclei by all the persons who worked
with the RMF model (Hartree-approximation plus
o » w » and p mesons). This was well stated in the
review articles!® %) The force parameters of the
RMF model are obtained by fitting the ground state
properties of even-even spherical nuclei and the
properties of infinite nuclear matter. This confirms
again that no parity-violating interaction is intro-
duced in the RMF Lagrangian density (Eq. (3))
because parity is a good quantum number for
spherical nuclei. Under these assumptions only
three mesons ¢, w,, and poo enter the coupled RMF
equations for spherical nuclei. Under these as-
sumptions also the three mesons ¢, w0 » and pg, en-
ter the coupled RMF equations for axial-deformed
nuclei. These assumptions guarantee the same
force parameters can be used both for spherical ca-
ses and deformed cases. When one of these basic
assumptions breaks, the force parameters fitted

from spherical nuclei can not be used for axial-de-
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formed nuclei because the number of the mesons
entering the RMF equations is larger than three,
By the way the definitions of quantities such as the
operators of electric multipole moments and the op-
erator of particle number are based on the definite
parity of nuclear wave function in the RMF model.
For example the operator of particle number is re-
lated to the density distribution of nucleons in the
mean-field model and the density distribution is re-
lated to the square of the single particle wave func-
tion. When the single particle wave function has a
definite parity, the nuclear density is a scalar under
space reflection.

In order to obtain the ground state of even-
even nuclei by the self-consistent iteration of the
RMF equations one usually starts from an initial
wave function with zero angular momentum and
even parity (0" ). Therefore one always gets a fi-
nal converged solution with even parity if his nu-
merical calculations are right. If there is no conser-
vation of parity in the final solution, we have to
ask which interaction leads to the violation of the
symmetry of space reflection. One should notice
that a small component of parity-violating strong
interaction will leads to a huge effect of the parity-
violating phenomenon in 8 decay. This is because
the strong interaction is much stronger than the
weak interaction in nature,

For the RMF calculation without constraint
orle minimizes a parity-conservation Hamiltonian
Hpgwme to obtain the ground state solution of a nucle-
us. For the constraint RMF calculation on quadru-
pole moments (Q,) one minimizes a new Hamilto-
nian H = Hymy — Acone * Quo (linear constraint or
square constraint) to obtain the variation of the en-
ergy with quadrupole deformation parameter. For
the constraint on quadrupole moments (Q,,) parity
should conserve for both Hamiltonians. ()ne must
be very careful to carry out numerical calculations
for new Hamiltonian because two Hamiltonians are
not exactly equivalent. In order to get the right so-

lution to describe the variation of the energy with

deformation parameters the basic symmetry (such
as the conservation of parity...) of the old Hamil-
tonian Hgwr must be kept during each iteration
process of the new Hamiltonian. Because there is
no parity-violating interaction in the RMF Hamil-
tonian ( Hgmi ) » the solution with the conservation
of parity from the new Hamiltonian(H") is a phys-
ical solution. Therefore the solution of the ground
state of even-even nuclei in the present RMF model
has even parity. The even parity must be kept for
the whole energy curve of the new Hamiltonian
(the variation of the energy with deformation pa-
rameter). An energy curve is interesting if the bas-
ic quantum numbers such as parity and angular mo-
mentum are same in each point of the curve (except
energy).

This is well known in the non-relativistic cal-
culations with harmonic potential plus various po-
tentials. One obtains the quadrupole deformation

and hexadecapaole deformation with a potential

V = fiwu(Ezv 51)‘02(1‘*_('152 Y20+

1
2
Cy E4Y4o +C3L 4 S+C.| Lz) 3 (7)

where Y, is the spherical harmonic function. ¢,
czs 3+ and ¢, are constants. g, and g, are quadru-
pole and hexadecupole deformations, respectively.
The conservation of parity was kept for the calcula-
tions of even-even nuclej with the above potential.
In order to obtain the solution with octupole de-
formation one has to introduce a parity-violating
potential Yi. As realistic two-body interactions
from the low energy data of two nucleon systems
conserve parity, the important deformation besides
quadrupole deformation is the hexadecupole de-
formation in the ground state of even-even nuclei.
The effective mean-field interaction should be the
main part of the sum of realistic two-body interac-
tions. This is written in textbooks and in pa-
pers. 21

There were some wrong statements on the

constraint mean-field calculations in some refer-
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ences (we do not cite these references in this pa-
per), It was written that all other deformations in
constraint calculations are included automatically if
one made a constraint on the quadrupole moments
(@) on the old Hamiltonian ( Hy: ). This is
wrong because the symmetry of the old Hamiltoni-
an (Hyg) must be kept for the constraint calcula-
tions. If there is no parity-violating interaction in
the old Hamiltonian of even-even nuclei, there is
no odd-multipolarity deformation in the correct so-
lution of the constraint mean-field calculations,
Even if there exists the configuration without the
symmetry of space reflection in even-even nuclei,
the present RMF model can not describe this con-
figuration because there is no parity-violating inter-
action in the present RMF model (Hartree approxi-
mation + ¢, w, and p). Parity conservation of
even-even nuclel is also an important assumption of
the RMF model when the = meson is dropped off
from the RMF Lagrangian density.

There is no parity-violation interaction in the
present RMFE model with nucleons, the mesons ¢ ,
w » and p, and photons. Any small component of
the parity-violating strong interactions in a relativ-
istic LLagrangian will destroy the widely accepted B
decay theory which is controlled by the parity-vio-
lating weak interactions in the Standard Model.
This is because the strength of strong interactions
is much stronger than the weak interaction and the
B decay is directly related to the atomic nucleus.

Although there were studies on the possibility
of octupole deformation in the ground state of nu-
clei since 1960s, it was concluded that the octupole
deformation in the ground state of even-even nuclei
is approximately zero ' 33, Up to date there is no
clear experimental evidence on the existence of the
octupole deformation in the ground states of even-
even nuclei and in the superdeformed rotational
band of even-even nuclei (lowly excited states) or
low-excited isomeric states. This is also why the
octupole deformation is not included in the ground

(35,363

states of nuclei even 1f it is easy to introduce

the parity-violating potential Y3, in non-relativistic
calculations,

We believe that parity conservation is true in
various nuclear processes which are governed by
strong interactions and electromagnetic processes.
Even if there exists the configuration without the
symmetry of space reflection in a very rare case,
the present RMF model can not describe this con-
figuration because there is no parity-violating inter-
action in the present RMF model and the conserva-
tion of parity of even-even nuclei is a basic assump-
tion of the present RMF model with the ¢ , « » and
p mesons, In the following RMF calculations we
restrict the calculations of even-even nuclei to the
axial deformation with even-multipolarity deforma-
tions, This is the natural space of the standard
RMF model. Lalazissis et al'®! also restricted the
deformed RMF calculations to these cases when
they calculated the energy surface of '"Hg and
"Hg. In the standard RMF model, one can not
obtain static octupole deformation of even-even nu-
clei because there is no parity-violating term Y, in
the RMF l.agrangian and parity conservation of
even-even nuclei is a basic assumption in the RMF
model.

The variation of energy with quadrupole de-
formation parameter 8, for a superheavy nucleus
#9114 is drawn in Fig. 2. The minima of Fig. 2 cor-
respond to different solutions. This clearly exhibits
the shape coexistence of a superheavy nucleus. It is
seen from Fig. 2 that there is a solution with super-
deformation. This solution is the lowest in energy
and it can be the ground state of this nucleus. This
is a theoretical prediction in the RMF model with
TMA force. It is one of the various possible shapes
in the ground state of superheavy nuclei. Whether
this prediction is right for 114 will be tested by
future experiments of superheavy nuclei. There are
two ways to test this prediction. One is to measure
the rotational band and another is to search the iso-
mers in this nucleus™’, If this prediction is right,

it will promote the synthesis of superheavy nuclei
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because the reaction cross-section can be increased
due to deformation. The half-lives of superheavy
nuclei can be also longer than expected. If it is
wrong, it does not matter because it only shows
that the superdeformed solution in the RMF model
is not an unphysical solution. This is also helpful
to improve the RMF model and to cure the defi-
ciency of the model. The path of development of
physics is based on both successful and unsuccess-
ful explorations from theoretical and experimental

physicists.

-2070.0

-2072.0}

-2074.0}

/ MeV

ky -2076.0 p

-2078.0

b2

Fig. 2 The variation of the energy of the nucleus ' 114 with
the quadrupole deformation parameter B in the con-
straint RMF model with TMA. The ground state of
#9114 can correspond to a configuration with superde-
formation deformation. The superdeformation is suit-
able for nuclear stability from the point of view of en-

ergy.

Up to date we do not know whether the RMF
model can be applied for calculations of static fis-
sion barrier in heavy and superheavy nuclei. Some-
one called the maximum height of the energy curve
(such as in Fig. 2) as the height of fission barrier.
We are not sure whether this is right for the RMF
model. In the mean-field model there is a very bas-
ic assumption on the existence of a single mass cen-
ter of a nucleus and this mass center is the central
point of the mean-field. The space coordinates of
all nucleons and the motions of particles are defined
with reference to this central point. The mean-field

is also defined with reference to this central point,

On the one hand fission is a splitting of a nucleus
(a single mass center) into two fragments or more
fragments (two or more mass centers). The validi-
ty of the RMF model (a single mass center) for fis-
sion (two or more mass centers) is unknown. In
principle the height of fission barrier is different for
different mass and charge combination of two frag-
ments. In the RMF calculation the charge and mass
numbers of two fragments have not been taken into
account, So we are not sure that the maximum
height of the energy curve in the constraint RMF
model is the fission barrier. On the other hand the
force parameters of the RMF model are obtained by
fitting the ground state properties of nuclei (bind-
ing energies and radii of some spherical nuclei).
The nuclei near the barrier of fission lie in highly
excited states. We do not know whether we can
extrapolate the RMF model from the ground state

to the highly excited states.

4 Parity Conservation in Spontaneous
Fission of the Ground State of Nu-

clei

Fission is important for nuclear stability. For
nuclear fission we should classify the two types of
fission: (1) the artificial fission which is induced
by photons, neutrons, and « particles; (2) the
spontaneous fission. These two kinds of fission
have different mechanisms in physics. Bohr and
Wheeler™? proposed a liquid drop model to explain
artificial fission, For artificial fission one can trace
the fission path where the nucleus is gradually ex-
cited to the highly-excited states with different
symmetry and different shapes (or a formation of
compound nucleus). One can see the variation of
nuclear shape in highly excited states. When the
excited energy is higher than the static fission bar-
rier, various fission channels are gradually possible
but some fission channels are observed due to the
competition of the fission channels and of the sym-

metry (for real processes of fission different fission
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channels have different fission barriers due to the
different combination of charge number and mass
number of two fragments). The shell effect can in-
fluence the mass distributions of fragments, The
parity of even-even nuclei does not conserve on the
artificial fission path from the ground state of even-
even nucleus to the highly excited states and to the
appearance of two separate fragments due to the
outside interaction. The exotic shape such as octu-
pole deformation may appear near the outer barrier
of artificial fission although the lowest-energy state
( i.e. the ground state or the fission isomer in the
superdeformed well) is symmetric for space reflec-
tion. Bohr and Mottelson pointed out the isomeric
minimum of heavy nuclei is stable for oétupole de-
formation because there is no parity-violating po-
tentialt®!,

For spontaneous fission of even-even nuclei in
the ground state it is a pure quantum tunnelling
effect™® ), When an even-even nucleus is in its
ground state, it has definite spin and parity. It can
never increase its energy automatically without
outside interactions (the conservation of the ener-
gy). Its parity does not change without outside in-
teractions ( conservation of parity). It is known
from quantum mechanics that & microscopic parti-
cle has dual properties: wave and particle. It is due
to the wave property of a microscopic particle that
the quantum tunnelling effect can happen. Because
the microscopic particle is a probability wave dur-
ing spontaneous fission process (i. e. quantum tun-
nelling process), there is no meaning to talk about
the shape of a microscopic particle (the kinetic en-
ergy of a particle is negative under the fission barri-
er according to classical mechanics). Therefore the
spontaneous fission, « decay, cluster radioactivity
("C, -++) and proton emission belong to the same
mechanism in physics: quantum tunnelling effect.
The « decay, cluster radioactivity, and proton-
emission are the extreme asymmetry spontaneous
fission. The occurrence of asymmetry spontaneous

fission in the ground state of even-even nuclei is in-

dependent of static octupole deformation (a spheri-
cal even-even nucleus can have « decay). It is well
known that the parity conserves for a decays be-
tween the states of two even-even nuclei. For o de-
cays one never talk about the path of the decay be-
cause it is a pure quantum tunnelling effect. Exper-
iment physicists have never observed the shape of
the o particle when it is in the intermediate tunnel-
ling process of the decay. For spontaneous fission,
o decay, cluster radioactivity, and proton emis-
sion, it is widely accepted that the barrier is mainly
controlled by the Coulomb interaction (the strong
interaction plays a partial role).

Spontaneous fission from the ground state of
the even-even nuclei is a nuclear process which is
governed by strong interactions and the Coulomb
interaction. Parity should conserve in spontaneous
fission. When Wheeler discussed the spontaneous
fission, he pointed out that parity conserves in the
process of the spontaneous fission''. Johansson
stressed this againt*®), Vandenbosch and Huizenga
clearly pointed out that both spin and parity should
conserve in spontaneous fission of even-even nuclei
and odd-A nuclei’ where fission starts from the
ground states of nuclei. The even parity is kept for
even-even nuclei in spontaneous {fission as the
ground state of even-even nuclei has even-parity.
Bohr and Mottelson also pointed out the isomeric
minimum of heavy nuclei is stable for octupole de-
formation because there is no parity-violating po-
tential™®). Based on these we consider that parity
should conserve for spontaneous fission from the
ground state of even-even nuclei (even parity).
The conservation of parity forbiddens the occur-
rence of static octupole deformation in spontaneous
fission of even-even nuclei as the static octupole de-
formation is related to asymmetry of space reflec-
tion. It is well known that parity conservation is
valid for «-decay and y-transitions of nuclei. Parity
conservation should be also valid for cluster radio-
activity (*C,* Ne, -=-). It is interesting to test ex-

perimentally the conservation of parity for cluster
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radioactivity of heavy nuclei in order to confirm the
parity conservation in these process which are gov-
erned by strong interactions and the Coulomb in-
teractions,

The half-lives of nuclear spontaneous fission

can be measured by experiments. Some data of the

half-lives of spontaneous fission have been accumu-
lated up to date. The half-lives of spontaneous fis-
sion of Z=90, 92, 94, 96, and 98 are listed in Ta-
ble 2 where the data are from Ref, [44]. In Table 2
an average value of data from different groups is

presented for a given nuclide.

Table 2 Half-lives of spontaneous fission of even-Z isotopic chains

Nuclei T/a Nucle T/a Nuclei T/a

2 Th = 1.5X 10" 2 Th = 1X10% 232J (8+5.5) X 10"
25U (1.240.3yx10" 2y 1. 6X10' 257 (1.8 -3.5)x10"
2351 2% 10'6 By (0.58-—-1.3)X 10" 236 Py 3.5%10°

2% Pu (51+0.6yx 10" 29 Py 5.5%X 10" Hpy (1.2 - 1.45) x 10"
2Py (6.5 -7.45)X 10" HMipy (2.51+0.8)yXx10" 210Cm 1.9X10°
212Cm 7.2X10° M Cm 1,4X% 107 216 Cm (1.66 2.0)X107
2 Cm (4.2 4.6)X10° 20 Cm 2X 10! 26t (2.1 £0.3) <104
HEC (0.7 --4. 1) X 10! 29 = 2X 10" 2ot (1.5+0.5rx10!
220 (6.6—8.5) X 10! 2! 0.16

1t is found that ** U has the longest half-life of
spontaneous fission in available data of U isotopic
chain. " Pu also has the longest half-life of sponta-
neous fission in available data of Pu isotopic chain,
29 Cf has the longest half-life of spontaneous fission
in available data of Cf isotopic chain. This fact con-
firms that spontaneous fission is a quantum effect
where even-odd effect in pairing correlations plays
an important role. It also indicates that there are
selection rules of parity and angular momentum in
spontaneous fissions because the even-odd effect is
very strong. If the parity and spin of the nuclear
ground state does not conserve on the path of spon-
tancous fission, the blocking effect of odd-nucleon
will be very small and the half-lives of odd-N nuclel
in even-Z isotopic chain will be close to the neigh-
boring even-even nuclei on this chain, Therefore
available data of spontaneous half-lives clearly show
that the conservation of parity should be kept to de-
scribe spontaneous fissions where a quantum tunnel-
ling effect happens, One should also differentiate

the artificial fission and spontancous fission be-

cause they have different mechanism in physics.
Why an odd-A nucleus U has the longest
half-life of spontaneous fission on U isotopic chain
72 Newton"? and Wheeler'*"" considered that both
spin and parity of nuclei should conserve in the
process of spontaneous fission. Johansson also
stressed this!*. Therefore odd nucleon has a bloc-
king effect in spontaneous fission as compared with
even-even nuclei. This leads to an increase of spon-
taneous fission barrier, Therefore the odd-A nuclei
can have longer half-lives of spontaneous fission

than those of neighboring even-even nuclei.

5 Summary

In this paper we have discussed the relation-
ship between nuclear stability and nuclear deforma-
tion. It is found that the long-lived nuclides on Z=
90—101 isotopic chains have significant deforma-
tion in their ground states. Therefore deformed
heavy nuclei can have long half-lives, When the
half-lives of nuclei are determined by a decay,

some odd-N nuclei can have longer half-lives than
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those of even-N nuclei on an isotopic chain. Nucle-
ar deformation can also lead that the half-life of an
odd-A nuclide or an odd-odd nuclide is the longest
one on an isotopic chain. Especially the very long
lifetime of **U is analyzed and discussed. This
analysis can be useful for future researches of su-
perheavy nuclei where the half-lives are mainly de-
termined by o decay and by spontaneous fission.
The conservation of parity is stressed in RMF
model. The conservation of parity is also stressed
in o-decay, cluster-radioactivity, and spontaneous
fission of nuclei starting from nuclear ground state
where they are governed by strong interactions and
the Coulomb interactions. We clearly point out

that one should notice the difference between artifi-

cial fission and spontaneous fission. For spontane-
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