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ABSTRACT

Within the one level R-matrix approach several hindrance factors for the radioactive
decays in which are emitted a and other nuclei (such as 1*C and 2°0) are calculated. The
interior wave functions are supposed to be given by the shell model with effective residual
interactions. The exterior wave functions are calculated from a cluster - nucleus double
- folding model potential obtained with the M3Y interaction. As examples of the cluster
decay fine structure we analyzed the particular cases of a - decay of *Fm, MC - decay of
B Ra and 2°0 - decay of ***Th and *°Fm. Good agreement with the experimental data

is obtained.
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1 Introduction

Recently Hourani and his co - workers [1] experimentally discovered the fine structure in the
14C radioactivity [2]. The theoretical studies of alpha [6], [7] (see also the review papers [3]
[4], [5] and the references therein) and heavy cluster (e.g. *C) decay [7] (see also the recent
review paper [8] and the references therein) have very much in common.

We view the decay process as composed of two main steps: First the mother nucleus
makes a kind of phase transition from the initial state, which could be of any structure
(Fermi liquid, superfluid, spherical or deformed, one or many alpha cluster state, one or
many combined heavy cluster state etc), to the final state composed of at least one cluster,
which is going to be emitted, and the residual nucleus, which may have also any structure
as above. One mechanism of such a transition could be the cluster condensation (e.g. alpha
condensation [9]), or what usually is assumed a formation of the cluster (e.g. the alpha
cluster) from the already formed condensates of smaller clusters (e.g. Cooper pairs, IBM -
bosons, etc.) [3-7), [10 - 12]. Another (less studied) mechanism could be the slow shape
deformation [13] from any initial shape configuration of the studied many particle system
through shapes that are energetically very unfavored (a large amplitude collective motion)
to a shape corresponding to the two daughter nuclei in contact.

Secondly, the two daughter nuclei tunnel through the potential barrier in their relative
motion, without further change in shape.

Most of the theoretical models of heavy cluster decay [8] are based, essentially, on
Gamov’s theory [14] which was the first success of quantum mechanics when applied to the
a - decay phenomenon, i.e. a detailed description of the second step - the tunneling through
the potential barrier. The differences in approaches are related to Lhe way of calculating the
potential barrier defined by the {nuclear plus Coulomb) interaction potential acting between
the emitted cluster and the residual nucleus. All these theoretical treatments fit to a law for
favored cluster transitions, analogous to the Geiger - Nuttal [15] law for favored o - decay,

which emerges directly from the simplest JWKB expression of the penetrability determined
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by the square well plus Coulomb interaction potential.

The unfavored transitions do not follow the Geiger - Nuttal law, because of the
large variations of the reduced widths [3] {4], [5], [6], [7]. which have a key role in the
understanding of the decay process and require a precise knowledge of the structures of
the initial and final quantum states. From such transitions we can learn much about the
structure of atomnic nuclei and the mechanism of the decay phenomenon. For instance, when
treating the favored cluster decays, one assumes that the nucleons used to build the cluster
are more or less strongly correlated in the initial state. This fact leads to the small hindrance
factors [3], [4]. [7]. On the contrary, the unfavored transitions (with large hindrance factors)
are characterized by the fact that the nucleons used to build the cluster are collected from
different strongly correlated groups of nucleons entering the structure of the initial state. In
this last case it is necessary first, to breakup the correlated groups of nucleons and then to
build the cluster, which is going to be emitted.

In the previous paper [7] the formal expressions for the theoretical hindrance factors
are derived and calculations for few cases are performed.

In the present paper we continue this work and calculate several hindrance factors
for the ‘He -. MC -. and 2°0 - radioactivity. The calculations will be performed by using the

approach given in Ref. [7].

2 Enlarged Superfluid Model

The enlarged superfluid model (ESM) Hamiltonian for nonrotational states of deformed
nuclei includes an average field of neutron and proton systems in the form of the axial -
symmetric Saxon - Woods ( or Hartree - Fock ), monopole pairing. isoscalar and isovector
particle - hole and particle - particle multipole and spin - multipole interactions between
quasiparticles as well as the so - called a - like four nucleon interaction [10]. For the particle
- hole and particle - particle multipole and spin - multipole interaction part we use a separable

interaction [10] of the rank N > 1:

H=Hy+ H 1)
where
Ho = Y (HSy(7) = G- Pl Po)+ Hi (2)
in which
HSL( Z E, awaw (3)
Po=Ya, ay (4)
Hy = -GPIPIP.P, (5)
and
H =
1
SELS ST el
T Apo n=1 n=%1
QIW( )Qw(nr)+6‘“PW(r> Parao(T)] =
5 Z Z Z L)‘“ + nK’L)\“) TJL}#U(T)TnL,\po(nT) +
L/\pan 1 n=%1
G Pl (7) Pato ()] (6)
Here 7 = - % stands for the proton system and 7 = + % stands for the neutron system,

ai,g,(as,‘,,) are the fermion operators which create (destroy) a nucleon in (from) the single
particle state | s,o, >, where o, is the sign of the projection of the angular momentum
of the state onto the nuclear symmetry axis, s; being the rest (Noyna, Qe ey nl) of the
quantum numbers that label the single particle energy levels. The term H from the eq.(5)

‘s an effective, coherent two - pairs { four - nucleon ) interaction term, which induces the



dynamical alpha - like four nucleon correlations in the superfluid phases of atomic nuclei [11].
G, are the pairing coupling strenghts, G2* and GE*# are the coupling constants of the particle
- particle interaction [10] k¥, x1* and k¥, KkEM are the isoscalar and isovector coupling
constants of the particle - hole multipole - multipole and spin - multipole interactions [12].
G, is the four - nucleon interaction constant and ¢ = *1.

To find the superfluid solutions we first should deal with the mean field. As a trial

wave function for the ground state of the atomic nucleus we use the BCS - type wave function

and the mean field is described by the Hy - part of the Hamiltonian (1).

| BCS >=T](us, +vi,al,4al ) 0> (7)

TSy

where u? + v? = 1 and | 0 > denotes the absolute vacuum.

Thus the constrained energy functional is:

W =< BCS | Hy =Y )N, | BCS >=

Z(Z 2(E37 - Af)vff) - GTXZ) - G‘iX?aX?\ (8)

T 8

Here X, denotes the nucleon Fermi level, N, is the nucleon number operator and

x» =< BCS | S al yal_| BCS >= S u,.v,, 9)

sr sy

is the so - called pairing correlation function or order parameter and

1 2 2 1 2 4
Eoy = By — §(GP(") + GaXap) sy ~ ZG“v’p(n) > Ysnir) (10)

Sn(p}

are the modified ( from the values E, ) single - particle energies. Usually these self -
consistent field corrections are omitted [12].
The minimization of the function W given by eq. (8) with respect to the variational

parameters leads to the following gap and constraint egs.:

1 -
i(GP(n) + G4x,2,(p)) Z Cspl(n) =1

*p(n)

S —(E., - X)) =N,

&r

€0, =V (Er = X,)? + A2 (11)

for the doubly even mass deformed superfluid nuclei. For odd- and odd - odd - mass deformed
superfluid nuclei the above equations are modified according to the blocking effect [12].
The Bogoliubov - Valatin u, and v, - parameters are parametrized according to the

following formulae:

’LL3 1 E:, - /\r
(vz )= S1E =) (12)

sr

and the correlation function becomes

x =50 L (13
A simple inspection of the gap equations shows that the proton and neutron equations are
coupled, i.e. it is possible that the superfluidities of the proton and neutron systems may
be generated by one another, even in the case when for one system, in the absence of four
nucleon interactions, the Belyaev’s condition [11] is not satisfied. The aditional term Gax?®
may increase the pairing strengths in order to fulfil the Beliaev’s condition. This mechanism
explained [10] in several cases the origin of the odd - even staggering of the charge radii of
isotopes of one element. Moreover, the gap equations can have (10] for some nuclei more
than one set of solutions, fact which open a new area of research - the superfluid isomers.
To find the excitation spectrum and the corresponding wave functions we add to the

Hy the H’ part and use the recepe from the Refs. [10}, [12], {19], [20].



3 Alpha Decay

By using the enlarged superfluid model (ESM) [10], we calculated the quasiparticle - phonon
structure of the ground state of the Fm nucleus, who emits alpha and 2°0 clusters. We
calculated also the ground and several excited states of the daughter nuclei: »'Cf and 235U
s respectively. The results are reproduced in Table 1. The structures of these states are very
close to the structures given in the Refs.[19] and [20]. Within the R-matrix approximation
[7] we calculated the HF's for the favored and some unfavored a - decays of 2Fm to ground
and some excited states in **'Cf nucleus. The expressions of the reduced widths within the
superfluid model are given in Ref. [16]. The results have been compared with the calculations
of Ref. [5] and the experimental data [24] (see Table 2). They are not far from our previous
calculations [3]. A relatively good agreement with the experimental data is obtained. The
data denoted by H Fyrpr have been obtained by using the reduced widths from Ref. [5] and
the penetrability ratio calculated with the M3Y double folding potential [7]. In calculating
the %°Fm - and **'Cf - excited states structure the used ESM parameters are: 7, = 0.14
MeV, G, = 0.12 MeV, G4 = 0.25 keV. The parameters of the average field are taken from
Ref. [19]. The used deformation parameters are: 3y = 0.26 and 340 = 0.035 (see Ref.[19]).
The used particle - hole quadrupole and octupole parameters (see eq. 6) are: x* = k2¢ =

nr = Ror

0.664 keV fm=% w}* = k2 = 62.4 eV fm~% k)¢ = k* = 8.6 eV fm™® &

nr nr

Moo= g =126V
fm~®. The used perticle - particle quadrupole parameter (see eq. 6) are: GL2 = GL3 = 19
eV fm™*. All the other coupling constants entering the eq. (6) and not mentioned here have
been taken equal to zero.

In the calculated structures we included the quadrupole and octupole phonons with
Ap = 20,22,30,31,32 and i=1,2 (see Ref. [10]), following the results within the quasiparticle
- phonon model developed in the Ref. [19].

From Tables 1 and 2 we conclude that the a - decay of ®*Fm ground state to ?'Cf
+

I%, B = 106.33 keV - state can be considered as favored « - transition. The explanation

of small (close to unity) HF's in this case, is based on the picture according to, the cluster

(in this case an a - particle) is builded from the fermions just situated at the Fermi surface,
where strong pairing correlations occur and, in addition, one may neglect the differences in
structure of the parent and daughter states. On the contrary, for the other a - transitions
(see Table 2), the hindrance factors are large, and this is explained by the fact that during the
formation process of the a - cluster, at least one Cooper pair is destroyed and one nucleon
from this Cooper pair is coupled with the uncoupled mother nucleus nucleon in order to
participate in the formation of the o - cluster.

The channel radial regular and irregular wave functions have been calculated by using
the Coulomb potential plus the realistic M3Y double folding potential [22], in which one uses
an effective interaction derived from the G - matrix elements based on the Reid soft - core NN
potential {29] in the form assuming only OPEP force between the states with odd relative
angular momentum [30]. This potential is obtained numerically, and then is interpolated
by cubic spline functions to improve the accuracy of the numerical integration. The radial
scattering wave functions are calculated at the experimental resonance energies using the
Numerov algorithm. At a distance of 15 fm the nuclear folding potential V;, has practically
no contribution, and the regular solution is normalized to have the asymptotic behavior of
the Coulomb functions [31]. The value of the irregular solution at this distance is obtained
from the Wronskian relation and then the whole irregular solution is obtained integrating
backwards to the origin. However at small distances the fragments interact strongly, and this
asymptotic solution should be gradually replaced by the "internal” wave function supposed

to describe the compound system before decay.

4 Cluster Decay

We also calculated the favored and weak unfavored *°O - transitions from ***Fm - nucleus
to some excited states in 23°U nucleus by using the approximations suggested in Ref. [7].
In calculating the *°U - excited states structure the used ESM parameters are: G, = 0.14

MeV, G, = 0.10 MeV, G4 = 0.26 keV. The parameters of the average field are taken from



Ref. {20]. The used deformation parameters are: Ba0 = 0.23 and B4 = 0.08. The used
particle - hole quadrupole and octupole parameters (see eq. 6) are: K)¥ = k3 = 0.667 keV
fm=*; k2 = x1% = 0.062 keV fm™% KM = g = 0.011 keV fm™8 k)¢ = K = 0.001 keV
fm=®. The used particle - particle quadrupole parameter (see eq. 6) are: GM = G% =15
eV fm=*. All the other coupling constants entering the eq. (6) and not mentioned here have
been taken equal to zero.

From the Table 1 we learn that within the ESM - model {10] the structure of the
35Fm ground state contains contributions from two single quasiparticle states namely, 97.9
% - [613] %+ and 2.1 % - [624] %+ emerging from liy and 2gs, respectively. These states
occur also in the structure of 233U excited states lying at 446 keV and 1236 keV excitation
energy, respectively (see Table 1 and Ref. [20]). By using the ESM structure for the initial
and final odd-mass nuclei, in the case of favored or weak unfavored radioactive decay with
emission of a spherical double even mass cluster (e.g. 200) we may write for the hindrance

factor the following expression:

HF [mother nucleus(IT K;) —* O + daughter nucleus(l;’K/)] ~ (14}
Iy il
{E, R|CH k#,Co.Coy (RSA)] }

C

by are the weights of the single quasiparticle state in the structure of the i(f) - state,
which should be the dominant one, i.e. the other contributions (unfavored quasiparticles
or quasiparticle - phonon contributions) should be negligible small. The quantities (RSA)
replaces essentially the ratio of the favored intrinsic spectroscopic amplitudes [7} correspond-

ing to the transitions between odd - mass and doubly even nuclei, respectively. The intrinsic

spectroscopic amplitude (6:,) is defined by the quantity:

0 = Z E A[’M(u,.,uzo |w1.-w20)5f”(l/1~-1/14 | wy..wag) (15)

V1..v14 W3..w20

analogous to the quasiparticle contribution in the matrix element from the eq. (11) of Ref.

9

[16] entering the o - decay rate of axially deformed odd - A nuclei. The only difference
between the cases corresponding to the odd-mass and doubly - even nuclei, is that in the
first case the sum in the above equation excludes the common quasiparticle state of both
the mother and daughter nuclear states (e.g. [613]%+ for the #Fm—0+%°U). In the
estimations we performed (see Table 3), the approximation (RSA) ~ 0.4 has been used,
mainly determined by the overlap integral between the odd nucleon orbital wave functions
in the mother and daughter nuclei. The suggestion given in Ref. [36] pages 406 - 407,
according to the levels lying at 445.71 keV and 509.82 keV should belong to the rotational
band built on the intrinsic state with the structure ground state ® octupole phonon, does
not fit to our results. The suggested structure contribute with the 9% only, the dominant
contribution coming from the single quasiparticle state [624]?.

Unfortunately the above discussed *°O radioactivity cases have the half - lives greater
than the maximum half - life (10%7° sec.) among the experimentally measured [8] cluster
decay half - lives and, hence, hard to be measured.

The 223Ra nucleus belongs [28] to the well known region of soft nuclei with Z = 83
and N = 134, with strong octupole correlations in the ground and low lying excited states,
where the lj%; intruder orbital interacts strongly with the 2g% natural parity orbital. The
HF's for both the a - and C - decays of the ground state of ’Ra are very difficult to
be calculated at the moment, due to the unknown accurate structure of the mother and
daughter nuclei. Studying the experimental HF for « - decays to *'°Rn ground and low
lying excited states [25] we learn that = fifteen [25] transitions have small (< 100) HF's
and from these transitions five have HF's < 10. The corresponding excited states have very
different structure and this tells us that the structure of the ground state of **Ra is not as
simple, as e.g. the »*5Fm case, and it may contain many more or less equal components of
single quasi - particle or quasi - particle - phonon structure. Unfortunately, not all the spins
and parities of the *'Rn - excited states, populated by o - decay, are known. Thus, it is a

real difficult problem to describe the quantum states involved in the « - and 'C - decay of
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223Ra. In our opinion, it is not sufficient a description of these states within an independent
particle model only [17], [18]. Residual interactions could play an important role [3]. The
restrictions concerning the number of quasiparticles and phonons (as e.g. in the case of
5P m—a+1C - decay, where only Ap = 20,22,30,31,32 and i=1,2 - phonons have been
used), lead to inaccurate structure of the ***Ra - nucleus. First the valence single particle
space should be extended and secondly, at the next step when incorporating the quasiparticle
- phonon interaction, the number of quasiparticles and phonons should be increased. Such
a task is as hard as to perform the calculations within the OXBASH shell model code with
realistic residual interactions {7].

To understand this situation we construct a very simple model, which proves to
deserve attention by itself and to suggest the highly nontrivial behavior of any realistic
model.

Assume, for a moment, that the structure of the ground state of the **’Ra - nucleus
consist of spherical core described by an independent particle model. Above the core there
exists a deformed single particle neutron orbital only. The wave function for this orbital can
be expanded in terms of spherical orbitals. In this case the spectroscopic amplitude entering

the expression of the HF can be factorized according to:

(K[' K=K} Ky) Q=K L U1 Py
Onikn, ' | =Ca Ca,apin aN’,,J]!’\/QIf+1(K % 1\!/ >9£§;5“”! 7 (16)

where Cq, , are the weights of the single quasipalticle state in the structure of the #(f) -
L U Iy
K; K K;

9T acts as a spectroscopic amplitude between many body core | jisymis) > states,

state, a%,] are the Nilsson - like amplitudes, ( ) stands for the 3-j symbol and
including both the cluster overlaps [21], [7] and the intrinsic overlap integrals [7]. Now the
ratio of the intrinsic spectroscopic amplitudes (RS.1) from the eq. (1) is given by the ratio
of 827717 calculated for the 2*Ra —'"C42%°Pb - transition and 0% ™) caleulated

for the 222Ra —'C+2%Pb - transition. The expression of the hindrance factor becomes
P

11

HF |mother nucleus(I]*K;) = C + daughter nucIeus(I}r’K,)] ~ (1m)
(5 Rlok i cucaadit i msat =T}
Within such an approximation we calculated the hindrance factors for **Ra (g.s) — "*C +
209P}, . and ?#Th (g.s) — 2°0 + *®Pb - cluster transitions.

In the Table 5 and 6 the intrinsic spectroscopic amplitude ratios (( RSA)) has been
estimated to be &~ 0.52 and = 0.42, respectively. In calculating the **Ra - and **Th -
ground states structure (see Table 4) the used ESM parameters are: G, = 0.14 MeV, G, =
0.10 MeV, G = 0.26 keV. The parameters of the average field (see Ref. [20]) are: Vg, =
55.53698 MeV, ro, = 1.30975 fm, a, = 0.70071, &,—,,= 5.56479 MeV, V., = 37.78683 MeV,

= 1.39628 fm, a, = 0.70071, K,, .= 7.31907 MeV. The used deformation parameters
are: By = 0.15, B4 = 0.10. The used particle - hole quadrupole and octupole parameters
(see eq. 6) are: k2 = kot = 0.67 keV fm™%; )} = &2 = 0.06 keV fm™%; &} = x3¥ = 0.01
keV fm=® k) = «3 = 1. eV fm™®. The used particle - particle quadrupole parameter (see
eq. 6) are: G2 = G = 15 eV fm™. All the other coupling constants entering the eq. (6)
and not mentioned here have been taken equal to zero.

A few more comments may be in order here. First of all our hybrid model with a
spherical core and only one deformed orbital, when calculating the spectroscopic amplitudes
is not to be taken too seriously for very complex structures, which should be the case of ***Ra.
This should be not true even for structures close to single quasiparticle states, because the
assumption of the axial deformed core is not realistic [27]. On the other hand, when having
realistic structures for both the initial and final states, calculations within shell model codes
like OXBASH or ESM are practically impossible for nowadays computers. Therefore simple
schematic models like above presented would be useful. In the presented calculations we
estimated the core spectroscopic factor as in the case of the favored cluster decays, i.e. the
magnitude of the core spectroscopic factor has been mainly evaluated by the overlap integral

between the spherical wave functions describing the valence odd neutron in the mother and
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daughter nuclei, which does not participate in the cluster decay. This overlap integral is less
than unity due to the fact that the two above orbitals are oscillator orbitals with different
frequencies {7].

Within ESM the calculation of the hindrance factor HF=3, experimentally observed
[1] in the case of the transition from the ground state of 23Ra (%+) to the 27, 1423 keV
excited state in 2°Pb can be performed by using the parity admixture only {33], [32]. There
is an excited level %' in 22®Ra, lying at 50 keV excitation energy, which can be admixed [32]
in the ground state. We roughly calculated (i.e. assuming a parity mixed doublet [32]) the
admixture coefficient of this first excited state into the ground state of ***Ra by using the
technique developed in the Ref. [33] and the parity nonconserving potential used in Ref.
[34]. This coefficient is of the order of 1073, but higher lying states could change this value.
With this value, the hindrance factor for the mentioned transition is of the order of 108,
far away from the experimental value. This simple estimation, however, should be changed
by increasing the number of phonons and single quasiparticle states, used to describe the

structure of above nuclear states.

5 Conclusion

In this work we reported some calculations performed, within the enlarged superfiuid model
[10], for some selected (favored and weak hindered) o transitions in the - 35Fm (g.s) — a +
31Cf - process. A schematic model has been applied for *Ra (g.s) — "C + **Pb; **Fm
(g.s) — 20 + U and **Th (g.s) — *°0 + 2¥Pb processes. In these cases difficulties
arise due to unknown structure of ***Ra and **Th ground states and due to impossibility to
calculate truly microscopically the spectroscopic amplitude. Nevertheless simple schematic
models could help us in understanding the heavy cluster decay.

Assuming for the structure of the ground state of the 2BRa - nucleus a hybrid model,
with a core and above the core only one deformed single particle orbital, we could factorize

the spectroscopic amplitude for the *C - decay into three factors; first one is the single

13

quasiparticle weight into the structure of the ground state of the ***Ra - nucleus, the second
one is the Nilsson - like amplitude of a spherical orbital into the deformed Nilsson - like
orbital and the last one is the spectroscopic amplitude of the *C - decay from a spherical
configuration. This last factor can be calculated by using an analogous recipe as given in
Ref. [6], [7] for the case of & - decay. It may have large variations due to selection rules and
internal structure of the core, when calculating its cluster overlap factor.

Our estimations of the HF's differ in magnitude from previous estimations [17], [18],
(7.

Within ESM we overestimate the experimental HF corresponding to the ground state
of 2®°Pb and to the first excited state of 2*Pb. We cannot explain the experimental HF
corresponding to the 227 (1423 keV) state, but our approach does not use a very large basis
of states. The HF corresponding to the %_, 1423 keV state in 2°Pb, within ESM, has been
calculated by using the parity admixture of %— first excited state in the ground state of
1R,

Predictions have been done for the hindrance factors corresponding to the following
cluster transitions (see Tables 3 and 6): **Fm (ground state) — *°0 + 357 (445.716 keV,
1236 keV and their rotational bands) and 2 Th (ground state) — *°0 + *°Pb (ground state,
%+ and 779 keV and 227 excited state).

Additional experimental work on the *C fine structure decay of ***Ra with higher
resolution would be very valuable. This might allow the resolution of: 1) the groups popu-
lating the 27 and %+ states in 2°Pb and 2) the groups leaving from ground %+ and excited
37 (50 KeV) states of ***Ra - nucleus, in order to determine more conclusively the HF for

opulating the 37 state in *°Pb.
pop g 2
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Table Captions

Table 1 : The calculated, within ESM [10], structure of some ground and ezcited
states entering the a transitions: **Fm (g.s) = o + *1Cf and the * O transitions: ®°Fm
(g.s) = O + 2°U. These results are compared with the experimental data [35], [36]

Table 2 : The calculated, within ESM [10], hindrance factors for favored, weak
unfavored and unfavored « - transitions from *®°Fm (g.s.) to the members of the rotational
bands of several intrinsic states of ** Cf. These results are compared with the caleulated HF s
by Mang, Poggenburg and Rasmussen [5] and ezperimental data [23], [24], [35] [38].

Table 3 : The calculated, within ESM [10], hindrance factors for the * O transition:
B5Fm (g.s) = ®O + ¥5U. The experimental energies are taken from Ref. [36]

Table 4 : The calculated, within ESM [10], structure of the ground and some excited
states entering the cluster transitions: ***Fm (g.s) = *°0 + *Pb and ***Ra (g.s) — “C +
209pPh - The experimental energies are taken from Ref. [37].

Table 5 : The calculated, within ESM [10], hindrance factors for the 1*C transition:
23Ra (g.s) — Y C + ™ Pb. The abbreviation DSPC means the dominant single particle
configuration

Table 6 : The calculated, within ESM [10], hindrance factors for the *°O transition:
29Th (g.5) — 200 + °Pb. The abbreviation DSPC means the dominant single particle

configuration
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Table 1 : The calculated, within ESM [10], structure of some ground and ezcited states
entering the a transitions: °Fm (g.s) & a + ' Cf and the °O transitions: ***Fm (g.s)
0 L35y

Nucleus { I" K Eerp (MeV) | Eieo (MeV) | Structure
®Fm |71 o 0. 97.91% [613) I + 2.1 % [624) T +
2.1 % [613] Z* Q20 +25% [611] g
®cr [ o 0 84.21 % [620] 171 0.04 % [631] 1T +
4.1 % [622) 2* Q22+25%[62 ] 1 Qo
Bicf |71 ]0.10633 0.116 87.23 % [613] 71 6.04 % [624] L +
2.1 % [611] 2* Q22+25%[7z ] 1?
wicr [ 372 loarmr 0.176 82.92 % [622] 8% 4 1,00 % [611) g
‘ 8.04 % [620] & Qz:z +2.5 % [752] 27 Qao
®ice | U7 1103704 0.380 87.88 % [725] =
6 % [613) Z* Qo + 4 04 % [615] 2* Qa
85y F1 10445716 | 0.458 71.03 % [624] " 1+ 7.09 % [613] ;*
9.04 % [743] I~ Qao + 1.05 % [725] L™ Qas
Wy [T 11236 1.458 61.02 % [613] I* + 9.09 % [624] LT +
19.04 % [624] 2¥ Qo + 1.05 % [725] U7 Qs

Table 2 : The calculated, within ESM [10], hindrance factors for favored, weak unfavored
and unfavored o - transitions from **°Fm (g.s.) to the members of the rotational bands of

several intrinsic states of P Cf. These results are compared with the calculated HF s by
Mang, Poggenburg and Rasmussen [5] and ezperimental data (23], [24].

Ef (keV) I}r, HFerp HFMPR HFESM Ej (keV) I}l HFEIP HFMPR HFESM
10633 | ¥ 1 124 | 062 | 095 0. 1% 1 4500 | 1621 | 2100
166.31 | 2% | 12,9 | 6.34 8.75 24.82 | 27 | 2800 | 1003 1300
239.33 | 47| 52 | 2107 28 47.83 | 27| 500 | 246 265
3253 |27 125 | 1783 | 210 1057 | L1 120 | 416 475
4241 | BT 390 544 570 1465 | 27 | 610 399 455

- url . . 237.7 | U* | 3300 | 1416 1710
1777 [ 35 ] 2700 | 15604 | 18150 3704 [ U7 T 540 | 3179 3355
211.6 | 3% | 2500 | 14719 | 17305 442. | 270 840 | 3704 3950
2584 | I* | 3300 | 16084 | 18955 - 71 .| 804687 | 847315
319.4 | 2% | 7300 | 24440 | 28540 - -]
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Table 3 : The calculated, within ESM [10], hindrance factors for the 00 transition: ¥ Fm
(g.5) = 20 + U

Ej (keV) | I}r’ I HFESM l Ef (keV) Iy HFESM l
445716 | &7 | ~185 | 1286 |1 | =
50992 | 87 | ~ 428 RIS
587.82 | 4% ~ 729 Ut ~18
682.57 | % | ~ 1224 LY x31

Table 4 : The calculated, within ESM [10], structure of the ground and some excited states
entering the cluster transitions: *°Th (g.s) = 00 4 29ph gnd *3Ra (g.s) - 4C + *PPb

Nucleus | I" K l Eerp (MeV) | Epreo (MeV) l Structure J

TR ’OA 0. 87.91% (633] 5 + 1.1% (622] § + J
2.1 % [743) 1~ Qa1 + 2.5 % [631] 1" Qu

@R, |32 |0 0 78.21 % (631] 3 + 2.04 % [642] 37 +
13.1 % [752] 37 Qa1 + 2.5 % [761) 3 Qao
3.1 % [631) & Qqy + 2.5 % [501] 5~ Qa

wpp | LT L ‘ 0.7788 1.116 97.23 % (606] L7 + 1.04 % [615] 127 +
2.1% (7431 17 Qaz + 25 % [725] 5~ Quo

Wpp, | 27 ¢ ‘0.0 0.0 92.92 % [615) 2 + 1.09 % (624] 3" +

- 1.04 % [615) &¥ Qao + 2.5 % [624] 2" Qa0

Table 5 : The calculated, within ESM [10], hindrance factors for the ' C transition: 22 Rq
(g.s) = MC + 209p  The abbreviation DSPC means the dominant single particle
configuration

[E, (keV) [ I}/(DSPC) (NmAL | (NnaAly [ o | o | Ca [ Co, | HF.sp | HF su |
0. ¥ (2g02) | 1642] [615] |08 | 1.0 [ 2% |98% | 600. | ~ 668.
779. * (ling) | [631] [606) |08 ]10[78%|97%]| 3 | =28

—_
'°|>—NI

Table 6 : The calculated, within ESM [10], hindrance factors for the 2O transition: ***Th
(g.s) — ®O +2°Pb. The abbreviation DSPC means the dominant single particle
configuration

(£, (keV) [T/ (DSPC) [ (Nn:Al | |
0. 7 (2g02) | [633] ‘ [615]

Nn,Aly | ani; “121’1 Cq, l Cq, ‘Han \ HF gsm
P
779. | UY (Ligp) | [622) [606)

072 1.0 | 1% {98 % - = 1070
97 %

0.70 | 1.0 {87 % =~ 20
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