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The existing experimental data on a-transition probabilities are analyzed systematically on the
basis of the non-R-matrix approach to the theory of @ decay. The influence of the nuclear
structure on the absolute and relative probabilities of a decay is explained consistently by
means of the shell model. Some theoretical predictions stimulating new experiments are made.

INTRODUCTION

The study of & decay is one of the traditional directions
of nuclear physics. The results of the experimental and theo-
retical studies have been systematized in a number of mono-
graphs.'™ Experimental data on a-transition probabilities
together with an analysis of them in accordance with the
single-particle theory of @ decay are included in the com-
plete list of data on isotopes that are summarized in the peri-
odically published compilations of the type of Ref. 5. In the
majority of books'™° and reviews”® the data are analyzed
and systematized by means of the R-matrix theory of a de-
cay, which, albeit with certain limitations, can be claimed to
explain *'* the relative a-transition probabilities. But it is
only on the basis of non-R-matrix variants of a-decay theory
that it has proved possible satisfactorily to pose and solve the
problem of the absolute a-transition probabilities *'>**

In this review, the formalism and ideas of the non-R-
matrix theory of @ decay are used to make a detailed analysis
of the experimental data so far accumulated. The material
presented below augments and develops the results present-
ed in the monograph of Ref. 4.

1. BASIC CHARACTERISTICS OF o DECAY
1. Experimental properties of a transitions

Figure 1 gives the nuclei for which a decay has been
discovered experimentally; it includes the comparatively re-
cently obtained neutron-deficient nuclei with Z = 52—
56.2*2* For a quarter of these nuclei, only the value of @, has
been measured; for 10% of the nuclides in the figure, o decay
of their isomer states has been observed. In the coming years,
we can expect a significant increase in the number of identi-
fied a emitters, this being made possible by the development
of methods for obtaining strongly neutron-deficient iso-
topes, in particular in heavy-ion nuclear reactions, and also
in deep spallation reactions.

The probability of @ decay is determined by the transi-
tion energy and the quantum numbers of the initial state / (in
the parent nucleus %X, ) and final state f (in the daughter
nucleus 4~ % ¥ _,). We shall characterize the state i by the
spin J,, parity 7;, and other quantum numbers ;. Not only
the ground state but also excited states J,, 7, o, of the
daughter nucleus can be populated by @ decay. Since the &
particle has spin S, = 0, the angular momentum which it
carries away is equal to the orbital angular momentum L of
the relative motion of the a particle and the daughter nu-
cleus; moreover, the conservation laws for the parity and
total spin of the system impose on L the selection rules
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The experimentally measured energy E, of the a parti-
cle in channel ¢, which is determined by the quantum
numbers ¢c=L, J,, 7y, 05, can be expressed in terms of the
energy Q. of the relative motion of the @ particle and the
daughter nucleus, and also the screening energy E . :

E,_- = (A _ 4) chA —Escn (2)
where
Q.=Q+Et—Ej, (3)

and Q, corresponds to the transition between the ground
states of the parent and daughter nuclei:

QO=BJ . G —‘BJmanm"—'Bm' (4)

i0"io" io

In Egs. (3) and (4), E * and E } are the excitation energies
of the parent and daughter nuclei, B, , ,, is the binding ener-
gy of the ground state of the nuclide, and B, = + 28.297
MeV is the binding energy of the @ particle. The screening
energy (measured in electron volts) in Ref. 3 can be repre-
sented in the form'

E. = 643 (Z)/5 — 80 (Z)*P. (5)

scr

The irregular dependence of @, on N and Z can be ap-
proximately described®**® by the semiempirical nuclear
mass formula with inclusion of shell corrections. The pres-
ence of the minimum in the values of Q, at Z = 82 and
N = 124 and the increase of Q, on the transition from the /-
stability valley to the neutron-deficient nuclei determine the
pronounced asymmetry in the number of studied a-decay
nuclei with AN > 0 and AN <0 as revealed in Fig. 1.

The a-decay partial widths T, in channel ¢ can be ex-
pressed in terms of the total half-life 7', of the state of the
parent nucleus by the relation

Eln2 a o __ hln2

= = ) (6)
Ty 100 100 T(ju!%c

where « is the total fraction of @ decay, anda, =T /T, is
the fraction of channel ¢ of the total a-decay width
I', = 2.T, (x and a, are expressed in percentages).

2. Single-particle model of o decay and the Geiger-Nuttall
law

For « transitions between the ground states of even—
even nuclei, Geiger and Nuttall found an empirical relation-
ship between the partial half-life 7'{*’ and the energy Qo:
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the Hg, Pt, Po, Rn, Ra, and Th isotopes. It must be empha-
sized that for the series of Po, Rn, Ra, and Th isotopes, for
which the neutron number passes through N = 126, two
branches of the straight lines (7) are observed, differing
both in the slope factors B(Z) and in the values of 4 (Z), i.e.,
in fact 4 and B in (7) depend not only on Z but also on N.

A qualitative explanation of the Geiger-Nuttall law
was obtained in Refs. 27 and 28 on the basis of the single-
particle variant of a-decay theory, in which the partial width
T", has the form

I'y = #v. B, (8)

where v, is the frequency with which the & particle “strikes”
the potential barrier, and P, is the probability of transmis-
sion of a pointlike & particle through it. In the semiclassical
approximation and for L = 0, the probability P, has the
form?

of channel c, respectively. If (8) and (9) are substituted in
(6) and logarithms are taken, an expression with a form
close to (7) is obtained, provided v, is constant.>>

3. Structure effects in a decay and experimental hindrance
factors

If one attempts to construct a dependence like the Gei-
ger-Nuttall law for o transitions from the ground states of
odd and odd-odd nuclei, and also for a transitions from
excited states of parent nuclei or to excited states of daughter
nuclei, then, first, the corresponding points do not lie on the
lines corresponding to the a transitions between the ground
states of the even—even nuclei and, second, the distribution
of these points is irregular. This means that v, in Eq. (8)
depends nontrivially on the structure of the states of the nu-
clei connected by the a transition. To characterize this de-
pendence quantitatively, one usually employs the so-called
hindrance factors, the standard definition of which is as fol-
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F¥(eo0) =0 0 ;
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I'y(o—1l.e) +Ty(o + l.e)
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L_( = 2T, (0.e) ’ (12
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4T, (0.0)
-
where the first (respectively, second) index e or o indicates Y. (R) = h Ve (Ry), (15)
that the number of protons (respectively, neutrons) of the FEEEE

parent nucleus is even or odd.

InEgs. (10)—(13), ", is the experimental partial width
for the investigated a-decay channel ¢, and T, is the width
calculated in accordance with the expression (7) when one
substitutes into it the values of Z and Q, corresponding to
the studied a transition. In the general case, the hindrance
factors F, are calculated for all & transitions under the as-
sumption that L = 0. When the values of L are known, one
also calculates the reduced hindrance factors F, , which take
into account the influence of the centrifugal barrier on the
width I"_.

On the basis of the values of F,,, all & transitions can be
divided into three main groups. The first group contains the
a transitions with L = 0 and F, <5; these are called favored
transitions. The second group is formed by the « transitions
with L 0 and 3 < F, <100 (semifavored transitions). The
third group includes the a transitions with L 0, 10 < F,
< 1000 and corresponds to the unfavored a transitions.

Apart from these groups, a transitions with values F,,
= 10*-10, corresponding to so-called configuration-for-
bidden a transitions, are observed experimentally.

A consistent explanation of this classification of & tran-
sitions became possible only after the appearance of the
many-particle variants of a-decay theory. Indeed, from the
point of view of the single-particle theory (8) the hindrance
factors F, (10)—(13) can be expressed in terms of the ratios
of the frequencies v, for the favored and investigated transi-
tions. The fact that the values of v, vary by three orders of
magnitude (and more!) cannot, in principle, be understood
in the framework of the single-particle approach. To explain
the behavior of v, it is necessary to take into account consis-
tently the influence of the state structure of the parent and
daughter nuclei on the width I" .

Historically, the first many-particle variant of a-decay
theory was the R-matrix variant, in which the theory of nu-
clear reactions at low energies®® was used to obtain the fol-
lowing expression for the a-decay width*’:

1

o Dl s
Fe ¢ G (Re)

Ve (Re)s (14)
where G, (R, ) is an irregular solution of the single-particle
Schrédinger equation that takes into account not only the
Coulomb but also the nuclear interaction of the a particle
with the daughter nucleus, and ¥, (R, ) is the amplitude of
the reduced a-decay width expressed in terms of the a-parti-
cle form factor ¢ (R_) [defined below by means of Eq.
(16)] by the relation
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where M is the reduced mass of the « particle, and R, is the
“radius” of channel c.

Using in the expression (14) the experimental values
I's*® and calculating the function G, (R, ), one can obtain
72 (R, )®® and then use them to classify the & transitions. At
the present time, two schemes for calculating the 72 (R, )™
are widely used. If for R, one chooses the value correspond-
ing to the inner turning point, and G*(R,) is calculated
semiclassically with allowance for the nuclear potential of
the a-particle interaction with the daughter nucleus, then
92 (R, )®* is found to be proportional to the 82 (R, ) obtained
in Ref. 10.

In the other variant’ for obtaining the reduced widths
72(R,), theradius R, ischosenin theform R, = 1.554 !/*F,
and the function G, (R, ) is replaced by the irregular Cou-
lomb function G,(R), which is calculated in accordance
with the semiclassical formulas.

The largest values of 2 (R, ) * are obtained for favored
a transitions between the ground states of even—even nuclei.
The relative hindrance of all the remaining o transitions is
characterized in the framework of R-matrix theory by the
hindrance factors HFY (Ref. 6) determined by Egs. (10)-
(13), in which T, and T', must be replaced by the corre-
sponding reduced widths yZ(R,)*". The absolute values
and the a-transition-type hierarchy of the hindrance factors
HFE are found to be in reasonable agreement with the analo-
gous characteristics of the hindrance factors F,, introduced
above.

The behavior of the quantities 2 (R, ) **? as functions of
N, Z, and the a-transition type, and, therefore, the behavior
of the hindrance factors HFY, can be compared with the
corresponding dependences of the theoretical quantities
72 (R,)*" and HF} calculated by means of the many-particle
shell model. However, if such a comparison is made, it must
be borne in mind that ¥2(R,)**® (14) are consistently de-
fined in the region of values of R in which the a particle and
the daughter nucleus are fully formed (cluster region). In
contrast, the theoretical reduced widths yﬁ (R,)™ can be
correctly calculated in the region of strong overlapping of
the a-decay fragments, where they fuse into the parent nu-
cleus, losing their individuality (shell region).

Since the cluster and shell regions do not overlap, it is
impossible to choose a single value of R, for which 2 (2, )
and 72 (R,)™ are simultaneously correctly defined. There-
fore, the prescriptions usually employed in R-matrix the-
ory,'? which select a radius R, lying in the cluster region
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(see above), do explain the relative (with respect to Z, N,
and the a-transition type) behavior of 32 (R, )**® but do not
make it possible to reproduce their absolute values on ac-
count of the unphysical extrapolation of y2(R,)*" beyond
the shell region.

To solve the problem of describing the absolute and rel-
ative a-decay probabilities, it is expedient to consider an «-
particle form factor ¢, that determines the amplitude of the
reduced width in the complete range of variation of the vari-
able R and on this basis construct'*?? a prescription for in-
terpolating . (R) between the shell and cluster regions.

2. CLUSTER AND SHELL FORM FACTORS AND
SPECTROSCOPIC FACTORS OF « PARTICLES

1. Alpha-particle form factor and spectroscopic factor
We define the a-particle form factor for channel ¢ as

follows 20
v (R)m (A [BEZED i |ty (16)
where 1/;::”" 'is the internal wave function of the parent nu-

cleus, and u, is the channel function
ult 1M = ['ng;JfoanLML (R)] 5,315, (17

in which y,, is the internal wave function of the a particle,
Y, (Qg) is a spherical function describing the relative
motion of the a particle and the daughter nucleus, and the
symbol [],,,, denotes the vector coupling of the angular mo-
menta of the daughter nucleus and the & particle. In (16), 4
is the operator of antisymmetrization between the nucleons
of the a particle and the daughter nucleus; the symbol (|}
denotes integration over the complete set of variables of the
nucleus X, including the modulus R . For R<R 1» Where
the point R, lies in the below-barrier region to the left of the
outer Coulomb turning point and is determined by the con-
dition G,(R,)>F,.(R,) [F.(R) is the regular Coulomb
function], the form factor ¢, (R) has the form

Ve (R) =1 =6, (R). (18)

For deep below-barrier a decay, the complete configu-
ration space on which the function a}v:"’ ™: which describes
the quasistationary state of the a-decay nucleus, is defined
can be divided into three regions'®*® associated with
different values of the variable R. The first region
(0O<R <Ry, =R,), called the shell region, corresponds to
the internal region of the parent nucleus, in which the no-
tions of the shell model with configuration mixing and a
discrete single-particle basis are valid. The second region
(R <R<R,) called the cluster region, corresponds to the
outer surface region of the parent nucleus, where the a-de-
cay fragments are fully formed. Finally, the third (interme-
diate) region (R, <R <R_) corresponds to the situation
that is most complicated from the theoretical point of view-
in this region, the notions of the shell model with a restricted
basis are no longer valid, but the picture of completely
formed a-decay fragments is also not yet valid. Making such
a division, we can represent the exact a-particle form factor
(16) in the form of the sum

Ve (R) = ¢ (R) -+ o™ (R)+ ¢! (R), (19)
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where the shell, " (R); intermediate, ¥/™ (R ), and cluster,
¢ (R) form factors are nonvanishing in the corresponding
ranges of the variable R.
As a result, the total a-particle spectroscopic factor
R,
W,= 5 ¥, (R)*dR (20)
0

can be represented'>*® by analogy with (19) as a sum of

- three spectroscopic factors W, W™ and W<, each of

which is determined by an expression of the type (20) in the
corresponding region.

2. Form factor and spectroscopic factor of the o particle in
the cluster region

In the cluster region, the wave function of the a-decay
nucleus can be expressed'®?° by the formula

s Ty M pel
S Pyl TS @
[

where, if the coupling of the a-decay channels is ignored, the
cluster form factor ¢£'(R) satisfies the single-particle Schré-
dinger equation
{_ﬂ 2 | hL(L+1)

M ~dR® 2MR?

VN R) + Vi R)—Q} ¥ (R)=0 (22)

with the boundary condition
Teke

cl n— clie

¢'¢' ( ) R—r;: 2Qc

Ge(R). (23)

In (22), ¥S3'(R) and V¢, (R) are the Coulomb and
nuclear potentials of the a-particle interaction with the
daughter nucleus. If in (23) we use the experimental value
2%, then, integrating Eq. (22) from the point R, to
R =R, we can calculate the form factor ¢¢'(R) and the
cluster spectroscopic factor ¢,

In the calculations of &' (R ) and W ¢ below, we take for
Vai (R) the real part of the phenomenological optical po-
tential of Ref. 35, which describes well***? the interaction of
a particles with nuclei at deep below-barrier energies**:

Vai (B) = Vo (1 + exp (R — R 4)/al)~, (24)

where ¥V, = — 177.3 MeV, R, = 1.344 '*F, ¢ = 0.57 F.
The quantity R, (measured in fermis) is chosen in the
form

Ry, = (1.25 4%% 4 1.3) (25)

in accordance with the ideas considered in detail in Ref. 4
(Chap. §5).

3. Cluster form factors and spectroscopic factors with
allowance for coupling of the different a-decay channels

In the calculation of the cluster spectroscopic factors
for @ transitions in spherical and, especially, deformed nu-
clei, we encounter the problem of taking into account the
polarizability of the daughter nucleus; in a first approxima-
tion, this can be reduced to taking into account the coupling
of the channels of @ decay to the levels of collective nature in
the excitation spectrum of the daughter nucleus. Such a
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problem has been solved in a number of studies ***’ in con-
nection with the determination of the relative probabilities
of & decay to vibrational and rotational states of the daugh-
ter nucleus. All these calculations were made using only the
nonspherical Coulomb potential, the nuclear interaction of
the a particles with the daughter nucleus being taken into
account effectively by the specification of the boundary con-
ditions on the surface of the nucleus.

In the general case, Eq. (22) for the cluster form factor

?'(R) becomes a system of coupled equations when
allowance is made for the channel coupling.***” For spheri-
cal nuclei, only the coupling of the strongly collectivized
vibrational states is important, and this can be taken into
account in the framework of the weak-coupling approxima-
tion.*® For deformed nuclei, it is also necessary to take into
account the coupling of the rotational states in the strong-
coupling approximation.*®

The calculations of W ¢' made in Ref. 39 for spherical
even—even nuclei showed that if the excitation energy E, , of
the collective 2™ level in the daughter nuclei is greater than
450 keV, then the inclusion of channel coupling leads to val-
ues of W< close to those obtained without allowance for
channel coupling. But for daughter nuclei with E, . <450
keV allowance for channel coupling leads to an appreciable
(up to three times for W§ _, and up to ten times for W§ _,)
decrease of the cluster spectroscopic factors.

The inclusion of channel coupling for @ decay to rota-
tional states of even—even deformed nuclei leads to similar
results*®—the cluster spectroscopic factors W § are reduced
compared with the values of W calculated under the as-
sumption that there is no deformation and channel coupling
by factors 2—4 for L = 0 and 5-7 for L = 2.

For the classification of the a transitions given below,
we shall use the values of W ¢ calculated without allowance
for the channel coupling. For a detailed analysis of particu-
lar & transitions, it is necessary to consider the spectroscopic
factors obtained with inclusion of channel coupling.

4. Alpha-particie form factor in the shell region

To explain the influence of the structure of the parent
and daughter nuclei on the a-transition probabilities, it is
natural to use the shell model, whose successes in describing
the ground and excited states of nuclei, and also the probabi-
lities of various transitions between them, are well
known. 53

The a-particle shell form factor for spherical nuclei in
the j—j coupling scheme can be represented in the form'**°

P (R)
A \No/2 R T e
o (‘A—_4) (— DN (VoI n J i Ld pJ g jrizfsia) '

P;N.
St 1
PyNy

JPf JN_f ‘If li 1/2 ]‘, 1 la 1/2 js
sl 1L, 1/2 L 412 ],
N e Rl

X VZ“‘“‘SM. V 2—39;,;, Beny (R) AP!NEABJ,NJ,GPGN!

(26)

where A, and A4, y, are the configuration mixing coeffi-
cients in the parent and daughter nuclei, respectively, G,
and Gy are the two-particle proton and neutron coefficients
of fractional parentage, J = 2J + 1, {...} is the 9; symbol,
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and the factor (4 /(A4 — 4))™* is related to the elimination
of the center-of-mass motion of the parent nucleus, with N,
equal to the principal oscillator quantum number of the sep-
arated configuration of four nucleons forming the o particle.
In Eq. (26), the function By, (R) is determined by'®

Bpyy(R)=R S D d§, d§, d&; dQryq (81 §20 &)
4
X T Ry ) 1Y 00 Q) Y, (e )1, [V, (@) Yo ()15 Nz

k=1
(27)
where R; (r;) is the radial single-particle shell function for
the state j = nlj, Y. (&), &, &) is the internal radial wave
function of the & particle, and D is the Jacobian correspond-

ing to the transition from the variables ry, r,, r3, r, to the
variables §,, £,, €3, R.

5. Nucleon pairing effects and classification of a transitions

The importance of taking into account pairing correla-
tions when considering the absolute a-decay probabilities
was first pointed out in Ref. 41, where for favored « transi-
tions in deformed nuclei the superfluid nuclear model® was
used to obtain enhancement factors (10°-10*) and justify
the classification of @ transitions in accordance with the de-
gree to which they are favored. In Ref. 42, the superfluid
model was used to calculate the a-decay widths of deformed
nuclei in the framework of the R-matrix approach.

The need to take into account superfluid correlations in
order to understand the relative behavior of the a-decay
widths in spherical nuclei was demonstrated in Ref. 12 for
the example of the polonium isotopes. It was shown later'’""*
that the effects of the superfluid correlations in spherical
nuclei also lead to large values of the enhancement coeffi-
cients (up to 10*) of the a-particle spectroscopic factors,
and this makes it possible to explain the classification of the
a transitions in these nuclei too. The use of the theory of
finite Fermi systems*® in Refs. 19, 43, and 44 led to the find-
ing of an appreciable (up to 10?) enhancement of the proba-
bilities of favored & transitions in nearly magic nuclei (of the
type “magic + 2 nucleons”) due to pairing effects; this was
much larger than the analogous enhancement obtained ear-
lier in Ref. 13. We note that the existence of a large pairing
enhancement for the probability of the 00" alpha transi-
tion in the 2!2Po nucleus was later confirmed in Ref. 46.

It is natural to consider the reason for such a strong
influence of pairing correlations on the shell spectroscopic
factors of the a particles. It is convenient to give the follow-
ing treatment for the example of favored 0" -0 alpha tran-
sitions in spherical even—even nuclei. In this case, J, = Jp,

=szj =Jf:JP!=JNI=JP =Jy=L=0,j, =)y js=Js
and the expression (26) for the shell form factor simplifies
appreciably:

o (B) = (2 )" (= 1% T 6,6:,Bin (R).  (28)

Jija
The form factor Bj ;o (R), determined by (27) for
J, =Jy =L =0, has phase factor (—1)" +5_ At the same
time, the two-proton coefficient of fractional parentage G; ,
calculated in the superfluid model, has the form

Gy, =Bufvl, (— 1) (293
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where u;, v; are the positive-definite coefficients of the Bogo-
lyubov u~v transformation® for the parent (superscript i) or
daughter (superscript /) nucleus. Since the form factors
B, ;0 and the product of the coefficients of fractional parent-
age G, and G, are completely in phase, the sum over j, and
Js in (28) is coherent. This leads to a pronounced increase of
the amplitude of the form factor " (R ) (28) compared with
the amplitude of the analogous form factor ¥ (R) calculat-
ed on the basis of the simple shell model, when there is only
one term in the sum (28).

An analogous situation also arises for nuclei of the
“magic 4 2 nucleons” type, for which the coefficients of
fractional parentage G; and G, (Refs. 43 and 44) also have
phase factors ( — 1) and ( — 1)%.

The physical reason for the pairing enhancement of the
a-particle form-factor amplitudes for favored 0 -0+ transi-
tions in spherical and deformed nuclei is that the pairs of
identical nucleons in both the a particles and the Cooper
pairs of the nuclei are in the singlet 1s’ state of relative mo-
tion.

To characterize the effects of the pairing enhancement
quantitatively, it is convenient to introduce the a-particle
shell spectroscopic factor W3" determined by Eq. (20) in
terms of the shell form factor ¥"(R). Then for the favored
07-0" alpha transition the spectroscopic factor W *" calcu-
lated with allowance for the pairing correlations can be ex-
pressed in terms of the factor W {h obtained on the basis of
the simple shell model:

W3 = kpky W, (30)

where k, and k are the enhancement coefficients associat-
ed with the proton and neutron subsystems, respectively.

The calculations made in Refs. 17-19, 43, and 44
showed that for spherical nuclei with 84<N<130 the values
of kp and k vary in the interval 10<k, <30 and 4<k <50,
respectively.

For & transitions in odd and odd—odd nuclei with selec-
tion rules J; =J, Jp, =Jp, Iy, =JNf, Jo=Jy=L=0,
when the a particle is formed from paired pairs of protons
and neutrons, the a-particle spectroscopic factor W 5 can be
represented similarly in the form (30), but in this case the
coefficients &, and k, are somewhat smaller, owing to the
influence of the “blocking” effect.%!® such transitions are
also favored.

In the case of @ transitions for which only a proton
(respectively, neutron) pair is formed in the state J, =0
(respectively, Jy = 0), enhancement by virtue of the pairing
correlations occurs only in the proton (respectively, neu-
tron) subsystem, and its scale is determined by the factor k .
(respectively, k). The hindrance factors HF, (33)-(37)
for such e transitions must have the scale of the coefficients
kp and ky, respectively. It is natural to call these “semifa-
vored transitions.”

Finally, for & transitions in which the neutron and pro-
ton pairs are broken and have quantum numbers J p 70,Jy
7#0, the spectroscopic factor W3 is not subject to pairing
enhancement. For such a transitions, which are called unfa-
vored, one can expect estimates of the hindrance factors of
the form HF, =k k,.

Thus, allowance for the influence of the pairing correla-
tions in the framework of the shell model makes it possible in
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anatural manner not only to justify the classification of the
transitions in accordance with the degree to which they are
favored but also, as will be shown below, to explain the hier-
archy of values of the absolute a-decay widths.

3. CLASSIFICATION OF ALPHA TRANSITIONS IN THE NON-
R-MATRIX SCHEME

1. Cluster spectroscopic factors and hindrance factors

To analyze the experimental data on & decay, we use the
experimental cluster spectroscopic factors W 2.'%2° We can
express W¢' in terms of the reduced width 32 (R) by means
of Egs. (15) and (20) in the form

we :r’lm (R) dR. (31)

Ry

el

By virtue of the integral definition (31), W is much
less sensitive to variation of the parameter R, than 32 (R,)
is to variation of the channel radius R .. The use of W ' gives
a particular advantage compared with 72 (R, ) in the case of
strong coupling between the different a-decay channels (see
Sec. 2.3), when the a-particle form factor ¢'(R) and, with
it, the amplitude of the reduced width ¢, (R) have an irregu-
lar nature.’”*° At the same time, comparison of the value of
W ¢ with unity, which is the limiting value of the spectro-
scopic factor in the single-particle model, enables one to de-
cide whether or not quasimolecular a-particle levels are
present in the nuclei. Using the values of W ¢ for the investi-
gated a transition and the corresponding values of W ¢ for
the favored a transitions, we can introduce by analogy with
(10)—(13) the hindrance factors HF, :

HF, (e.e) = Wi'(e.e)/ W (e.e); (32)
HF} (e.0) = W{'(e.o — 1)/ WS (e.0); (33)
HFf (0.e) = Wi (o— l.e)/W(0.e); (34)
HFY (0.0) = W (0.0 — 1)/ W (0.0); (35)
HF7 (0.0) W§(0o — 1.0)/ W (0.0); (36)
HF7"(0.0) = W(o— Lo — 1)/ W% (0.0); (37)

In contrast to the traditionally employed expressions (10)—
(13), the definitions (32)-(37) require, on the one hand,
the use of a minimal number of experimental data and, on
the other, match better the concepts of the shell model with
allowance for pairing effects.

In the present work, we have calculated the values of
W ¢ and the corresponding hindrance factors for known a
transitions of a large group of nuclides with 51<Z<90 and
54<N<130, including mainly spherical nuclei. In addition,
for a number of the analyzed a transitions we have calculat-
ed the shell spectroscopic factors W*" in accordance with
Eqgs. (26) and (27) with allowance for the pairing effects
and configuration mixing. We give below a detailed analysis
of the behavior of W¢ and W*" for the different types of a
transition and a comparison of them.

Figure 3 gives the values of W for a transitions select-
ed in accordance with the following principle. If the nuclide
has several « transitions, only the largest value of W¢ for
one of these transitions is given. But if for a nuclide only one
a transition is observed, then the value of W ¢ for this transi-
tion is given. In Fig. 3, isotones with N = 127, for which
there are no favored a transitions, are not represented. It can
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be seen from Fig. 3 that for all the considered a transitions
the values of W ¢ are less than 10 % This fact indicates the
absence in heavy nuclei of quasimolecular a-cluster levels
and is in agreement with the nondetection of giant reson-
ances in the a-particle strength function obtained from (#,
a) reactions on resonance neutrons.'***

2. Favored o transitions in even-even nuclei

Figure 4a gives values of W for the best studied fa-
vored o transitions between the ground states of even—even
nuclei; these provide the basis for the classification of all
types of a transition. It can be seen that, as functions of N,
the values of W are grouped in a narrow strip with a spread
of not more than a factor 3 from the weighted mean.*” With
decrease in the number of neutrons in the region between the
“magic” numbers N = 126 and N = 82 the values of W'
increase systematically. A significant deviation from this
tendency occurs in the region 102<N< 112 for the isotopes of
polonium, lead, and platinum. 1t may be due to the signifi-
cant change in not only the shape**' but also the param-
eters of the self-consistent potential in these isotopes com-
pared with the analogous S-stable isotopes. This is indicated
by the behavior of the values of AQ, (N) =0, (Z = 84,

N) — Q,(Z = 82, N), shown in the insert to Fig. 5. Indeed,
AQ,, decreases from AQ, = 4.9-3.3 MeV for N = 122-126
to AQ, = 1.9-1.6 MeV for N = 108-112. These last values
of AQ,, are comparable with the values of AQ,, characteris-
tic of nonmagic nuclei. For example, on the transition from
Z =76 to Z = 78 for the isotopes with V equal to 108, 110,
112, 116 the values of AQ,, lie in the interval 1.0-1.2 MeV.
The behavior of @, (Z) noted above indicates that when
there is an appreciable neutron deficit the proton number
Z = 82 ceases to be magic.

Returning to the analysis of the cluster spectroscopic
factors, we note that in the region N>>132 the values of
W(N) for each element are approximately constant,
whereas in the region 126<N< 130 a decrease of N is accom-
panied by a decrease in the values of W, this terminating
with an abrupt change by up to an order of magnitude in the
values of W on the transition from N = 128 to the magic
number N = 126. It is by this abrupt change that one can
explain the appearance of two branches in the empirical de-
pendence log 7'{(Q, ) for each element (see Fig. 2a). A sim-
ilar decrease of W is observed on the transition from
N =86 to N = 84 (Fig. 4a).

By analogy with the situation in the neighborhood of
N = 126, one can expect an abrupt change in the values of

92
94
o296}
Lo b4 bbb b e b vy vt a1y b FIG. 4. The cluster spectroscopic factor for favored « transi-
920 100 110 120 130 140 N tions of even—even nuclei as a function of the number of neu-
trons: a) experiment; b) theory.
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FIG. 5. Dependence of the a-decay energy on the number of
protons for isotones of even—even nuclei.

W on the transition from N = 84 to the magic number
N = 82. Unfortunately, experimental observation of this
abrupt change is difficult on account of the strong decrease
in the values of @, for the isotones with N = 82.

Figure 6 gives the dependence W (Z) for favored a
transitions in even—even nuclei. In the region Z>90, the val-
ues of W§(Z) decrease systematically with increasing Z.
This tendency goes over into the opposite one for nuclei with
114<N< 128, i.e., the value of W § decreases with decreasing
Z in the region 84<Z<90. On the transition from Z = 84 to
the magic number Z = 82, a sharp change is observed in the
values of WE(Z), which decrease by seven times at
N = 128. It can be seen that there is a complete analogy with
the abrupt change in the dependence W (N) on the transi-
tion from N = 128 to N =126 (Fig. 4a). However, for
N = 108 the transition from Z = 84 to Z = 82 is accompa-
nied by an increase of W { by 1.8 times, and this may also be
due to disappearance of the magic gap for Z =82 and
Ng112.

For the nuclei with 52<Z <80 and 56<N<110 (see Fig.
6and Table IV) we observe a growth in the values of W g (Z)
with decreasing Z analogous to the growth of W (N) when
the number of neutrons decreases from N = 126 to N = 86.

In the considered regions of Z and NV we find the recent-
ly studied®? doubly magic nucleus **Gd. The absence of a
clear minimum in the dependence # §(Z) at Z = 64 (there
is a weak minimum for N = 84 and a maximum for N = 86)
indicates that the proton system ceases to be magic over a

small range of variation of the number of neutrons (from
N=282toN=286).

The features that we have considered above in the be-
havior of the cluster spectroscopic factor W § are well corre-
lated with the behavior of the reduced a-decay widths
72(R,)®™ if the channel radius R, is chosen appropri-
ately.”®>* In Fig. 2b we give, using the same scale as for the
dependence log 7'§(Q, ), the values of log W§(Q, ) for the
corresponding (see Fig. 2a) favoréd e transitions in even—
even isotopes. Comparison of Figs. 2a and 2b shows that on a
scale for which the dependence log T'§(Q,,) is represented
by a straight line the variations in the values of log W (Q,,)
can be hardly noted, whereas in fact they change by up to 30
times (see Fig. 4a). This must be borne in mind when one is
interpreting @-decay data on the basis of the Geiger—Nuttall
law.

The question arises of the extent to which the many-
particle theory of o decay is capable of explaining the fea-
tures established above in the behavior of the cluster spectro-
scopic factors W §. To answer this question adequately, it is
necessary to obtain theoretically the a-particle form factor
¥, (R) in the complete range of variation of the variable R,
i.e., to have a method of passing correctly from the shell to
the cluster region. Unfortunately, at the present time it is not
possible to calculate the form factor in the intermediate re-
gion, where the concepts of the shell model with a discrete
basis are invalid and continuum states must be taken into
account. In this connection, with the aim of finding semi-

1073

1§ T TI1FTR]|

0% P et T TR ARSI M L g St g ST )

FIG. 6. The cluster spectroscopic factor as a function of the
number of protons for isotones of even—even nuclei.
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phenomenological prescriptions for interpolating between
the shell and cluster regions, it is helpful to compare the
cluster spectroscopic factors W § and the corresponding fac-
tors W3 calculated on the basis of the shell model with
allowance for pairing correlations.

Figure 4b gives the values of W§'(N) calculated in ac-
cordance with Eqgs. (20) and (26)—-(29) by means of the
technique developed in Refs. 17-19 and 44 for favored a
transitions in even—even nuclei. Comparison of this figure
with Fig. 4a shows that overall the values of W (N, Z) sat-
isfactorily reproduce the absolute values and the behavior of
W ¢ as a function of N and Z. The proximity of the W §" and
W ¢ values appears particularly significant if one bears in
mind that they were obtained independently without the use
of adjustable parameters. On the basis of this result, we can,
for the interpolation between the shell and cluster regions,
propose the following semiphenomenological method,
which with regard to the a-particle form factor is of an inte-
gral nature:

W WP (38)

The relation (38) makes it possible to calculate theoret-
ically the absolute probabilities of the & transitions. For this,
we use the rigorous formula for the & width'®:

cl
c

L mb ey
wee

(39)

where ['S? and W :* are the widths and cluster spectroscopic
factor of the single-particle a-decay state; they can be readily
calculated by integrating the single-particle Schrodinger
equation (22) in the complete region 0 <R<R, forthe wave
function ¥2?(R) with the boundary conditions (23) and

P = RL+1),
PP (R) e const R

Substituting (38) in (39), we obtain for the theoretical a-
decay width

sh
0

=T
WP

(40)

Note that comparison of (39) and (49) gives
I\:xp/r\ih — Wzl/wzh.

In Table I, we give the ratios I'*?/T"" for a large group of
favored a transitions in even—even nuclei. It can be seen that
the theoretical formula (40) reproduces the absolute values
of the experimental a-decay widths (and, therefore, their
dependence on N and Z) up to a factor that is basically at the
level 3. Larger deviations are observed for the nuclei with N
equal to 128 and 130, for which the existing theoretical
schemes cannot, apparently, reproduce qualitatively the
jump in the values of W g on the transition through the mag-
ic neutron number N = 126. At the same time, the devia-
tions of I"*" from I'®*? reaching a factor 4 for the '*°Os and '**
Po nuclei could be due either to the appearance of significant
equilibrium deformations ('®°Os) or rearrangement of the
self-consistent field ('**Po), as a result of which the proton
number Z = 82 ceases to be magic in the region N = 110 (see
the discussion above). The successful use of the relation
(38) for the explanation of the absolute and relative probabi-
lities of favored a transitions in even—even nuclei—the refer-
ence transitions for the classification of the a-decay width—
creates a promising basis for the use of the condition (38) in
the analysis of all other « transitions.

TABLE L. Comparison of experimental and theoretical spectroscopic factors and a-decay widths for favored & transitions in even—even

nuclei.
& 164

Element | '&3smgq | '30adgq | 182 Gdgs | 158 Dvgq | 'RaErse | T8 H 02| FiWao | 17895110 | '80HE100 '85HE 0p |"ReHE 04
— log we 2.78 2.23 225 2.4 2,57 2.46 2.56 ~3.05 | ~2,81 2.8 2.9
—log th 2.54 2.54 2.3 2452 2nhg 2.96 2,28 3.68 2.51 2.52 2.54
P/t 0,58 2.04 1.15 1.32 0,89 3.16 0.52 ~ 4,27 | ~0,5 0,52 0,44

186 194 00 202 204 06 208 P)

Element SoHE 05 | 184P0 50| 18570y 10 | 'BEPOL14 | 294P01 16 | “84P0s 18 | “84P0120 208poy 00 | 205P0s0s | 230P0y06 | 2AEP0s0g
—log Wﬁ" 2.97 3.03 2.8 2.93 3.03 3.21 3.33 3.44 3.62 3.83 2.72
—log WE,I' 2,6 2.39 2,43 2.55 2.59 2,76 2.8 3.03 3.34 4 3.68
e/ 0,43 0,23 0,43 0,42 0.36 0,35 0,3 0.39 0.52 1.48 9.12

214 00 202 204 208 208 210 212 214 216 20

Element 4P g0 200Rny 14 (88 16 {*86R" 115 [ ‘88BN 20 | 86R"122 | 86 R 124 | 86RM126 | “88RM128 | ‘86RN130 g8Ray g
—log Wg‘ 2.56 2,72 2,78 2.92 3.02 3.11 3,35 3,53 2,63 2,34 2,91

—log Wf)" 2.8 2:51 2,59 2.66 2.8 2.9 3.32 3.89 3.58 2,84 2.43
e/t 1.74 0.62 0,65 0.55 0,6 0,6 0,93 2.29 8.9 3.16 0,33

4

Element | *§§Ra;qq | 248Ra 50 | %33R0 04 *38Ray 26 “38Ra g | %38Raggq [ 256Th e | 250 Ty gg zég'”‘izs 250 450
— log Wﬁl 2,91 3,06 3.21 3.38 2.55 2.08 3.1 3.25 2.36 2.3
—log Wi 2.62 2.67 3,05 3,8 3.28 2.59 2.85 3,42 3.2 2,91
) P e 0.41 0.41 0.69 1,66 5,37 3.24 0.55 1.48 6,92 4,07
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3. Favored o transitions in odd and odd-odd nuclei

In Figs. 7a and 8a we give the neutron and proton hin-
drance factors HF,, (33)—(37) for a transitions in the odd
and odd—odd nuclei for which the necessary experimental
data are available. Among all the known a transitions in
each isotope we have selected just the one a transition with
the maximal value of W §'. Only for a number of the isotopes
of astatine, francium, and actinium, for which in each case
two favored a transitions are observed,’**’ are the hindrance
factors given in Figs. 7a and 8a with allowance for the total
W ¢ values for these transitions. In the cases when the spins
and parities of the parent and daughter nuclei have been
established,J ' = J }’f, for the analyzed « transitions, a result
that corresponds to the condition for an « transition in odd
and odd-odd nuclei to be favored.

As can be seen from Figs. 7a and 8a, respectively, the
neutron and proton hindrance factors HF) and HFZ have
values that do not differ greatly for isotopes with different Z
and for all investigated cases do not exceed 4. We note that
on the transition through the magic numbers N = 126 and
Z = 82 no abrupt changes in the values of HF) and HFZ
occur. It is interesting to note that for a large group of odd
and odd-odd nuclei in the range of neutron numbers
111<N<130 the HFZ values are grouped in a narrow band
from 0.9 to 1.3. Therefore, the significantly larger hindrance
factors HFZ for the isotoes 1°%219215 At are noteworthy. For
'° At one can expect, by analogy with 2202022104 ¢ 202212,
the existence of a second favored a transition, which is not
observed experimentally. Allowance for it may significantly

reduce the value of HFZ and bring it into agreement with the
values of the proton hindrance factors for the other nuclei in
this region. In the cases of the isotopes 2'**'3At, the experi-
mental half-lives and a-decay fractions must apparently be
determined more accurately.

In accordance with the definition of the hindrance fac-
tors HF) and HFZ they should not be significantly less than
unity. Therefore, the appearance of signifcantly smaller hin-
drance factors is a clear indication of inaccuracy of the corre-
sponding experimental data.

We note that the hindrance factor HFZ"V(0.0) deter-
mined by Eq. (37) can be expressed in terms of a product of
neutron and proton hindrance factors:

HFEY (0.0) =HFf (0.0) HF} (0 — lL.o). (41)

Since the factors HFZ (0.0) and HF} (0 — 1.0) have al-
ready been obtained (see Figs. 7a and 8a), the factors
HFZ¥(0.0) can be examined on the basis of the data given
above.

Figures 7b and 8b give the theoretical values of the neu-
tron and proton hindrance factors obtained when the quanti-
ties W&in Eqgs. (33)—(36) are replaced by the shell spectro-
scopic factors W 3" calculated on the basis of the technique of
Refs. 17, 19, and 44. It can be seen that the experimental,
HF{), and theoretical, (HFY)™, factors agree satisfactorily
for all the analyzed nuclei. It should be noted that the factors
(HF{)™ reproduce the tendency for the HFY to increase
when the neutron number increases from N =115 to
N = 125, this being due to the transition of the state of the
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odd neutron from the 3p;,, subshell to the 2f;,, and 3p,,
subshells. At the same time, the theoretical values of the
proton hindrance factors (HFZ)™ are clearly grouped in a
very narrow band from 0.9 to 1.4 for all nuclides with
111<N<130, and this agrees well with the behavior of the
experimental HFZ. Such behavior of the proton hindrance
factors can be explained by the fact that for all the consid-
ered isotones the odd proton is in the lh,, subshell, for
which the “blocking effect”*' is small, owing to the large
spin value j = 9/2 of the blocked orbital. Note that in the
region of nuclei with N < 110 the (HFZ)" values are in rea-
sonable agreement with the experimental HFZ.

4. Semifavored o transitions

The experimental study of the @ decay of the ground
states of odd nuclei has revealed in a number of isotopes
some a transitions corresponding to excitation energies E f

TABLE II. Semifavored a transitions.

of the daughter nuclei less than 1 MeV. Among these a tran-
sitions, a favored transition is, as a rule, observed. In rare
cases, one observes @ transitions with L = 2 having W' val-
ues close to favored values. Such transitions are associated
with excitation in the core of a low-lying collective 2%
phonon.*® All the remaining transitions correspond to cases
of J7'sJ 7 with L #0 and have W values less than W g for
favored a transitions. Such transitions are semifavored (see
Sec. 2.5), since the breaking of the pair of nucleons taken out
of the even subsystem leads to a transition to excited states of
the daughter nucleus with energies E ¥>2 MeV. The o tran-
sitions in the odd isotopes of polonium, radon, radium, and
thorium with N = 127 provide a typical example of semifa-
vored a decays with no enhancement in the neutron subsys-
tem. Indeed, in this case the states of the odd neutron in the
parent (2g,,,) and daughter (3p,,, 25,5, 3ps/2,..-) nuclei
belong to different shells, and this leads to the following pos-
sible configurations of the broken neutron pair that partici-

- 5 Ia for 100 n 14
N z By, keV Tyie ( o % a decays it ’ Iyt I — log W¢ HEy,
127 | 90 | 9250(10) | 0.252(7) msec | 100 100 @2y | oaesy | oo | asoy | 353)
5 | 3.78(1) 3,2(2)
127 88 | 8697(5) 1.56(10)-10-3sec 100 95.7(10) (9/2%) 1/27 0 4.913(30) | 35(3)
| 5 | 3.873(30) | 3.2(3)
88 | 8167(8) 1.56(10) - 10-3seg 100 1.3(5) @2y | ey |0 | sasn) | 95(37)
3 4.88(17) 32(13)
88 7879(8) 1.56(10) - 10-3sec 100 3.0(5) (9/2%) (3/2-) 0 4.14(8) 5.9(11)
3 | 3.67(8) 2.0(4)
127 | 86 | 8085(10) |25.0(2) msec | 100 99 (9/2%) 1/2- 0 | 5.123(35) | 40(4)
5 | 4.043(35) | 3.3(3)
86 | 7550(15) | 25.0(2) msec | 100 1 (9/2+) | 5/2- 0 | 5.519(35) | 98(9)
3ol 5 15(3)
197 | 84 | 7450.6(19) | 0.516(3) sec | 100 98.017 (9/2%) 1/2- 0 | 5.2 29(2)
5 4. 2.3(1
84 | 6892.5(25) | 0.516(3) sec | 100 0.546(19) (972%) 5/2- 0 | 5. 72(4§ )
3 | 5.231(25) | 25.2015)
84 6570.0(25) | 0.516(3) sec 100 0.537(19) (9/2%) 3/2- 0 4.493(25) 4.6(3)
3 | 4.043(25) | 1.6(1)
125 90 7524(8) 1.2(2) sec 100 40(3) (1/27) (5/27) 0 3.996(80) (21
2 | 3.768(80) | 4.5(13)
90 | 7333(10) | 1.2(2) sec 100 8(3) (/2 | @y | 0 | Z0a(8) | 8.6(40)
) _ 2 | 3.82(18) | 5(2)
125 | 88 | 6731(5) 2.75(15) min | 80(5) 45(2) 2y | G2y | 0 | 419041 | 9.6(9)
: 2 | 3lee2(41) | 5.7(6)
88 | 6521(5) 2,75 (15) min | 80(5) 6(1) (/20) | 32 | 0 | 4.131(81) | 8.4(16)
2 3.903(81) 5.0(9)
125 | 86 |585002)  |15.0(5) h 26(1) 34(1) 1/2- 5/2- 0 |-4.333(26) | 9.6(7)
o | 4000(28) | 5.6(4)
5616(3) 15.0(3) h 26(1) 2.7(2) 12~ 3/2- 0 | 4.280(39) | 8.5(8)
2 4.054(39) 5.0(5)
125 84 | 4617(5) 102(5) yr 99.74(3) 0.48(2) 1/2- 3/2- 0 4.428(27) 6.4(4)
2 4.194(27) 3.7(2)
123 86 5808(3) 28.5(10) min 17(2) 0.14(2) 5/2- (1/27) 0 5.573(82) [293(57)
2 5.346(82) |174(34)
5887(3) 28.5(10) min 17(2) 0.22(2) o/2- (3/27) 0 5.325(66) |166(26)
: 2 | 5.101(66) | 99(16)
121 | 86 | 6068(3) 9.27(5) min | 23(2) 0.66(2) s~ | 2oy | 0 | 5.033(42) [103(11)
2 | 4.809(42) | 61(7)
5995(4) 9.27(25) min 23(2) 0.10(3) 5/2- (1/27) 0 5.02(14) (319(102
2 5.30(14) |190(61)
128 83 | 6623.1(6) 2.45 min 99.726(4) 83.57(4) (9/27) 4. [2F 0 5.329(1) 72(1)*
5 | 4.201(1) | 5.4(10)*
6278.8(6) | 2.15 min 99.796(4) | 16.43(4) o2y | 3zr | 0 | 4.680(1)* | 16(3)*
3 4.226(1) 5,7(10)*
84 65 3967(3) 4.40(5) h 16.7(4) 99,97 (3/2%) 5/2% 0 3.239(36) 5.1(6)*
o | 2.069(36) | 2.8(3)*
3644(5) 4.10(5) h 16.7(4) 3(1)-10-2 (3/2%) 7/2% 0 4.55(15) [105(37)*
2 4.28(15) 56(20)*
86 | 65 | 3400(5) |17.5(0) h 9.5(15) x| 99.9 yae | st o | 3.141(71) | 8(2)*
x10-3 2 2.876(71) 4.4(8)*
0 | a.208(71) | 95(16)*
3183(5) 17.5(7) h 9.?1(015;) X 0.4 1/2% 7/2* 4 3.308(71) | 12(2)*
10

Note. *Proton hindrance factors HFZ; in the remaining cases, neutron hindrance factors are given.
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pates in the formation of the & particle:
(2800, 2f5/alr;

As can be seen from Table II, the neutron hindrance
factors HF{ for these configurations lie in the range
5<HF,<100.

In Table II we also give experimental data on the
decay of the odd isotopes of thorium, radium, radon, and
polonium with N = 125, N = 123, and N = 121, for which
the semifavored a transitions are associated with the follow-
ing configurations of the neutron pair that is carried away:

[289/2, 3Py/sles (28072, 3pgsalL - - -

[3p1/2, 2f51'2]f-;{3p1,"2v 3parelLi [2f5sa, 3Pyl (21574, 3pgal;.

The hindrance factors HF,, for these a transitions lie in the
range 6<HF, <300,

We note that semifavored a transitions without en-
hancement in the neutron subsystem are observed experi-
mentally in the & decay of the odd—odd isotopes of actinium,
francium, and astatine, for which the hindrance factors HFY
lie in approximately the same range (6-300).%° However,
detailed analysis of these « transitions is complicated by the
absence of information on the spins and structure of the ini-
tial and final states.

The a transitions in the nuclei >''Bi and '**'*'Tb pro-
vide a typical example of semifavored e transitions with hin-
drance in the proton subsystem. In the case of the a decay of
*11Bi, the states of the odd proton in the parent (1h,,,) and
daughter (3s,,, or 2d;,, ) nuclei belong to different proton
shells. Similarly, the odd proton in the isotopes '**Tb and '*!
Tb is in the states 2d,,, and 3s, ,, respectively, but in the
daughter isotopes "**'*’Eu it is in the states 2d;,, and 1g,,
for the ground and first excited levels, respectively. As can
be seen from Table II, the hindrance factors HFZ for these a
transitions lie in the interval from 5 to 125 which is close to
the interval of values obtained for the hindrance factors
HFZ.

Since for the majority of the semifavored « transitions
considered in Table II there is information about the spin
states of the parent and daughter nuclei, one can, besides the
hindrance factors HF,,, also calculate the reduced hindrance
factors HF, . As can be seen from Table I1, which gives the
values obtained for HF, , they lie in the range 2<HF, <190,
which is close to the corresponding range S<HF}‘? <300
for the hindrance factors. We note that the hindrance factors
HF, are helpful in the detailed theoretical analysis of partic-
ular & transitions. But for classification purposes, especially
when there is no information about the spins or parities of
the states participating in the & transition, it is expedient to
use the hindrance factors HF,,.

In comparing the interval of hindrance factors HFY(®
obtained above with the theoretical estimates given in Sec.
2.5, HF}® ~ky (k,), it must be borne in mind that these
estimates were made in the approximation of constancy of
the spectroscopic factors W calculated in the simple shell
model. However, because of the dependence of the geometri-
cal factors and the matrix elements that determine W on
the particular configurations of the pairs of separated nu-
cleons, this is a rough approximation, so that comparison of
the proton (respectively, neutron) enhancement coeffi-
cients with the corresponding hindrance factors HFZ* may
be only qualitative in nature. In the light of this discussion, it
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can be noted that the imterval of values of the hindrance
factors HF}'® agrees satisfactorily with the intervals of &,
and k, values given in Sec. 2.5.

Unfortunately, a systematic theoretical analysis of the
shell spectroscopic factors with allowance for pairing effects
for semifavored & transitions has not yet been made. In Ref.
56, a comparison of favored and semifavored ¢ transitions in
isotones with N = 125 yielded only qualitative estimates of
the neutron enhancement coefficient. And in the calcula-
tions made in Ref. 57 for *'°At and based on R-matrix the-
ory, pairing correlations were not taken into account even in
the analysis of the relative intensities of favored and semifa-
vored « transitions.

It would therefore be well worthwhile making a de-
tailed theoretical study of the hindrance factors for semifa-
vored a transitions, particularly in the cases when reduced
hindrance factors are not large, i.e., HF, <6.

In conclusion, we demonstrate the possibilities of the
shell model for the description of the relative intensities of
semifavored a transitions in the cases when lengthy numeri-
cal calculations are not required. On the basis of knowledge
of the shell spectroscopic factors, one can expect that for
each of the semifavored a transitions 9/2% —~1/2~, 9/
2*-5/27, and 9/27 -3/2" in different isotopes with
N=127 and the o« transitions 1/27-5/2~ and
1/27 - 3/27 in the studied isotopes with N = 125 the neu-
tron hindrance factors HF} must have similar values. This
prediction is confirmed experimentally, since, as follows
from Table II, the values of HFY for these transitions lie in
the ranges 29-35, 72-95, 4.6-5.9, 7.7-9.6, and 6.4-8.6, re-
spectively.

The ratio @ of the neutron hindrance factors HFY for
the semifavored o transitions 5/2~ —3/2 " in the isotopes **’
Rn and **Rn, under the assumption that the states of the
odd neutrons in the parent and daughter nuclei are pure shell
states 2f;,, and 3p;,, and when allowance is made for Egs.

(20), (26), and (27), is equal to the inverse of the ratio of
the squares of the neutron coefficients of fractional parent-
age G . For the odd neutron subsystem, the coefficients G
are determined with good accuracy as'?

"INt ~ /) (jS*nji)“j
. =V ___W (42)
(L

where n; and n ;. are the numbers of neutron pairs in the
subshells j; =J; and j, =J, in the parent nucleus, and
Q, =j/2 is the maximally possible number of pairs in sub-
shell j. Then the theoretical value is @ = 0.5, in good agree-
ment with the ratio @ = 0.62 of the experimental hindrance
factors HFY (**’Rn) and HFY(**Rn) in Table II

The theoretical value of the ratio @ of the neutron hin-
drance factors HF} for the semifavored « transitions
1/27-5/27 in*""Rnand 5/2~ -3/27 in **Rn is found by
the use of Egs. (20), (26), (27), and (42) to be 0.062. The
corresponding ratio of the experimental hindrance factors
HF) for these a transitions is 0.058 (see Table II).

5. Unfavored o transitions

For a decay from the ground states of nuclei to low-
lying levels of the daughter nuclei (E ¥ < 1 MeV) unfavored
a transitions can be observed only in odd—odd nuclei. At the
present time, such « transitions have been found only in the
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nucleus *'°Bi. For the @ decay of isomer states, unfavored a
transitions can also be observed in the case of odd
(E*>1MeV) and even-even (E¥>2MeV) nuclei, in
which case Cooper pairs of nucleons are broken in the even
subsystems of the parent nuclei. Typical examples of such a
transitions are the transitions from the isomer state *'*Po™
(16%) tothe 0%, 3~, and 5~ levels of the nucleus **Pb.

In the case of odd-odd nuclei, one can expect that the
neutron, HFY, and proton, HFZ, hindrance factors deter-
mined by the expressions (35) and (36), where the numera-
tors contain W (0.0 — 1) and W (o — 1,0) for the semifa-
vored a transitions in the neighboring odd isotopes, must be
close to the corresponding hindrance factors for the semifa-
vored « transitions in the neighboring odd nuclei. At the
same time, the hindrance factor HFZ" for unfavored a tran-
sitions, represented in the form (41), must be close in value
to the product HFZ-HFY, where HFZ and HFY), correspond
to the semifavored a transitions considered in Sec. 3.4. Then
the range of variation of HFZ" for unfavored a transitions is
determined as 25-10*. For a more accurate estimate of the
lower limit of HFZ" one can use ¢ transitions from the
ground state of 2'°Bi(17) to the 2~ and 1™ levels of **°TL.
These transitions are unfavored, since the states of the odd
proton and odd neutron in *'°Bi and **°T1 belong to different
shells. Unfortunately, it is not possible to calculate the factor
HFZ"(0.0) rigorously in accordance with the expression
(37), since experimental data on the & decay of the nucleus
208Ph are not available.

In this connection, one can obtain only an approximate
estimate of the factor HFZ" by using the experimental value
of W& for 2'°Pb and recovering the value of W W §' for ***Pb
under the condition that the dependence WE(N) for the
lead isotopes is similar to the dependence W§ (N) for the
isotopes of polonium, radon, radium and thorium. In this
case for Pb we obtain W§ =6 107>. Then for the transi-
tions 1~ -2~ and 1~ — 1~ in >!°Bi the estimates of HFZ"" lie
in the range 10-20 and differ from the values of the factors
FZY obtained on the basis of the Geiger—Nuttall law in the
compilation of Ref. 5 by a factor = 3. Thus, the lower limit of
the range of values of the factors HFZ"" can be reduced to 10,
which is close to the corresponding lower bound for the hin-
drance factors HFZ™ in the case of semifavored a transi-
tions. On the other hand, the upper limits of the ranges of
values of the hindrance factors HFZ" and HF§'" are also
about the same, both because of the strong influence of struc-
ture hindrances on the probabilities of the semifavored o
transitions and because of the experimental restrictions on
the observation of weak a lines.

In Refs. 58 and 59 the shell spectroscopic factors were
calculated on the basis of Egs. (26) and (27) for the unfa-
vored e transitions 1~ -2~ and 1~ — 1~ in *'°Bi. The ratios
of the values of the experimental cluster, # ¢, and shell,
W s, spectroscopic factors were found to be 0.9 and 3.4, re-
spectively, for these a transitions when pure shell states are
used in the calculations. Allowance for configuration mixing
in the wave functions of the parent and daugther nucleus®®¢*
leads to values 0.28 and 2 for these ratios. This result indi-
cates the possibility of theoretical description of the absolute
probabilities of an unfavored a decay to within a factor 4.

It should be noted that comparison of the hindrance
factors HFY (e.0), HFZ(e.0), and HF3*"(0.0) from the pres-
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ent paper with the corresponding hindrance factors F,
(11)-(13) from Ref. 5 reveals a qualitative agreement
between them. We note that the largest discrepancies
between the hindrance factors HF, and F,, which reach a
factor 3, arise in the region N~ 126, where analysis of a-
decay data on the basis of the Geiger-Nuttall law is incor-
rect. This fact was already pointed out in Ref. 1.

4. ANALYSIS OF EXPERIMENTAL DATA AND PREDICTIONS

Using the experience accumulated from the study of &
transitions that are favored to different degrees, and using
the experimental cluster spectroscopic factors, we can ana-
lyze the experimental data on a decay for a wide range of
nuclei and make fairly reliable theoretical predictions. A
good example of such analysis is provided by the study of the
a decay of the neutron-deficient isotopes of bismuth made in
Ref. 48.

1. Alpha decay of neutron-deficient isotopes of bismuth

Alpha decay of neutron-deficient isotopes of bismuth
has been observed in the range of mass numbers A = 203-
188. The corresponding experimental data were analyzed in
detail in Ref. 48 (see also Sec. 5.7 in Ref. 4) on the basis of
the systematics of the cluster spectroscopic factors. In Ref.
48 hypotheses about the structure of the states of the parent
and daughter nuclei, and also about the nature of the & tran-
sitions connecting these states, were proposed and justified.
This made it possible to predict the « fractions not only for &
transitions unknown at the time of the study (1978) but also
for a transitions whose experimental characteristics ap-
peared to contradict the theory.

Table I11 gives experimental data on the & decay of bis-
muth isotopes from Ref. 62, which appeared after the publi-
cation of Ref, 48. The final column of this table gives the a-
decay fractions predicted in Ref. 48, the fractions for the o
transition 1/2+ —1/27 in the isotopes '*"'°’Bi having been
recalculated to take into account new values of E, and
T, ;».** Comparison of the a fractions from Refs. 62 and 438
shows that they do not differ much; this indicates that the
ideas proposed in Ref. 48 about the structure of the states
connected by the a transitions in the bismuth and thallium
isotopes are valid, and also reveals the predictive strength of
the cluster spectroscopic factors for a-decay analysis.

2. Systematics of the characteristics of o transitions

Table IV gives experimental data for the a decay of
isotopes with 52<Z<90 and 84<N<130. As a rule, for each
of the isotopes we give in the table only the one a transition
with the maximal value of W&, and it is only for a number of
odd—odd isotopes of actinium, francium, and astatine that
two favored a transitions are given for each. When several
sets of experimental data were available for a particular &
transition, preference was given to the results with the small-
est errors. In the cases when the experimental data obtained
in different studies do not overlap within comparable errors,
they are both included in the table.

Table IV does not include isotopes for which there are
no experimental values of T', ,, or thea-decay fractions (pro-
vided they are significantly less than 100%).

In the majority of the considered cases, the experimen-
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TABLE III. Characteristics of & transitions of bismuth isotopes with 4<197.

Experiment Systematics
Transition .
A Eor keV T/ 5€C e % spi-gy (L] —leg Wi HFy | —log W @ %
1
197m 5760(20) 329(20) >1 1/2+—1/2* 0] <3,81 — >2,95 <7
195¢ 5420(5) 187(1) 0.04 9/2-—9/2- 0 3.26 — 2.87 0.1
195¢ 5713(5) 187(1) 0.01 9/2-—1/2% 0 5.31 -_ 5.46 0,007
9/2-—1/2+ 5 4,17 — 4.32 —
195m 6106(5) 87(1) < 52 1/2t—1/2+ 0 3.02 = >2.,92 < 66
194 5598(5) 125(1) 0.21 (10=)—(10=) | O 3.24 1.3* 3.25 0.2
193¢ 5899(5) 69(1) 3.8 9/2-—9/2- 0 3.12 1 4k 3.02 5
193g 6174(5) 69(1) 0,2 (9/2=)—(1/2%) | O 5.59 - 5.62 0.2
9/2-—1/2* 5 4,45 — 4,50 —
193m 6475(5) ~ 3,0 ~ 100 1/2%—1/2* 0 2.8 —_— >3.10 < 30
192 6055(5) 39(1) 26 (10=)—(10=) | O 2.70 (). 4%% 2.86 18
191g 6311(5) 11.1(3) 59.2 (9/2-)—(9/2-)| 0 2.85 1,5%* 3.12 32
19g 6639(5) 11.1(3) 1.8 9/2-—1/2% 0 5.64 — 5.63 1.8
9/2-—1/2% 5 4,52 — 4.51 —
191m 6876(5) ~ 0,3 *x% ~ 100 1/2*—(1/2*) | O 3.19 — 3.35 68
190 6453(5) 5.2(2) 59.9 (10-) —(10-) | 0 3.06 0, 3k* 2.90 87
Note. HFg('**Bi) = 0.7; *corresponds to HF}; **corresponds to HFZ; all the experimental data are taken from Ref, 62; the values for

the log W' systematics are given in accordance with Ref. 48; ***in Ref. 70 the value T,,»=0.15(2) sec is obtained.
g W Sy /

tal values of the cluster spectroscopic factors and the hin-
drance factors agree well with the general systematics of
Wl(Z), W (N), and the hindrance factors (see Secs. 3.1—
3.4), and they are also correlated with the behavior of the
shell spectroscopic factors and theoretical hindrance fac-
tors. This indicates that the existing experimental data are
fairly reliable for the considered cases. Below, such « transi-
tions are not discussed. But in the cases when the values of
W ¢ or HF, deviate significantly from the systematics and
disagree with the corresponding theoretical values, Table V
gives predictions for the expected values of W ¢, and alsoin a
number of cases for @, and these can serve as a basis for
correction of the experimental data. In the seventh column
of Table IV we give the factors W §' used for the analysis and
predictions.

We now discuss in more detail for specific nuclei the
reasons for a revision of the experimental data and for mak-
ing predictions of the expected W values, and, in a number
of cases, the a fractions. We note that the ratio
(W) prea/ (W) gives the coefficient of decrease of the par-
tial half-life 7%, .

The isotopes *'*Ac, *’At, and ***Po have anomalously
large experimental cluster spectroscopic factors, the values
of which, —log W =2.09, 3.30, and 3.15, lead to hin-
drance factors HF§ = 0.3, HFy = 0.4, HFZ = 0.7, and HFY
= 0.7, respectively, these differing significantly from the
systematics of the experimental and theoretical values of
HFZY,

At the same time, the isotopes *’Ac and "*"Pb have
anomalously low values of W§ (—log Wg =2.92 and
3.63), to which there correspond hindrance factors HFZ
= 2.3 and HF{' = 10, which deviate strongly from the sys-
tematics for all the considered cases. Note that the expected
value, log W§'("*'Pb) = — 3.0, leads to an estimate o ('*
Pb) = 17% of the fraction under the condition that the a
transition with E, = 6.08 MeV is favored. Obviously, more
accurate experimental data are required for the decay of
"Pb, to which there corresponds the value log W&
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— 3.56 (Table IV), this leading to a hindrance factor
HFZ('*°Bi) = 0.3, much smaller than unity. For the decay
of ?'°At, we have two favored « transitions (Table IV), and
when the sum of their W values is taken the effective value
HF§(*'°At) = 2.4 is anomalously large. For the favored a
decay of *'°At the expected value is log W = — 3.9.

In the case of the other odd-odd isotope '**At the
anomalously small value of W§ (log W& = — 3.22) leads
to significantly too large hindrance factors HFZ and HFY.
The expected value log W = — 2.9 can serve as an indica-
tion of the possible existence of a second favored « transition
of "%®At, like the cases of 2'°At and >'*Fr (see Sec. 3.3).

The isotope '*’Bi has log W& = — 2.70 and, accord-

ingly the neutron hindrance factor HFY = 0.7 (Table III),
which does not agree with the general systematics of the
hindrance factors HF). The expected value log W&
— 2.9is close to the previous experimental value log W §
— 2.86.%! Using the value log W&(?Bi) = — 2.9 and
the experimental value log W3 ('*'Pb) = — 3.13 (Table
IV), we can calculate the proton hindrance factor
HFg ('’Bi) = 0.6, which does not agree with the systemat-
ics. Therefore, for the isotope ''Pb the value log W
= —2.85 is preferable, and this leads to the estimate
2X1072% for the expected a-decay fraction, in agreement
with the upper experimental estimate of the fraction with
allowance for the error (Table IV).

In the region of the rare-earth elements, we consider
'°Hf, for which the value log W& = — 1.99 appears too
large when compared with the W (Z, N) systematics.
There are also anomalous characteristics for the favored o
decay of '**Sm, whose experimental value log W' = — 2.78
contradicts the general tendency for W ¢ (N) to increase on
the transition from N = 84 to N = 86.

Besides the ones considered above, there are ten further
isotopes with anomalous experimental values of the cluster
spectroscopic factors and hindrance factors (Tables ITI-V),
for which correction and verification of the experimental
data would be of considerable interest.
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TABLE IV. Favored a transitions.

1 for 100

N : ) d FZ N ferences
z N E, Tyfa @ adeays log W§ HF{ ury [Re
a0 | 122 7802(10) 3020 msec ~ 1008 — 2,84 — — [63]
123 7692(10) 150(25) msec ~ 1002 — 3.20 — 2.3 5
124 7682(10) 125(25) msec ~ 100 — 3.11% — — 5
7677(10) 80(10) msec ~ 100 = 2,92 = — 5
125 7395(8) 1,2(2) sec 100 52(3) 3.44(8) 2.2(6) 5
126 7921(8) 28(2) msec 100 - 3.25(3) — — 5
128 9680(20) 122(8) nsec 100 - 2,47(3) — — 5
9665(10) 96(7) nsec . 100(2) — 2.36(3) * — — 5
129 9340(20) 1.05(3)msec ~ 1002 — 2.69 — 24 5
130 8790(20) 9.7(6) msec ~ 1004 — 2,31 - - 5
89 | 120 7587(15) 0.10(5) sec ~ 1008 — 2.99 1.2 — 5
124 7462(8) 0.35(5) sec ~ 1008 -1 3.14 1,2 1.4 5
122 7480(8) 0.25(5) sec ~ 1002 — 3.09 1 — 5
123 7379(8) 0.93(5) sec ~ 1002 — 3.33 1.4 417 5
124 7362(8) 0.80(5)sec ~ 10028 — 3.22 1.4 — 5
125 7214(5) 8.2(2) sec =86 52(2) 4,09 2.8 7.8 5
125 7082(5) 8.2(2) sec =86 44(2) 3.68 4.1 2.9 5
126 7604(5) 0.17(1) sec 99.91(2) — 3.40(3) | 1.07(6) — 5
128 9650(10) 111(7) nsec ~ 1002 — 2.61 1,3 — b
129 9204(15) 0,27(4) usec ~ 4004 — 2.09 0.3 0.3 5
130 8664(10) 7(2) Hsec ~ 1004 — 2.16 29 — 5
88 | 118 7272(5) 0.4(2) sec ~ 1008 — 2.91 — — )
119 7131(5) 1.3(2)sec ~ 1002 = 2,94 - 1.1 5
120 7133(5) 1.2{2)sec ~ 100 2 — 2.92 —_ — 5
121 7010(5) 4.7(2) sec ~ 1002 — 3.08 - 1.5 5
122 7020(5) 3.8(2)sec ~ 1002 i 3.06 — — 5
123 6912(5) 15(2) sec ~ 4002 — 8.27 — 1.6 5
124 6902(5) 13.0(2)sec ~ 1004 = 3.9 = — 5
125 6624(5) 2.75(15) min 80(5) 47(3) 3.63(3) - 2.7(2) 5
126 7138(5) 2.46(3) sec 99.,941(4) - 3.87(2) — — 5
128 9349(8) 0.182(10) Asec | 100(1) _— 2.54(2) — — 5
129 8094(10) 1.6(2) usec ~ 4002 — 2.66 — 1.3 5
130 8384(10) 14(2) psec ~ 10048 — 2.09 s s 5
87 | 114 7388(15) 48(15) msec ~ 12 — 209 0.9 o [65
115 7251 (40) (.34 (4) sec ~ 100 2 =5 3.09 124 2.6 |65
116 7135(10) 0.55(2) sec ~ 1002 = 2,90 1.3 — 165
117 7027(5) 2.1(2) sec ~ {002 70(15) 3.29 1,3 2.4 [5
6Y67(5) 2.1(2) sec ~ fona 30(6) 3.46 1.9 3.6 15
118 6Y17(5) 3.96(4)sec ~ 1002 = 3,02 1.3 — (66
119 6785(5) 16.0(1)sec 85(2) — 3.26(1) | 1.3(3) 17 15
120 6761(5) 14.8(1) sec 93(3) e 3.42(1) | 1.3(1) — 12
121 6636(5) 58.0(3) sec T4(3) — 3.31(2) | 1.6(2) 1.5(1) Io
122 6646(5) 50.0(3) sec 89(3) — 3.22(1) | 1.3(2 — Lo
123 6542(5) 3.18(6) min. 810 = 3.49 1.3(2) 1.9 19]
124 6534(5) 3.10(7) min 906 — 3.38 11 — L5
125 6383(3) 20.6(3) min 44(5) 24,0(12) 4.53(5) | 6.2(8) 14 167
125 6262(4) 20.6(3) min 44(5) 37(5) 3.83(7) | 1.2(2) 2.8 [67]
126 | 6775(5) 34.7(3) sec 99,43(3) s 3.568(6) | 1.10(5) — (sl
128 9355(10) 0.12(2) pusec ~ 100 — 2.69 1.2 = 151
129 9006(12) 0.70(2) Hsec ~ 1002 — 2.63 0.9 0.9 15]
130 8315(8) 22(5) psec ~ 4004 s 2.4 1.2 — 151
86 | 113 6995 (10) (20(25) msec ~ 1004 — 2R = — [G8]
114 6900(10) 1.06(7) sec ~ 1002 g 970 = — [68]
115 6721(8) 7.0(4) sec ~ 801 — 2.98 — 1.9(4) [5]
116 6636(3) 9.9(2) sec ~ 938 o 2.78 - — |5]
117 6497(5) 42(2) sec 45(8) — 3.18(8) —a 2.6(5) | [69]
118 6417(3) T4(2) sec 72(8) - 2.91(5) — — 15
119 6263(3) 170(4) sec 23(5) — 3.13(9) = 16(4) 5
120 6260(3) 5.67(17) min (4(3) 99.99 3.02(3) —_ — 5
121 6126(3) 556(15) sec 23(2) 99,2 3.11(4) = 1.2(1) 5]
122 6139(3) 23.5(5) min 67(3) 99,00 3.10(2) e — 5]
122 6139(3) 1464(8) sec 62(5) 99,09 3.23(4) s -o 5]
123 6039(3) 28.5(10) min 17(2) 99.6 3.37(5) = 1.8(3) 5]
124 6038(3) 144(6) min a6(1) 99.99 3.35(2) . — 5
125 5783(3) 900(30) min 26(1) 63(1) 3.73(1) = 2.4(1) 5
126 (264(3) 23(1) min 100 99.95 3.53(2) == — 6]
128 9035(10) 0.27(2) psec 100 - 2.63(3) — — [5
129 8674(8) 2.30(10) psec 100 — 2.67(2) == 1.1(2) 5
130 8049 (10) 45(5) psec 100 e 2.34(5) — — 5
85 | 111 7055(7) 0.3(1) sec ~ 1008 — 3.06 1 — 5
112 6959(5) 0.4(1)sec ~ 1002 = 2.84 1.1 — 5
113 6748(5) 4.9(5) sec 10048, — 3.22(6) 2.1(4) 2.4 (5, 65
114 6639(5) 7.2(5)sec ~ 100 — 2,08 1.1 — [5]
115 6463(5) 42(2) sec 53(8) 60(11) 3.58(7) 2.5(4) 3.9(7) 5]
115 6412(5) 42(2) sec 53(8) 40(8) 3.,54(6) 2.3(4) 3.6(7) 5]
116 6342(5) 1.50(7) min 71(7) — 3.06(5) 1.1(2) — 5
17 6133(3) 3.0(1) min 12.0(8) 64(2) 3.50(3) 1.2(1) 2.8(4) [69
6226(3) 3.0(1) min 12.0(8) 36(2) 4.26(4) 5.3(6) 12(2) (69
118 6088(1) 7.4(3) min 13.8(6) — 3.44(3) 1.7(2) — 5
19 5052(2) 9.3(3) min 4.5(4) — 3.41(4) 1.3(3) 0.9(1) 5
120 5899 (4) 26,2(5) min 10(2) — 3.28(9) 0.9(2) — 5
124 5703(2) 29.3(4) min 0.88(8) — 3.57(4) 2.7(8) 2.0(5) 5
122 5759(3) 106(3) min 108 s 3.31 0.74(6) — 5
123 5641(3) 1.63(3) h 0.55(5) 96.9(3) 4.00011) | 1.6(4) 5.0(5) 5
124 5647(2) 5.41(50) h 4.1(5) 99.9 3.87(7) 1.1(2) — 5
125 5443(1) 8.3 h 0.18(2) 28,4(15) 4.75(5) 9(1) 13(4) [67
125 5361 (1) 8.3 h 0.18(2) 27.8(20) 4.33(6) 3.2(4) 5(1) (67
126 5866(2) 7.214(7) h A9A(50) | 99,99 3.87(1) 1.10(3) L [5
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Continuation of Table 1V,

128 §080(12) 0.11(2) psec 100 o 2.64(8) 0.8(2) — [5
130 8026(4) 0),10(2) msec ~ 1002 49.95(2) 2.03 2.3 = [5
84 | 108 T170(20) 34(3) msec < 100 - 2.90 — - [70
109 6940(20) 360(50) msec ~ 1008 o 3.14 — 1.6 [70
110 B8A7(10) 410(30) msec ~ 100 2 — 2.86 - — [5, 70
111 6624 (8) 4.5(5) sec ~ 100 # s 3.06 -3 1.6(4) [5
112 6321 (4) 5.5(5) sec ~ {00 — 2.79 = — [5
113 6280(5) 52(4) sec 90(10) = 2.90(5) = 1.3(2) 5
114 6185(5) 1,78(5) min 70(8) — 2.93(5) = — 5
115 5952(2) 324(20) sec 12(2) — 3.18(8) — 1.8(4) 5
116 5861(5 675(15) sec 14(2) = 3.02(6) 3 — 5
117 5685(4) 905(25) sec 1.6(3) - 3.27(8) = 1.8(4) 5
117 5685 (4) 15.8(3) min 1.15(10) — 3.43(4) * o 2.6(4) 5
118 5588(2) 45.0(15) min 2.00(15) == 3.21(5) — bt 5]
119 5384(3) 33(1) min 0.11(2) - 3.31(8) = 1.3(3) 5]
120 5377(1) 3.53(3) h 0.62(6) =2 3.34(4) s — 51
121 5220(10) 1.80(4) h 0.074(16) — 3.15(5) * — 0.7(1) 5]
121 5220(10) 1.80(4) h 0.49(6) — 2.33(5) — 0,10(1) 5]
122 5224(2) 8.83 days 5.2(4) — 3.43(3) — — 5]
123 5115(2) 5.7(3) h 0.014(3) — 3.81(1) * — 2.4(6)
123 5115(2) 5,7(3) h 0.008(1) — 4,05(6) - 4.2(7) 5
124 5116(2) 2,8976(16) yr 99.82(1) = 3.62(1) — w 5
125 4882(3) 102(5) ¥r 99.74(3) 99.26 3.82(2) — 1.6(1) 5
126 5304,51(7) 138,3763(17)days| 100 99.99 3.83(1) — S 5
128 8784,37(7) 0.296(2) psec 100 — 2.72(1) - s 5
129 8375(4) 4,2(8) psec 100 09.99 2.83(8) . 1.3(2) 5
130 7687,09(6) 164,3(17) psec 100 — 2.56(1) - — 5
gy | 102 6632(10) 0.55(6) sec ~ 100 = 2,87 — - [53
103 6406(15) 4.1(3) sec ~ 100 2 51(5) 3.19 = 2.4 [71
104 6335(10) 4,7(1) sec 100 L 2.69 - — [53
105 6080(20) 17(4) sec ~4 — 3.63(10) = 8.7 [5
106 5980(5) 22(2) sec 22(7) s 2,59(15) * = e [53
106 5980(10) 24.5(15) sec 3.3(11) — 3.46(15) — = [5
107 5720(10) 51(3) sec 0.42(15) = 3.56(16) — 9(5) [5
108 5577(5) 1.2(1) min 0.9(2) — 2,68(10) * = = (53
108 5580(10) 1.2(2) min 0.21(7) = 3.34(16) — == [5
109 5290(20) 1.3(3) min 1.3(5)-10-2 = 3,13(20) = 3(1) [5
110 5112(5) 3.5(1) min 5.7(10)-10-% s 2.97(8) * = = [53
110 5112(5) 2.3(5) min 6.0(24)-10-3 — 2.67(18) — = [5]
198 3720(20) 22,26(22) yr 1.7(3)-10-¢ - 3.471(8) — — [5]
g0 | 95 £860(20) 2013, msec ~ 1002 — 2.91 - = [72
96 6750(20) 341180 msec ~ 1002 = 2.78 i s [72
97 B580(10) 0.17(5) sec ~ 100 2 - 2.93 = 1.4 [73
101 6003(15) 3.6(3) sec 26(4) 87(13) 2.69(9) e = [5
102 5867(5) 11,3(5) sec 15,2(8) e 2.80(3) = = [
103 5905(15) 8.8(5) sec 10.6(2) - 3.03(3) = 1.7 [5
104 5535 (15) 32.5(10) sec 1.11(6) e 2.91(2 — e [5
105 5652(15) 48.0(15) sec =4.6 96 3.04 — 1.3 5
106 5094(15) 1.42(10) min 1,6(5) 10~ == 2.97(14) s — 5
79 | 94 6720(20) 59(48) msec ~ 1002 — .28 5.6 — [72
95 6530(20) 120(2) msec ~ 1002 — 2.94 2.2 0.5 [72
96 8440(10) 200 (22) msec ~ 1002 s 2.85 3.5 - [72
102 5623(5) 11.5(10) sec 1.1(3) 55 3.56(12) | 8.6 — 5
104 5343(5) 42(4) sec 0.30(5) = 3.17(8) 3.4 — [5
105 5172(15) 53.0(14) sec 1.1(3)-10-2 = 3.77(12 1.3 4(1) [5
106 5070(15) 4,2(3) min 9.3(20) 3.04(3) 1.8 2= [5
78 91 6678(15) 2.5(2:%) msec ~ 1004 2.4 - - [74
92 {545 (8) 6!3) msec ~ 1002 - 2.05 il (74
93 6453(4) 40(10) msec ~ 1002 2,56 i 3.3 [75]
94 6314 (4) 120(10) msec ~ 100 = 2,54 = — [75]
95 6205(3) 325(20) msec 9535, L 2,60 = 1.4 [73.75]
96 6043(5) 0.7(2) sec 88(1(1) 4 2.30(13) — — [73.75]
97 5960(10) 2.52(8) sec 55(5) — 2.79(4) = 3.1 {5, 73
98 5750(15) (,33(15) sec 42(4) 98,6 2.42(4) e - [5
99 5525(20) 11(2) sec 5.9(5) == 2.51(9) = 1.2(3) [5
100 5458(5) 19(2) sec 7.5(3) € 2.40(5) = — 7
101 5150(10) 33(4) sec 0.27(4) = 2.64(8) = 1.7¢4) | [5, T
102 5139(19) 50(5) sec ~0.3 s 2.63 . = (5
103 5020(20) 51(5) sec ~ 61072 — 2.71 — 1,2 [5
104 4840(20) 2.6(1) min ~ 2.3.10-2 - 2.64 = — [5
105 4730(20) 6.5(10) min ~1.3.40-3 = 3.66 = 10 [5
106 4500(20) 17.3(2) min Cm 1078 b 2,79 — — [5
108 4230(20) 2,0(1) h ~ 1,410 = 2.72 = — [5
110 3930(10) 10,2(3) days 3.0(6) -10-3 ok 3.27(8) = = [5
112 3180(20) 5.4(6) 1011 yr 100 = 3.10 — — [5
76 | 88 £6320(20) 41(20) msec 100(70) = 2.833% = — [74
89 6164(10) 65!79) msec 100(40) — 2,463 - 0.4(4) [74
90 5981 (6) 181(38) msec 72(13) = 2.36(12) 8 — [74
91 5836(5) 1.05(35) sec 58(12) s 2.64(17) == 1.9(9) [74
96 5105(10) 19(2) sec <0.3 - 2.91 —_ = 5
97 4940(10) 16.0(5) sec 0.024:43 = 3.14 — 1.7 5
98 | 4760(10) 45(5) sec 0.020{] = 2.62:13) — — I5
110 2760 2.0(11)-10-18 yr 100 — 3.05(48) — — [5
75 | 88 5918(6) 260(40) msec 64(18) — 2.71142) 1.8 — [74
90 5506(10) 2.,4(6) sec 13(3) = 2.67:18) 1.3 = [74
74| 8 6299(6) 7.3(27) msec ~ 100 E, 2.78 i 2.3 [74
86 5920(10) 81(15) msec 04(40) ﬁ 2.45(19) - iy [74]

346 Sov. J. Part. Nucl. 18 (4), July-Aug. 1987 Vakhtel’ ef al. 346



Continuation of Table IV.

. 1 for 100 "
Z u Eq LBV @ a decays | —108 wi ur# Hry | References
87 | 5777(5) 410(40) msec 82(26 - 2.,66(14 - 6(t 4
88 | 5538(5) 1390 (40) msec !46(4)) — 2.4554)) £ L& Hﬂ
89 | 5384(5) 3,0(2) sec 41(5) — 2.16(6) = 0.5(1) | (7
90 | 5148(5) 6.4(8) sec 2.6(17) — 2,563% . s (76
73 | 8 | 6219(10) 5.3(18) msec 100(23) - 2.76(18) 1,5(7) = (76
8 | 6051(6) 36.8(16) msec 93(6) — 3.03(3) 2.03) | 1.9(8) [76
86 | 6601(6) 570(180) msec 80(5) — 2.52(14) 1,0(4) — [76
72 | 8& | 5878(10) 25(4) msec 100(19) - 2.50(40) i . (76
85 | 5735(5) 110(8) msec 91(7) - 2.73(3) — 1.4(4) (76
86 | 5268(5) 3.2(6) sec 46(3) - 2.51(9) - o 176
87 | 5095(5) 5.6(5) sec 12(1) - 2.53(5) = 1.1(2) (76
88 | 4777(5) 12 sec 2.3(6) — 1,98 i o (76
102 | 2500(30) 2,0(4)-10-1% yr ~ 100 — 2.46 = e 5
™ | 84| 5656(6) 70(6) msec 79(4) — 2.71(4) 1.6(2) — [76
85 | 5568(5) 180(20) msec 100(25) — 2.68(12) 1.2(4) | 0.9233)| [76
85 | 5450(10) 0.5 sec ~ 0 — 2.78 1.9 1.2 (5, 76
86 |  4996(5) 4.5(15) sec 6(2) - 2.77(21) 4(2) o 76
70 84 5332(5) 410(30) msec 93(2) = 2.50(3) — — |76
8 | 5208(5) 1.59(22) sec 84(10) s 2.60(8) = 1.3(3) [76
86 |  4686(10) 23(1) sec 9(2) — 2.18(10) . g 177
86 | 4686(10) 24(1) sec 21(65 — 1.83(13) = = [76
6o | 84 | 5109(5) 1.58(15) sec 958) — 2.58(5) 1.5(2) o [76
8 | 4959(5) 5(1) sec 44(15) - 2.74(17) 1.4(8) | 1.4(6) [76
87 | 4234(10) 86(4) sec 8.4(10) -10-2 - 2.84(7) 0,6(2) = 8
87 | 4230(10) 80(3) sec 9(3)-10-2 - 2.66(15) 0.4(2) — (77
g8 | 84 | 4802(5) 9.8(3) sec 93(4) — 2.38(2) o - [76
85 | 4675(10) 35.6(2) sec 50(10) = 2.58(9) - 1.6(3) | 158
86 |  4166(5) 3.75(12) min 0.47(13) - 2.57(12) e i 5
87 | 4012(5) 5.3(3) min 2,0(7) 102 — 3.05(15) - 3(1) (5
67 | 8 | 4517(5) 36(2) sec 20(5) — 2.68(11) 1.6(4) - [5
85 | 4387(5) 141 6(96) sec 12(3) — 2.74(11) 1.5(4) | 1.2(4) 178
86 |  4010(5) 9.3(5) min 0.15(5) - 3.03(14) 4.5(15) — 5
87 | 3933(5) 11.8(5) min 1.7(4) - 1072 — 3.58(10) 10(3) 3.6(15) 5
66 | 84 | 4232(5) 7.17(2) min 3((3) — 2.48(6) = = (5
85 | 4067(5) 16.9(5) min 5.3(8) oz 2.57(6) et 1.2(2) 5
86 | 3630(5) 2.37(2) h 9.4(9) - 1072 o 2.37(5) * -~ e 5
86 | 3630(5) 2.37(2) h 5.5(10) -10-2 s 2.60(8) [ £ 5]
87 |  3464(5) 6.29(10) h 8.3(13) -10-3 - 2.57(6) - 1.6(3) 5]
88 | 2872(5) 1,0(4)-107 yr 100 — 3,20(20) = = 15
88 | 2872(5) 7.3(44) 108 yr 100 am 3.06(26)*| — i 5
65 | 8 | 3967(3) 4.10(5) h 16.7(14) 99,99 3.24(4) | 5.1(15) & 5
8 | 3967(3) 4.10(5) h 22.6(23) 99.99 3.14(4) | 3.8(11) 5
85 | 3492(5) 3.45(20) h 3.9(30) -10-4 o 4.4338 | 52 16 5
86 | 3409(5) 17.5(7) h 9.5(15) 10~ - 3.15(7; 8(1) 5
64 | 84 | 3183(2) 97.5(65) yr 100 - 2.53(3 = 5
85 | 3018(5) 9.5(3) days 4.6(15) -10-4 — 2.71(14) L 1.5(5) 5
86 | 2715(18) 1.78(8) 108 yr 100 i 2,23(2) - 5
87 | 2600(30) 120(20) days 8-10~7 e 2.21 = 1 5
88 | 2140(30) 1,08(8) 1011 yr 100 = 2,25(3) = = 5
63 | 8% | 2008(5) 24.6(1) days 1.1(8) +10-7 = 24738 | 2.00 [5, 64
85 | 2630(30) 54(1) days 9.4(28) -10~7 — 2.88(13) | 3(1) 2.6 5
62 | 8 | 2460(20) 7.4(15)-107 yr 100 — 2.26(9) = = 5
85 | 2233(5) 1.06(2)- 101 yr 100 - 2.35(1) - 1.2(3) 5
86 | 1960(20) 7(3) -1018 yr 100 o 2.78(19) o = 5
61 | 84 | 2240(40) 17.7(4) ¥t 2.8:10~ i 2.07 1 s 5
60 | 84 1849(3) 2.4(4)-10'8 yr 100 i 2.06(8) - et 1|15 06
55 | 59 | 3239(30) 0.57(2) sec 1.8(6) -10-2 — 2.53(15) — — (8, o4
53 | 57 | 3444(10) 0.65(2) sec 17(4) - 2.23(10) | 3(1) = 24
52 | 55 | 3833(15) 3.6!4).10-3 sec 70(30) e 2.1631) < = [24
56 | 3320(20) 2.1(1) sec. 68(12) - 1.95(8) = e [24
57 | 3080(15) 4.1(2) sec 3.9(13) - 1.82(15) = 0.8(3) (24

Note.® The a-decay fraction is taken to be 100%; ® calculated values of the a-decay fraction;  estimate; *preferred value; **the a-
decay fraction has been corrected in analysis of the experimental data from Ref. 5.

CONCLUSIONS

In this paper, two main problems have been solved.

First, on a unified basis and in terms of quantities that are
stable with respect to the choice of the theoretical param-
eters, we have analyzed all the available experimental mate-
rial on the o decay of heavy nuclei. This analysis has made it
possible to demonstrate the internal consistency of the great
bulk of the experimental data and to give predictions in the
cases when an additional verification of measured quantities
is expedient. Second, the a-particle cluster spectroscopic
factors obtained in this analysis have been used to test the
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possibilities of the theory for describing the existing experi-
mental data on a decay. The theoretical approach based on
the use of the shell model with allowance for the effects of
pairing and configuration mixing, and also on the previously
proposed method of interpolating between the shell and
cluster regions, has made it possible not only to explain and
justify the classification of a transitions and the behavior of
the relative probabilities of @ decay and the hindrance fac-
tors but also, and more importantly, to reproduce the abso-
lute a-decay widths.

The new definition of the hindrance factors HF pro-
posed in the paper has made it possible to relate the classifi-
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TABLE V. Predicted values of spectroscopic factors and fractions a of favored a decays.

Predictions s
Experiment,

& N —log W§ —log W @, %
90 129 2,69 2.54 —
89 129 2.09 2,95 —
88 129 2,66 2.51 =
85 130 2,92 2.85 —
85 128 2.64(8) 2,80 =
85 125 4.19(6) 3.90 —
85 122 3.30 3.60 5
85 118 3.44(3) 3.30 19
85 113 3.22(6) 2.90 -
84 125 3.82(2) 4.0 —
84 121 3.15(5) 3.50 0.03
82 109 3.13(20) 2.85 0,02
82 107 3.56(16) 2.90

82 105 3.63(10) 3.00 2
T4 89 2.16(6) 2.60 17
72 88 1.98 2.40 —
62 86 2.78(19) 2.2 —

cation of ¢ transitions in accordance with the HF values
more closely to the mechanism of & decay and the structure
of the initial and final states of the nuclei.

In the process of the detailed theoretical analysis of the
experimental data we have obtained an interesting physical
conclusion—the magic gap in a proton subsystem with
Z = 82 disappears on the transition to strongly neutron-de-
ficient nuclei for which 102<N< 112. This conclusion agrees
with the result of Ref. 79 based on study of the behavior of
the reduced a-decay widths. It is also confirmed by our ex-
amination of the dependence Q,, (N, Z) of the a-particle sep-
aration energy, the investigation of the details of & transi-
tions in the Bi isotopes, and the analysis in Ref. 48 of the
position of the 9/2~ and 1/2* levels in the excitation spectra
of the Bi and Tl nuclei. Attempts to explain the disappear-
ance of the magic nature of nuclei with proton number
Z == 82 by introducing an equilibrium deformation can be
questioned in the light of the fact®? that the lowest 27 states
in the even—even neutron-deficient Pb isotopes lie at excita-
tion energies around 1 MeV. This indicates a rigidity of the
shape of these nuclei and forces one to consider a significant
rearrangement of the self-consistent field that preserves its
sphericity. Certain indications of the correctness of this last
conclusion were obtained in the theoretical study of Ref. 80.

It should be emphasized that satisfactory agreement of
the experimental characteristics obtained in Ref. 62 with the
earlier predictions of Ref. 48 for a transitions in the neutron-
deficient isotopes of bismuth confirms the fruitfulness of the
method of analyzing -decay data employed in Ref. 48.

Finally, it appears helpful to identify the most topical
directions of further experimental study. First, it would be
interesting to continue the study of the a decay of the neu-
tron-deficient isotopes of thallium, lead, and bismuth with a
view to making the existing information more accurate and
obtaining further information on the change in nuclear
properties with increasing distance from the S-stability val-
ley. Second, with a view to a more systematic study of semi-
favored and unfavored o decays, it is very important to ex-
tend the range of odd and odd-odd nuclei in which several o
transitions can be detected. Third and finally, it is necessary
to test experimentally the predictions made above for a num-
ber of specific nuclei.
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