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The non-R-matrix approach to a-decay theory is used to consider the possibility of describing the absolute .
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model is introduced and used to study the contribution of the asymptotic regions to the a-decay widths and

to analyze the data on a decay of compound states.
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INTRODUCTION

General Properties of @ Radioactivity. There are
currently known' three fairly large regions of nuclei
that exhibit spontaneous @ radioactivity: rare earths,
spherical nuclei in the neighborhood of 2°®Pb, and trans-
uranium elements. As a result of the progress in the
method of obtaining neutron-deficient isotopes, all
three regions have been significantly extended, and a
new island of radioactivity has arisen in the neighbor-
hood of A=100. Besides these o emitters, intensive
study is currently being made of o decay from excited
states of light nuclei (by means of (p,a), (1,a) and
other reactions) and in the intermediate range 60 <A
<180 by means of (#,) reactions with slow neutrons.
Thus, the emission of a particles from the ground or
excited states of atomic nuclei is a global phenomenon
observed in virtually the whole of the periodic system
of the elements.

A characteristic feature of @ decay is the exponential
sensitivity of the half-life to the energy of the o parti-
cle. The hali-lives T{,, therefore range over a wide
interval, 10" < T¢ , < 10%% sec, which imposes very
stringent requirements on any theory which pretends to
describe the absolute probabilities of « decay. A large
body of experimental material relating to o decay has
now been acecumulated (energies and half-lives, branch-
ing ratios for different groups of o particles, (a,v)
correlations and @-particle angular distributions re-
sulting from the decay of oriented nuclei, etec). Un-
fortunately, it has not yet proved possible to obtain
much information about the properties and detailed
structure of nuclei from these experimental data.

The reason for this is the difficulties which arise in
the construction of a consistent theory of « decay. This
is due to the physical complexity of @ decay, which
must be regarded as the decay of an isolated many-
particle resonance state through the a-particle (four-
nucleon) channel. Note that, in contrast to 8 and y de-
cay and also the problems associated with studying the
structure and properties of ground states and low-lying
excited states of nuclei, which are basically deter-
mined by the three-dimensional properties of the nu-
clear wave functions, @ decay is a process related to
surface nuclear reactions and depends essentially on the
characteristics of nuclei in the peripheral region, for
which information at present is by no means complete.

189 Sov. J, Part. Nucl., Vol. 6, No. 2

Therefore, understanding of @ decay gives additional
data on the properties of nuclei in the surface region
and in particular the role played by « clustering in this
region, ?

It is only now that the first steps are being taken
toward the construction of a quantitative o-decay
theory. In this review we shall be concerned with the
prospects and difficulties of investigations in this
direction,

Historical Review of Many-Particle Vaviants of the
a@-Decay Theory. The first many-particle approach to
the description of o decay was developed by Thomas?
and Mang* in the framework of the R-matrix theory of
nuclear reactions.® In Ref. 3, a decay is regarded as
the decay of an isolated resonance with spin I,, projec-
tion M,, and other quantum numbers o,. The partial
decay width in the a-particle channel Loyl is given by

I‘Lu }

=2P;, (Ro) yia1, (Ro), (1)

where P, (R,) is the penetration factor®; R, is the channel
radius; the reduced-width amplitude, 3, ,., is deter-
mined by the overlap 1ntegral between the wave function
of the initial state, ¥ ’M’, and the wave function of the

final a-decay channel, ui,f;}f'
hiR, I.M,
VLo, (fo) = I/ LWy <|tu!_n! ) [R=Ros (@)

the function a;’:;} having the form

ui;;}_‘, 52‘ Cy WMM Yo (QR) ‘Pﬂw:} . (3)

Here, m is the reduced mass of the a particle; ¥/#'/ is
the wave function of the daughter nucleus. The spherical
function Y, (2;) is the angular part of the function of
the relative motion of the center of mass of an « parti-
cle with orbital angular momentum L and projection
thereof M,

The internal function of the a particle
b= a iy By B)Sall, 2, 3, 4) - @)

factorizes into the spin function S, and the spatial func—
tion ¥ ,, which is chosen in the form

) e[ —43 8] )

Yo (€4, o, &)=
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Here we have used the variables

Bi=rm—r) V2 &=

§o= (ry —m,)/ V %

(ry-+ry —ry;—r,)/2;
1 s—N } (6)

R=(ry+rp+rs+r)/4.

The total o -decay width I' is given by the sum of the
partial widths:

(1)

In the considered variant of the theory, a decay is
treated as a process that occurs in two stages. In the
first stage, at the point R, an ¢ particle and the daugh-
ter nucleus are formed in the parent nucleus with
probability proportional to 2., (R,). In the second
stage, the a particle as a who{e penetrates the potential
barrier with a probability proportional to P, (R,).

Numerous calculations of «-decay probabilities of
spherical and deformed nuclei have been made’ in the
framework of Thomas and Mang’s scheme. In these
calculations, the wave functions of the parent and
daughter nuclei are constructed on the basis of the shell
model with allowance for mixing of configurations and
superfluid correlations. The calculations have shown
that in some cases the relative theoretical probabilities
of o decay can agree with the corresponding theoretical
values, whereas the absolute probabilities differ
strongly from the experimental and, depending on the
choice of the parameter R, of the theory, may vary by
four or more orders of magnitude.®

Further progress in the understanding of o decay is
associated with the development of non-R-matrix ap-
proaches, which in principle do not contain the free
parameter R,. The first variant of such an approach
was developed by Harada and Rauscher.” Using Mang’s
method,* they obtained an integral formula for the
partial a-decay width:

I.M, I,M,
Troyz, =21 [(¥o, ¢ | Vaams— Va™ (R) |ure,d, o0) % (8)

where V,,_, is the total nuclear potential of the inter-
action between the « particle and the daughter nucleus.
The function ¢, (R) describes the motion of the center of
mass of the & particle in the optical potential Vo (R).

An attractive feature of Eq. (8) is the absence of a
parameter R,, in which it resembles Feshbach’s ex-
pression® for the decay width of a resonance state. For
the potential V,,_,, Harada and Rauscher’ use a sum of
the real parts of the nucleon optical potentials:

i 4
Vasu= El Vi(r) = §1 Voif (ri), ©)

where

f(re) = [1+exp{(ri— Ra)a}]™;
R, =r,d'3, (10)
The parameters #,, a, and V,, can be found from ex-
perimental data on the elastic scattering of nucleons.
The optical potential VP (R) is chosen phenomenological-
ly in Ref. 7 without any relation to the potential V,_, in
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(9), although, as was shown later in Ref. 9, the optical
potential V&t (R) constructed on the basis of a sum of
the optical nucleon potentials satisfactorily describes
the a-particle elastic-scattering data, so that the re-
quired agreement is in principle possible. On the other
hand, because the mtegrancl of Eq (8) contains the two
oscﬂlatmg functions (‘lf i 1i and ¢, , which are
basiecally inconsistent with one other the value of
1"‘,‘%_,)e changes strongly from one nucleus to another,
from one potential to another, and from one energy @,
to another.

As is shown in Ref. 7, the use of different sets of
potentials V9% leads to a spread in the calculated abso-
lute & widths relative to the experimental widths of from
10-% to 6102 for *°Po and from 1 to 0.7%10" for
212pg, It is characteristic that one cannot find any set
of potentials Vot that simultaneously describes even
these two nuclei satisfactorily: The potentials which lead
to agreement with the experimental @ widths for °Po
are very different from those for **Po,

The sensitivity of I'; .. to the energy @, arises be-
cause the function ¢, (R) has resonances in the potential
Vort(R). This leads to variations of the amplitude of the
function ¢, when @, approaches the resonance energy,
which in turn significantly changes the width I‘L,f,f.,

Thus, although the approach proposed in Ref. 7 does
eliminate from a-decay theory the difficulty associated
with choosing the parameter R,, this variant of the
theory has instabilities which renders the scheme im-
practicable for analyzing experimental data.

In this review we shall therefore consider the alterna-
tive non-R-matrix variant of @-decay theory,'*!! using
it to analyze a large group of experimental data on a de-
cay of spherical nuclei.

1. INTEGRAL EXPRESSION FOR THE o-DECAY
WIDTH

Using the results of Refs. 10—13, we shall derive
systematically an integral expression for the a-decay
width, We shall restrict ourselves to the case when only

a-particle channels are open. Then, in the case of
narrow widths, the state of an a-decay nucleus A can
be described by a quasistationary wave function ¥ Loty
with complex energy E, - i'/2, with the asymptotlc
behavior

I.M. I.M.
¥l ) Craguild, 4 (Go (R)+iFy (R)] exp ipfeyr),  (11)

LUJ,I!
where ppof I is the nuclear potential phase shift in the
channel LfofIf; F, and G, are, respectively, the regular
and irregular Coulomb radial function having, respec-
tively, sine and cosine asymptotic behavior

Fy (R)—sin (kR — L2 - ﬁEm‘] i,

where k=V2m@_ /7% and .BE"“‘ 1s the Coulomb phase
shift. The channel function “z,u,u, has already been de-
fined by Eq. (3). Using the continuity equation, which
leads to the following relation between the total width T
and the total probability flux:

T= 3 Cloukhiim, (12)
LGJI',-
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we obtain
Crogty =V TrLa }12Q.

In the case of deeply sub-barrier @ decay, the low pen-
etration factor of the Coulomb barrier has the conse-
quence that

IBLayr [ < 1.

Let R, be a point to the left of and near the outer
Coulomb turning point, where the condition G, (R,)
> F, (R,) already holds. Then in the asymptotic region
for R < R, with allowance for the condition (13),

(13)

" T IM; Gy (R)
Wty o R

Z‘.I Vl"m,;j-'le?a “L{'rf.‘li!
LG!I'!

Note that the function lI!I'”‘ in (14) for F, < G, coin-
cides with the interior ba51s function X, iy used in the
R-matrix approach to describe an 1solated resonance’;
for by its definition® the function X i ’ like the function
\Ir":” , is normalized to unity in B regwn 0=R <R, and
for R < R, has the form

(14)

1;M1, 2mR\ 1/2 I o
Eonlo N 01
X ( T ) 3 Yarr, (R) "L",‘If oY ULol, 75 GrLayr (R). (15)
La;Lo; Lol

As boundary condition for the radial function Prrosrs (R)
in the R-matrix scheme one usually uses the naturaf
boundary condition for R, < R;:

q;.LajI!- FLFL+GLOI g [

F1+GL |r-Ry OLI[R-Ry'

%1L0:1; |R=py

which agrees with the boundary condition for the radial
part of the function 'If = i

Finally, as follows from a comparison of Eqs. (14)
and (15), the partial width I‘Lufrf can be expressed in
terms of the reduced width v, +1; by the ordinary R-
matrix expression
(16)

Pror, = % Z‘EI,o;If (Ry) = QPL".'ELU_,r,-
We now consider the inverse of the @ -decay problem
in which an & particle with orbital angular momentum
L° is scattered on the daughter nucleus (A - 4) in the
state 0}, the total energy of the system being near the
energy E; of the Q- -decay nucleus A. Then the scattering
wave functlon <I> i in the asymptotic region has the

form
(D{,ﬁ”iﬂ» > %{lﬁx.(fr)—if (n )]6170, L2007 18
Lol i

—_

17
[GL () - 1Fr (R)]}”La 1y ( )

00
Loy, LoajI}

where fL and 61, are related, respectively, to the
regular and irregular radial Coulomb functions and are
normalized to a § function with respect to the energy:

Fp (R) =V /a0, Fr. (R)/R. (18)

In Eq. (17), S;, ., 'Lwiro is the S-matrix element, which
for the case of an isolated resonance has the form®

1. Lholy} = ©XP (21ﬁm 15) 8;r08; ggalf;f
pot

exp[i ml’.a',xf LnoﬂI")]Vanfr vlr_oqﬂ}
Ey—A (E)—E+iT/2 !

N
Layl

(19)
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where A(E) is the known shift of the level. Then in the
asymptotic region for R < R, the function &, Tl gn (1)
can be rewritten with allowance for the cond'ltmn (13) in
the form

- | T
G () L4, "”f] L0a)1} L

(
2 E— By A (E) LIl Loyl

1M, 3
(it BN
Do, = D,

Logly

(20)

Comparlson of (20) and (14) shows that the functions
P ‘iuf and ¥ f”' in the asymptotic region for R < R, are
identical to w1thm a constant factor. Since these two
functions satisfy the same Schrodinger equation, and as
we have seen above, the boundary conditions for them in

. the asymptotic region (R=R,) are the same, in the whole

of the interior region 0 <R < R, we have

TiRls 5 L%} 1 I.M
g {18 pliM;
5 L l 2

2t E—E,—A(E)FIT/2 @1)

.

Since, as we have already noted, the function ‘I' 1¥
coincides with the function X"f”f Eq. (21) is, except
for the notation, exactly equwalent to the relation known
in R-matrix theory betWeen the scattering function and
the interior function X i in the approximation of an
isolated resonance.®

For the S matrix we now use the expression*

s ; . 7 I,M
ob, o— 2 (Fauii::ff [Van-s| D6,

SLci!If, L1} = 8,08, 081,17 (22)
where T7a 4-4 15 the nuclear potential of the interaction
between the a particle and the daughter nucleus, which

has the form

N )
.\... l Vijs

=1 j=5

Vas (23)
where V,, is the potential of the nucleon pairing inter-
action. Comparing then (22) and (19) and using (21), and
also the condition (13), we obtain the following basic
expression for the a-decay partial width:

Prag, =2 [(Fuyiyit | Poas | ¥al O, (24)
In deriving Eq. (24) we have ignored antisymmetriza-
tion in the final @-decay channel. With allowance for
it,'® Eq. (24) becomes

Tro,r. = 2m|(A4 {FLHL’UM; [Vans}| W;:Mi) [ (25)
where .4 is the antisymmetrization operator. Equation
(25) is rigorous. Of course, actual calculations require
the introduction of certain approximations for all the
many-particle functions in (25). Below, we shall inves-
tigate the possibility of analyzing the o widths by means
of Eq. (25) in the framework of the shell model for
spherical nuclei. In addition, we shall study o decay on
the basis of Eq. (25), making use of the notion of a
clustering.

2, ALPHA DECAY IN THE SHELL MODEL

Width of & Decay of Spherical Nuclei. We shall re-
strict ourselves below to considering the case when the
main contribution to the @ -decay width is due to the
wave-function component of the parent nucleus A which
corresponds to the motion of four nucleons forming an
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a particle above a core identical with the daughter nu-
cleus A - 4 (diagonal approximation). Then, using the

Green’s_function method,®'® we can transform the po-
tential V,,_, in Eq. (25) to the form

i 4
V,,H“ ; Vi ; : ¥ (Tii— Vg,

(26)

where V is the real part of the nucleon optical poten-
tial, equal at low energies to the shell potential [see
Eq. 9)].

In Eq. (26), T';; is a four-pole irreducible with re-
spect to the particle-particle channel and has the mean-
ing of the effective interaction potential between the
nucleons in the parent nucleus.'” There are weighty
arguments indicating that the effective interaction of
nucleons within a nucleus differs from their interaction
in vacuum. In this case, the second term in Eq. (26)
has a three-dimensional character and in order of mag-
nitude may be comparable with the first term.'® How-
ever, since reliable information about the properties of
1"” is currently unavailable, in the first approximation
we shall ignore the second term in the interaction
V. 0126),

It would appear that significant destructive inter-
ference of the first and second terms in (26) is im-
probable because of their different natures, so that
allowance in (26) for terms with renormalization of the
interaction should not lead to a significant change of the
a widths. Thus, the potential of the interaction between
the @ particle and the daughter nucleus used in the cal-
culations is the same as the potential (9) introduced
earlier in Ref, 7.

Note that in Ref. 19 Sandulescu generalizes Harada
and Rauscher’s expression (8) for the a-decay width to
the case when the second term in the interaction ¥, _,
in (26) is taken into account. He assumes that Vo (R) is
equal to the first term of Eq. (26), and this, according
to his argument, is equivalent to the vanishing of the
matrix element (8). Then the interaction responsible for
a decay is the second term in (26). However, in ac-
cordance with the results of Ref. 18, the potential
Vert(R) must be equal in the diagonal approximation to
the total potential V,,_, from (26). This renders the
conclusions of Ref. 19 selfcontradictory.

We now face the problem of particularizing the gen-
eral expression (25) for the @ width. We assume that
the wave functions of the parent and daughter nuclei can
be represented in the form?®

Yol L= X 1PN LA (PN ) (27)
%j.sh. PN,
wM X PN T PN (28)

f.sh p‘:R‘ Y

where P, and N, are, respectively, the states of the
proton and neutron system in the simple shell model
with the same number of protons and neutrons, re-
spectively, as in the parent nucleus; {(P,N,lii) and
(P,N,IIf) are the configuration-mixing coefflclents Sub-
stltutmg the functions (27) and (28) into (25) and then
following the arguments of Ref. 16, we obtain the follow-
ing expression for the integrated a -decay width:
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Tiot,=2a| { Ouag, (R FL (B 2R, (29)

where the complete overlap integral eL,f,f is given by
Oro, (R)= 3 TpdndiTe Iy,

PNPI\
P'\

4 : |
X H f’ } 2— bﬂmeamc"iili: V 2 '_‘é‘nsmsl:‘!-)aiah

=1

1

: J\v If - f[ i's l"2 j:&
{JP JN } { Iy Ya jo } {fs Yo u }
Jp‘ J'\L IE JF n JPGZ J“‘a 0 J‘Vcc‘

(30)

o

K APPo || PY NN | N (PN | D (PyNs L
” jﬁ{x Es. Ba, Ea) Sa (1, 2, 3, 4) Voo (15, Ta, B, 1) Vear (@)
X [ty (2) Wratia (1M, [ty () Wz (), Trar
x D dg, d3s dis dQg,

where J=V2J T 1; (P,P,IIP;) and (N,N,IIN,) are the
fractional parentage coefficients for separating two
protons with angular momentum Jp , from the states
(1,1,7,) and (n,l,j,) and two neutrons with the angular
momentum Jy, from the states (nylyj,) and (2,1, 74,);

(r,) is the shell wave function of nucleon i; D=8
is tfle Jacobian of the transition from the variables r,,
r,, Iy, T, to the variables ¢, £,, £, R (6). In Eq. (30),
the notation [y s Yras,17p  [Wngrsrs Ungryrlowg luw deter-
mines the scheme for addmg the angular momenta of the
four nucleons which form the o particle.

Note that in Eq. (29) there is no free parameter, for
the wave functions of the parent and the daughter nucle-
us are taken from shell calculations with allowance for
configuration mixing, the parameters of the potential
Vya-s in (9) are fixed in the same calculations, and the
parameters of the interior wave function x, of the «
particle are determined experimentally from fast-elec-
tron scattering on *He. Below, the function yx, is used
in the simplest form (5), although in principle the
methods developed also enable one to take into account
the more complicated components of this function which
were investigated, for example, in Ref. 20. The ab-
sence in Eq. (29) of fitting parameters peculiar to a de-
cay means that the results of calculations can be com-
pared almost unambiguously with experiments in this
approach.

Method of Calculating Overlap Integrals. The main
difficulty in obtaining @ widths by means of Eq. (29) is
the ealculation of the multidimensional overlap integrals
(—)L,f,f(R). Until recently, they and the related quantities
Y1s.z, in (2) had been consistently calculated only with
the use of oscillator shell basis, for which the multi-
dimensional integration is reduced to one-dimensional
integration®?* by means of Talmi-Moshinsky trans-
formations 2l Tp this review we use the overlap integrals

;.(R) calculated for realistic wave functions by the
mefhod proposed in Ref. 23.

It is helpful to compare the properties of the overlap
integrals obtained using the Woods-Saxon basis
O} , and the oscillator basis ©3 , . As can be seen
from Fig. 1, 8}  (R) (curve 1) an ag; (curve 2) in
Eald 1:.
the interior region are close to one another and have

the same number of nodes. However, on the surface of
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m*
FIG. 1. Overlap integrals
P ®10.1.(R) for *°Po (con-
s tigdrhtion [[17,,17y 5],
& % [3p4 153p4 salolgo): 1) with
g shell wave functions of
the Woods-Saxon potential;
2) for harmonic-oscillator
7 potential.
w0t
J

the nucleus they differ strongly, which reduces the ab-
solute widths rggf, calculated by (29) for simple shell
configurations by from 5 to 30 times compared with
I‘g%f,f, depending on the type of configuration.

In contrast to the R-matrix theory of @ decay, in the
present approach the overlap integral G)Lof, (R) contains
the potential (9), which depends not only on the coordi-
nates R of the center of mass of the & particle but also
on its internal variables &,, £,, ;. Since this last cir-
cumstance greatly complicates the calculations, it is
helpful to clarify the contribution of the ¢ dependence of
V 4.4 to the a-decay width I“Lof,f. In Table 1 we give
typical ratios (Tzosr, = T20.1,)/Tiosr,, where T%os1, is the
width calculated in the approximation

4=

Vass

&
=2 Vir))= g Vi(R)=Vasi(R) (31)

i

I

for the example of the shell configuration [(1}’9!2)2me

X (284,205 lLy Of the *'°Po nucleus. It can be seen that
the effect of the & dependence of the potential V,_, is
small and changes little with increasing angular mo-
mentum L of the emitted o particle. Then in the ap-
proximation (31) the overlap integral ©p,,, can be rep-
resented in the form

Oro1, (R)=Vaa-i (R) ¥yro1, (R)/R; (32)
where
Wior, (R) = (¥e!  |urri ) R (33)

is the effective wave function of the center of mass of
the four nucleons forming the o particle. In the lan-
guage of this function, Eq. (25) for the @ -decay width
takes the “one-particle” form

Taagr, = 2| | Wioyt, (R)Vaans () Fo (B) RAR ", (34)
The previously introduced amplitude vy, ; (R) (2) of

the reduced width can be expressed in terms of
¥p,.1,(R) by the relation

Veog1, (R) =V 2mR Yio, (R). (35)
TABLE 1.
L 0 2 b G 8 16 12 14 16

Iror,—Tie, - .
S0 | ga | 14.3] 12.9] 12.7] 13.3] 159 16.5] 18.1] 20
b

Pr.
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TABLE 2,

[m,”’!’a{‘d”-‘_\'a]l.\l ' k@;) Bow
210Po [y )3 (B30 9)ilon —2.24 016
200pg [(1hq o33 (3P5 2100 —2.26 06
206pq (L 2% (252300 ~2.78 0.3
242pg [(1lkg, 933 (2q/5)3ko0 =978 0.24
226Ra [(Ahg 23 (12}, 2)3lao —3.85 0.65
98P0 [(Aeg o13 (1845 )3100 —4.00 0.38
200Rn 11k )3 (183 213lo0 —3.97 0,60
180y [(2d5 )3 (1hg 2)3l0o —2.82 0.33
17t [12d5 2)5 (1eg,9)3l00 —2.83 0.33
186pt [2dy W03 1y g)iloo —3.18 0,41

Note that the calculation of the widths I'g® , in the
approximation of a point @ particle (r,=r,=r,=r,=R)
is much more economic than calculations which take in-
to account the finite size of the o particle. However,
this approximation is realistic for neither the relative
nor the absolute @-decay widths. Nevertheless, if one
does introduce
B=Tiou, Tiss,, (36)
it is possible to make calculations in the point approxi-
mation using the ratio B as a correcting factor,! which
takes into account the finite size of the o particle.

Typical values of the correcting factors B are given
in the third column of Table 2. They vary from 250 to
1-10* and depend strongly on the particular shell con-
figurations of the nucleons forming the o particle.

Comparison with the R-Matrix Variant. If Eqs. (35)
and (34) are used, the a width in the present approach
can be represented in the form

4oom

ity =23 | § ey, (R Vaaos (B F, () (R) 2R

2

(37

The integrand in Eq. (37) peaks at a point R, in the sur-
face region of the nucleus. This peak arises because the
amplitude of the reduced width ,, , (R) and the potential
V,IA_,;(R) decrease exponentially in tﬁe exterior region,
whereas the Coulomb function f‘L (R) is exponentially
damped in the interior region. The formation of this
peak in the case of ?'°Po is shown in Fig. 2. The effec-
tive width b of the peak can be estimated if the value

of the integral in (37) is divided by the value of the inte-
grand at the point R . Numerical calculations give
1.5—1.8 F for b. Then Eq. (37) can be represented ap-
proximately in the form

FIG. 2. Formation of a max~
imum in the integrand of the
- /4 expression (29) for the o
e width: 1) logarithms of the
\[ modulus of the overlap inte-
\ gral p{® o 2) logarithm of

) the funcfion F,(R); 3) loga-

5 \ rithm of the modulus of the

=20 ‘
0 4 & 12 BARF

integrand, and the width of
principal maximum of the

hatched figure determines
b in Eq. (38).
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urations for which the calculation was made are shown along
the abscissa.

25

Pyt =202 (5 gt (Rim) P (Bin) Y1, (R (38)

Comparison of Eq. (38) with the R-matrix expression
for the width (1) shows that R, corresponds to the ef-
fective cutoff radius R,. Concrete calculations show
that R for different nuclei is in the region of the range
of the shell potential R,(=7.5 F for *°Po), whereas in
the traditional calculations R, is as a rule chosen to the
right of the inner Coulomb turning point (R,>9.5 F for
210pg), The effective penetration factor in the given
scheme is

PN (R) = kR e (87 s () Fo (RP (39)
Estimates show?® that in the majority of interesting
cases Pg't(R ) is about 100 times larger than the
Thomas penetration factor taken at the point R, . At the
same time, the dependences of P#'f on @, and L re-
main practically the same as in the usually adopted
variants of a-decay theory. Detailed investigations
show that R, fluctuates significantly (AR, =0.5 F) de-
pending on the types of the shell states of the four nu-
cleons forming the @ particle. Therefore, the effective
penetration factor depends on the state of the nucleons
through R and is not an universal function, as was as-
sumed in Refs. 3 and 4 This result makes it doubtful
whether one can use a single penetration factor for dif-
ferent types of states of the four nucleons, especially in
calculations with configuration mixing.

In contrast to the expressions (1) of the R-matrix
theory and Harada and Rauscher’s variant,® Eq. (29) is
stable against small variations of the parameters of the
potential and wave functions, which enables one to ob-
tain reliable values of all the theoretical quantities, in-
cluding the absolute a-decay probabilities.

Experimental Enhancement Coefficients. Since the
reduced width is related integrally in the approach de-
veloped here to the absolute @ width, which prevents
one using a single effective radius R for different
states, it is convenient to compare the experimental and
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theoretical @ widths by means of the enhancement coef-
ficients. The experimental enhancement coefficient K,
is defined as the ratio of the absolute experimental ¢
width to the theoretical width calculated on the basis of
the simple shell model. By virtue of this definition, the
coefficient does not include the pronounced energy de-
pendence of the @ width associated with the penetrability
of the barrier and characterizes the role of residual
interactions and also other effects not taken into account
in the shell model. The experimental enhancement co-
efficients are analogous to the dimensionless reduced
widths in Wigner units or the dimensionless reduced
probabilities of electromagnetic transitions in Weisskopf
units .

Figure 3 shows the logarithms of the experimental
enhancement coefficients calculated with parameters
of the shell potential from Ref. 59 for a large group of
doubly even, odd, and doubly odd spherical nuclei (144
< A < 235) as a function of the neutron number. A de-
tailed bibliography of papers in which experimental o
widths are reported for these nuclei can be found in
Refs. 26 and 63.

The most numerous group of nuclei in Fig. 3 cor-
responds to the favored @ decay when the emitted o
particle is formed from nucleons paired with zero
angular momentum; this group has L=0. The values of
1gK, for this group of nuclei lie in the range 4.2<1gK,
<5.3. The overwhelming majority of nuclei of this
group lie in a narrow strip of width 1gK, < 0.6, while
the neighboring even and odd nuclei have similar en-
hancement coefficients.

Since the proximity of the enhancement coefficients
K, of neighboring nuclei for favored a transitions is an
experimental tendency, as can be seen from Fig. 3,
strong deviations of the experimental enhancement co-
efficients for any nucleus from the coefficients K, for
neighboring nuclei indicate either unreliability of the
experimental data or that the o transition is not favored
(in the case of a deviation downward of K, from the val-
ues of K, for the neighboring nuclei). For some inves-
tigated odd and doubly odd nuclei the experimental en-
hancement coefficients were appreciably larger than
those for the neighboring doubly even nuclei, which in-
dicates the unreliability of the experimental data and
enables one to predict a region of probable values of the
corresponding widths. For a number of isotopes of Ir,
Pt, Po, Fr, At, Ac, theoretical predictions of this kind
are given in Table 3.

The second group of nuclei is formed by isotopes
with N=125 and 127 and also odd isotopes of Bi with Z
=83. For a decays in these nuclei, one of the pair of
nucleons forming the o particle has nonzero total
angular momentum, whereas the second pair has zero.
The experimental enhancement coefficients for the nu-
clei of this group are significantly lower than for the
favored band. The logarithms of K, lie in the range from
3.06 to 4.0.

In Fig. 3 a particular position is occupied by the **°Bi
nucleus, for which the odd proton and odd neutron are
above the doubly magic core of 2*®*Pbh. In Fig. 3 we give
1gK, for @ decays from the ground state of 210B{ with
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TABLE 3,

Branching ratios or Tla',‘,
Isotape Experiment, Theoretical predictions, Experiment,
1972 1972 1974

171]p — 173]p ? ~ 1.0 o
174]p ? ~0.25 03
1351y 3 ~0.1 -
136]p — f37]p ? ~0.01 =
;E;Pt 6.10-4 ~ 3-10-¢ —
s3pt 10-3 ~ 10¢ —
192pt T?’zz 1015 years T""".Z ~ 108 years =L,
203Pg ? ~0.01 e < +04002
217po T5 s <10 sec T?‘,g ~ 1.25 sec —
20y i ? ~1.0 0.7
205Fy ? ~1.0 0,497
206y ? ~L.0 0.85
207 F)p ? ~L.0 0.93
208Fp" ? ~1.0 0.74
200y ? ~L.0 .89
:unl‘_“ '; ~1.0 0,32

YAt ? ~1.0 0.71
287 T} a=2.7 TS o =1.20 -

¥ 10-7 sec 10—

I/1=1" to the first (I/f =2, lower point) and second
(If=1", upper point) excited states of the daughter nu-
cleus 2%°T1,

For both decays, the a particle is formed from two
pairs of unpaired nucleons. The 1gK, values for *'°Bi
lie lower than those of the second group of nuclei and
are about 2.7.

Thus, as follows from Fig. 3, the ratios of the ex-
perimental and theoretical @ widths calculated in the
shell model without configuration mixing vary in the
wide range from 4.5+ 10° to 2+ 10°, which demonstrates
the impossibility of explaining the absolute a-decay
probabilities on the basis of this model. The nonmono-
tonieity in the behavior of the experimental enhance-
ment coefficients as a function of the neutron number
also indicates the impossibility of describing the rela-
tive variation of the experimental ¢ widths of that
model.

Calculations of o Widths with Configuration Mixing
for the Isomey '*'™Po and the Nucleus *'°Bi. We now
turn from the simple shell model to models which take
into account nucleon-nucleon correlations. In the inves-
tigated region of nuclei, because of the fundamental
computational difficulties, diagonalization calculations
can be carried out consistently only for nuclei in the
immediate proximity of the doubly magic nucleus ***Pb.

In this connection, particular interest attaches to an
a-decay investigation of the isomer **™Po (I]i=18%),
whose high spin requires almost complete alignment of
the shell angular momenta of the outer nucleons, which
greatly reduces the number of important components in
the shell diagonalization basis. In addition, this scheme
of adding angular momenta automatically eliminates the
contribution of pairing effects. All this gives one rea-
son to hope that the shell wave function obtained for the
isomeric state with I;f =18" by diagonalization is fairly
accurate. Below, in the calculations we use the wave
functions of the #?mPo and **®Pb nuclei from Refs.

27 and 28. The doubly odd nucleus *°Bi is as con-
venient for investigation as 2*™Po. In its case, the
shell structure of the parent and daughter nuclei is
fairly simple and there are no pairing effects. The
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wave functions of 2'°Bi and 2°°T1 used in the calculations
are taken from Refs. 29 and 30.

1t follows from the results of the calculations (Table
4) that for the o decay of 2**™Po and ?'°Bi the theory
reproduces reasonably the experimental relative widths.
However, the theoretical absolute a~-decay probabilities
are about two orders of magnitude lower than the ex--
perimental. Since there is no pairing in these nuclei
and the diagonalization procedure leads to fairly reli-
able functions, this last result can serve as a test of
the possibilities of the shell model with configuration
mixing and gives an estimate of the limiting level of

_agreement with experiments in this model.

a Decay of Sphevical Nuclei in a Superfluid Model.
As we have already noted, for nuclei of the first and
second groups (see Fig. 3) at least one of the two pairs
of nucleons forming the @ particle has zero total angu-
lar momentum. Therefore, the @ decay of these nuclei
cannot be described without taking into account pairing
effects. The most consistent model, specially adapted
for studying such effects, is the superfluid model of the
nucleus.

The importance of taking into account superfluid
correlations in calculations of the absolute a-decay
probabilities was first pointed out by Solov’ev,* who
obtained enhancement factors approximately equal to
10® for the @ decay of deformed nuclei. In Ref. 186,
Zeh proved the need to take into account superfluidity
if one is to understand the variation of the relative a
widths in the case of spherical nuclei (taking as exam-
ple the Po isotopes).

The @ -decay width in the superfluid model is deter-
mined by Eq. (29), in which the shell fractional parent-
age coefficients are replaced by the corresponding
superfluid coefficients, which are obtained in Ref. 16.
In the superfluid model, the neutron and proton correla-
tions are independent. We introduce the neutron en-
hancement coefficient K, which is defined by the ratio
of the & width calculated with allowance for only the
neutron correlations to the @ width obtained in the
simple shell model, and the proton enhancement coeffi-
cient K, defined similarly.

The superfluid enhancement mechanism of the abso-
lute @ -decay probabilities, which leads to the appear-
ance of the enhancement coefficients X and K,, can be
illustrated in the language of the effective wave function
wghesi of the center of mass of the four nucleons forming
the a particle in the superfluid model. This function is
determined by (33) and is related to the superfluid @
width by Eq. (34). Because the Cooper pairing is co-
herent, the function U375 for favored & decays of dou-
bly even nuclei must dif’fer strongly from the analogous

TABLE 4,
Parent nucleus Daughter nucleus
7 e Ig
Isotopes It | Isotopes |Eexc MeV! i [‘Suﬁ
210Bj 4= 206T] | /0,266 o 308
210Bj bl 208T] 0.304 = 365
212mPy 18+ | 208ph 0 KIad 25.5
il o) 18+ 207Bh 2,615 i a0.8
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function ¥§" . obtained in the shell model without con-
figuration mixing; for, as can be seen from Fig. 4,

¥3h-sf has a strong peak on the surface of the nucleus,
its amplitude exceeding the amplitude of the last max-

imum of \Ifg‘;f,f by a factor of about VK,

The calculation of the superfluid « w1dth with realis-
tic nucleon shell functions is very complicated. We
shall therefore discuss the effects of superfluid corre-
lations in the simplified “hybrid” scheme proposed in
Ref. 22, in which the @ widths are calculated with re-
alistic nucleon shell functions in the approximation of a
point & particle and the corrections associated with the
finite size of the o particle are introduced by means of
the correcting factors B in Eq. (36).

As factors B, we used those calculated in Ref. 22
with oscillator shell functions and corrected for the
difference between the correcting factors due to the
transition to the shell functions of the Woods-Saxon
potential (see Table 2).

The logarithms of K, (points) and K, =K K, (dashed
curves) calculated for the favored band are given in
Fig. 5. The parameters of the superfluid model and the
details of the calculations are discussed in detail in
Refs. 22, 25, and 26.

As can be seen from Fig. 5, K, reproduces reason-
ably the relative dependence of the corresponding ex-
perimental enhancement coefficients for all nuclei with
developed superfluidity. At the same time, the total
superfluid enhancement coefficient varies for the inves-
tigated region of nuclei from about 200 for N=106 to
3000 for N=114 and is of order 10° around N=100 and
134. The maximal values of the coefficients K are
near the superfluid enhancement coefficients in the re-
gion of deformed nuclei (230 < A < 254), calculated in
Ref. 32. This fact is not surprising, since the energy
gaps for spherical nuclei with developed superfluidity
are close to those for deformed nuclei. =

As can be seen from Fig. 5, the ratio T'f, , / Tigf;
for the regions N <109 and N >130 is approximately two
to four times less than in the region 109 < N <124, Such
results had been obtained earlier in Ref. 19, in which a
study was made of the effect of superfluidity on the «
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decay of Po isotopes in the framework of the R-matrix
scheme. In Ref. 19, the differences between the rela-
tive enhancement coefficients for the two regions with
N <126 and N>126 were attributed to the increase in
the importance of the n-p correlations for the last re-
gion, these being ignored in the superfluid model. It
may be that the spread of the F?fu - /I‘gaf,f values is due
to such a factor.

However, there is a different possibility for explain-
ing such discrepancies if one assumes that nuclei in
the regions N <109 and N>130 go over from a spheri-
cal to a deformed form. For this there are certain
experimental indications, %%

Summarizing, we may say that the dependence of the
ratio T'} _, /T'$ ;. on the neutron number for favored a
transitions is smoothed when allowance is made for
superfluid correlations and it then lies in the range from
60 to 250.

For the semifavored a decays of isotones with N
=125 and 127, and also for the odd isotopes 2'*Bi,
2lipj 20lBj (Z=83), which are shown in Fig. 5, the
superfluid enhancement coefficients are simply K, and
K,, respectively, since in the neutron system in the
first case and the proton system in the second case,
pairing is not effective. This enables one to understand
the difference between the experimental enhancement
coefficients of favored and semifavored decays. In Fig.
5, the dot-dash-dot curves show the dependence of the
neutron superfluid enhancement coefficient K (N) for the
example of the Po isotopes. Comparing these values
with the total coefficients K _K K,, we see that in the
region N>110 the proton coeff1c1ent K, is approximately
constant and about ten. For the case of the odd isotopes
213pi, 2!'Bi, and 0'Bi the total enhancement coefficient
must be near K, for Po isotopes with N=118, 128 and
N=130 (K=~16—40). At the same time, for the odd iso-
tones with N=125 and 127 the enhancement coefficient
must be near the K, for the corresponding doubly even
isotopes (K, =10). The values of the neutron and proton
theoretical enhancement coefficients for nuclei with N
=126 and Z =84, in which the concepts of the superfluid
model are inadequate, were obtained by the diagonaliza-
tion method (see below). Thus, the ratios D el Lo
for semifavored @ decays is about 300 for nuclel w1t{1 N
=125, about 600 for isotones with N=127, and =200 for
the isotopes *'*Bi, 2"'Bi, and *''Bi,

Finally, for nonfavored o decays the superfluid en-

WK RS

gﬁ@ FIG. 5. Comparison of the
logarithms of the experimental
enhancement coefficients

?

A o 3 (points joined by continuous
N g ol lines) and the superfluid en—
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:\ ot “"‘t:\‘gi : m,,’z (dashed lines) for favored o de-
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fay RT“Rn
g 9 g . 100=N=<134. The notation is as
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8 = / ment coefficients for Po isotopes.
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hancement coefficient is unity, K, =1, since the o
particle is formed from a pair of neutrons and protons
with nonzero angular momentum, so that I‘Euf‘,f/l"ifuﬂf
=K,=30-300.

Thus, in the framework of the superfluid model one
can explain the experimental classification of & decays—
instead of a spread of the experimental enhancement
coefficients which, as follows from Fig. 3, is more
than three orders of magnitude, the ratios T¢, ,f,:'r‘ggf‘,f
for favored, semifavored, and nonfavored a decays
vary only within one order of magnitude, in the range
30-300.

Binary Correlations in **°Pb and *°Pb, and o Decay
of »°Po. At the first glance it is remarkable, when one
examines Fig. 3, that the experimental enhancement
coefficients of the Po isotopes are close to those of the
Rn, Ra, and Th isotopes, for which the superfluid en-
hancement coefficients K, are approximately 10—20.
Therefore, to understand the relative variation of the
experimental o widths, one must assume that the theo-
retical proton enhancement coefficients for the Po iso-
topes containing only two protons in an unfilled shell
are of the same order.

Similarly, as can be seen from Fig. 3, the experi-
mental enhancement coefficients for isotones with N'
=128, which contain two neutrons in an unfilled shell,
are near those for isotones with N=130—132, for
which the superfluid coefficients are K =15. Moreover,
the experimental enhancement coefficients for isotones
with N=126 are near those for isotones with N=120—
124 (K =10—20) and do not differ by more than three
times from those for isotones with N=128—132, In
connection with what we have said above, one may ex-
pect that for the nonsuperfluid (with respect to the neu-
tron component) isotones N=126+ 2 the correlations in
the neutron system are large and lead to theoretical
neutron coefficients K, =10.

Since the superfluid model is incorrect in the region
of nuclei which have neutron or proton number near that
of a magic nucleus, such nuclei are usually treated by
the shell model with configuration mixing. The use of
the ground-state wave functions of ?*°Po and #'?Po ob-
tained by the diagonalization procedure leads to the
total enhancement coefficient K, K, =10 for *'°Po and
K K, =5 for #**Po.% Such small values of K, and K,
differ strongly from those required, as pointed out
above, to understand the relative variation of the exper-
imental enhancement coefficients. This indicates that in
calculations in the shell model with configuration mix-
ing one underestimates the effects of higher configura-
tions, which are of little importance for the description
of volume effects (state energy, moments, probabilities
of electromagnetic transitions, ete.), but which are im-
portant for understanding coherent surface phenomena,
which are fundamental in the ¢-decay process.

In this connection, the formalism of two-particle
Green’s functions'”3* was used in Ref. 35 to calculate
the ground-state wave functions of #*°Po and *°®Ph with
allowance for ground-state correlations. These wave
functions were used to calculate the theoretical en-
hancement coefficients for @ decay of 2*°Po. The one-

197 Sov. J. Part. Nucl., Vol. 6, No. 2

nucleon shell basis in Ref. 35 was greatly extended by
taking into account quasistationary states, and it in-
cludes 37 levels for protons and 30 for neutrons, where-
as in the diagonalization calculations made earlier only
four or five levels in each of the subsystems were

used ., 36

As can be seen from Table 5, which shows the neu-
tron and proton theoretical enhancement coefficients,
the extension of the shell basis increases K, and K, by
approximately 2 times and, accordingly, the total en-
hancement coefficient by 4 times.

The “nonpoint” enhancement coefficients in Table 5
are calculated in the spirit of the hybrid model®® and
give a total enhancement coefficient of order 100. It is
interesting to note that allowance for the hole levels for
the proton system and the particle levels for the neu-
tron system (ground-state correlations) hardly changes
the enhancement coefficients.

The dependence of the proton enhancement coefficient
on the number N, of particle levels used in the diagonal-
ization—the (2J +1)-fold degeneracy of each level is
taken into account—is shown in Fig. 6. It can be seen
that KP does not tend to saturation when the number of
levels taken into account is increased, which corre-
sponds completely to the situation with the theoretical
enhancement coefficients in the superfluid model, 2526
In this connection, allowance for the continuum states
can in principle appreciably increase the number of ac-
tually combining levels and therefore lead to an addi-
tional increase of K#.

Thus, consistent allowance for binary correlations in
the case of the o decay of the 2'°Po nucleus leads to
neutron and proton enhancement coefficients near the
corresponding superfluid enhancement coefficients of
the neighboring nuclei. This enables one to explain the
relative dependence of the experimental enhancement
coefficients in the investigated region of nuclei (see
Fig. 3). With regard to the theoretical absolute a-decay
probability of 2°Po, it is, like that for nuclei with de-
veloped superfluidity, approximately two orders of mag-
nitude lower than the experimental value.

Summarizing the results of calculations of the &
widths of heavy nuclei in the superfluid model and the
shell model with configuration mixing, we must point
out that although in the framework of these models one
can satisfactorily describe the relative o widths, there
still remains a discrepancy between the absolute exper-
imental and theoretical a-decay probabilities of approxi-
mately two orders of magnitude.

Alpha Decay of Light Nuclei. Above, we have investi-
gated the o decay of fairly heavy nuclei. However, a

TABLE 5.
System Proton Neutron
Number of particle 4 4 21 21 5 5 - 8
levels: hole = 6 = 18 = 8 29 22
7id 6.5 | 6.78 |14.47|14.83| 6.23 | 8.25 | 12.1 | 15.92
Epm 6.78 | 7,19 [12.34(13.08| 8.8 | 4.5 | 6.16) 7.42
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radioactivity is also observed in light nuclei, in which,
as a rule, @ particles are emitted by nuclei from ex-
cited states. Until recently, the @ widths of light nuclei
were analyzed theoretically exclusively on the basis of
the R matrix scheme.?” The reduced widths were cal-
culated at a point R, in the surface region of the nucleus
(R,®R,), where the concepts of the shell model and, in
particular, its oscillator basis are fairly good. At the
same time, the R-matrix penetration factors were con-
structed at a different point Rj, which is much further
from the center of the nucleus (R, >4—6 F), no addi-
tional matching of the reduced widths and the penetra-
tion factors being undertaken. As a result, one has no
idea of the accuracy which such a scheme has for the
calculation of the absolute @-decay probabilities.

In Ref 38, the non-R-matrix approach is generalized
to the case of @ decay of light nuclei of the 1p shell,
whose wave functions are calculated in Ref. 39 with an
oscillator basis in the intermediate-coupling scheme.

To calculate the @ widths, the potentials V,, 4(R) are
taken to be the potentials given in Refs. 40 and 41,
which take into account effectively the experimental data
on the elastic scattering of @ particles on the daughter
nuclei.

The results of the calculations of Ref. 38 for the o
decay of the nuclei °Li, "Li, "Be, and °Be are given in
Table 6. All the investigated @ decays are sub-barrier
and satisfy the conditions of applicability of the integral

o -decay expression (25). As can be seen from Table 6,
the experimental and theoretical widths are near for all
the investigated nuclei.

Thus, one can hope that the non-R-matrix variant of
the @ -decay theory enables one to obtain reasonable
agreement with experiment for not only the relative but,
more importantly, absolute a-decay widths of other
light nuclei. The physical reason for this agreement is
the approximate equality of the sizes of the « particle
and the light nuclei, which means that the wave function
of the relative motion of the four nucleons forming the
a particle (Young tableau [4]) is near the internal wave
function of the @ particle even in the case of the shell
model without configuration mixing. Because of this, as
will be shown below in the case of light nuclei, the cor-
rections to the o widths due to correct allowance for
the asymptotic behavior of the a-decay channel are un-
important, in contrast to the situation for heavy nuclei.

Absolute o-Decay Probabilities in the Shell Model.
As was pointed out above, the absolute a-decay proba-
bilities of heavy nuclei calculated in the shell model are
about two orders of magnitude smaller than the experi-
mental values. Let us discuss the extent to which this
result is due to the approximations made in the
caleculations.

First, it is necessary to point out the influence of the
phenomenological indeterminacy in the actual choice of
the parameters of the shell potentials. As special inves-
tigations have shown, the absolute o widths vary on the
transition from one type of potential to another only
slightly. For example, on the transition from the poten-
tial of Ref. 59 (r,,1.24 F, 7, =1.26 F, a=0.63 F) to
the potential of Ref. 60 (,=1.28 F, ¢=0.67 F) the a
widths increase smoothly by a factor 1.7,

Second, the hybrid scheme used above to calculate
the superfluid enhancement coefficients attempts only
to reproduce the averaged behavior of the theoretical o
widths. Although there are reasons for believing that

TABLE 6.
Excilatiutlj Speoite:
Easent ;nairgglft:r Qg-MeV| r% | T, | scopic Type of CSP, koY L Ry "«E.hem- l‘;x""l‘,ﬁh““’
nucleus | deus, 2 factor decay F keV
MeV
BLi 2.184 0.743 | 3* 0 1.125 o --d 2541 2 2.6 16.7 1,44
4.57 3.099 | 2+ 0 1.125 3504150 2 2.55 1158 0.17
6.0 4.520 | 1+ 0 1.425 2000 2 2.58 2991 0.67
L1 4.629 2.163 |<7/2-| 172 1.2 -t 9348 3 2.75 55.4 1.54
6.56 4,004 5/2-| 1/2 1.2 1000 3 2.70 569.3 1.76
7475 5.009 5/2-| 12 0.01 36 3 2.70 9.52 3.78
Be 4.55 2.963 | 72| 12 1.2 o--3He 100 3 2.75 94.8 1.05
6.51 4.923 | 5/2- | 172 1.2 1200 .3 2.77 690.3 1.74
7.185 5.598 | 5/2- | 1/2 0.1 a7 3 20T 9.2 4.0
EBe . 0 0.09% o+ 0 1.5 o--4He (6.8-:0.6)-10-3 1] 295 |[6.9-10-3 0.9
2.9 2.994 2t 0 1.5 1450460 2 2.95 1084 1.29
1.4 11.494 4t 0 1.5. 7000 4 2.8 3162 2.21
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the transition to a consistent computational scheme in
the framework of the shell model with Woods-Saxon po-
tential would not appreciably change the results, it is
very necessary that such calculations be made, despite
the serious mathematical difficulties.

Third, there is the possibility of changing the calcu-
lated @ widths by taking into account higher configura-
tions in the internal wave function of the @ particle.2®
Preliminary calculations on the basis of the hybrid
model show that the inclusion of such components re-
duces the theoretical a widths for favored transitions
by a factor of order 2.

Finally, there is the question of the influence on the
@ widths of the neglected second term in the potential
I_f'aA__‘, in (26), which is due to the renormalization of the
interaction. This interaction evidently has a repulsive
nature, ** which must reduce the theoretical @ widths.

Thus, one can conclude that the discrepancy between
the experimental and absolute shell @ widths obtained
above can hardly be eliminated if one stays within the
framework of the traditional shell model.

3. CLUSTER CONCEPTS IN THE THEORY OF
ALPHA DECAY

Above, we have investigated the possibilities of de-
scribing the @ widths by assuming that the quasistation-
ary wave function of the parent nucleus, ‘If:f'u‘, which
occurs in Eq. (25), is identical to the shell ‘wave func-
tion, i1, of this nucleus. Note that because the shell
basis used in traditional calculations with configuration
mixing and the superfluid model is restricted, the wave
function ‘Ilf,:':’h’ has an asymptotic behavior fundamentally
different from the true asymptotic behavior of the quasi-
stationary wave function ¥/#*'% (14), In this connection,
it is necessary to study the’importance of the asymptotic
region in the formation of the @ width (25) and estimate
the order of the errors introduced by the incorrect
asymptotic behavior of ‘I';:::h’ Such an investigation can
be made on the basis of the notions of & clustering in
the surface region of the nucleus.

Formulation of Clustey Model of Alpha Decay. 1t is
known that the optical model successfully describes the
reaction cross sections and elastic scattering of an @
particle on a nucleus by means of a complex optical
potential Vot (R) + iWert(R), which, by its construction,
reduces the many-nucleon problem of the interaction of
the @ particle with the nucleus to the one-particle prob-
lem of the motion of the center of mass of the @ particle
in a potential field. It is assumed that the internal wave
function of the a particle is not distorted in the whole
region, and the many-particle nature of the problem is
approximated by introducing the imaginary correction
Wert (R) into the optical potential.

Such an approximation proved fruitful because all the
experimental quantities described by the optical model
are basically determined by the surface region of the
real part of the optical potential.® This gives one rea-
son to hope that, at least in the peripheral region of the
nucleus, the @ particle still preserves its individuality.
There are certain additional reasons for such a hope.
As follows from Hofstadter’s work,*? for heavy nuclei
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the density of nucleons at distances R = R, t+2ais re-
duced by approximately 100 times compared with the
density in the center of the nucleus. Therefore, in this
region the potential of the interaction between the o
particle and the nucleons of the target nucleus can be
reasonably calculated using the low-density approxi-
mation.*® In this approximation one can ignore, first,
the influence of the Pauli principle, which forbids nu-
cleons of the @ particle being in states occupied by
nucleons of the target nucleus, and, second, the re-
normalization of the interaction of the nucleons of the
@ particle due to the influence of the nucleons of the nu-
cleus [the second term in Eq. (26)]. Then the potential

' Vga-s (26) can be represented in the simplified form (9).

At the same time, the potential V,,_, depends not only
on the coordinates of the center of the mass of the o
particle, but also on its internal variables. This dis-
torts the internal function of the o particle (polarizabil-
ity) when it interacts with the target nucleus. As is
shown in Ref. 18, in the considered region R >R, +2a
this polarizability can be ignored. Then the optical po-
tential acting on the center of mass of the a particle
is?
4 ~
VR (B)= 3 | Vil(|R+xe) ps (i) dri, (40)
A==
where p,(r;) is the distribution density of nucleon 7 in
the o particle.

Thus, these arguments strengthen the hope expressed
above that in the surface region of an a-decay nucleus
the & particle can exist as a cluster separated from the
daughter nucleus. This conclusion agrees with the ideas
of Ref. 2. Then the wave function of the @ -decay nucleus
in the region R>R =R, +2a can be represented in the
form

Yol = urd Wroz, (R)/R, (41)
where ¥, , (R) is the radial function describing the
relative mo{ion of the center of mass of the @ particle
and the daughter nucleus, and in the considered region
it coincides with the effective function ¥, , (R) intro-
duced earlier in (33). The function Vot (,R{has, by
virtue of (14), the following asymptotic Behavior in the
sub-barrier region for R<R:

ro,1, (R) >V o 1,57200 G (R) (42)
and in the region R <R <R, it satisfies the radial
Schrodinger equation

[ g+ V) 4 e LGN v &Ry, ]

(43)

X ¥ra, (R)=0.

If Ty, in the boundary condition (42) is taken to be
the experimental @ width, then, solving the Schridinger
equation (43), one can continue the real wave function of
the quasistationary state ¥+ from its far asymptotic
behavior (14) into the interior region right down to dis-
tances R= R ,, for which the representation (41) is
valid,

Using the function obtained in this way, one can,
first, systematically estimate the importance of the
asymptotic region in the formation of the @ width, and,
second, clarify the relationship between the function
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FIG. 7. Dependence of the function ¥, (R),
the potential V§f, and @(R) on the energy
@, and the orbital angular momentum L:

—, ===, =. =. =, represent the cases
Q(;Z MeV, L=5, @,=2 MeV, L=0, and
@,=10 MeV, L=0, respectively. The func-
tions ¥ ;(R) are normalized to unity at the
last maximum and the scale for the potential
V§{(MeV) is given on the right.

\If = i used in the shell model and the real quasistation-
ary functlon and, finally, investigate the possibilities
of using the interpolation model** to describe @ decay.

Estimate of the Impovitance of the Asymptotic Region
in Forming the Alpha Widlhs. Using the integral expres-
sion (25) for the @ width and the representation (41) of
the quasistationary wave function ¥, we introduce

Ry
ity (B) = 2a1| ) ro,r, (R) VI (R) F (R R AR [} (44)
R

which determines the contribution to the @ width of the
asymptotic region from R to R,, where R=R_. It is
convenient to introduce the dimensionless ratio

o (R) =Tio 1, (R) Tra,, (45)

which gives the relative contribution of this region to
the o width. Then, introducing the function

Wy, (R) = (Tragt b/200) ™" Trayr, (R), (46)

which satisfies the Schrodinger equation (43), and
which, by (42), has the asymptotic behavior
¥, (R) G (R), (46")

we obtain, using the relationship (18) between the func-
tion F, (R) and the regular Coulomb function F; (R), the
following expression for a?(R):

Ry .
= kn, SE{R';V,‘Q"‘(R’)FL(H') dR' | (7)
LA

It is interesting to note that the function a?(R) defined
by Eq. (47) does not depend on the o width I';, ;. but is
completely determined by the kinematics of the @ decay
and the potential Vot (R).

_ For the 210Bj nucleus, we show in Fig. T the functions
¥, (R), normalized for greater lucidity to unity at the
last maximum, the potentials V£ (R), which are equal
to the sum of the nuclear, Coulomb, and centrifugal
potentials, and also the functions a (R) for different val-
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ues of L and @,. All the quantities in Fig. 7 were ob-
tained with the potential Vo**(R) from Ref, 9.

As detailed calculations showed, the behavior of the
functions ¥, (R) and a(R), referred to the position of
the radius R, of the nucleus, depends weakly on the
mass number A, the charge Z, the energy @,, and the
angular momentum L (for L <8). The results given in
Fig. T are typical of the whole region of heavy spherical
nuclei considered above.

As can be seen from Fig. 7, the position of the max-
imum of the function ¥, (R) is almost independent of L
and is shifted by not more than 0.4 F when the energy
is changed from 2 to 10 MeV, which covers the range
of variation of the experimental €,. The situation as
regards the L dependence changes for L>8, when a
sharp increase of the centrifugal barrier appreciably
shifts the maximum of the function ¥, (R) into the in-
terior region.

An important result which follows from Fig. 7 is
that @ (R, )= 0.9, this being true for all the investigated
cases with L <8. Thus, the main contribution to the o
width accumulates in the peripheral region, in which
one can reckon on the applicability of the cluster model.
This means that in any theoretical approach which ig-
nores the cluster asymptotic behavior one can hardly
hope to obtain correct absolute a-decay probabilities of
heavy nuclei.

Limiting Cluster Model. Above, the idea of @ cluster-
ing has been used in the regions in which it is more or
less justified.

Below, we consider the limiting cluster model of &
decay, in which it is assumed that the division into a
daughter nucleus and an « particle, between which the
nonpolarizing potential V5t ,(R) acts, is valid in the
whole region. A “one-particle” model of this kind was
considered earlier in Ref. 46, in which the potential
Vet ,(R) was chosen in such a way that the positions of
the resonances for scattering on this potential coincide
with the experimental @ -decay energies. Then, investi-
gating the elastic-scattering cross section with a small
energy step 6 in the neighborhood of @,, Scherk and
Vogt*® obtained the widths I'¢! of these quasistationary
states. Although such a procedure can give an exact
result, it is complicated in application, requiring a
large number of calculations with high accuracy ® E
<TI<). It was evidently for this reason that Scherk and
Vogt restricted themselves to the case of the **Po nu-
cleus, for which the o width has one of the largest
values, approximately equal to 107'° MeV.

Applying the formalism set forth above, the problem
of calculating the widths I'¢* can be solved much more
simply than in Ref. 46, and this therefore makes the
cluster model a convenient tool for analyzing experi-
mental @ decays. In the “one-particle” cluster model,
the function ¥, , (R)=17, (R) coincides by definition with
the effective funckion ¥, . ..(R) and satisfies the
Schrodinger equation (43f1n the whole region 0< R <R,.
Integrating Eq. (43) for the function \If (R) from the
point R; inside the nucleus with the boundary condition
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(42) and choosing the parameters of the potential
vort_,(R) in such a way that

VL (0)=0, (48)

we obtain a function EL (R) which differs from the
normalized function ¥, (R) only by the constant factor
Vﬂl_ -~
A=U L(Rar | (49)
) !
As we have shown above, under sub-barrier conditions
the function ¥, (R) in the interval 0 <R <R, has the
same form as the one-particle resonance scattering
function and is related to it by Eq. (21).

Now, using the integral expression (34), we can read-
ily calculate the cluster one-particle @ width, However,
in this case the o width can be obtained by a more ele-
gant method. Using the definition (46), we write

pd _ 2R [n--

= | (50)

Yi(R) | =2Pf (R)yLa (R).

The expression (50) for the @ width has the usual R-
matrix form®*® factorized into the penetratability P§!(R)
and the reduced cluster width y7  (R). However, in con-
trast to the standard approach,?® one can make a further
important step by noting that, because of the special
choice of Vg}__‘l(R), which ensures fulfillment of the con-
dition (48), the right-hand side in Eq. (50) holds for all
values of R, so that, taking into account Eq. (49), we
obtain

Tf! — 20,2k (51)

Thus, we have solved the problem of calculating the
cluster widths of sub-barrier a decay without using the
integral expression (34). Note that Eq. (51) was first
obtained by Breit, % though it was not used in subsequent
investigations.

We shall compare the experimental and theoretical
o widths by means of the experimental cluster enhance-
ment coefficients:

(52)

which are equal to the spectroscopic factors S intro-
duced in Ref, 46. In addition, the experimental cluster
enhancement coefficients are exact analogs of the dimen-
sionless reduced widths expressed in units of the Wigner
limit.® However, the coefficients K¢! are calculated for
a realistic well with smooth edge and do not depend on
the channel radius.

Kgl = ]«;Iril'

Note that earlier, using the penetration factor
PHR,) =EkR,/¥%(R,), the experimental reduced widths
for the @ decay of compound states were calculated for
a number of intermediate and heavy nuclei*”**® and also
for the doubly even isotopes?®® of Po. Since the channel
radius R, in these calculations was taken near the last
maximum of the function ¥, (R), and the reduced cluster
width »? , (R,) introduced in Eq. (50) is virtually con-
stant for all sufficiently heavy nuclei, the ratio between
the values obtained for the experimental reduced widths
and the corresponding values of K¢! must reduce to a
constant.

Probabilities for the Existence of an Alpha Particle in
the Surface Region of the Nucleus, and Classificalion of
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Alpha Decays. Using, as we have shown above, the ex-
perimental o width in conjunction with Eq. (43) and the
boundary condition (42), we can obtain the “experimen-
tal” cluster function ¥, , (R) in the region R,>R>R_,.
Using this function, we estimate the probability Wkos's
of finding an @ particle in the clustering region (R
S Rq):
Lo, I 2
HiEFrizs 5 Wis 1, (R) dR.
R
Using the universality of the radial behavior of the
function \PLoﬂf(R), we integrate in Eq. (53) and write
the probability W7 in terms of the value of this func-

(53)

" tion at the maximum, ¥ (R_), by means of the ap-
Lﬂfff m

proximate relation

W (54)

Then, expressing the experimental o width by means of

(46) in terms of ¥, , (R) and using Eq. (50), we obtain
: Fo

K21 in the form

" a 0.75T 0,1, (Ru).

K = Fhor, (Bn) WL (Ry). (55)

Since ¥, (R )=0.6 F-'/? for all the investigated cases,

Eq. (54) can be used to relate the probability of finding
an « particle in the clustering region to the coefficient
K¢l by means of the equation

W't = 0,27k, (56)

The classification of o decays with respect to the
experimental cluster enhancement coefficients or the
experimental reduced widths (subject to the condition
R,=R,_) is mathematically equivalent to the classifica-
tion with respect to the probabilities W5°f'7, though the
latter is physically more consistent since the treatment
of o decay in terms of W5%/'7 is close in spirit to the
ideas of surface & clustering®* and does not require the
assumption that the o particle exists in the interior re-
gion of the nucleus.

Figure 8 shows W%°s’s calculated with the potential
vest \(R) of Ref. 9 for the investigated o decays. In Fig.
8 one can see a tendency for the o decays to be divided
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FIG. 8. Logarithm of the experimental prob-
ability Wf:’ f of finding an o particle in the
surface region of the nucleus as a function of
the neutron number N. The elements are de-
noted as in Fig. 3.
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into groups in accordance with the degree of “a-one-
particle forbiddenness”, which corresponds completely
to the classification of @ decays in the shell model in
accordance with the degree of favoredness (see Fig. 3).
Since Figs. 3 and 8 have much in common, we can,
without repeating what we said earlier in connection
with Fig. 3, point out just three important points.

The first is that the classification of o decays in
accordance with W2%/r has as much predictive power as
the shell classification. The values of T, predicted by
means of the cluster model for a number of unreliably
measured o decays agree well with the predictions
based on the shell model and given in Table 3.

The second is that the behavior of W.°#s is corre-
lated to the dependence of the theoretical enhancement
coefficients (see Fig. 5). This is a phenomenological in-
dication that the probability of existence of an a particle
in the surface region R = R, is simulated by the ampli-
tude of the function \I!;‘;_f[ (R) calculated in the framework
of the shell model with a‘ilowance for pairing
correlations.

The third is that the values of WZ°f!f are significantly
smaller than unity and equal on the average to 7-10?,
31075, and 8107 for favored, semifavored, and un-
favored o decays, respectively.

Note that the values of WZ°F's were obtained using the
theoretical potential of Ref. 9 for Vo ,(R). The transi-
tion to the phenomenological potentials of Ref. 50 in-
creases the probabilities WE%fIf by approximately con-
stant factors—about three for the sets b and ¢ and about
six for the set a. These changes in the values of WZorls
are due to the reduction of the penetration factor re-
sulting from the increased width of the potential barri-
er. Since all phenomenological potentials must be close
to one another in the region of the barrier, the conclu-
sion that the probabilities W%/ are small is universal.
This, in its turn, means that if the cluster levels do
exist?® they are weakly coupled to the ground states of
the nuclei.

In the light of the deduced smallness of the probabili-
ties WEorlr, it is helpful to discuss the results of
Bonetti and Milazzo-Colli,® who, using a statistical
preformation model, attempted to estimate the probabil-
ity ¢, for the formation of an & particle in the ground
states of doubly even parent nuclei.

The value of ¢, in Ref. 61 is determined by an ex-
pression of the type (52), in which I'§! is replaced by a
width Ty having the quasiclassical form

=]

(56a)

!

et g 7]
rO— T ‘PLv

o)

where FL is the penetration factor of the potential bar-
rier calculated in accordance with Rasmussen’s expres-
sion'; D,, the distance between the levels in the system
of the o particle and the daughter nucleus, is expressed
in accordance with the conjecture of the preformation
model in terms of the density g,, of shell states near
the Fermi level by the equation

Dy = 4ig g~ (0.25 — 1) MeV-1, (56b)
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The values of ¢, obtained in Ref. 61 for favored
transitions are ¢,=0.7—0.01, which is approximately
20—50 times greater than the corresponding values of
the experimental cluster enhancement coefficients cal-
culated for the potential V,_, used in Ref. 61.

Note that the cluster width I'§! in the quasiclassical
approximation can also be represented in the form (56a),
and that D¢ =20 MeV is close to the distance between
the resonance states with given L for scattering in the
potential Vo _,. Then the difference noted above between
the experimental cluster enhancement coefficients and
¢, can be entirely explained by the difference between
D2} and D,. Since the estimate of the probability for
the formation of an @ particle in the parent nucleus by
means of the experimental cluster enhancement coeffi-
cients is close to the value of W5%sf, which does not
require the assumption of volume clustering, one can
conclude that the densities D, of the a-particle levels
[Eq. (56h)] used in Ref. 61 are unreasonably
overestimated.

Alpha Decay of Compound States. In recent years
(n,a) reactions have been used® to obtain data on the
a-decay widths of highly excited states for a number of
intermediate and heavy nuclei (64 <4 <178). In some
cases, only the total @ widths are known,* but some-
times®¥% one can measure directly the partial ¢ widths
Tpoer,- From an analysis of the two-step reaction
143Nfd(a-z, ya)'*9Ce (see Ref. 55) one can obtain informa-
tion about the o widths of compound states lying below
the threshold for neutron emission. In the general pic-
ture of a decay, these data occupy a distinguished posi-
tion because of the exceptional complexity of the wave
functions of the original states of the parent nuclei. For
the semimicroscopic description of these states being
currently developed, ® it is very important to extract
from the experimental neutron and y widths averaged
values for the different components of the wave func-
tions of the compound states. In turn, an analysis of the
o widths of these states can give information about the
wave-function components which are not important for
decay with the emission of neutrons and ¥ rays.

The use of the shell model to analyze the experimental
o« widths of highly excited states encounters fundamental
difficulties.

First, because of the high excitation energy there is a
very great increase in the number of shell states which
can contribute significantly to the wave function of the
a-decay nucleus, and this renders any microscopic
calculations extremely tedious and strongly dependent
on the choice of the particular diagonalization model.

Second, one can question the applicability of the
diagonal (with respect to the core) approximation used
in calculations of the shell a widths. Therefore, in
what follows we analyze the & decay of neutron reso-
nances on the basis of the cluster model.

The treatment will be given in terms of the enhance-~
ment coefficients K2', which are a measure of the vol-
ume « clustering. If it is remembered that the prob-
abilities W,, which are a measure of the surface
clustering, differ from the values of K¢! only by a factor

approximately equal to 4 and that the indeterminacy in
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FIG. 9. Comparison
of the ratios I'¢/ I

(curves 1 and 2) and
D,/Dg ¢ (3) fora de-
cay of the compound
states of nuclei with
mass number 4.
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the choice of the optical potentials gives a comparable
spread in the values of K%' and W,, one can hardly
choose between the volume and surface a-clustering
models on the basis of the existing data for the com-
pound-state @ widths.

Since the @ widths of individual compound states
fluctuate strongly, satisfying the Porter-Thomas dis-
tribution,® we shall use for the following analysis the
a widths averaged over all measured resonances. Thus,
the information we obtain is by definition statistical in
nature.

In the following treatment we use the approach pro-
posed in Ref. 57. It is well known that the existing ex-
perimental data on the averaged neutron and y widths
(for hard transitions with E, of the order of the neutron
binding energy) of compound resonances can be de-
scribed satisfactorily by the equation

rcz roﬁc/Dn- (57)

Here, I', is the corresponding width in the one-particle
model; ﬁc is the average distance between the compound
levels; D;=15 MeV is the interval between one-particle
states with given I!. Thus, the one-particle enhance-
ment coefficients for neutron and v decays of the com-
pound states is D_/D,.

In Fig. 9, we compare the experimental cluster en-
hancement coefficients for the @ decay of the compound
states of a number of intermediate and heavy nuclei
(points joined by continuous lines) with the values of the
ratio D /D,, (dashed line), where D, =23 MeV is the
distance between the cluster levels in the potential
vert .(R). The values of the experimental cluster en-
hancement coefficients (curve 1) were taken for the po-
tential Vo5t _, from Ref. 9, and the points of curve 2
were calculated with the potential ¢ of Ref. 50. For
curve 1, we have plotted the experimental errors in the
determination of the average o widths, which are due
primarily to the sparse statistics of the averaging (see
Ref. 58 for details). It can be seen from the figure that,
to within the uncertainty connected with the choice of the
type of potential V% _,, Eq. (57) is also valid for the «
widths of neutron resonances. From this some impor-
tant conclusions follow.

First, the cluster model has a classifying and, there-
fore, predictive power for the @ decay of compound
states as well.

Second, from the point of view of the shell model it
is hard to understand Eq. (57) when applied to a widths;
for consider a decays from compound states with I]i #0*

203 Sov. J. Part, Nucl., Vol. 6, No. 2

to ground states of daughter nuclei with If”f =0*. In this
case, an & decay of semifavored type could be predom-
inant from the point of view of the shell model. One
would imagine that the weight of the corresponding
shell state in the compound wave function is in order of
magnitude equal to the ratio D,/D,, where D,~1 MeV
is the average distance between two-quasiparticle levels
with I"=If!. Then, since K! =10"* for semifavored a
decays, one can obtain the following estimate for the @
width of the compound states:
e %"0'3' (58)

A similar estimate for I'® can also be obtained in the
case of an unfavored (four-quasiparticle) mechanism of
compound-state & decay. Thus, the shell estimate of
Iitddn (58) is appreciably lower than the experimental
value of the average o width even if one discounts the
inaccuracy in the knowledge of the distance between the
two- and four-quasiparticle levels with given I]i. One
gets the impression that Eq. (57) must be interpreted as
an experimental indication of a cluster nature of the
wave-function components of the compound state that
are responsible for the a decay.

Third, noting that the a-particle force function de-
fined by (;ﬁc)m/ D, ~K%/D, is virtually independent of
the mass number for the investigated region of nuclei
(see Fig. 9), it is reasonable to conclude that the
spread of the cluster components over the compound

states is large.

Note finally that the above results apparently indicate
a change of the a-decay mechanism with increasing ex-
citation energy of the parent nucleus.

Relation between Cluster Model and Shell Model. Be-
cause @ decay from highly excited states of nuclei is so
complicated, we shall restrict ourselves below to inves-
tigating @ decay from low-lying or ground states.

We consider first the case of heavy parent nuclei. If,
following Ref. 44, we assume that in the description of
the a-decay process the assumptions of the shell model
are valid in the range R < R, *R,, then the effective
wave function ¥, , (R) in (33) must coincide in this re-
gion with the funcfion ‘I’ﬂfrf introduced above.

On the other hand, as we have already pointed out,
the wave function ¥, , , (R) will coincide with the “ex-
perimental” cluster t{mcti_gn Vz.1,(R) for values R
>R, . Thus, the function ¥, _, (R) is a continuation of
the function ¥$; ; (R) into the exterior region. Figure
10 compares the shell superfluid function \Irg‘;-',ff(R) and
the cluster function ¥, (R) for the case of the '°Ra
nucleus with developed superfluidity. As can be seen
from Fig. 10, the amplitude of the function ¥, ; (R) at
the maximum is 3 times greater than the amplitude of

FIG. 10, Comparison of the
2 shell superfluid effective
! function W§sL(R) (1) with the
: ‘ cluster effective function
r \fy Via(R) (2) for the o decay
\ : . ; of Z{?'Ra; R, is the range of
the shell potential.
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FIG. 11. Comparison of the shell ef-
fective function (3) with the cluster
function ¥ ;; ; (R) (2) for the a decay
of 8Li, Curve 1 is the function a(R).

the last (R=R,) maximum of ¥3%% (R). Figure 10 gives
fairly typical results, since because of the large number
of shell configurations forming the function \Ir?;;;' (R) its
form for all favored o transitions is as universal as

that of the function ¥, , (R). The ratio of the amplitudes
of these functions can vary from 0.4 to 3.2 within the
group of favored o decays. In the case of semifavored
and unfavored @ decays (with L < 8) the above ratio of
the amplitudes remains approximately the same as for

a favored a decay.

For the following treatment, it is convenient to modi-
fy the expression (34) for the @ width. Since, as nu-
merical calculations show, the potential V¥ (R) in (40)
differs only slightly from the potential V_,_,(R) in (31)
in the region R < R, +a [a is the diffuseness of the poten-
tial (10)], Eq. (34) for the @ width can be written in the
form

Wio,r, (B) VSR (B) FE(R) RaR . (59)

o3

Fqu;j=2ﬂ.l

If, further, we split the domain of integration in (59) in-
to the two intervals 0sR<R_ and R, <R <R,, then, as
is well known, the first interval, which basically deter-
mines the absolute @ width in the shell model, makes a
contribution of the order of or less than 1% to the total
width (59), whereas the contribution of the second inter-
val, in which the assumptions of o clustering are valid,
is predominant.

The above splitting is a very crude approximation,
which ignores the importance of knowing the details of
the transition from the function ¥3; , to the function
‘I’r.cfzfr this transition being determined basically by the
many-particle character of the @-decay process.
Nevertheless, since the decisive role of the peripheral
regions in forming the absolute @ widths has been
established on the basis of the asymptotic behavior of
the quasistationary function ‘If,‘;g” t and without appealing
to the experimental o widths, it is clear that only by
combining the shell model of @ decay, which takes into
account the structure of the decaying nucleus, and the
cluster model, which contains the correct asymptotic
behavior of the @ decay, can one hope to explain the
relative and absolute @ widths for heavy nuclei.

Let us consider the relationship of the shell model to
the cluster model in the case of @ decay of light nuclei
of the 1p shell.®® Ag an upper limit of the estimate for
R, one can take R, =3.5 F, which is near the sum of
the radii of the « particle and the daughter nucleus.
For R<R_ it is necessary, as in the case of heavy
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nuclei, to take into account the Pauli principle, the re-
normalization of the interaction between the nucleons,
and the polarizability of the o particle in the field of the
daughter nucleus. Note however that there is an impor-
tant circumstance in the @ decay of light nuclei which
distinguishes this case from the one in heavy nuclei.
Because the o particle and the daughter nucleus are of
about the same size, for states of the parent nucleus A
in which four nucleons move above the core of the
daughter nucleus and have the Young tableau [4], the
spectroscopic factor §* is near unity.®” This means that
for such states the @ particle can exist as a whole with
a high probability within the parent nucleus, despite the
influence of the factors mentioned above.

Such shell states should appear as resonances in the
channel of a-particle elastic scattering on the daughter
nucleus with corresponding quantum numbers and ener-
gies near those of these shell states. These resonances
can be described directly in the language of the wave
function of the motion of the center of mass of the &
particle with respect to the daughter nucleus by means
of the optical potentials introduced in Refs. 40 and 41.
Note that the @ particle can also exist as a whole within
the parent nucleus with amplitude Vs® for all @ decays
in which the diagonal approximation is valid. But then
for such states R, and the relationship between the
cluster function ¥, rf(R) and the effective function
U1, (R) become quite different from the case of heavy
nuclei. As can be seen from Fig. 11, which gives the
results for the @ decay of an excited state of ‘3Li(EexE
=2.184 MeV, I]i=3*, @,=0.71 MeV, L =2) the value
of @(R) (curve 1) calculated on the basis of the potential
Vert , of Ref. 40 reaches the value 0.9 only for a point
R=1 F, which lies in the interior region of the parent
nucleus. At the same time, the functions ¥, (R) and
¥t ;,(R) (curves 2 and 3, respectively) are close in the
interior region and differ only in the asymptotic region
(R >3.5 F), whose contribution to the & width is not
more than 5% [« (3.5)=0.2].

Thus, in the case of light nuclei the asymptotic re-
gion, in which the shell wave function ¥§% , differs
strongly fromthe function ¥, , (which gives the cor-
rect @ -decay asymptotic behavior), makes a small con-
tribution to the @ widths. This explains why the absolute
o widths caleulated above on the basis of the shell model
(see Table 6) agree well with the experimental values.

Thus, analysis of the situation in the shell model and
cluster model of a decay shows that one must learn how
to fit the cluster function ¥,, , to the effective function
V3,1, This is a very difficult problem but we hope that
it can be solved by a more realistic choice of the effec-
tive interactions and allowance for continuum states in
the diagonalization.

CONCLUSIONS

The theory of knowledge teaches that the only theo-
retical schemes which survive are those capable of
predicting new facts on the basis of a more penetrating
analysis of existing facts. But it is precisely for such
theories that experiments can give important indications
concerning the validity of the basic assumptions and
point out the correct direction of further development.
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We should therefore like to draw the attention of
experimenters to a number of problems which are im-
portant for progress in understanding o decay. In order
to clarify the possibilities of the shell model (with
allowance for nucleon-nucleon correlations) for quanti-
tative description of the experimental classification of
@ decays, it is necessary to extend greatly the data on
semifavored and unfavored ¢ decays, including at the
least information on the spins and parities of the states
of the parent and daughter nuclei.

Such a request does not diminish interest in the tra-
ditional investigations of new spontaneously a-radioac-
tive nuclei, for which a decay is in many cases the only
process capable of giving information about their
structure.

At the present time there are virtually no known cases
(except perhaps for the 2'®Ac nucleus and also the iso-
topes '"Au, Au, and '®'Au, for which there are only
upper limits for the @ widths) for which the experi-
mental enhancement coefficients K,=T¢/I'S" appreciably
exceed the average values of the experimental enhance-
ment coefficients for favored @ decays of nuclei with
neighboring neutron numbers.

However, experimental searches for such cases and
repeated measurements of the existing deviations are
important for our understanding of the role played by a
clustering in the ground states of a@-decay nuclei. -

Further, in the light of the indications of a possible
change of the a-decay mechanism with increasing exci-
tation energy of the parent nucleus, particular interest
attaches to a further study of the averaged and individual
partial o widths for as many highly excited states (and
nuclei) as possible by means of (z,a) and (p,a) reac-
tions. In this connection, analysis of the energy spectra
of the @ particles would be particularly helpful. We
should like to point out the attraction of (°Li,d) and
("Li, ) @-particle transfer reactions as means for ob-
taining information about the reduced o widths of ground
and highly excited states of nuclei that do not exhibit
spontaneous o radioactivity.

Note finally that in this review we have not discussed
at all the large region of deformed nuclei in which there
are possibilities for studying the influence of nuclear
structure on the a@-decay probability. This was done
deliberately. Although a non-R-matrix approach has
been formulated™ for the o decay of deformed nuclei,
it has not yet been used systematically to analyze
experimental data.
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DEquation (57) does not contradict the conclusion of Ref. 48
that the experimental reduced neutron widths of compound
states are greater than the corresponding reduced o widths;
for it follows from (50) and (57) that the averaged reduced
widths must satisfy [y2(R,,)/v3(R,,)]=8.
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