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Abstract
Full Text

Physics
V. G. Solov’' ev

The Influence of Pair Correlations of the Super-
conducting Type on the Rates of a-Decays

(Presented by Academician N. N. Bogolyubov, 2 IV 1962)

As is known (173), pair correlations of nucleons of the superconducting type

exert a very strong influence on the properties of the ground and excited states
of atomic nuclei. Therefore they play a major role in the processes of 5- and
~-transitions in nuclei. There is no doubt that pair correlations must have a
noticeable influence on the rates of a-decays. Detailed theoretical investigations
of the probabilities of a-transitions have been carried out in many works, for
example in (479); however, in them the influence of the superfluidity of the
ground and excited states on a-decay was not taken into account. In the present
work we formulate a theory of a-decay within the framework of the superfluid
model of the nucleus and investigate the influence of pair correlations of the
superconducting type both on the absolute probabilities of a-decays and, in
particular, on the hindrance factors F'.

The matrix element of a-decay of the parent nucleus with wave function ¥ =
U(N)-¥(z), taken in the form of a product of the wave functions of the proton
and neutron systems, into the daughter nucleus with ¥ = U(N — 2)¥(z — 2),
we write in the form

M = U*(N — 2)T(z — 2) AU(2)T(N). 1)

The operator A, describing the emission of an a-particle, we represent as follows:

1
— 4 ’
A= 1 E W oo (P, V [0, 0") @@y b0,y s (2)
7 /
v,V sw,w
T,T/;0'70'/

where a,,.,b,, are the annihilation operators of a proton and a neutron, 7 =
+1, 0 = 41, with states differing by the sign of 7 or ¢ being conjugate with
respect to the time-reversal operation; the summation over v, " (w,w”) is carried
out over the one-particle proton (neutron) levels of the mean field. The function
W describes both the passage of the a-particle through the potential barrier and

the probability of its formation.
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Let us find the matrix element of a-decay of an even-even nucleus between
ground states. Using the wave functions (?)

U= H(us + Usa:—ka:—)\p()a

S

which take into account pair correlations of nucleons, we obtain

M = Z W+7;+7(p1/7 V|n°‘)7 w) ’U,V(Z - Q)UV(Z) H(us (Z - 2)u5(2> + Us(’z - 2),03(2))

v,w s#v

' uw(N - Q)Uw(N) H (us/ (N - 2)“’5’ (N) + Vg <N - 2)’03/ (N))7
s/ #+w
(3)

where

E(s) — A(2)
us(z)2={1—|— 75
2 [C(2)2 + {E(s) — A(2)}2]"”

} pouy(2)? =1 —u(2)%

C(z) is the correlation function; A(z) is the chemical potential for the ground
state of a system of z protons; F(s) is a one-

single-particle energy levels. In the case where pair correlations are absent, (3)
takes the form

M=W, . (pv=K(z),v=K(z)|nw=K(N)w=K(N)), (4)

where K(z) denotes the last occupied level of the system of z protons in the
absence of pair correlations, K — 1 the first hole level, K + 1 the first particle
level, etc. From (4) it is clear that, if pair correlations are absent, then the
a-particle can be formed only from two neutrons and two protons, and each is
located on the last occupied level of the mean field. Since the probability of
formation of an a-particle in a nucleus is proportional to the overlap integral of
the corresponding wave functions, it should change substantially in going from
one nucleus to another because of the change in the quantum numbers of the
level K, which is not observed experimentally. The effect of pair correlations
leads to the fact that a-particles can be formed with appreciable probability
from pairs located in many states both below and above the level K, i.e., that
a-decay contains an averaged contribution from many levels near the surface
of the Fermi sphere. This leads, first, to an increase in the probability of a-
decay and, second, to a decrease in the change in the probability of a-particle
formation in the transition from nucleus to nucleus.
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To separate the effects associated with pair correlations of nucleons in nuclei
from the influence of other factors in a-decays, let us consider the approximation:
the diagonal part of the function W, both with respect to the quantum numbers
of protons and with respect to the quantum numbers of neutrons, does not
depend on these quantum numbers, i.e.

W+7;+7<py7 v ‘ nwaw) =Wi(p | n), (5)

14

+—;01,05 (pl/a v | nwlvw2) = Wala'2 (p | nw17w2)7 (5’)

Apparently, in estimating the influence of pair correlations on a-decay such an
averaged treatment is correct.

The matrix element (3) in the approximation (5) takes the form:

M =W(p|n)RyY*RY?, (6)

RY? =% u, (2= 2)0,(2) [] (wy(z = 2uy(2) + v,z = 2)v,(2)) . (7)

s#v

If one uses the values of C' and A obtained in (7), then, for example, for the -
decay of Cm>** to the ground state of Pu**" we obtain Ry =38, R, =45, and
RyR, = 1700. Calculations show that for nuclei in the region 230 < A < 254
the values of Ry R, lie within the limits 1500 < Ry R, < 3000. Let us note
that, possibly, in a-decays of nuclei located near closed shells, the reduction of
the reduced transition probabilities occurs partly because of the disappearance
of pair correlations in the system with a closed shell.

Let us find the matrix element of an a-transition to two-quasiparticle excited
states of an even-even nucleus. For a-decay to a neutron state with quasiparti-
cles on the levels f; and f, (f; # f5) we obtain:

M(fy. fo) = W, o (0| nfy, f2) RYP Ry (fr, f2) 12, (®)

RN(fl’f2>:Uf1(N>QUf2(N)2 H (us(N =2, f1, fo)us(N)+
s#f1.f2

F (N =2, f, fo)vg(N)?, 9)

where Ry (f1, f2) < 1. According to the superfluid model of the nucleus, in this
case the a-particle is formed only from neutrons located in the states f; and
fo, and the a-decay rate is proportional to the density of neutrons v?»l,vi in

sovietrxiv.org/items/ru-196201.51554 Machine Translation


https://sovietrxiv.org/items/ru-196201.51554

these states of the parent nucleus. The hindrance factor F' = (M /M(f,, f5))?
is obtained in the form

F= (W n)/W,o @l nfi ) Ry/Bylfi f). (10)

Thus, from the superconducting model of the nucleus it follows that the reduced
probabilities of a-transitions to two-quasiparticle states of even-even nuclei are
decreased by a factor Ry /Ry (f1, f2) in comparison with a-decay to the ground
state. Thus, for the a-decay of Ccm*** to two-quasiparticle states of pu?*
with an energy of 2 MeV, the ratio Ry /Ry (f, f2) takes values in the interval
150—500. We note that in this case the blocking effect plays a noticeable role.

Let us consider favored a-decay of odd nuclei, in which the quasiparticle is on
one and the same level in the parent and daughter nuclei. The decay matrix
element, when the odd neutron is on the level f, will be written as

M(f) = W(p | n)RY Ry ()2, (11)

Ry (O = u,(N=1, Hv,(N+1, ) J] (N =1, Hug(N + 1, £) + v,(N =1, fHlu (N +1, f)).
wEf s#w, f
(12)

The hindrance factor is obtained in the form

F=[M(N)?+M(N +2)%] 2M(N +1,f)* = [Ry + Ry 5] /2Ry 1 (f). (13)

The hindrance factor for favored a-decays, associated with the blocking effect,
in the transuranium region varies within the limits

1.2 <[Ry + Ryyo] 2Ry (f) <3, (14)

and F' > 3, as a rule, cannot be explained in this way. In Table 1 we compare
the calculated values of F' with experimental data; the values of F' placed in
parentheses were calculated on the basis of the data in (11), taking into account
that, in addition to a-particles emitted with [ = 0, some of them are emitted
with [ = 2 and [ = 4. From Table 1 it is seen that the calculations are in
satisfactory agreement with the experimental data.

Table 1

Favored a-decays
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F, F,

Q- experi- F, cal- Q- experi- F, cal-
State  decay ment culation State  decay ment  culation
9/2— BICPY  1.8®) 18 3/2— 9BK™ — 1.7 1.7
[734]  149Cm*" [521]  %Am*"
7/2—  1M90m** 220 20 5/2—  %Am**® 5 1.1® 1.7
[624] TPy [523]  93Np*?
Sa4 MTCn {_}gs) {2,2 52— A {)1&;(8) {1.7
[622] 145Pu239 2 (18) [523] 93Np237 2 (14)
1/2+  M5om®' 270 21 5/2—  9%Am™’ - 2.3 1.7
[631]  143pu*T [523]  93Np*®

8 8

1/24 145py*? {3'5% 21 5/2+ 9BNp*T {3f;)) 1.4
631] 14377235 1.7 [642] 91p, 233 5

Let us consider unfavored a-decays, when the quasiparticle passes from one
state to another. The matrix element of a-decay, when the neutron passes from
the state f, to the state f; (f, # f1), is obtained in the form

M(fy, f2) =Wy, _o (| nfy, fo) Ry Ry 1 (1, £2) 2, (15)

where

RN+1<f1)f2) = qu(N_lafl)th(N—’_]-va)z H (us(N_ 17f1>us(N+ 1;f2) +vs(N_ 17f1)vs(N+ 17f2))2'
s#f1:fo

In the case of an unfavored a-decay of an odd nucleus, the a-particle is formed
from a number of proton pairs lying at levels near the Fermi surface, and from
neutrons in the states f; and f,. Therefore unfavored a-decays are strongly
retarded in comparison with favored ones. The hindrance factor is found in the
form

F= (W n)/W,, o (pnfifs)) By + Byl [2Ryas (f1, f2). (16)

The ratio [Ry + Ry_o) /2Ry, 1 (f1, f2) = 1 for a-transitions to the ground and
rotational states of a strongly deformed nucleus takes values in the range 50—130;
for a-decays to a particle (K + 2)-state it is equal to 200—800, and in (K + 3)
and higher states the ratio exceeds

103. Unfavorable a decays to particle excited states are more strongly retarded
than transitions to hole states.
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The role of pair correlations in (16) is demonstrated in Table 2. It is seen from
the table that pair correlations are responsible only for part of the decrease in
the reduced transition probabilities; the remaining part {W(p [ n)/W, _, (p |
nfy, f5)}? is associated both with the decrease in the probability of formation
of the « particle from nucleons located in different orbits and with a number
of other phenomena. Pair correlations make a significant contribution to F
therefore, instead of systematizing the quantities F' as functions of the quan-
tum numbers of the states f; and f,, as in (12), one should carry out such a
systematization of the quantities {W(p [n)/W, _, (p| nfifo) 2

Table 2

Unfavorable a decays

fa «a decay fi F, experiment N
9/2 — szi? 7/2 + 833 (8) 80
[734] K Cm (624] K
9/2 — Cf22i5—> 5/2 + 251 (8) 80
[734] K Cm (622] K —1
5/2 + Crgi‘j - 1/2+ 3220 (8) 50
(622] K Pu 631] K
7/2 — Pu*" — 7/2 — 143 (8) 60
[743] K U3 [743] K —1
7/2 — Pu®’ — 5/2+ 1059 (8) 70
[743] K U233 633] K
3/2 — Bkt‘jla 5/2— 342 (8) 60
[521] K Am (523] K
3/2— Bk2;*i’1—> 5/2 + 29.4 (8) 57
[521] K Am (642] K —1
3/2 — Bk2§§9—> 5/2 — 632 (8) 60
[521] K Am 523] K
3/2 — Bk2§§9—> 5/2+ 68 (8) 57
[521] K Am (642] K —1
5/2 — Am®® 5 524 1570 (8) 120
239

[523] K Np (642] K
5/2 — Am>* 2—

/ w3 760
[523] K Np [521] K + 2
5/2— Am®® & 12— 1526 (8) 120

239

[523] K Np [530] K — 1
5/2+ Np*¥" — 1/2 — 3400 (13) 115
[642] K pa®*? [530] K

Unfavorable a decays give information on the nondiagonal parts of the function
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W, which can be used to calculate hindrance coefficients in « decays both of
odd-odd nuclei and into two-quasiparticle states of even-even nuclei.

Thus, pair correlations of nucleons of the superconducting type have a very large
influence both on the absolute probabilities of a decays to the ground states of
even-even nuclei and of favored decays in odd nuclei, and especially on the
values of the hindrance coefficients in unfavorable a decays and in « transitions
to two-quasiparticle levels of even-even nuclei. Taking pair correlations into
account leads to improved agreement between theory and the corresponding
experimental data.

The results obtained are direct consequences of those properties of the ground
and excited states that follow from the superconducting model of the nucleus.
The numerical calculations performed use characteristics of the properties of
the ground and excited states obtained in (7), and are completely unambiguous,
since they contain not a single new parameter. We note that the proposed
method can be easily generalized to the case of « decays to collective levels 0+,
24, 0—.

In conclusion I express my deep gratitude to Acad. N. N. Bogolyubov and T.
Vereshch for an interesting discussion, and to N. A. Buzdavina for compiling
the program and carrying out the numerical calculations.

Note added in proof. After the article had been submitted for publication, I
became aware of a preprint by Mang and Rasmussen in which the influence of
pair correlations on the probabilities of « transitions to rotational bands of the
ground states of even-even nuclei is taken into account.

Joint Institute for Nuclear Research

Received
19 IT 1962
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