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1, The ground and low-lying non-rotational states of medium
and heavy nuclei are rather well described by means of quasipar-
ticles and phonons, With increasing excitation energy the level den-
sity strongly increases and the structure of the states becomes
more complicated due to the interaction of quasiparticles with pho-
nons, the Coriolis interaction and others/ 1/. The wave functions
of the states with energies much higher than the magnitude of the
gap have many components contammg different number of quasi-
particles , The high excited states are very complicated and their
density is rather large. Therefore, they are usually described with
the nuclear statistical model. The name high excited states is given
to states with excitation energies close to the nucleon binding ener-
gy and still higher, .

It is .interesting to study the structure of the high excited
states by means of semi-microscopic description using the quasi-
particle and phonon operatérs. Then the following problems arise,

What is the contribution of two-, four- and so on quasiparticle
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components to the wave function of the high excited state? Do
neighboring states with identical spins I and parities n differ
strongly from one another?

There are experimental evidence that neighboring high exci-
ted states have different structure. So, there is a noticeable diffe—
rence of gamma-ray spectra obtained from resonances with identical
I and very close energies. The experimental data/ 2/ on (na )
reactions testify that the reduced probabilities of alpha decays into
the ground and excited states strangly change when pasasing from
one resonance to another, Some information on the high excited
states can be obtained from the study of the (nq)-reactions on ther-
mal neutrons 3 .

It is very interesting to clarify what information on some com-
ponents of the wave functions can be obtained from experimental
investigations of (kz) and (ay) reactions on resonances, The pre-
sent paper is just devoted to the calculation of the reduced pro-
babilifes of alpha and gamma transitions from the high excited sta-
tes to the ground and lowlying states and to their analysis. '

2. We construct the wave function of the high excited state
of an even-even nucleus basing on the semi-microscopic approach,
The nuclear wave function is the product of the wave function of
proton and neutron systems each of which consists of zero, two,
four and so on quasiparticle terms, Sincé the main contribution of
the zero quasiparticle component is contained in the ground state
of an even-even nucleus, the wave function of a high excited state
is represented in the form of a superposition of two, four and so
on quasiparticle states, We do not introduce the operators df the
quadrupole and octupole phonons, The latter are a superposition
of the two-quasiparticle terms and therefore, we assume that they

enter the general expansion,



We construct the wave function of the excited state for even- .
even spherical nucleus. It is difficult to make a generalization to
the case of the even-even deformed nucleus and to the case of odd
and odd-odd nuclei., The one-particle state is characterized by the
total momentum j and its projection m as well as by other quantum
numbers. of the isotopic spin, N and ( which are not given here
in an explicit form, ;

We represent the wave function in the form of a product of

the quasiparticle operators
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acting on the wave function of the quasiparticle vacuum
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where ajnTOO =@ , a hlis the nucleon absorption operator. The coef-
ficients of the Bogolubov cononical transformation are
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where E (j) is the single-particle energy, ¢ (ji‘=\/€+E(j)-A)3, C

is the correlation function, A is the chemical potential (see, ref./ 4/)
The wave function of the high excited state must contain the

two-quasiparticle components, which in the case jm # j,m, are

written in the form
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where
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Among the two-quasiparticle components there are proton 2p and
neutron 2n components of three types: particle-particle, particle-hole
and hole~hole,

The strength of the two-quasiparticle state is distributed over
a number of levels with an energy close to the energy ¢(j, ) +e¢ Gg)e
The two-quasiparticle components,the energies of whiche(j)+e(j *)
are much lower than the energy of the state under consideration ,
have already distributed their strength over the levels near e(jrve(j’)
and do not noticeably contribute to the high excited states, At high
excitation energy the strength of the two-quasiparticle state is dis-
tributed over a large number of levels and therefore, as a rule, the
fraction of each of them is not large,

The wave function of the high excited state, for the excep-
tion of the two-quasiparticle components, contains four, six and so

on quasiparticle components of the type
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Here there are k neutron production operators and (- k proton
production operators , k and ¢ Dbeing even.
Among four—quasiparticle components there are neutron 4n

and neutron-proton 2n2p and proton4p ., The four-quasiparticle



components with an energy ¢ (j )+e(j,)+e(j,) +e(j,) close to the
energy of the state under consideration contribute to the wave
function of the high excited state, If at an excitation energy of

3-4 MeV there are levels to the wave functions of which one two-
quasiparticle component contribute greatly, then at an energy of
6-8 MeV there must be 'states which have not small contribution of
the appropriate component 2n2p , Similar considerations may be
extended to six and so on quasiparticle components.

+
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Among the products (a+jm a of two operators with

identical j there are such which have 1=0 . It is known/ 4/ that
among the two-quasiparticle 0" states there is one spurious state
and their wave functions are mutually nonorthogonal. On order that

T

the complexes (a:l'n a,” . will not damage the wave function

I1=0
of the high excited state, instead them we introduce the phonon
operators of pairing vibrations, The phonon operators determined

separately for the neutron and the proton systems have the follow-

ing form:
( l)l—m
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where | is the number of the root of the corresponding secular
equation, and the functions X' (j) and Y '{j) are given,e.g. in
ref./ 5/; t=n denotes the neutron and t=p the proton systems,

If in the wave function there are components containing the
products operator of quasiparticles and phonons then the corres-
ponding states in phonon @, (1) should be blocked. For example,
in the product a:l'ml a ‘:’“z Qt(:) containing only neutron opera-

tors instead of Q[(t) in the form (6) we should take the operator
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Thus, the wave function of the high excited state with 140

of an even-even spherical nucleus can be written in the form
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The summation z means that the termSjl =j .
I vigseee s m _,m ...
[m,|=|m,| &re absent and than E (jl) < E(jg)S"' « The index t =n

indicates the neutron and t=p the proton systems;
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M
contribution of the corresponding quasiparticle component, they

contain the products of the Clebsh-Gordon coefficients, The norma-

The coefficients bi (Jymyajy myeee ) in (8) define the

lization condition of the wave function (8) is of the form:
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To ensure the conservation of the particle number on the .
average’ it is necessary for each term in (8) to solve the ‘equa-
tions for the correlation functions C and the chemical potentials A
taking into account the blocking .effect,

'The wave function of the high excited state with 17- 0"
contains the phonon operators QG ;jm,...) and the products
(a"+1'“1 a',;ma... ) for which 7 ot ,

It should be noted that the expression (8) for the wave fun-
ction of the high excited state is not the most general one, In
constructing the wave function use is made of the approximation
consisting in that in each term the operators of quasiparticles and
the pairing vibration phonons act on the wave function being the
quasiparticle vacuum,

3, We consider the decay of the high excited state with
[£0 to the ground state of the daughter even~even spherical
nucleus,

First of al we give the main formules of the alpha decay
in the formulation suggested in _ref./ﬁ/. The alpha decay probabiiity

is written in the form
-5y’ P | |
Y= 2V Yo - (12)

where P¢ is the penetrability throuéh the potential barrier and
y:;l is the reduced width, The quantity Y is of the form

1
=(¥* (N-2,2-2) L 3 ¥W(im,i’m [jm, m
ylf ( f( )4 R (_|pmp ]pmpljnmn]nmn) x
P P n n (12)
m,m’ ,m ,m
P
x a a, ,a a, , ¥ (N,7).
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The function ¥(j m_ ,j" m’ lim.j. m’) describes the probability
of production of an alpha particle from protons in the states j m ,
j’,m, and from neutrons on the states | m_,j 'm " . The alpha
decay is treated as a single-stage process,
For the alpha transitions between the ground states of even-
even nuclei

y =3 W(jp—mp,jpnpljn—mn .jnmn)x

(23)

mp ’n
(-1) u’ v n; v .

’P
x (=1)

where LIRS are related to the parent and y ’j ’ vj’ to the da~
ughter nuclei,

In (13) and in the subsequent formulas the multipliers of the

type

H(uu;+v v; ) (14)
which are somewhat smaller than unity are rejected.

The alpha transition probabilities between the ground states
of even-even nuclei are considerably enhanced by summing in (13)
over the neutron and proton system levels. To estimate this enhan-
cement it is supposed that the diagonal terms v with i, =jp’ ,
mp=—m; or withj =j" , m_=-m’are inldependent of j m_ or

of "n LT Then

Su' v =Eu'v'=c—=6—8,
! i G

; i 1Y (15)

G is the pairing interaction constant, After squaring we get that
in the neutron and proton system the transition enhacement is
50-60 which leads to an increase of the alpha transition probability

between the ground states of nonmagic nuclei by a factor of (2~4) 103.
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We calculate the function ¥ for the alpha transition from the
high excited state described with the wave function (8) to the
ground state of an even-even nucleus described with the wave
" function (2), As a result we obtain
2t

y (I'M - 0%)- 3 ‘T ob Gomojom ) x
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From (16) it is seen that the contribution of the two-quasiparticle
components 2n and 2p of the particle-particle type is essentially
enhanced. To the alpha decay probability the contribution is also
came from the four-quasiparticle components 2na 2p and the com-
ponents two quasiparticles and a phonon 2n0Q (p) and 2p@ ,(n)
due to multipliers u'j only the particle states being involved,



If a high excited state has I"= 9* then instead of the first

term in (16) we have

b3 b(?'“) 3 ¥ (j—m,jm}j" -m%j m )x
t.1 1
m>0,m >0 (17)
. j=m’ .
'y Y ' Gen =¥ v
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It is seen from the equation that any one-phonon component of the
wave function of the high excited state contributes to the probabi-
lity of the alpha decay to the ground state, Therefore the fluctuati~
ons of the reduced widths for transitions to the ground states

from resonances [7 =01 must be smaller compared with the transi-
tions from resonances [ £ 0 .

4, We consider the alpha decay of a high excited state to
the one-phonon and the two-quasiparticle states of an even-even
spherical nucleus.

The wave function of the first (i =1) one-phonon state of
the daughter nucleus is taken in the form

Qi(Ap) Y,

where the phonon operator is

+ 1 At + .. , A_# M i3’
l (18)
A (G,j idp)= 2,(jm’i'm'|)w)al,m¢‘ ,
At

the functions !,11“, and ¢zl, are determined in, e.g. ref./7/.

The matrix element of the alpha decay from the high excited

140 state to the first one-phonon state is of the form
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ides the mentioned ones there are terms in which two quasi-
and the four quasi-

Bes
particle operators are replaced by phonon Q
ors are replaced by the two phonons Q Q .

particle operat
f the components of the wave function (8) which

The number o
contribute to the alpha decay probability essentially increases in

the alpha decay to the one-phonon states compared with the decay

to the ground state. In the alpha transition to the one-phonon state

there may be involved the following types of the components of the

wave function (8):
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20;2p;202p; 4n;4p;:4n2p; 2ndp; 2n Q,(p);
2p0,m); 202p 0 () 2n2pQ, (p)id4nQ (p)idp () ;
2nQ ()0, (p); 2p0Q l(n)ﬂl Ap); 2n Q (p)ﬂl, (p);2pQ‘ ()@ n).

The alpha transitions to the one-phonon states from those two-
quasiparticle components for which t/l’)‘l; \ #0 are enhanced; and
the contribution of the components of the particle-particle type is
somewhat weakened compared with the transition to the ground
state, The contribution of the components of the type 2n2p
for which 511,):;2 £0 and u !’s u ;4 is close to unity is somewhat
enhanced, Only those components of the type 4n or 4p contri-
bute to the probability of the alpha transition to the one-phonon
state for which the product !/l?:,a “”s v, ) differs from zero,
The reduced alpha widths for transition from the high exci-
ted 0' state to the one-phonon ot ones having the character of
pairing vibrations have not any remarkable feature., This is due
to the fact that it is unlikely that the phonon Q':' with j =1 con-
tributes noticeably to the one-phonon part of the wave function (8)
We calculate the function y for thehalpha transition from a
high excited state to a two-quasiparticle neutron (for definiteness)

state described with the wave function

LALPL PR PR AL

=3 (G mli’m’ [T M)a* at | ¥ (20)
m .’ Tttt t t i m i’ m
t e t ot Tt ot
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As a result we have
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In the alpha decay of the high excited state to the two-quasipar -
ticle state of the daughter nucleus some rigid selection rules are impo-
sed on the -components of the wave function (8). They consist in the fol-
lowing. One or two quasiparticles in (8) must be in the same sub-.
shells as the quasiparticles in the final state do. Due to these
selection rules the reduced probabilities of alpha transitions to
the two—quasiparticle states must be smaller than.those to the one-
phonon states,

5. We consider thé electromagnetic transitions from the high
excited states described with the wave function (8) to the gx‘oi,md
one-phonon and two-quasiparticle state of even-even spherical
nuclei,

The operators of EAX and MA transitions are written in the

form
-1 145 =A ,
M(EA) = ——— = <j’IT (EX)]|j > (=D {ve) B G.j s An)+
' vZar1l M i

Ap (22)

1 ©® + , ,
r5u LA Gag s ap)+ (-1 AG.j s Aa=p )]t
i

= A
1 +
m(MA)=—=_.._—-_.=— 2,<]’lF(MA)l]>(—1) {V ),B(j,j’;/\ll-)+
v2r+1 ¥ i

o Apo (23)
+Tuu’[A Goj s de)=(D 0 AGL 75 A-p) T,

where

’

i%m
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The single-particle matrix elements possess the following pro-

perties:
i=1"=A
<JIT(EA)|j > = (=D <jIT(EA)]j>,

4 =A
<JIT(MA) [y >= (=D <GIT(MA) >,

The matrix element of the EA —transition from the high excited

to the ground state is

" + 2t +
M(EA;1 50 )=- X~ b Gm ,j m)u x
11'32 t IM 11 2 2 1112
Myr™a
1 H,—p (26)
(1)
x <j T (EX)j >Cim j,m, [A-p) ——_
vaa+1
the functions u, ,v, are related to the ground state., The matrix

) instead of u ‘"
ifdy ifdg
eq, (26) it is seen that the gamma transitions to the ground state

element of the M)\ -transition includes . From
proceed from the two -quasiparticle components of the wave functi-
on (8) of the type particle-hole,

The matrix element of the EA\ -transition from the high excited
to the one-phonon state described with the wave function (18) is

of the form

21
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From the comparison of eqs. (26) and (27) it is seen that
the gamma transitions to one-phonon states Imvolve a far larger
number of components of the wave function (8 compared with the
transition to the ground state, So, side by side with the components
particle-hole, the components particle-particle and hole-hole take
part in the transtion ., The four quasiparticle components and the
components two quasiparticles plus phonon Qt glve a definite
contribution,

The matrix element of the E) -transition from the high excited
to the two-quasiparticle neutron state described by the wave fun-
ction (20) is of the form:

m?m'(jfnfj; mr’ IIer ) x

” , 1
M(EA; 1 -'lf(j, .jf))=—-
VZA T ™y

3n -
x{ 27 b (11.1.19.9)<1'1r(m)’|11>v: 5., 8, x

LN ' tia ™y ™y
ml'ma
i +m +A 2n,  (a)
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) fomy W

+ 1
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The formulas for the M A -transitions can be obtained from (27)
and (28) by replacing the single-particle matrix elements and the
functions u(’;:' , v ’(’7) by the functions u 4(5_’) , v j:f) .

From eqgs. (28) it is seen that the 'gamma transition proceeds
only from that two-quasiparticle component of the wave function (8)
for which the location of one quasiparticle does not change in the
process of transition, Only those four-quasiparticle components of
the wave function (8) contribute to the gamma transition to the two-
quasiparticle state for which the location of two quasiparticles is
the same as in the final state and the two other quasiparticles are

particle-hole,
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6.The aim of the present paper is not calculate the coefficients
b,y ©of the wave function (8) but to clarify whether it is possible
to obtain information on the bm ~values from the experimental data
on the reduced probabilities of gamma and alpha decays of the
high excited states, The calculations performed have shown that
a very restricted number of the components of the wave functions
of high excited states are involved in the alpha and gamma tran-
sitions, Therefore the analysis of the experimental data on these
transitions may give evidence on the magnitude of some components
of the high excited state wave function,

We summarize the information on the structure of the high
excited states which can be obtained in studying the reduced pro-
babilities of alpha and gamma transitions from the resonances which
are manifested in the (5¢) and {(ay) reactions.

1. The alpha decay to the ground state proceeds from the
following components of the wave function (8) : two-quasiparticle,
four-quasiparticles 2n2p and two quasiparticles plus phonon ﬂ(r )
All the quasiparticle operators must be of the particle type. From
the study of the alpha transitions to the ground states it is possible
to evaluate the integral contribution of the above components to the
normalization condition (10). The reduced probability of the alpha
transition from the two—quasiparticle components of the type partic-
le-particle is essentially enhanced. If the integral contribution of
the component particle-particle in (8) fluctuates from resonance to
resonance then the corresponding alpha-widths should fluctuate as
well, '

2. The gamma transition to the ground state proceeds from
the two-quasiparticle components of the particle-hole type. Since
the alpha transition involve the components particle-particle then there

are no correlations between the alpha and gamma transitions to the



ground states from a given resonance. The fluctuations of the re-
duced probabilities of gamma transitions to the ground states in
passing from one resonance to ancther give evidence of the Huc-
tuations of the magnitude of the two-quasiparticle components of
the particle-hole type, )

3. The alpha and gamma transitions to the one-phonon states
involve an essentially larger number of the components of the wave
function (8) compared with the transitions to the ground states, The-
refore the reduced probabilities of the transitions to the one-phonon
states must, on the average, be larger than those for the transitions
to the ground states, If the reduced probability of the alpha or
gamma transition to the ground state is larger than to the one-
phonon one then in this case the wave function (8) contains large
two—quasiparticle components of the: particle-particle or particle-hole
type.

4, The alpha and gamma transitions from the high excited to
the two-quasiparticle states involve a considerable number of the
components of the wave function (8). However, the choice of these
components is restricted by the conditions requiring that one or two-
quasiparticles in the high excited state be in the same subshells
that the quasiparticles' in the final states, The fulfillments of these
requirements is unlikely, Therefore it should be expected that the
reduced probabilities of the alpha and gamma transitions to the two-
quasiparticle states will be smaller than to the one-phonon ones, and
possible, to the ground ones,

It is not difficult to make a generalization of the formulas
obtained to the cases of even-even deformed nuclei as well as of
odd- and odd-odd nuclei, It is possible to obtain the expression for
the matrix elements of the transitions to the two-phonon states, In
these cases the number of the components of the wave function (8)

involved in the transitions essentially increases,
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It should be noted that the ohtained expressions for the mat-
rix elements of the alpha and gamma transitions are approximate,
This is due, first of all, to the simple form of the considered wave
functions of the initial and final states ( since the wave functions
are of the form: the quasiparticle and phonon operators act on the
quasiparticle vacuum), secondly, to the treatment of tha alpha decay
as a one-stage process. Therfore, some deflections from the quasi- .
particle selection rules revealed in the matrix elements of the
alpha and gamma transitions are possible,

It is interesting to analyse the awvailable experimental data on
the basis of the suggested here semimicroscopic description of the
structure of the high excited states, It is especially important to
systematize the hindrance factors for tha alpha and gamma transi-
tions from the resonances for the estimation of the integral contri-
bution of the definite components of the wave functions of high ex—
cited states,

In conclusion I thank Yu,P, Popov, V. RRybarska and B.,I, Fur-

man for useful discussions,
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