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1. INTRODUCTION

Fragmentation (distribution of strength) of quasiparticle
and vibrational (phonon) states leads to the complication of
the nuclear state structure with increasing excitation energy.
It has been mentioned more than ten years ago /13 that the frag-
mentation is caused to a great extent by the quasiparticle-
phonon interaction. The fragmentatlon of one—quasiparticle sta-
tes has been first calculated in refs.’4#® and of one-phonon
states in ref.®’. The formulation of the quasiparticle-phonon
nuclear model’"® enabled a consistent calculation of the frag-
mentation of one- quasiparticle, one-phonon, and quasiparticle
plus phonon states in a wide e;c1tat10n energy interval in
spherical and deformed nuclei ’ A8 Although the decisive role
of the quasiparticle-phonon interaction was not recognized in
the first years after the formulation of the quasiparticle-pho-
non nuclear model, the investigations of the fragmentation tak-
ing into account the quasiparticle-phonon interaction are wi-
dely used in recent years’!417/

As a result of ecalculations within the quasiparticle-phonon
nuclear model many properties of medium and heavy nuclei are
explained and some predictions are made. Usually, approximate
equations have been used in the calculations, and the total sys-
tem of equations is not yet published. In the present paper
a system of basic model equations is derived in the general
form for even-even spherical nuclei, and the transition to an
approximate system of equations used in the numerical calcula-
tions is realized. It is shown that there is a possibility to
sum a wide class of diagrams and how this class is reduced in
approximate calculations.

2. THE MODEL HAMILTONIAN

The Hamiltonian of the quasiparticle-phonon nuclear model
includes the average field as the Saxon-Woods potential, the
pairing interactions, the multipole-multipole and spin-multi-
pole-spin-multipole isoscalar and isovector including charge-
exchange interactions. The one-phonon states calculated in the
RPA are used as basis states. The multipole forces are used to
generate phonons with J"= 17, 2*; 3'1...,7”, and the spin-mul-—
tipole to generate phonmons with J"=17, 2% 3% . . ., 7%



The phonon creation operator is
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and ajm is the qu351part1c1e creation operator. The phonon ope-
rators satisfy the commutation relations
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The RPA equations for finding the energies @, ~of multipole
phonons have the following form
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Here 43) and (A)are the isoscalar and isovector constants of
multipolarity A, r=np,e; is the quasiparticle energy, and
uy and v; are the Bogolubov transformation coef£1c1ents Equa-
tions for the spin-multipole forces are given in ref.’18/ The
change of r by - means n -»p.
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With the use of the multipole-multipole interaction only,
the model Hamiltonian, taking into account eq. (3), can be
written as
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Our Hamlltonmn is constructed so that all the operators A(jj ;Au)
and A%(jj":Au) are expressed through the phonon operators, and
the quasiparticle operators enter only in the forma! m@ym - When
solving eq. (3) the diagrams given in fig.la have been taken
into account. The diagrams of type in fig.!b are taken into ac-—
count in the term Hy,. The quasiparticle-phonon interaction Hy,
takes into account only the diagrams in fig.lc. Such a construc=
tion of the Hamiltonian overcomes the difficulties with the
double counting, which arise in the nuclear field theory /18/It
should be mentioned that while constructing the Hamiltonian (5)
we neglected the terms ~B(Jj AuB@(pfp: Au), which do not lead to
coherent effects. Nevertheless, thelr role is to be studied.

a) b) c)

Fig.1. Diagrams taken into account in the RPA and
for the quasiparticle-phonon interaction.
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We now give the formulae which will be used in the following
section. Taking into account (2), we calculate
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In the diagonal approximation, which will be used in deriving
approximate equations, K’ has the form
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3. GENERAL FORM OF THE MODEL EQUATIONS

The excited state wave function of a doubly even spherical
nucleus is
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where ¥, is the ground state wave function of a doubly even
nucleus, Q Yo=0 Ve have used in (11) only the two-phonon
terms. In tﬁls case one can calculate the fragmentation of one-
phonon and two-quasiparticle states and the strength functions
determined by this fragmentation. Further the three-phonon terms
can be included into the wave function (11). The normalization
condition (11) has the form
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Now we calculate the average value of Hy according to (11),
and as a result we get

* s
(0 GWHY, (GW) = = oy RY @)+
Ali' A i
+ T PI@IP, @) x
AigApig gl gle
Ay Ag g
Xi(m‘\111+ w?\gig)[at\ﬂ{atﬂ" 8)‘2 N 812';2' + 81\1)@831“26‘\3*1'8‘21'1 +

J s’ F T :
+ K lez,kllllhlil,hzle)l -

g it o« xits0)
T I e Kgig,Aligla iy Apig) +
\‘;yrxlxyr 113 (13)

Aoia Agi
xM22 (r) +XM2 » r) 5
K&y,

+ Ay Miil')‘ziz)] -

o A.’i’ R A-I
Vi P M

Agi Aal s
X::s(r)-rtha(r)

J " .
K™\ giy, Agid [Agig, Agip) x

sl
B Agiglg Vishats yhais
Agigr

J el Py =
x K Ogi5 A0 i [ Aglg. Agig) ) +

Aty Agit g PV & g
+ X R, (J:,r)PI.\2i2 (Iv) [U,\212 (Ji) + V,\zig @n]l.

A lil‘\?.izi

The explicit form of U is given in ref.”11 1t is represented
by the diagram of fig.2a. The function V becomes zero at K=o
it is represented by the diagrams 2b and 2c.

Using the variational principle in the form

W (IMH W, (W)= n,, [(F* WY (W) ~ 111 =0 (14)

Ji
Ji TJi
a) b) c)

Fig.2. Diagrams taking into account the coupling of one-
and two-phonon states.

we get the system of equations. From the first equation
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we find R{(Jv),substitute it into the second one and get the se-
cular equation for defining the energies 7, as a determinant
in the space of two-phonon states
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Let us illustrate eq. (16) by the diagrams. In the first
terms we take into account the diagrams a) and b), fig.3, and
then the diagrams c) and b) are taken into account. The terms
with UU are represented by the diagram e); with UV, by the
diagram f£); and with VV, by the diagram g). Moreover, there
are diagrams which are obtained from the diagrams c), d4), f) and
g) by changing part a) by b). Such an illustration is conditio-
nal, especially as the vertex parts are different in each case.

4. SYSTEM OF APPROXIMATE EQUATIONS

The secular equation (16) is very complicated, for mgdium
and heavy nuclei the rank of the determinant is 10%- 10° 1t
can be solved under an essential reduction of the one—phonon
basis. Generually, many graphs are taken into account, which give
a small contribution to the fragmentation of one-phonon states.
To calculate the fragmentation of two-phonon states one should
take into account the three-phonon terms of the wave function.
Therefore, we pass to an approximate system of equations, For
this purpose in expression (13) we use only the terms proportio-

Apig 2 . " . i d
nal to (PA212(h)) ,and in the quadratic in K° term we take one

of K in the diagonal form. This limitation in (13) is possible
due to the fact that the absolute values of the diagonal terms
are considerably larger than those of the nondiagonal terms.

8

a/ A1i1

ALy

el A#’ Aziz

7\212 b/ Aty

AZL)_

L

o gl"l
AL AL

d/ e/
Asls p

5 5

Lo Al
%.Ti

-
ALl
5 o b ‘s , : L 1'1
2?11 AL, }1£; Au‘; A] 1 22
1111 Azta A, 1 AI.LE A]Ll] AZLZ
£/ 8/ o
‘ . Asls Ayly ; B A,
Asls Ayly
Ti _
. Tt
Jt _
Asly AYty
o A Pl *, A Ko ;"_f :l'-
A1[1 }le A2 Az"z A'n 1 )'Z 2
Fig.3. Diagrams in the space of two-phonon states,



In the normalization condition (12) we also use only the dia-
gonal values of K’. As a result we get
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Using the wvariational principle we get the following sys-
tem of equations:
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Fig.4. Diagrams in the space of one-phonon states.

Now the secular equation can be derived both in the space of
two—-phonon states and in the space of one-phonon states. The
secular equation in the space of two-phonon states is
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In this case the diagrams c¢), e),and h) in fig.3 are taken into
account. The diagram h) differs from f) as it contains no sum-
mation over the intermediate two-phonon states, since only the
diagonal value of K? is used. This means that less diagrams are
summed in comparison with eq. (16).

The secular equation in the space of one-phonon states has

the following form:
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In the space of one-phonon states the diagrams given in fig.4

are taken into account. As it has been shown in ref.’!® for

the numerical calculations in the nuclear field theory only par-
ticular cases of the diagram a) in fig.4 are taken into account,
i.e., when one of the intermediate phonons is changed by the two-
quasiparticle states and the other by strongly collectivized
phonons.

Let us consider eq. (23). The rank of the determinant is equ-
al to the number of one-phonon states in the first term of the
wave function (11). It changes from 20 to 200 and is twice as
less as the rank of the determinants (16) and (22). The factor

=
(1 +%?R (Agig,Ayiy[Ayiy, Ayig) is caused by the Pauli principle in

the two-phonon terms of the wave function Sll) In the case of
maximal violation of the Pauli pr1nc1ple =-2 and the corres-
ponding term is excluded from the sum over Ajijy, Apig. The two-
phonon pole O 511 Ohpt o is shifted by taking into account diag-

rams of the type of fig.3c. As has been shown "20'this shift is
large for the first two-phonon collective states of deformed
nuclei. The shift Aw(yiy, Apiy is small for the collective
phonons forming giant resonances of different types. The shift
Aw(Ayig,Apip) is equal to zero in the case K =0,

In the case when the terms proportional toa‘a are neglected
in the commutator (2) K° =0 and the secular equation (23) is

i
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In refs. 113 the fragmentation of one-phonon and two-quasipar-

ticle states has been studied by solving eq. (24) and calcula-
txng the corresponding wave function with excluding the terms
in which the Pauli principle is violated., When calculating the
widths of giant resonances and neutron strength functions, such
an approximation turned out to be rather good.
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5. CONCLUSION

We have presented the systems of equations for the case of
multipole phonons, spin-multipole and in some cases of charge-
exchange phonons. If the spin-multipole - spin-multipole inter-
actions are taken into account, the Hamiltonian (5) is added
by the terms Hgy and Hgyq.which have the form similar to (6)
and (7). New constants ? AL) and x AL) are introduced, in (6)
xM () is changed by

- 1,L) =) 2
i L o diou ) e
By = 2L +1 '
’, 2 = 2
i i~ 9L
L= 1) = <illRy_, oirt = <1pAu|LM>o, ¥, (157>,

wp =041

and in (7) vl} is changed by Vh) The charge-exchange phonons
are introduced by using the matrix elements

tW g 500 = <a, IR @11 Yy, 7Dl >,

(OLG ) =<i [IRy®I* = <toaulLM>o ¥, r Tl > .
p°n P P Au n
#’P"O-i’l
The fragmentation of one-phonon and two-quasiparticle states
and the properties of spherical nuclei determined by this frag-
mentation are calculated using the basis constructed of multi-
pole and spln-multipole phonons. The success in calculating nuc-
lear properties at intermediate and high excitation ener ies is
attributed to the use of the strength function method /811 1¢
should be mentioned that the quasiparticle—phonon nuclear model
has large potentialities for a detailed description of the pro-
perties of excited states in spherical and deformed nuclei.
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A system of basic equations of the quasiparticle-phonon
nuclear model for even-even spherical nuclei is derived in
the general form. The transition to an approximate system of
equations used in the numerical calculations is realized. It
is demonstrated that a wide class of diagrams can be summed
within the quasiparticle-phonon nuclear model. The model is
shown to have large possibilities for a more detailed descrip-
tion of the nuclear characteristics at intermediate and high
excitation energies.

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR,
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