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- Photoexcitation of giant multipole resonances in spheri-
cal nuclei is presented. The method is developed in the
?ramework of the model based on the quasiparticle phonon
interaction. The one-phonon states are calculated in the
random phase approximation. The fragmentation of one-

Phonon states over tvo-phonon ones is. caleculated. The
strength functions b(EA,p)
vector di

120g,
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Fragmentation of Giant Multipole Resonances 3
Over Two-Phonon States in Spherical Nuclei

A method for calculation of the strength function

and the positions of giant iso-
pole and isoscalar quadrupole resonances in 97,
and !'24Te are found. The calculations of the transi-

tion strengths and positions of these resonances are in
r?asonable agreement with experiment. The strength func-
tion b(E2,5) is calculated for the isovector quadrupole

resonance in
octupole resonances in ?9Zr angq 120§,

with

90 Zr. The description of the low-energy

is in agreement
experiment.
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1. INTRODUCTION

Most progress has recently been achi?ved
in the experimental study of giant multipole
resonances. In many nuclei the new resonan-
ces, isoscalar E2 and M1 resonance, are
observed. There is some evidence for the
existence of an isovector E2 St§F% th and
a low-energy octupole resonance =2/ The
experimental success has stimulated theore-
tical studies in these lines. A rema?kaygﬁo/
feature of relevant theoretical studiles f
is the application of the semi—mic?os?oplc
methods earlier used for the description of
low-lying nuclear excitations. Many.calcu—
lations were performed within the microsco-
pic method using the effective nuclegn-
nucleon forces/I!112/.aAs a rule, the aim of
these calculations was to obtain th? reso-
nance positions, the total photoexc1?at1?n
probability, and the resonance contributions
to the energy weighted sum rules (EWSR).

For spherical nuclei in the random phase
approximation (RPA) the giant resonances
are formed by one or a few one-phonon states
spaced by several hundreds of geV. Put for
deformed nuclei the situation is quite
different/sﬁﬂere the resonances are formed
by many (several dozens or even yundreds)
one-phonon states within the region almost
coinciding with the experimental one. The



lei/zhaaﬁIt gives also satisfactory re-
sults for the giant resonances in deformed
nuclei in RPA /8.23/,

Let us discuss the main assumptions of
the model. The model Hamiltonian includes

large width of the spherical nucleus Photoi
absorption spectra is mainly due to the 1
fragmentation of collective one-phonon stg#
(or particle-hole states) over more complg“
configurations. The fragmentation is caused

by coupling of different modes of nucleus : the average field for protons and neut-
excitations. It was pointed out earlier/l3-ls/ rons, superconducting pairing interactions
that the spreading of the g€iant resonance and multipole-multipole and spin-multipole-

strength is connected with the low energy
collective properties of the nucleus.
Besides, due to high excitation energy,
the decay channels with one or a few out-
going Hucleons are very important. There-
fore, the continuous spectrum should be
taken into account/lhm/.The description
of the giant resonance width within the
semi-microscopic and microscopic models
is, for the time being, at the initial
stage /12:16,17/

The aim of this paper is to calculate ;
the fragmentation of the one-phonon states;?
forming a giant resonance, within the RPA
over two-phonon states. The strength

spin-multipole forces. Both the isovector
and isoscalar multipole-multipole forces
have been used. The isovector forces are
used for obtaining the isovector dipole and
quadrupole resonances. The isovector for-
ces change noticeably the distributions
of B(EA) values at high excitation energies
( 10-15 MeV)/8:23/and, in some cases, at
intermediate excitation energies.

We write the Hamiltonian in terms of the
quasiparticle (a+,a“|) and phonon(@&rQAm)
operators as folwas

+
H = th + quh = At i Q)gul Q Aui

functions KEX,n) of the EAX resonance exci- 1 A + A
tation are calculated as functions of the --—:XZ‘@Q [QA#,t(-) QAﬂ“ Ix (1)
excitation €nergy n. The isovector dipole, 2y2 M
l1soscalar and isovector quadrupole and low- ' -
energy octupf%e resonances are considered i fA V(D ?‘ v%)
nuclei Zr 1208, ang 1241 ' iyl iyl . . P iz Tl
. x{ 3" -1_2—113('1'2'\"‘)*,2, —_——B(llle-I‘)‘+
I1ig \/yn(,\i; 2 vy,(ai)
2. THE MODEL
+h.c.,
For our calculation we use g modified
version of the semi—microscopic nuclear mo- h
del/ngﬂ This model was used for describing wiere gtmg

i
: 4+ /20/ i = j j -
the level density and the neutron ‘ B(hle#) mf;;wlmllzmﬂA”>()

1 1 : a‘ 1m] ? jg—mgy '
strength functions in medium and heavy nuc-

We use the following notts).'t;ion:f"\l‘2 is the
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reduced matrix element of the multipole

(or spin-multipole )operator:

(+) e .

b4

.. =u. V. tu. v N tv. v, -
Yirig ™ iy Vig YigVipr Viyig" “iy Yig nh 2 o
u;,¥; are the Bogolubov transformation coef-

j . .
ficients. In eq. (i).and in what follows

the indices n(p) mean that the summation runs

over the neutron (proton) single-particle

states. The energy ©@Ai of the one-phonon

state QA 0> . is found by solving the fol-
el on/18/,

lowing equa ion

A A 4 k) :
Ai .
Ko+ Kj oMt xd - L xhixMogle, (g
2x+1 LI £ (2,\+1)2 n -p

where xﬁ ,x? are the isoscalar and iso-

vector constants of the multipole-multi-
pole interactions, and
. .A. ugt? 26. .
x)“ -3 n.p hig I1)2 )2 (3)
TP iyl €2 2
g2

~9Ni

g

In egs. (1) and (3)u(j+)j and V(? correspond¥

172 1)2 (+)
to the multipole phonons and M iy 80 d i
2

to the spin-multipole ones. Determlnlng the
quantities Ynjhi)from the following rela-

tions:
. 1 9 Ai
(A )= — =— X
p 2 dw WP w=w),
for %L}AN we have N A
’ Kg + Ky Xhi
2A+ 1 n.p 2

Y, A=Y, OEDY, i

ooy
1(3 —K)f x/\i ( )
2A+1 p,n

is the two-quasiparticle state energy.v;

In eq. (1) the term th describes the
quasiparticle-phonon interaction, i.e.,
in our model it favours the fragmentation of
one-phonon states over more complex ones.
It is clearly seen from eqs. (1)-(4) that
the quasiparticle-phonon interaction does
not contain any new parameters.

We take into account the coupling bet-
ween the one- phonon and two-phonon states.
Thus, the wave function of a highly excited
state 1is

WV(JM)=!?RV(11)Q+ +2 Pl\zl (Jl)[Q,\ i i Q,\2# ‘ZJM |0>ph'
Azi2 (5)

wherel0>Ph is the phonon vacuum and, at

the same time, the ground state of a doubly

even nucleus. It should be noted that the

two-phonon state density exceeds that of

the two particles-two holes (2p—2h) states.

The secular equation has the form:

Ay i Ayi
U):il” i Affl (Ji"
F(p)=det|(w -5 ) .- X |=0.(6)
L MiL @) v Oh i, Ty
Agig 22

Its roots are the energies,njy,of the states

¥, (JM) (see refs./182% ) The matrix rank

in eq. (6) coincides with the number of

the one-phonon states in the one-phonen

part of the wave function (5). The coeffi-

cients U 2‘2(]1) are of the following form:
'\22 . H

Ui, (JD=<01Q Q,

m0>-

apk ’\#11 a#2ia )

uAi (Ji, n>+uA ,2 (Ji.p),



where, for instance,

2l A pHhg+]
fif(p n) = L [Q2A; +DQ2Ay+ 1)] ( ) x
s h g 1d2 .l 2 J (¢’.\l.il¢,"\.2i2 +¢/\212 ¢A111)+
2l vy (Ji) iy ig) aln dedas Tialg g
AL (®)
N fluzvlﬂz él éz? i Az iz I L Agig  Ji
\/y(,\ i ig bg 11} 1301 Tiaig 31 7 hig
. ‘
Ay o (F)
+f‘l’2 g MoAg ) % Ji My Lol Ay
VT 0y Uy iy 1) Tiair Vigig TFigi gy’ ()

and the formula for Uﬁﬁ:f(]hp) follows

from eq. (72\ by the,\substitution ns-p. The
funectio Al AL i
ns ¢“l2 and ¢h’2 are the forthgoing

and back-going amplitudes of one-phonon
states. As far as we are dealing with the
fragmentation of one-phonon states only,
we write the expressions for RV(]D as

2
Rg(ﬁ)= Mii - )
. 212 2
s P e Lox G Mu UNG UKD
5«\;;2' CA A1, 7T Y

Mitx is the minor of the determinant in
eq. (6). Formula (8) can be rewritten as
2 . ¥ '
RZ(Ji) = - (& 2@y . (9)
In My =05

It is very difficult to obtain numerous
solutions of eq. (6) when many one-phonon
terms in the wave function (5) are taken

into account. On the other hand, we do not
need such a large amount of information

)+

obtained by solving eq. (6) and calculating
the structure of each of many hundreds of
states. Therefore it seems to us more -
reasonable to calculate the averaged reso-
nence characteristics observed,; like the
photoexcitation probability, without
solving eq. (6).

To calculate the strength. functlonbﬂamﬁ
we apply the method which was earlier used
by Bohr and Mottelson/25/ and the authors
of refs.’/821,22/ ye introduce the function

b(EJ,n)= Ep (‘n-nJP)B(EJ,OZ,S. J,)

were the sum is taken over all the roots
of eq. (6) in the excitation energy inter-
val AE, and :

A
Cplp-n )=t —

27 2 A2
(n-n,) +7
The function KE],5) can be written as a con-
tour integral around the poles which are
the roots of eq. (6). After some transfor-
mations /25:26/ we get

02 A
b(Ej,n)—eil _M) (10)
2n
¥(q +1-7)
02(1’)' i% Mikoiq)k.’ . (ll)
. Ji v ,“
¢,-eU) Xa -+ﬂ¥e0))—3&L7” S (12)
' V309 . VYUD

where e is the effective charge. It should
be mentioned that, when deriving eq. (10),
we neglect the terms ~a*a in the EA transi-
tion operator.

Using eq. (10) we can immediately cal-
culate KEJ,n) as a function of the excita-

9
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tion energy without solving eq. (6) and

problem becomes simpler when a new para-
meter A 1is introduced. If it is small
enough A<<D, where D is the averagé spacing
of the two-phonon states, the curve b(EJ, )
exhibits as a series of narrow.peaks of
the Breit-Wigner form, the center of each
coinciding with the location of the appro-
priate root of eq. (6). With increasing A
the peaks become broader, their amplitudes
decrease and the neighbouring peaks overlap.
The fine structure gradually disappears.
Thus, by varying A, we can reproduce the
B(EJ) distribution over the roots of eq.
(6) in as much detail as we wish. We need
a picture of the B(EJ) distribution which
conserves only the main features of the
solution of eq. (6). This picture remains
almost unaffected with varying A in the

interval 200-500 keV. ‘

We use energy weighted sum rules (EWSR).

The model-independent dipole EWSR is {@
9 e%2NZ N.Z 2 . e
Eb(El o, )nu’gﬂ_ - i =Q.18-7‘—e b MeV. (13)

Since both the isoscalar and isovector
components for the resonances with A> 1
are simultaneously taken into account, we
use the sum rule in the form

Ib(EA,n )n = 165020+ 1P Z <t ™% e2 fn P mev -

org 22 n (14)
=49502A+1.2%2ZA 3 10722 b Mev

In eq. (1h)<rn_2>is evaluated, as usual,
for the square well with radius 1.2Al/3 fm.

TG

calculating the structure of each state. Theﬁﬁ

Separating the isoscalar part of eq. (14),
we have

2\-5
24~ 2_o > 20 2A_
= b(EA,n J =4.951(21+D(1.2) Z2A 3107 e’ b MeV.(15)
| 4

3. NUMERICAL DETAILS

In order to describe correctly the struc-
ture of giant resonances at an excitation
energy of several dozens of MeV, it is
necessary to consider a large number of
single-particle levels and, in particular,
the quasicontinuous spectrum levels. We
use the Saxon-Woods potential/27/. Its pa-
rameters are given in Table 1. The single-
particle energies and the matrix elements
of multipole and spin-multipole operators
are calculated with the aid of the prog-

Table 1
Singte-particle Saxon-Woods potential
parameters
r V0 K a
£m MeV fm?2 fm~!
A=91 N 1.29 45.0 0.413 1.613
Z=% Z 1.2k 57.0 0.338 1.587
A=121 N 1.28 4s5.5 0.413 1.613
Z-49 7 1.2k 55.1 0.341 1.587
A=127 N 1.28 43.8 0.413 1.613
Z=53 Z 1.24 59.8 0.350 1.587

ramme suggested in ref /28/ and composed on
the basis of the method of ref /2%/Figure 1

1
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Fig. 1. Neutron and proton single-particle
schemes form4]b (the Saxon-Woods potential
parameters are given in table 1).

shows the single-particle neutron and pro-
ton levels for the scheme with A=127 used
in the calculation for !24Te. The proton
scheme takes into account all the levels up
to an energy of 15 MeV. The neutron scheme
includes all the levels from the shell
which is next to the unfilled one for the
exception of the 3%4 subshell in '29Sn and
124Te.  In the neufron scheme for 07
the subshells 3py,, and 2fg) are also
absent. At higher excitation energies

(7-15 MeV) the subshells 2Bgpn , 28,5 ,3dg,, ,
3d3,; and 4s;,y are absent. Thus, we lose
mainly the levels with small spins because

R e

of a small centrifugal barrier. From the
figures of ref.’?5 representing the mat-
rix elements forming the giant resonances
we conclude that in our calculations all
the large matrix elements for the El reso-
nance are taken into account and for the
isoscalar E2 resonance only one large mat-
tix element between neutron subshells ngq
and 2, is lost. Thus, the matrix ele-
ments we have lost are small enough and
should not influence significantly the
results. In the isovector quadrupole reso-
nance range several one-phonon states are
lost. Since the single-particle levels
far from the Fermi level take part in the
formation of higher multipolarity reso-
nances we calculate only the low-energy
part (till 10 MeV) of the octupole resonance.

The superconducting pairing constants
are fitted to experimental pairing ener-
gies’/?7/ The constants of the quadrupole
isoscalar and isovector forces are fitted
to the 2; level energy and the position
of the isovector resonance. We get
ky=x} / kd~(-1.5-20). Varying of «% 1little
influences the2f 1level and isoscalar E2
resonance characteristics. The constantsxg
and k3 are taken to obtain the 3] level
energy, the ratio k3=x?/xg=—45 being fixed
according to the estimate of ref.’%.For the
deformed nuclei/s/k3=-L5 wvhich corresponds
to the hydrodynamical model our calcula-
tions show that the RPA distribution B(E3)
up to energies ~10 MeV coincides for both
the kg values.

In describing the dipole resonance we
should exclude the spurious state due to
the center-mass motion of the nucleus. To

13



this end, we employ the method of ref. /30/,
According to it the Hamiltonian is supple-
mented with isoscalar dipole forces with

a constant x&,which is chosen such that the
first root of eq. (2) for A=1 is zero. As
is shown in ref./31/ this method, gives

a 90% concentration of the spurious state
on the root with w=0.If the spurious state
is not excluded, the spurious adq}xtures
change the structure of 8-12 MeV 1" states
and weakly affect the one-phonon states
near the giant dipole resonance. The iso-
vector dipole constant x}is fitted to the
experimental position of the El resonance.
In our calculation we take into account

the A<8 phonons. The constants for them
are chosen so small that the one-phonon
state structure is <c¢lose to the correspon-
ding quasiparticle state structure.

In our approach we treat phonons as boson
neglecting their fermion structure and
to a certain extent violate the
Pauli principle when constructing the two-
phonon components. A strict elimination
of the relevant effects is very difficult
to be realized due to a very large number
of one- and two-phonon states used in our
calculations. Nevertheless, to weaken pos-
sible distortions we introduce the fol-
lowing limitations to the wave function (5).
One of the phonons in its two-phonon part
is to be collective. As a result, the func-
tion (5) completely loses the components
consisting of two noncollective phonons
which may just violate the Pauli principle.
Besides, since the collective phonons pos-
sess elither very low (~ 1-2 MeV) or very
high ( ~12-16 MeV) excitation energy, the

14

two-phonon states in the range of the iso-
scalar E2 or isovector El resonance are
formed by the phonons of different quasi-
particle structure. This also contributes
to weakening of the Pauli principle viola-
tion.

L. THE GIANT DIPOLE RESONANCE

We start the discussion of the results
for the giant dipole resonance with the
nucleus 2%Zr. This nucleus has most thorough-
ly been studied by both experimenters /32,33/
and theorists /711 In RPA the El resonance
of this nucleus exhibits, according to our
calculations, 7 collective states in the
energy range 14.8-18.0 MeV(fig. 2a). The
figure shows the states which give a contri-
bution equal to or more than 1 per cent to
the EWSR, the most collective of them being
of a 16 MeV energy. Table 2 gives the total
contribution of one-phonon states in spe-
cified energy ranges to the EWSR. It is _
easily seen that in the range 1L4.0-18.0 MeV
the strength exhausts 71% of the EWSR. The
state with maximum B(El) values gives a 38.69%
contribution. Up to 30 MeV, about 90% of the
EWSR are found to be exhausted which eviden-
ces for a rather large space of a single-
particle states. These results are in satis-
factory agreement with the calculations
of Liu and Brown/!l/,

The results of calculations of the EIl
resonance taking into account the quasi-
particle-phonon interaction are shown in

fig. 2b. The calculation has been performed
with A= 0.001 MeV, and, therefore, the

15
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Fig. 2. a. Dipole isovector resonance in?%Z:

5.00
Fig.2

in RPA. b. Dipole isovector resonance in
90 7r, calculated with the account of the
giasiparticle-phonon interaction

= 0.001 MeV).

(A=

, Table 2
Contribution of one-phonon 1 states to the
EWSR

Energy 90 120

interval, Zs Sn 14T
MeV % EWSR % EWSR ZEWSR
0-10 1.18 1.08 1.10
10-1k 4.55 9.7h 10.81
14-16 47.25 65.8 4,89
16-18 24 .0 11.3 70.h
18-20 9.0L4 0.0 k.45
20-25 1.57 1.43 3.80
25-30 1.40 3.20 2.89
0-30 89.5 92.5 98.3

16

results are presented as separate solutions.
The amplitude of each peak of fig. 2a is
obtained as [b(El,p)dy where AE ie the

AE

energy interval in which the peak is loca-
lized (as far as A 1is very small, the

peaks do not overlap). In the one-phonon
part of the wave function (5) only the col-
lective states of fig. 2a are summed up,
that is, the rank of the determinant (6)

is T.

Thus, the one-phonon component strength
has been distributed over near lying two-
phonon states. As a result, the transition
from individual states has become less
intensive, but the number of states with
noticeable Bﬂﬂ,0+s - 17 ) values has become
much larger. The giant dipole resonance
forms now several dozens of states in the
interval 13.5-18.5 MeV. In this excitation
region the strength exhausts 63% of the
EWSR. In RPA the states lying in this inter-
val give a T72% contribution to the EWSR.
Thus, the quasiparticle-phonon interaction
makes the concentration of the sipole
transition strength less strong. It is in-
teresting to note that the maximum in the
B(El) distribution in fig. 2b is shifted
up by about 1 MeV with respect to the RPA
meximum. This is due to different coupling
strength of the two most collective states
in fig. 2a with two-phonon configurations.
As a result, the state with larger B(El)
value has been distributed more strongly
over the roots eq. (6).

We note that the wave function (5) con-
tains two-phonon components which can be
expressed in terms of the 2p-2h configura-

17




tions. Therefore, it contains some admixture
of the components with isotopic spin T =T +1.
On the basis of our calculations one ﬁéy try
to find the isotopic splitting of the iso-
vector dipole resonance to which it was
indicated in refs./33,34/ ‘

We go over to the discussion of the re-
sults for 120s, (fig. 3). In RPA the giant
dipole resonance in 1208,  is obtained as

p—y
[§}
blENy) ea/mev
b!
VT (e ers o1 " 1295, o
a)

[} 01
L [ e -
10 150 . 200 o 150 200

Fig. 3. a. Dipole isovector resonance in
1205,  in RPA. b. Strength function b(El,y)

in 12980, calculated with the account of the

quasiparticle-phonon interaction (A=0.1 MeV)

three groups of collective states lying in
the intervals 12-13 MeV, 15-16 MeV and
17-17.5 MeV. Their total cobtribution to
the EWSR is 83%, the two peaks at 15.5 and
16.0 MeV exhaust 66%. As is seen from
table 2, up to 30 MeV it is exhausted more

18

than 90% of the EWSR which gives an additio-
nal evidence for the completeness of our
basis.

The function b(El,5) is calculated with
A= 0.1 MeV, the rank of the determinant
(6) is 7. The maximum distribution is got
at 15.7 MeV, i.e. between the two most
collective solutions in RPA. This is also
in agreement with the experimental data of
refs. 73235/ In the region of 12-18 MeV
excitation the strength exchausts T73% of
the EWSR, however, the largest portion of
the dipole transition strength (68%) is
concentrated in the interval 1L4-18 MeV.
This value is slightly less than the expe-
rimental resonance width '= 5 MeV/32.35/,

The main difference of the !'24Te nucleus
from the %0Zr and 120Sy nuclei consists in
that the former is not magic by the proton
nor by the neutron number. As low-lying
state calculations show in I124Te the quasi-
particle-phonon interaction is much stron-
ger. This is also seen from the results
obtained by us for giant resonances in this
nucleus. i _

The RPA calculations (fig. 4a) show that
the giant El resonance in 124Te is formed
by a large number of collective states in
the region of 12-19 MeV. The one-phonon 1~
states of an energy up to 30 MeV in 1247,
exhaust 98%, the collective states in the
interval 12-20 MeV - 84%, and the most
collective of - them - 57% of the EWSR. ,

The quasiparticle-phonon interaction re-
sults in a noticeable broadening of the re-
sonahce, as is seen from fig. Lb. The cal-
culation is performed with A=0.4 MeV, and
in the one-phonon part of the function (5)

. 19
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Fig. 4. a. Dipole isovector resonance in2*Te
in RPA. b. Strength function b(El,») in !24Te
calculated with the account of the quasi-
particle-phonon interaction (A=0.k MeV).

ten most collective roots are taken into
account {(i.e., the Phonon of an energy of
19 MeV which gives a 1.5% contribution to
the EWSR is disregarded). The maximum in
the B(El) distribution drops down to an
energy of about 14.5 MeV which is somewhat
lower than the experimental value /37/. Now
between 12.0 and 20 MeV it is exhausted
only 31.5% of the EWSR, i.e., a conside-
rable portion of the dipole transition
strength was displaced toward other excita-
tion energy regions. So, the 20-22 MeV
interval gives a 8.1% contribution to the

20

EWSR while in RPA this contribution is 1.5%.
Thus, the situation in '2*Te differs strong-
ly from that in both *Zr and 20, nuclei
where the quasiparticle-phonon interaction
redistribute the dipole electric transition
strength along the energy scale not so
strongly. We note that in experiments too,
the total photoneutron cross section

at 20-24 MeV in 'PTe rer./37/ is
seen to be higher than that in !20g, (reg’354,

>. THE GIANT QUADRUPOLE RESONANCE

The giant isoscalar quadrupole resonance
has experimentally been studied much better
than other "new" resonances. The experimen-
tal information about the isovector quad-
rupole resonance is still very poor /1-3/
So, of three nuclei, we are interested in
in this paper, some experimental evidence
for the existence of an isovector quadru-
pole resonance is available only for %0z
refs,/38-41/ ,

The results of calculations in RPA for
Zr are given in fig.5.a.As before,the
states giving a 1% contribution to the EWSR
are presented. The isoscalar resonance is
formed by two- one-phonon 14 MeV states
spaced by 0.3 MeV. The contribution of these
states to the EWSR is 26%. The isovector
quadrupole resonance is formed by several
states lying in the range of 25-28 MeV,
their contribution to the EWSR is 39%.

A number of the one-phonon states is seen
to be lost due to incompleteness of the
single-particle basis. This is also proved
by the degree to which the EWSR strength
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Table 3
Contribution of one-phonon 2 states to
‘ " the EWSR

Energy 907, - 120 g 1245
interval, -
Mev % EWSR % EWSR % EVWSR
0+10 , 5.05 8.61 10.1
10=+12 0.25 1.25 3.16
1241k - 26.2 26.2 2h.9
1L=+16 0.54 0.19 . 0.15
16+18 0.57 ©3.h1 3.91
18220 3.30 2.57 5.36
20425 3.48 .. 17.6 735.3
25+30 bi.72 18.4 . 9.43
0+30 "81.1 78.6 T 92.3°

is exhausted (see table.3). The. one-phonon
2 states up to. an excitation energy of
30 MeV exhaust 81% of the EWSR. All these
data are in a rather satisfactory agreement
with the experimental values/38:39.41/  ang
the theoretical calculations of Liu and
Brown/!!/However, the contribution-of the
isovector resonance to the EWSR obtained
by us is essentiallnyreater than that of
the authors of‘ref./l/. - - B
The calculation which accountes for the
quasiparticle-phonon interaction is per-
formed in the same manner as for the dipole
resonance with small A and,. therefore, the
results of_fig. 5b are presented as indi-
vidual states the contribution of which. to
the EWSR is greater than 0.2%. Now the
isoscalar resonance is formed by a large
group of states concentrated in the region
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1000 2000 3000
BE2N ey
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Fig. 5. a. Collective 2" states in 90Zr,'cal—

culated in RPA in the excitation energy

ig&erval 0-30 MeV; b. Collective 2¥ states in
Zr calculated with the account of the

quasiparticle-phonon interaction ( A =
= 0.001 MeV).

of 12-16 MeV. The experimental resonance
width 73841/ 5 somewhat larger than b4 MeV.

A similar picture holds for the isovector
resonance. It occupies now the region 25-
30 MeV and gives to the EWSR a 31% contri-
bution. When calculating in the isoscalar
resonance region we have taken into account
T most collective quadrupole states from the
region between zero and 30 MeV. When calcu-
lating in the isovector resonance region
collective states of an energy lower than
10.0 MeV have not been included in the one-
phonon part of the wave function (5), but
all the collective states forming the iso-
vector resonance in RPA have been taken
into account. ¢
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B(E2N)e*? 2+ g,

o

401

J | 11 L

50 100 150 200 250 EMev
Fig. 6.Collective 2+ states in'2%Sn in the

excitation energy interval 0-30 MeV, calcu-
lated in RPA.

Isovector quadrupole resonances have not
been observed in '2°Sn nor in !24Te. There-
fore in these nuclei we have restricted
ourselves to the calculations accounting
for the quasiparticle-phonon interaction
only for isoscalar modes, however, the iso-
vector quadrupole forces have been included
in the Hamiltonian. The picture obtained
for the collective 2* excitations in 1205,
is given in_fig. 6 . In this case too, the
isoscalar resonance is formed by only two
one-phonon states of energies 12.2 and
12.8 MeV, respectively. They give to the
EWSR a 26.5% contribution, that is the same
as in 9°Zr In the nucleus 1205, up to an
energy of 30 MeV, 1t is exhausted about
T9% of the EWSR, i.e., in this case too,
we lose a number of one-phonon states. Ho-
wever, as was discussed in Section 3, the
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main losses occur in the isovector reso-
nance region. Due to the quasiparticle-
phonon interaction the isoscalar quadrupole
resonance becomes broader (fig. 8), the
maximum in the B(E2) distribution is
slighly displaced in favor of lower ener-
gies. As a result, in the interval 12.,0-
14.0 MeV it is now exhausted only 11.5%

of the EWSR, and 25% contribution to the
EWSR comes from the interval 10-15 MeV.

B(E21)e2B*

&97 2’ 4Tp

o

10405

l II] ‘ 1 1
50 100 15.0 200 250 EMeV
. + . 124
Fig. 7. Collective 2" states in Te at

N0-30 MeV energy calculated in RPA.

Even stronger changes are due to the
quasiparticle-phonon interaction in 1247¢,
The four collective states forming the iso-
scalar resonance in RPA (fig. T) lie at
energies 11.0-14.0 MeV and give a contri-
bution of 26%, all th® states exhaust 93%
of the EWSR (table 3). After the interaction
with two-phonon configurations has been
included, the region in which there exist
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a3 b(E2!. 7)8’67MV .og(EZl)e'ﬂ'
02 a2
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— & ,
| ¥ Mev
1.0 120 130 %0 =0

Fig. 8. Strength function b(E2, 5) in 120,
calculated with the account of the quasi-
particle-phonon interaction in the region
of isoscalar quadrupole resonance (A =

= 0.1 MeV). The B(E2) values for collective
quadrupole RPA states are shown by the
vertical lines (see also fig. 6).

noticeable E2 transitions is seen to in-
crease up to 10 MeV (6-16 MeV), fig. 9

(as in the case of the El resonance the
calculation has been performed with

A= 0.4 MeV). In the 6-16 MeV interval it is
exhausted 25,6% of the EWSR, the region of
the b(E2,5) maximum, 13.5-16.5 MeV, gives

to the EWSR a 9% contribution. Thus by the
?xagple of the El and E2 resonances in!24Te
%t 1s seen that the quasiparticle-phonon
interaction in those nuclei, where the low-
lying Yibrational states are strongly col-
l?ct1v1zed, greatly influences high excita-
tions, too.
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2" »Te
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0021 L 01
001} A/ L 005
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Fig. 9. Strength function b(E2,5) in !24Te

calculated taking into account the quasi-
particle-phonon interaction in the region
of isoscalar quadrupole resonance {( A =

= 0.4 MeV). The notation is the same

as in fig. 8.

6. LOW-ENERGY OCTUPOLE RESONANCES

The giant-resonance-like structures have
been observed in ref.’5 at E.. ~32A7"
in nuclei from 9%92Zr to 154Sm. Analysis of
the angular distributions had led to an
assignment of J7=3" and an isoscalar EWSR
(eq. (15)) fraction of 16-22% for this
structure. The existence of similar struc-
tures was also indica%®ed in theoretical
studies for both the spherical/lv and de-
formed /3’ nuclei.

Most detailed information about the octu-
pole excitations at energies <9 MeV has
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9
been extracted for 0Zr./S/Up to an energy

of 8 MeV it was observed 6 levels with J7 3"
agr‘x)d a ~2 + 3spu.B(B)value. Up to 9 MeV in

Zr it is exhausted 26% of the EWSR, the
3; state exhausting 79%.

We have calculated the 3™ states in “°Zr
up to an energy of 10 MeV both in RPA and
taking into account two—%honon admixtures.
In RPA, up to 8 MeV, in °°Zr we have 6 one-
phonon states, three of them (very col-
lective) are shown in fig. 10 by the
dashed lines. The excitation probabilities
for the three remaining ones are by a fac-
tor of 102 - 103 smaller than those pre-
sented in the figure. Up to 9 MeV it is

B(E3)e?b?
007}

0.06} | Qtzr‘3-

0051

0.04

1

0.02

)
o e ot A —— - —— — - " -

Pl

] ;

IE | lt 1’: Lo
5 10 € MeV

Fig. 10. Collective 3™ states ingozrin the
energy interval 0-30 MeV. Dotted lines is
the calculation in RPA, continuous lines
is tge calculation taking into account the
quasiparticle-phonon interaction.
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0.01

exhausted 25.8% of the isoscalar EWSR (for
three collective roots - 25.2% and the 3,
states - 12%). Thus, the low-energy octu- .
pole resonance (LEOR) in RPA together with
the octupole-octupole residual interaction
form two collective 3™ states at 6.5-7.0 MeV
giving a 13.2% contribution to the iso-
scalar EWSR.

After ineluding the quasiparticle-phonon
interaction we have a picture presented in
fig. 10 by continuous lines. The calculation.
is performed as for ?9Zr with A=0.001 MeV
which enables individual solutions to be
separated. The one-phonon part of the wave
function (5) includes only three above-men-
tioned collective states. The interaction
between one- and two-phonon states has re-
sulted in a further distribution of the
E3 transition strength. The 3] state has
little been affected by the quasiparticle-
phonon interaction: its energy has been
lowered by only 0.1 MeV and the B(E3) va-
lue has slightly been decreased. As a re-
sult, the 3] state contribution to the
isoscalar EWSR has decreased down to 10.8%.
The states forming LEOR have been splitted
and now it 1is concentrated in the range
5.4-7.1 MeV and consists of six states
with B(E3)~1spu. The energy position of
these states and their excitation probabili-

‘ties are in agreement, in the main features,

with experiment /3. The contribution of the
octupole states up to an energy of 9 MeV
to the isoscalar EWSR remains actually the
same and amounts to 24.9%.

For !20Sn there is no experimental infor-
mation about LEOR. Ref.’5/ gives some data
on LEOR for !18S3, The LEOR energy in this
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l1evels (although for each level B(E3) is

B(E3) e?d? naturally smaller). The collective 3~ levels
are almost uniformly distributed in the
0.2s5} . interval 2.0-6.5 MeV,and do not form, as
1 in902g the group of levels removed from
1 1208"3- the 3| state and strictly localized. The
0.20 : states presented in fig. 11 by continuous
t : lines exhaust 32.2% for the isoscalar EWSR.
]
ot '
i 7. CONCLUSION
0.0 —t E We have calculated the B(EA) values in
! RPA and the strength functions b(EA;5) taking
oosh E ! into account the quasipa?ticle—phononvin—
r ' teraction for giant multipole resonances in
! I l ! N . spherical double even nuclei. By the
H ‘ l 90 . .
0 5 0 E MeV example of the Zr nucleus, it is seen that

Fig. 11. Collective 3~ states in 1208y in
the energy interval 0-30 MeV. The notation
is the same as in Fig. 10.

nucleus is about 6.9 MeV and their contri-
bution to the isoscalar EWSR is about 20%.
In 'Sy in the interval 0-8 MeV it is
exhausted about 30% of the isoscalar EWSR.
This picture is similar to our calculations
in 120g; (fig. 11). In our case, in RPA
(dashed lines) the states up to 8 MeV
exhaust 35% of the isoscalar EWSR. Two of
these states are collective: the 3| level
(20.5%) and the Ex5.1 level (about 12%).
The second level is just expected to corres-
pond to LEOR, but is located by about 2 MeV
lower. The interaction with the two-phonon
configurations distributes B(E3) over many
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our results are in satisfactory agreement
with those observed and predicted by other
authors. It is interesting to note that \
although in ref./1V/ the calculation was
performed with a large configuration space
in RPA based on the Hartree-Fock ground
states of neﬁly developed Skyrme inter-
action and in our we used a simple multi-
pole-multipole interaction, the positions
and strengths of the giant multipole reso-
nance transitions in °Zr were found to
be close to each other in both calculations.
Long ago /13-15/ {{ yas indicated that
the distribution of the dipole strength in
a wide energy interval is connected with
the interaction of the giant dipole reso-~
nance with low-lying collective states of
nuclei. However, so far the account of this
interaction in medium and heavy nuclei has
been made only phenomenologically. In the
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present paper it is shown that the model
accounting for the quasiparticle-phonon
interaction is valid for the description

of the photoproduction strength function for
the giant multipole resonance. The quasi-
particle-phonon interaction results in

a strong fragmentation of the one-phonon
states forming giant multipole resonances

in RPA. The electromagnetic transition
strength distribution over two-phonon states
enables one to obtain roughly the position
and the magnitude of the energy regions
wvhere the giant multipole resonances are
localized. , ‘ '

The giant resonance characteristics are
most strongly affected by the’quasipar—
ticle-phonon interaction in nuclei with
strongly collectivized low-energy excita-
tions, such as !24Te. In nuclei, like 97
and l20Sn, this interaction is not very im-
portant. A further complication of the wave
function (5) by including three-phonon com-
ponents may well lead to some smoothing of
the function b(Ex,5). For example, this may
result in a disappearance of the dip at
12 MeV for the El resonance in !24Te. How-
ever, it seems to us that the intro-
duction of three-phonon components does not
lead to a significant change of the results
obtained. - .

We would like to stress that our model
does not pretend to a correct description
of the wave functions of highly excitated
states. In ref./*? it is demonstrated that
our model may serve as a basis for the
description of the strength distribution of
only few quasiparticle components at low,
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intermediate and high excitation energies.
We describe the excitation probabilities for
a set of states rather than for individual
states in fixed energy intervals. As far as
the total photoexcitation cross sections
from the ground states of double even

nuclei are mainly defined by the one-phonon
fragmentation, our model is found to be
suitable for the description of the strength
functions b(EA,n) for giant multipole reso-
nances. These calculations are a new step
towards studying giant multipole resonances
compared with the RPA calculations.

It should be noted that the main contri-
bution to the wave functions of highly excited
states comes from many-quasiparticle com-
ponents. It is undoutful that in future
new properties of highly excited states
due to many-quasiparticle components will
be demonstrated. So far, there is no data
on the magnitude and distribution of many-
quasiparticle components of the highly
excited state wave functions. Even for neut-
ron resonances it is shown/43/ that direct
experimental evidence for many-quasipar-
ticle components of their wave functions 1is
absent. The contribution of the few-quasi-
particle components to the wave function
normalization is only 10~% - 1076,

Thus, the model based on the guasipar-
ticle-phonon interaction gives the general
description for the strength functions in
one-nucleon transfer reactions at inter-
mediate excitation energies, the neutron
strength functions-at neutron binding ener-
gy and for the strength functions b(EA, 5)-
in the region of giant multipole resonances.
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