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where \0> is the phonon vacuum and Q~i is the phonon creation 
operator which can Ье written in terms of the quasiparticle 
creation aj~ and annihilation ajm operators: 
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cular equation in the randorn-phase approximation (RPA). The RPA 
equations for the QPM Hamiltonian are given, for example, in 
ref / 41 . Since the RPA phonons are not ideal bosons, in the 
two-phonon components of the wave function (1) there are terms 
violating the Pauli principle. То take into account the Pauli 
principle in the calculation of matrix elements, one needs t o 
calculate correctly the commutation relations between phonon 
operators. The QPM equations with the inclusion of the Pauli 
principle are given in re f. 16 ' . In this case the wave function 
(1) is normalized as follows 
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This normaliz ation condition corre sponds to the diagonal appro­
ximation for kJ function, а more general case is considered in 
ref _!б / . For the states prohibi ted Ьу the Pauli principle KJ = 

= -2 and they a re eliminated au tomati cally f rom the normaliza­
tion relation and equations fo r energy and R; and Р; coeffi­
cients. The influence of th e Pauli principle on the two-phonon 
components of the low-lying sta te s in spherical nuclei has been 
investigated in r ef .f7/ . It has been shown that in mos t cases 
cons idered th e cor rections are small, especially fo r octupole 
states. For two-phonon states with negative parity the correc­
tions due to the Pauli principle are expected to Ье not impor­
tant, because these sta t es consist of different quasiparticles 
and the violation of the Pauli principle is less probaЬle. The 
RPA calcula~ions / 5! show that the lowest 1- states in heavy sphe­
rical nuclei a r e at the energies r anging from 7 to 8 MeV. The 
inclusion of anharmon ic effects , i.e., the coupling between 
the one-phonon and two-phonon states, leads to some shift in 
excitation energies for 1- states with El-transitions via one­
phonon components of the wave f unct ion ( 1). Nevertheless, the 
energies of th ese s t ates are still higher Ьу 1.0-1.5 MeV than 
the ene r gies of 1- states observed in refs / 1-3/ . This is а fur­
ther support f or the interpretation of the low-lying 1- states 
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as two-phonon excitations. То investigate the structure of the 
lowest 1- states, we have made the calculations with the wave 
function (1), including the Pauli principle corrections, for Sm 
isotopes. The results show that the lowest dipole states prac­
tically are the two-phonon [2ts 3IJ states. In 142Sm, for examp­
le, the contribution of [2is3!) components to normalization 
of the wave function (1) is more than 99% for the lowest dipole 
state. Тhе energy of this state is lower than the sum of the 
energies of zt and 31 levels only Ьу 75 keV. Thus, one may con­
clude that the one-phonon states and two-phonon components 
[2is Зj) with i, j f, 1 have nearly no influence on the struc­
ture of the lowest dipole states. The corrections caused Ьу 
the Pauli principle are negligiЬle. Therefore, in our calcula­
tions of the E1-transition probabilities we only consider the 
transitiohs via two-phonon components of the wave function (1). 
In this case one gets the probability of ЕЛ transition frorn а 
s tate wi th rnoment Л and pari ty тт to the ground state in the 
form: 
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where the surn over т is the sum over singleAparticle indices 
of the neutron (n) and proton (р) states, fi

1
i
2 

are the reduced 

rnatrix elements of the rnultipole operators, v.<-:> = u. u. -v. v. 
1112 1112 11 12 

is the cornbination of Bogolubov's-transformation coefficients. 
For the dipole transi tions considered here we take J. ~) =- Z/ (A) е, 
е<О = N/ (A)e, where е is the elementary charge. 
Р In the calculation we consider the lowest 1- states only as 

the two-phonon ones of [21 @ 3{ ] г -structure. It should Ье noted 
that arnong the components of the wave function (1) there are 
the so-called generalized neutron particle-hole states introduced 
in ref. / 8 / to describe the E1-decay of the isobar-analog reso­
nances excited via inelast i c proton scattering / 9/. However, 
such states, as shown above, do no t influence the structure of 
the lowest 1- levels. 

The calculations have been per f ormed with the rnodified RPAS 
code reported in ref . / 10~ where а detailed description of the 
procedure of solving the RPA equations is given. We have used 
the same pararneters for the Saxon-Woods potential and pairing 
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constants as in ref ./ 111. То calculate the phonon arnpli tudes 
in the. QPM, one has t o choose the isoscalar and isovector con­
s tant s f or the rnultipol e -rnultipole interaction /41. The s e1: .o f 
constants has been chosen so as to fit the calculated reduced 
probab i lities В(Е2) anq В(Е3) wi th the experirnenta l data for 
2t and 3{ leve l s , re spec t i vely . Under such а choice of constants 
the RPA- energies for 21+ and 31 levels are higher than their 
experirnental va lues, but the calculations with the wave func­
tion ( 1) enaЬle one t o describe sirnultaneously either the ener­
gies or the transition probabilities. We have used the e xperi­
rnenta l data cornpiled in re f s. / 12 ·13/ for the energies and 
transition probabilitie s. 

2 . RESULTS OF CALCULATIONS 

Le t us d iscuss the results of our calculations. The ca lcula­
t ed r educed probabil i t ies B(El) and experirnen tal da t a f or Sm 
i so t opes a r e shown i n f ig. 1. The В(Е1) value s are expressed 
in We i sskopf 's s ingl e- particle uni ts (s.p . u.) / 14/ . As one сап 
see f r orn f i g . 1, there is а t yp i cal dependence of B(E l) va lues 
on t he neutron пumber N. The B(El) value reaches а rnaxirnurn a t 
N ~ 82, decreas es a s one moves towards N = 84, and increases 
a ga in a t N = 86 . То give an expl anation of th i s behav iour of 
В (Е\) va lues , we have made some analysis wi th the expression 
(4 ) i n t he case of Sm i so t opes . The r e l a tive contribu t i ons to 
(4) fr om the s ums over proton (S z) and neutron(SN) indices 
a r e s hown in fig . 2. As one can see , the sum Sz + S N has the 
rnaximurn at the magi c neutron number N = 82 . А qual ita t ive expla­
na t ion is as fo l lows : a t N = 82 the neutron pairing is absent 
and v.< -: > = О fo r j 1 and j 2 l eve l s l ocated in the oppo s i te 

Jl 12 
s ides from t he Fermi su r face, i . e . , fo r parti c le-ho l e couples . 
And t he numbe r o f t e r ms wi th nonzero contr i butions t o SN i s much 
de c r eased , s o S N i s subs t an t ially les s t han Sz . At N = 80, 84 
th er e а ~ е pa i r ing fo~ces be twee n neutrons, and bo th the neutron 
a nd p~o t on s t ate s co nt~ibut e t o (4) but wi t h opposi t e si gn s . 
Ther e fo r e , even though the Sz val ue incr ea ses with inc r easing 
co ll ec t iv ity of 2t and 3! s t a tes as one moves f r orn t he magic 
nuc l e us 1 ~'srn t o nonrnagic 1 ·~ 2 • 146srn, af ter the subt ~ac t ion of 
SN t he В(ЕТ) val ue dec ~eases . . Тhе 2j and 3[ level s i n 148 Srn а ~е 
s t~on gl y co ll ec tive , s o the number of components in the s urn (4) 
i s g ~ ea t e ~ , and t hi s l eads t o the inc~ease in the abs olut e va ­
Lue of SN a nd Sz. Si nce the ab so lute val ue of the e ffe c t i ve 
cha ~ ge fo ~ p~o t o n is greate r t han fo ~ neutron, t he S z va l ue i s 
,fominat i ng over SN and t.he B (E l ) value increas es. lt should Ье 
no t ed tha t the RPA i s no t much r eliaЬle f or 148Srn 1151, and onl y 
а qua li t at i ve t~end fo ~ t he B(E l ) va lue can Ье given. 
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Fi g . 1. Dependence o f B(E I) va­
lues on the neutron number N 
for Sm iso t opes . 
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Fig. 2. Dependence of SN and Sz 
on the neutron number N for 
Sm isotopes . 

We have also made the calcula t ions for the cl1ains of Nd , Ва , 
and Се isotopes . The results of our calculations and the expe­
rimental data l l - 3/ are shown in fig . 3. One can see that the 
В (EI) values for these isotopes have the same dependence on 
the neutron number as for the Sm isotopes. Our calculations have 
shown that this dependence of the B(EI) value on N is caused 
Ьу the same effects as in the case of Sm isotope s . Thus, in the 
region N = 82 for various chains of isotopes there is а univer­
sal mechanism leading to а specific behaviour of the B(EI) 
value depending on N. It is natural to suppose а similar situa­
tion for nuclei with neutron numbers close to another magic 
number N =50. We have calculated the B(EI) values for the 
chain of Zr isotopes with 48 .S N ~ 58 and the results are shown 
in fig.4. As one can see from this figure the dependence of 
В (EI) values on N in the region N = 50 is the same as . in the 

region N = 82. The calculation of Sz and S N has shown that the 
same explanation can Ье given for the behaviour of В (EI) va­
lues for Zr iso topes as in the case fo r Sm isotopes. Note, 
that this dependence of B(EI) values on N is correlated with 
the behaviour of the energies for 2t levels of all nuclei s tu­
died in this work. Thus, the probabilities of El transitions 
to two-phonon states have а specific dependence on the neut r on 
numbers nea r the magic ones. Here one would ask the question: 
Will the dependence of B(EI) values for nuclei with proton 
numbers close to а magic number Ье the same? То study this ef­
fect, we have calculated the probabiJities nf El transitions 
to two-plюnon state s [2;· 0 ЗJ"] 1- for isotones wilh N = 32 , 
name ly , fo r nuc l ei 58Fe, 60Ni , and 62zn . Тl1е resu] ts of calcula-
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Fig .З. Dependence of B (E I ) va­
l ues on N ; t he dashed l ine is 
for Nd iso t opes; the solid line , 
fo r Се isot opes ; the dot t ed 
line , for Ва iso t opes . Experimen­
t al data : points are for Nd 
isotopes , tr iangl e s are for 
Се isotopes, squares are for 
Ва isotopes . 
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Fi g.5 . Dependence of B(EI) va­

Г i g .4. Dependence of B(El) valu- lue s on the proton number 
es on N for Zr isotopes. Z for isotones with N = 32. 

tion are shown in fig.5. As one can see, the B(EI) values for 
isotones wit\1 proton numbers close to the magic number Z = 28 
have qualitatively th~ same behaviour as for isotopes with 
Z = 40, 56-82. Such а behaviour is caused Ьу pairing effects 
leading to the correlation between the proton an~ neutron contri­
butions to (4) and the increase of collectivity of the lowest 
2t and 31 levels a s the nucleon number cl1anges from а magic 
number to а nonmagic one. Thus, the probabilities of El transi­
Li ons to two-phonon s tate s have а spe~ ific dependen ce un the 
nu c leon number in а near-magic re gion . Note, that thi s conc1u­
s ion may Ье no t so \т;й id for nuc1ei who se st ruct ur P~ cannot Ье 
descri be d within 1 llf.' Rl'A. 7 



Experimental and theoretical В (Е 1 ; 1- ... _ O~. s. ) 
values (in single-particle uni tsj for 1 levefs 

ТаЬlе 

Nucleus Experimental Data Calculation 

58Fe 
60Ni 
62zn 
88zr 
90zr 
92zr 
94zr 
96zr 
98zr 

Ег, MeV 

1 З6ва 3.044 
1З8ва 4.027 
14Ова 

1 З8се 
140се з.644 
142се 

140Nd 
142Nd ).426 
14~Id 2.186 
146Nd 
142sm 
144sm з.225 
146sm 
148sm 1.465 

10 3 х B(E I) 
s.p.u. 

0.4 
з.оz.о.з 

з.5z.О.5 

5.0z.0.5 
1.2z.0.2 

з.5z.о.5 

0.5;t0.1 

Е 1- , MeV 

5.8 
6.1 
6.0 
).7 
5.2 
).5 
з.5 

).9 
).9 
4.0 
4-4 
4.0 
).9 
4.1 
).7 
).4 
).9 
).5 
з.о 

).5 
4.З 

).4 
).0 

10 3 х B(EI) 
s.p.u. 

0.1 
28.9 
16.8 
0.002 
).5 
о.оз 

0.02 
0.7 
2.) 

1.4 
2.9 
2.0 
1. з 

4.8 
2.2 
2.4 
5.9 
1.8 
з.7 

1.1 
).1 

1.) 

2.5 

The r esults of our ca lculations and availaЬle e xperimental 
data are g iven in the tgЬle. As is seen fr om the taЬle, the cal-
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culations fit rather well the experimental data and give а cor­
rect description of the behю.тiour of В (Е 1) values for nuclei 
in the region N = 82. In our simple approximation the calculated 
energies for dipole states are higher. than the experimental va­
lues. Besides, for а 1 ~Ва isotoP.e there are three near-lying 
1- levels observed in experiment/3/ with the total probability 
~В (EI) = 2. lxi0-3 s.p.u. Our calculations for three lowest 1-
states [ 2{ 8 3~] 1 - giv~ ~В (EI) = 2.4xi0-3 s.p.u. and there 
are also [2~ 8 3~ 2] 1- states with very small transition pro­
babilities. Тhis s'plitting of 1- levels and their energies can 
Ье described Ьу including into the wave function (1) three­
phonon components, as has been done/16/ in the calculation of 
energies for the two-phonon quintet 1--s- levels in some of 
nuclei considered here. The excitation of 1-, 4-, s- states 
Ьу inelastic proton scattering on 144 sm l 17/ also confirms that 
the discussed Г levels for nuclei in the region N = 82 belong 
to the two-phonon quintet. Тhе experimental fact l 2/ that the 
lowest 1- level in 138 Ва is excited very weakly in the (d, р) 
reaction indicates that one-phonon components in the wave func­
tion of this state are very small. 

It should Ье emphasized that the studied El transitions 
show clearly the difference between the Ta~Dancoff approxi­
mation (TDA) and the RPA. In the TDA ф-amplitudes are equal 
to zero and the transitions via two-phonon components are pro­
hibited. Therefore, the experimental observation of the discus­
sed above dependence of the B(El) value on the neutron number 
in the magic region shows clearly an important role of the RPA 
corr elations. 

CONCLUSION 

In this work we have shown that for El transitions to the 
low-lying dipole two-phonon states of spherical nuclei with 
nucleon numbers in the magic region there is а specific depen­
dence of the B(EI) value. From the experimental data availaЬle 
Ьу now and the results of our calculations one can draw the 
conclusion that the wave functions for the observed 1- levels 
of nuclei in ·the region N = 82 are mainly consisting of the two­
phonon [ 2t 8 3 (] Г components. The two-phonon nature of these 
level s would Ье strongly confirmed Ьу the measurement of В(Еl) 
values for all chains of isotopes with N = 80, 82, 84 and the 
discovery of the characteristic dependence discussed in this 
work. The investigations of the low-lying dipole states in 
other spherical nuclei may also Ье 6f interest from our point 
of view. 
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