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The number of quasiparticles in the ground states of doubly 

even nuclei or the correlations in the ground states have been 

discussed in many papers 11-41 • -The ground stat~ is considered 

as a vacuum for the RPA-phonons, and an expression for the 

number of quasiparticles in this state is derived. However, 

the number of quasiparticles in the ground state has been cal

culated for the simple models only 1-5/ and for the deformed 

nuclei 161 • The analysis of the accuracy of calculations ·within 

the quasiparticle-phonon nuclear mode1 171,,necessitates recal

culation of the number of quasiparticles in the grOund states 

of doubly even nuclei. The RPA-phonons calculated with the 

multipole and spin-multipole forces are used as the basis of 

this model, i.e .. , the phonons with Arr =1- ,2+,3-, etc., and 

'" t+ 2- g+ . 
with 1\ = , , , etc. The ground state of a doubly even 

nucle~T is the vacuum for all these phonons. As it is noted in 

ref. 1 
, to ana_lyze the accuracy of calculations within the 

quasiparticle phonon nuclear model, one·should study the ef

fect of the Pauli principle and to find the number of quasi

particles in the ground states of doubly even nuclei. 

In this paper the number of quasiparticles is calcUlated in 

the ground states of doubly even spherical and transitional 

nuclei. A large number of roots of the secular equations for 

the RPA-phonons is taken into account. The calculations are 

performed for the multipole and spin-multipole phonons descri

bing the collective low-lying quadrupole and octupole states 

and the giant resonances and also the weakly-collective and 

noncollective states. 

1. QUASIPARTICLES IN THE GROUND STATES 

The quasiparticle-phonon nuclear model uses the RPA-phonons 

of the following form: 

(1) 
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where 

(2) 

+ is the quasiparticle creation operator, ajm 
(A) r.. 

u j ·lj 2 
.;/i 1 ltl 2 

(3) j lj2 
y' 2Y(A ;) <. + ! J 

2 
- w Ai lt 

(A) 

¢A; 1 r hi 2 u hi2 

(4) j ti 2 y'2Y(Ai) (il +ti2 +cuAi 

Here f~A~ is the reduced single-particle matrix element; ! . JtJ 2 
J 

is the quasiparticle energy, cuAi is the phonon ener9Y; 
u hi 

2 
= u it v j 2 + v j 1 u j 2 , where u j and v j are the Bogolubov 

coefficients, and Y(Ai) is the normalization factor. 
The phOnon operators satisfy the commutation 

+ 
[QAI'i • Q>,j;';' ] 

~~ 
4 

The commutation relations of the operators 
a complicated form, though being averaged over 
cuum, they are 

2 

relations: 

(5) 

A, A+ have 
the phonon va-



\lh.ere 

The condition of orthonormalization of one-phonon states 

results in 

(8) 

It is assumed within the RPA that 

Therefore. the following condition is imposed on tbe functions 
Ai Ai 

rp it i2 and <fo iti 2 ' 

(10) 

The wave function of the ground state is d.e:fined as a pho

non vacUum as follows: 

As has been shown earlier 11•91 • it bas the form 

1 1 -=- ""''I - - :s 
yN' 4 I' 

};; (rp -1 )lt.i 

iti2 •sJ· 
isi4 

(Ill 

X 

(12) 
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or 

1 -L.>. -=· y'N' 

in which the quasiparticle vacuum is determined as 

a h/'i 'I' 00 = O ' 

N' is the normalization factor. 

(12') 

( 13) 

Let us detennine the nUmber of quasiparticles with the 
single-particle quantum numbers nfj (which are denoted by one 
index j ) in the ground state which is the phonon vacuum of 
multipolarity .\ 

n" = <2J· + t)-1 <O 1 ~ + I o > J m a jm a jm ' 

or using (7) , we have 

n•.\ = (2j + 1)-
1 < Ol B(jjOO) IO> 

J . 

(14) 

It is seen from this formula that the·condition of applica
bility of the RPA (9) results in · n7 = Oc 

Using expression (12) and formula 

connecting the operators A and B, we calculate 

,\ J,! n l = (2i +1) <O 1 BOi<io> 1 O> 

-li ~ 
= (2j + 1) < 0 I [ L .\ 'B(jjOO) ll 0 > . 

Using the commutation relation 

+ 
[B(jjOO), A (j1 j 2.\l'll = 

(15) 



we get 

A -~ • 
n i = (2j +1) <0 [[LA , B(jjOO) ][ 0 > 

= (2j + 1)---l> .!... l: 
4 ~ 

-1 
= (2j +1) l: 

~ 

-1 
=(2j+1) 

X 

(16) 

It is seen from this expression that the calculation of the 

number of quasiparticles in the ground state requires the sum

mation over all the roots of the secula·r equation for the RPA

phonons of multipolarity A • 

In the quasiparticle-phonon nuclear model the ground state 

wave function of a doubly even nucleus is the vacuum for all 

multipole and spin-multipole, i.e., 

or 

A 
'~'o= ll'l'o 

A 

lli2 
la i4 

x A+ 0 1i 2t.~)A + (i 3i 4>.-~)l'l' 00 

X 
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Therefore the number of quasiparticles with quantum numbers nlj in the ground state of a doubly even spherical nucleus is 

(17) 

Let us discuss expression (17) for nj • It contains the >.· square of the amplitudes ~if' (4). These functions are rela-
tively large for the low-lying collective 
asing excitation energy cu the amplitudes 

states. With incre
Ai 

~ iJ' diminish due 
to the increase in the denominator. Therefore the highly excited collective states (giant resonances) are expected to give a· small contribution to n1 . Expression (17) is proportional to (2A + 1), therefore the phonon states with large A will perhaps give a pronounced contribution to n 

1 
• 

The values of cp~i, depend on the constants of multipole 
and spin-multipole forces generating the RPA-phonons. Some of these constants are determined from the experimental data, and the others are only estimated 1101 • Therefore, using the RPA-phonons to describe the states with different momenta and parities (as in the quasiparticle-phonon model), one should verify how the constants of the forces generating these phonons agree with condition (9) which assumes the small values of n J • 

2. DETAILS OF CALCULATIONS AND METHODICAL RESULTS 
The number of quasiparticles n1 is calculated for some spherical and transitional nuclei. The nuclear Hamiltonian included, as in ref. 1101 , the multipole forces generating the dipole, quadrupole, octupole phonons and the phonons with A = = 4, 5 and 6. The spin-multipole forces have been used for describing the phonon states with A"= 1 + ,2-, 3+. The constants of all forces, except for the quadrupole and octurcle, have been chosen according to the procedure of ref. 110 • The calculations have shown that the n~er of quasiparticles in the ground states nj. depends strongly on the change of the constants of quadrupole and octupole forces. The calculations have used the values of the constants for which the electric tran-+ +> o+ - l si tion probabilities B (E2, 0 g.s. ~ 2 1 and B (E3, g. s. ~ 3 1 , 
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Table I. 

Energies and transition probabilities of the 2+ 
1 and 

a-1 states 

Nucleus E2+ MeV B(E2t)e2b2 EsJ:MeV B(E3t)e2bs 

1 
exp. theor. exp. theor. exp. theor. exp. theor. 

144sm 1,660 2,15 0,25 0,24 1 ,810 2,) o, 1 't 

146sm o, 771 1 • 2 0,50 1,381 2,0 0,20 

148Sm 0,550 0,97 0,70 0,70 11162 1,75 .0,25 0,26 

150Sm 0,334 0,59 1 '37 1 ,36 1,071 1 ,6 0,30 0,30 

126Te 0,666 0,9 0,47 0,46 2,39 ),1 o, 117 0,114 

11esn 1,229 
~~~~-t:O 

1,59 0,216 0,218 2,32 2,32 0,17 o, 17 

1185n 1,229 0,62 0,216 0,216 2,32 1,04 0,17 0,17 

']tl~) ::.0 

calculated in the RPA, coincide with the experimental ones. 

Under such a choice of the energies of the 2t and 31 states 

are overestimated. These results are given in table 1, and the 

experimental data are taken from· ref. 7111 • 

The multipole forces used in the ca1culations contain the 

isovector part in which th~ constant K l") is connected with 

the isoscalar constant K~J by 1101 

K \A) - -0,2(2.\ + 1) K ~A) (18) 

~he summation over the roots of the secular equation for 

the phonons is performed up to an energy of about 20 MeV. 

Thus, the sum in (17) includes several dozens of roots of the 

collective and noncollective type. 

Since the value of n 1 (14) is normalized to unity, the re

sults of calculations by (17) in all the tables and figures 

are given in percent. 
Now we study the influence of the 2! and 31. states on the 

number of quasiparticles in the Sm isotopes. The result for 

the neutron 2f 712 and proton 2d 612 states with the largest va

lue of nJ are shown in fig. 1. It is seen from the figure 

that the values of n1 increase with increasing number of neu

trons and have the maximal value for l50sm. In all the isoto-
+ -

pes the contribution of the 2 1 and 3 1 states to n J is large 

and except for 144sm, it exceeds half of the value of n
1 

• 
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Fig. 1. Number of quasiparticles in the ground states 
for the neutron 2f 712 and proton 2d 512 states in Sm 
isotopes. The contribution of the first 2+ phonons is 
the dashed line, of the first 2 + and a- phonons is 
the dashed-dotted line, and the total contribution of 
all phonons is the solid line. 

This is due to the increase in the collectiveness of the 2~ and 31 states along the samarium isotopic chain. A stronger collectiveness causes the increase in the number of large 
¢ values. In the semimagic nucleus 144sm the 2~ and 3 ~ levels are weakly collective. For the 2i state the maximal values of¢ are equal to 0.1 for the neutron and 0.08 for the 150 + -proton components. In Sm the 2 1 and 3 1 states are the most collective. The number of components with ¢ > 0.1 enlarges up to 10 for the neutron and 7 for the proton systems, the maximal values become 0.6 and their contribution to nj is of several dozens per cent. 

It is seen from fig. 1 that the total contribution to nj of the rest 2+ and 3- states is not large. The contribution of satets wi'th other values of A 11 is from 1/5 to 3/5. The noncollective phonons give a small contribution to nj due to the small values o·f the functions ¢ . 
The values of ¢ are small for the high-lying collective states. Formula (4) shows that with increasing excitation 

energy ¢ -+ 0, since they do not contain a pole term. Table 2 
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Table 2. 

Contribution of phonons, forming the dipole and quad-
rupole resonances, to ni for the neutron 2f 7/2 and 
proton 2d512 states 

Nucleus Resonance E, contribution N: n2f7/2 Z:n2d5/2 

multip. MeV in EWSR % % % 

144Sm E1 15,12 62,75 0,116 0,105 

E2 11 ,68 23,94 0,12 0,45 

146Sm 
E1 15,27 57,76 0,097 0,086 

E2 11 ,62 21 ,85 0,25 0,40 

148sm 
E1 15,92 61,28 0,093 0,09 
E2 12,12 23,95 0,4 0,3 

150sm 
E1 15,57 63,3 0,09 0,09 
E2 12, 1) 21 '15 0,) O,J 

gives the values of the number of quasiparticles nj in the 
ground states of the Sm isotopies, calculated for the phonons 
forming the giant dipole and isoscalar quadrupole resonances. 
For all the Sm isotopies the values of nj are very small and 
do not exceed 0,45%. For the quadrupole resonance they are 
larger than for the dipole one. 

The change of the quadrupole and octupole forces changes 
the collectiveness of the 2i and 3! states, thus influencing 
the number of quasiparticles in the ground state. We have per
formed the calculations with the constants which have been 
fitted to the experimental values of the 2! and 31 states. 
These constants are by 10-15% larger than those used for the 
calculations shown in table 1. This, on the average, increases 
twice the reduced E2 and E3-transition probability and n2d512 -
and n2f 712 - values for the Sm isotopies in comparison with the 
values given in fig. 1. 

Essential changes of the number of quasiparticles in the 
ground state can be obtain upon taking into account the anhar
monic terms in the· nuclear Hamil ton ian /i2, 131. The anharmonic 
correctiOns have been studied in the Te isotopes/141. The an
harmonic corrections in 126 Te diminish the constants of the 
quadrupole and octupole forces (at that, B(E2) and B(E3) valu
es are lower than the experimental values). The values of the 
number of quasiparticles with the anharmonic values of the 
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Fig. 2. Number of quasiparticles nj in the ground 
state of 126 Te for different subshells nfj • The up-. 
per fig. is the neutron and the bottom fig. is the 
proton systems. The subshell energies are given on 
the axis of coordinates; the arrow shows the positi
on of the chem. potential. The height of the dashed
dotted line denotes the contribution of the 2i pho
non, it is added by the dashed line denoting the 3! 
phonon contribution and finally it is added on by 
the solid line denoting the contribution of the~~rest 
phonons. 



quadrupole and octupole constants are less by 4-5 times. For 
instance, the values of nj for the neutron states 2da/2 and 
1b1112 are 4.5% and 3. 7%, respectively; some proton states 
have the following values of nj : D2d 5; 2 = 5.3%, Dtg 712 = 3.1%. 
They can be compared with the results in fig. 2, which have 
been calculated without taking into account the anharmonic cor
rections. 

The influence of the isavector forces on the number of 
quasipar~icles nj in the ground state has been studied for 
118sn. It is known/15/ that the inclusion of the isovector for
ces increases in the Sn isotopes the contribution of the proton 
system in the 21 and 31 state structure, thus increasing con
siderably B(E2)- and B(E3)-values. It is seen from table 1 that 
w~y the Hamiltonian includes the isovector forces (i.e., 
K 1 f. 0), the energies and electric transition probabilities 
of the 2! and 31 states agree satisfactorily with the experi
mental data. The B(E2)- and B(E3)-values will be equal to the 

+ -experimental ones at too low energies of the 2 1 an~xft sta-
tes, if the isovector forces are excluded (i.e., K 1 = 0) 
(see table 1). This causes a sharp increase in nj for some 
states. For instance, the neutron states 3s112 and 2d 312 have 
the values of nj 53% and 46%, respectively. 

The aforesaid results show that the largest contribution to 
the number of quasiparticles nj in the ground state is given 
by the components of the first quadrupole and octupole one-pho
non states. The value of this contribution depends on the col
lectiveness of these states. The contribution of noncollective 
and also of high-lying collective states to _nj is unessential. 

3. RESULTS AND DISCUSSION 

The results of calculation of the number of quasiparticles 
in the ground state of 118 sn are given in table 3. The ~~tcula
tions have taken into account the isovector forces ( (K 1 /:. 0) • 
The high energy of the 2t state ( Z = 50) predetermines a re
latively low collectiveness of this state. Table 1 shows that 
in 118sn the B(E2)-value is small. Therefore, neither of the 
states nt j given in table 3 has n j > 10%. The majority of sta
tes with nJ >5% are the neutron states. This testifies to the 
fact that in 118 sn the proton shell is closed. The contribution 
of the 21 and 31 states to n J is small for the protons. The 
exception is the 2d612 subshell. For the neutrons the contribu
tion of the 2 r and 3t states is much larger and in many cases 
it is dominating. 
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Table 3. 

Number of quasiparticles in the ground state nj in 118Sn 

Neutr~:m system Proton system 

contri- cont.ri- contri- contri-
nfj nj' bution but ion nlj n j' bution but ion 

% 21 , % 31 I % % 2j ' 
% 31, % 

lh, 2,11 0,41 0,41 1/,{, 1 '77 0,46 0,51 

l.d~!l. 5,16 1,53 1,54 2 P liz 2,37 0,50 0,73 

4 a~'l. 3,44 1,67 0,32 .L f IJZ 2,99 0,29 1,26 

2>Sth 5,97 3,47 o, 73 
! 3''" 6,67 0,30 1,48 

). J "' 
6,37 4,18 0,41 .Z.d~,, 4,11 2,24 0,74 

{ I, fi/L 6,92 3,60 1 t 12 ! ~~.1. 5,82 0,49 0,71 

.lll/z.. 2,04 0,40 0,59 ! J.ui{.J.. 2,80 0,76 0,96 

The values of the number of quasiparticles nj in the ground 
state of 126Te for different neutron and proton subshells are 
given in fig. 2. The figure shows the dependence of the nj -valu
es on the position of the subshell energy with respect to the 
chemical potential. The largest nj -values have the subshells ly
ing near the chemical potential. It is seen from table 1 that 
the 2! state in 126 Te is more collective than in 118sn.Therefore, 
the number of quasiparticles in the ground state of 126Te is 
larger than in 118 sn. The contribution of the 21 state to nj 
is increased. For instance, for the neutr~n 2d312 and proton 
2d5/2 subshells the contribution of the 2 1 phonon to nj is do
minating. 

The results of calculation of the number of quasiparticles 
nj in the ground states of the Sm isotopes are given in tab
le 4. The table shows the subshells lying near the chemical po
tential and having the largest· values of nj . The investigati._ 
ons have been performed for the Sm isotopes with the mass num
ber A from 144 to 150. In 144 sm the neutron shell N=82 is clo
sed and the 21: and 31 states are weakly collectivized. The 
150 sm nucleus contains evident collective properties of the lo
west excitations. It refers to the region of transitional nuc
lei. Table 1 shows the increase in the B{E2)- and B{E3)-values 
in the Sm isotopes with increasing A. Therefore, the number of 
quasiparticles nj in the ground states also increases. It is 
seen from table 4 that n j for 144 Sm does not exceed 10%. In 
150 sm several states have the values of nj exceeding 20%. 
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Table 4. 

Number of quasiparticles (irt percent) in the ground_ 

states of the Sm isotopes 

ntj 144Sm ussm 14Ssm tsosm· 

I~ "" 7,00 5,95 6' 12 1 ,}5 

.<.cJ ~, 5,}} 5,55 5,64 5,60 

~ {7/, 4,46 1},40 24,50 44,00 

l J... Wl 1 ,85 2,67 ' },60 . 5, 72 . N 

1.. p;,l. 2,6} 5,70 11,90 26,00 

~ i. 1\Jl 
2,35 3. 77 5,38 8,46 

f h· 3,54 5 '12 6,38 8,91 

I'""' 4,97 9,25 12,90 23,60 

z 2d '~' 10,70 20,30 28,90 49,10 

1 it. l'fl. 5,88 1 o, 10 13,80 21 ;JO: 

3 s. {fL. 
8,94 10,00 1},90 26,60 

.l J)¥L 4,20 7,66 10,70 18,60 

:;. I"" 1,53 2,27 2,81 4,59 

Based on the calculations, one can conclude that:conditiah 

{9) is violated in the transiti9nal n11s::le;i.. ( 150Sm}, and the 

RPA cannot be_ used for _th~ citlculat.i6i). .Pf t:he zt1 -and 31 sta-· 

te properties. The increase in the nUmber of quasiParticles 

n j in,_ th_e ground st~tes of the. s~ isot_oJ?es with increasing A 

is caused by the increase in the contribution to nj of- _the 

first quadrupole anq oct~p~le ph~n9ns, whic~ i~. dom~nating. 
Therefqre, in tQ.e transitional nucle~ .the_,2 1 anQ. a-1 state. 

characteristics should be calculated using a mo;re corre~t ap

proximation.than the RPA. 

4. CONCLUSION 

The abOve calculation's have shown that the' n~ei of quasi

particles nj in .t~e, ground stat~s pf. douPly eyen nu,c:Lei is 

small in the nuclei w;i..th ,one .C£losed shell and -?-'n t~e nei9hbou

ring nuclei. The main contributio~ to n j· ,.;is ~ipen, as _a. rule, 

by, the first quadrupole .and.;octupole __ pbonons. 

A coD.siderable deCrease in the number Of quas.ip~rt~cles ·in 

the ground state. is;~-caused_ b);*_ de~~~as~ng _of cplle~tiy_eness in 
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the lowest excited states. For instance, the inclusion of the 
isovector forces in 118 sn and of the anharmonic corrections 
in 126 Te caused a noticeable redistribution of the .oj -values. 
It would be interesting to study the influence of the interac
tion in the particle-particle channel on the number of quasi
particles in the ground state. The inclusion of the interacti
on in the particle-particle channel results mainly in the de-+ -crease of collectiveness of the 2 1 and 3 1 states .. Therefore, 
its inclusion is expected to broaden the region of fulfillment 
of condition (9). 

The ground states of transitional doubly even nuclei con
tain a large number of quasiparticles .. This e~cially con
cerns the subshells lying near the chemical potentials in the 
neutron and proton systems. In these nuclei one cannot assume that <OjB(jjOO)jO > = 0, and therefore, the RPA should not be 
used for Calculating the low-lying state characteristics .. 
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