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On double resonances in spherical nuclei 
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Double giant resonances in spherical nuclei formed by the low-lying collective one-phonon state and giant resonance as well as 
of two giant resonances are analyzed within the quasiparticle phonon model. The position, photoexcitation probability and the 
width of these resonances of low multipolarity are calculated in 2°Spb. 

Up to the now one of  the most  interesting prob- 
lems concerning giant resonances is the existence of  
the mult iphonon giant resonance states. The idea of  
the mult iphonon giant resonance states is simple and 
has been proposed many years ago (see for example 
refs. [ 1,2 ] ). The prospects for the direct observation 
o f  two-phonon states in which at least one of  the 
phonons is the giant dipole resonance ( G D R )  
phonon are discussed in ref. [ 3 ]. 

We present here the results o f  our calculations o f  
direct photoexcitation o f  the two-phonon giant reso- 
nance states from the ground state in 2°Spb. In heavy 
ion experiments at high bombarding energy, which 
are the most suitable tools now to investigate prop- 
erties o f  double resonances, the Coulomb excitation 
plays the major role [4,5 ] and the photo cross sec- 
tions can be recalculated into heavy ion reaction cross 
sections. The same approach can be applied to other 
spherical nuclei with weak interaction between one- 
and two-phonon configurations. Calculations have 
been performed within the quasiparticle phonon 
model (QPM).  Excited states in even-even nuclei are 
considered in the QPM as a combinat ion of  one-, 
two-, ... phonon states built on the wave function o f  
the ground state ~g.s. treated as phonon vacuum. In 
the present paper we truncate out the basis up to two- 
phonon terms and thus the wave function o f  the uth 
state with momentum 2 and projection/t has the form 

~v.(2/t) = {  ~ R , ( 2 u ) Q ~ . ,  

) 
D22i2 ( p + + ~. + E --am, 2 )[Q,~lmi, Q;~2u2iz],~u ~z .... (1) 

A 1i122i2 ) 

where Q]ui is the phonon creation operator with the 
momentum 2, projection/t and the RPA root number  
i. Phonons are constructed as a linear combinat ion o f  
pairs of  quasiparticle creation a j  + and annihilation 
otjm operators with the shell quantum numbers 
j m  - I n, I, j ,  m ) as follows: 

N,Z 

Q~u,= ½ Z ,l, + + {~/)j' [ OgjmOLj'm' ]2,u jj' 

(2) 

To obtain the phonon basis [i.e., the energy of  the 
one-phonon excitation and the structure coefficients 
~,ff and ~,i in eq. (2) ], we solve the RPA equations 
with the effective hamiltonian, which includes the 
average field for neutrons and protons, pairing inter- 
action and residual interaction in separable form with 
the Bohr-Mottelson radial dependence, for each 2L 
The coefficients R~(2u) and ~2~2 P~ , , (2u)  o f  the wave 
function of  excited states (1) and the excitation 
energies o f  these states are obtained after diagonali- 
zation o f  our effective hamiltonian on the basis of  
these wave functions. The detailed description of  the 
QPM formalism can be found in refs. [ 6-8  ]. As soon 
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as the one-phonon basis is obtained, no free parame- 
ters are involved in calculations. 

In ref. [ 9 ] we considered in detail different prop- 
erties of one-phonon giant resonances and low lying 
states in 2°Spb within the same approach. It has been 
shown that the agreement with the available experi- 
mental information [ 3 ] and other theoretical calcu- 
lations [ 10,11 ], even for ,/decay of GQR to the low 
lying states which is rather sensitive to the details of 
calculations, is very good. Having proved this way the 
quality of our phonon basis, we can now proceed with 
two-phonon states and consider the properties of 
double-phonon resonances. 

The reduced probability ofphotoexcitation of states 
( 1 ) from the ground state has the form 

e, fj tn(z) B(E2; 0g. +. --,2~) = (a) 
j r 

. 2 ~ j l J 2  \ t Y j l j 2  - -  ~ j l j 2  ! X ~iRi(2v).l , ,(+)t, , ,~ .a_,~i 

J-2i2 + ~ P~m(2v )x / (221+l ) (222+l ) v )m  ) 
-~ 1/I-~ 2i2/'3 

- . . s ,  ,-m, ")I (3) 

where e~ (~) is the effective charge;f~m (z) is the two- 
quasiparticle matrix element of the B(E2) transi- 
tions ; us~2~ + ) and v)~ ) are combinations of Bogolubov 
transformation coefficients. The second term is re- 
sponsible for the photoexeitation of double-phonon 
states from the ground state. One of the most simple 
ways to calculate this matrix element is to use the 
Marumori expansion [ 12 ] of one-body fermion elec- 
tromagnetic operator + as,m, aj2m~ in the infinite sum of 
boson phonon operators. 

According to our calculations in 2°Spb the mixing 
between one- and two-phonon giant resonances is 
very weak and such resonances have very different 
excitation energies. Though single giant resonances 
and giant resonances built on the low-lying states are 
separated only by the energy of the low-lying state the 
coupling between them is also very weak in 2°Spb. 
Practically one can do calculations for the two-phonon 
resonances without taking into account this coupling 
for this double closed nucleus. 

In this paper we take into account only terms which 

are proportional to the ~tq~. The complete set of dia- 
grams which have to be included in the calculations 
for the excitation of two-phonon states is presented 
in ref. [13]. As one can see from the analytical 
expressions (see ref. [ 13 ] ) the main part of the con- 
tributions from different terms disappears due to the 
cancellation between particles and holes. In future we 
are going to estimate the contributions of all possible 
diagrams. 

Another subject to be investigated in detail is the 
influence of the polarization contributions to the ef- 
fective charge (especially for El-transitions [ 14] ) 
since in the present calculation we have used the 
"free" values as ez= N/A, eN = - -  Z/A for 2" = 1 - and 
ez = 1, e u  = 0 for other 2 ". [ For the B ( M2 ) transitions 
we use effective gyromagnetic factors g~ff=0.8g free 
and g~ff =gfree for both protons and neutrons. ] Some 
changes of the effective charges may lead to the re- 
normalization of the excitation absolute values within 
a range of less than a factor of two. 

One can hope that for the nuclei with weak cou- 
pling like 2°8pb the strength distribution for the dou- 
ble resonances will not be changed essentially due to 
the effects mentioned above. That is why, even with 
these shortcomings, which will be removed in future, 
we think that the results of this calculation would be 
important for the estimation of experimental cross 
sections for future possible experiments in this 
subject. 

We present in fig. 1 only two figures of  direct pho- 
toexcitation of double-phonon states in 2°Spb: the E2 
excitation of two-phonon states [ 1- × 1- ]2+ (top) 
and the E1 excitations of [ 1- X 2 + ] ~- states (bot- 
tom).  The main feature of the top figure is that just 
all two-phonon states which form this double-phonon 
resonance are constructed from the one-phonon 1- 
states belonging to the GDR in the RPA picture. The 
structure of the [ 1 - × 2 + ]1- strength distribution is 
much more complicated. The substructure in the en- 
ergy range from 15 to 20 MeV is formed mainly by 
1- phonons from the GDR region coupled to the 
2~- state. The small substructure above 32 MeV is 
formed from the GDR 1 - phonons coupled to the 2 + 
phonons which form the isovector GQR. And in the 
broad structure from 20 to 30 MeV not only two- 
phonon states made of the GDR 1- and isoscalar 
GQR 2 + phonons but many other collective two- 
phonon configurations play an essential role. Thus, if 
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Fig. 1. E2 strength distribution over [ 1 -×  1- ]2+ configurations (top) and El strength distribution over [ l - X  2+]1- configurations 
(bottom) in 2°SPb. 

some measurements  in coincidence with two y de- 
cays are performed the shape o f  the resonance in this 
region will vary strongly depending on what y ener- 
gies are measured. Also, the reduction of  the high en- 
ergy part o f  resonances due to the exponential de- 
cline o f  Coulomb excitation has to be taken into 
account in the calculation o f  heavy ion cross sections. 

In spite o f  a rather strong fragmentation of  the sin- 
gle dipole resonance strength the calculated strength 

distributions demonstrate a pronounced resonance- 
like behavior for excitation energies about 17 MeV 
and 25 MeV. Keeping in mind that only strong tran- 
sitions from double resonance to intermediate states 
and from the intermediate states to the ground state 
can be detected in coincidence measurements ,  we 
have calculated the properties o f  double-phonon res- 
onances made of  one-phonon configurations of  either 
the first low-lying state or from the one-phonon res- 
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Table 1 
The integral characteristics of the two-phonon resonances in 2°8pb. 

9 April 1992 

Configuration Centroid Width ZB ( E (M)21" ) fa(E ) dE 
(MeV) (MeV) (MeV rob) 

[ 1 t3DRiv X 2 + ]l- 17.4 2.2 2.4 X 10 -2  e 2 f m  2 1.7 
[ IGDRiv x2 + ]2- 17.2 2.1 5.0 #2 fm 2 8.7X l0 -4 
[ 1 ~OR~v X2 + ]3- 17.7 3.4 19.8 e 2 fm 6 4.9X 10 -5 
[ 1C, Daiv X3i- ]2+ 15.3 3.9 4.7 e 2 f m  4 5 . 2 X  10 -2  

[ 1 GDRIv + X 2GQRi ,  ] I - 25.1 3.8 9.4X 10-2 e2 fm 2 9.6 
[ 18DRiv X IC, DRiv]2+ 25.5 4.4 4.2 e 2 fm 4 0.22 

onance region. Some of these double-phonon reso- 
nances in 2°8pb are presented in table 1. Calculating 

the resonance widths we used the standard relation 
between the width and dispersion for a gaussian dis- 

t r ibution.  The widths of double resonances presented 
in table 1 are only the lower l imit  of the real width 
because we did not take into account the coupling of 

two-phonon states with more complex configura- 
tions. Another  problem which has to be ment ioned 

in such calculations is related with the Pauli  princi- 
ple. Constructing the double resonance from the RPA 
phonons  we violate the Pauli principle. To check this 
effect we calculated the Pauli principle corrections for 

the two-phonon giant resonance state using the exact 
fermion commuta t ion  relations [7,8 ]. For  the dou- 
ble giant resonances under  considerat ion such cor- 

rections contribute not more than ( 2 - 3 ) %  and can 
be neglected. 

The last column of table 1 presents the integrated 
photo absorption cross sections calculated using the 
well known relation between cross sections and tran- 
sition probabilit ies [ 14 ]. As one can see from this 
table the double resonances with J " =  1 - ,  2 + have the 

largest excitation cross sections and we expect that 
these resonances would be easier to discover. 

From the present study one can conclude that the 
strength of the double resonances including the G D R  
in 2°Spb is concentrated within definite energy inter- 

vals and can be investigated in the coincidence ex- 
periments. It is possible to explore such calculations 

for the est imation of the branch ratios for the future 

T-coincidence measurements.  
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