
PHYSICAL REVIEW C VOLUME 43, NUMBER 6 JUNE 1991
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The systematics of the giant monopole resonance in even-mass Sn isotopes have been studied in
the framework of the quasiparticle random-phase approximation. The effect of the inclusion of
pairing correlations on the properties of the giant monopole and giant quadrupole resonances in

superAuid Sn nuclei has been evaluated. A shift in the monopole energies of these nuclei by about
100—150 keV has been observed. It is shown that the shift in the energy of the breathing mode of
finite superAuid nuclei influences the extraction of the nuclear matter compressibility from empiri-
cal data only minimally.

I. INTRODUCTION

The study of the breathing-mode giant monopole reso-
nance (GMR) is important due to its connection to the
compression properties of nuclei and of nuclear
matter. ' The fundamental physical quantity like nu-
clear matter compressibility has a bearing on the proper-
ties of astrophysical objects such as neutron stars and su-
pernovae. Attempts have been made to obtain informa-
tion on the nuclear matter compressibility using different
approaches (see, for a review, Refs. 7 and 8). The GMR
has, however, been one of the most reliable means of
deducing this quantity in the laboratory. Data on the
GMR have been known for years ' but only very recent-
ly have precise energy systematics been obtained for
spherical isotopic chains of Sn and Sm nuclei. " Employ-
ing these data in a semiphenomenological approach, the
nuclear matter incompressibility (E ) has been ob-
tained '" to be 300+25 MeV. This is in contrast with the
value' of 210+30 MeV deduced from self-consistent mi-
croscopic Hartree-Fock calculations based on phenome-
nological density-dependent effective interactions. The
problems associated with the previous conclusions have
been discussed in Ref. 4. It has been shown that, in the
semiphenomenological approach based upon the liquid-
drop-model type of expansion for the finite-nucleus in-
compressibility EC~, it is possible to disentangle Kz into a
volume and a surface part using these precision data.
This led to a large surface incompressibility which cannot
be accommodated in any of the presently available
Skyrme type of interactions.

The nuclei investigated experimentally in Ref. 11 are
open-shell nuclei which exhibit a superfluid behavior.
This implies that the effect of pairing in the ground state
as well as in the spectroscopic properties of these nuclei

needs to be taken into account. While the pairing effect
in these nuclei manifests itself in many of their proper-
ties, it is, however, not known to what extent the GMR
energies, and therefore the nuclear matter compressibili-
ty, would be influenced by this. In the case of the giant
dipole resonance (GDR) it has been shown in Ref. 12 that
pairing correlations can produce considerable shifts in
the peak energies, nearly all of the theoretical analysis of
the GMR has, however, been done without including the
pairing correlations. The GMR centroid-energy sys-
tematics itself do not provide any indications of the effect
of pairing; this is also not known a priori. In this work
we have, therefore, aimed to ascertain the magnitude of
the effect of the pairing correlations upon the observed
GMR properties and, consequently, its influence on the
nuclear matter incompressibility. We have taken the ex-
perimental data obtained by Sharma et al. " as our main
reference. The question which we address here is on the
persistence of the pairing effects in the microscopic struc-
ture of the GMR. This is particularly relevant for the
GMR in even-mass Sn isotopes, where neutron-pairing
effects are the dominant degrees of freedom which should
be included for the low-energy data. '

In Sec. II we show the results of the quasiparticle
random-phase approximation (QRPA) calculations of the
GMR and the giant quadrupole resonance (GQR) in Sn
nuclei and in Sec. III we discuss fits to the experimental
data including the shifts caused by the pairing correla-
tions. In Sec. IV we summarize our results.

II. MICROSCOPIC CALCULATION
OF PAIRING EFFECTS

The quasiparticle random-phase-approximation equa-
tions (for details, see Ref. 14) were solved in a single-
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particle basis of harmonic-oscillator wave functions. We
have included shells up to the major oscillator number
%=7, both for protons and for neutrons. The single-
particle energies were chosen according to N ilsson's
formula with parameters g~ =0.0675 yz =0 0671
y~p~ =0.0278, and yzpz =0.0363, respectively. In or-
der to reproduce observed single-particle energy spacings
in the neighborhood of the N =Z =50 shell closures, only
a few single-particle energies near the Fermi level have
been adjusted. This has been done by compressing the
energy gap in the X=Z=50 closure by 0.5 MeV. As re-
sidual interaction we have used an isospin-independent 6
force with the parameters Vo~ in the pairing channel for
the neutrons and V, in the particle-hole channels. '

First, we have solved state-dependent BCS equations'
for neutrons in the neutron number domain 62 ~ N (74,
which corresponds to the even-mass isotopes of Sn nuclei.
The coupling constant Vo& has been fixed at the value
V»=110 MeV frn . We have obtained average neutron-

gap parameters of the order of 1.16 ("~Sn), 1.10 ("~Sn),
1.16 (' Sn), 1.13 (

" Sn), 1.20 (' Sn), 1.11 (' Sn), and
1.15 MeV (' "Sn). The mass dependence of the quasipar-
ticle spectrum is shown in Fig. 1. These values do, in
fact, agree nicely with the data for low-lying quasiparticle
states in odd-mass Sn isotopes. ' Experimental energy
differences 5E =E —E ( g. s. ) between j

and —", single-quasiparticle states are repro-
duced by our calculations within a 200-keV limit of ac-
ceptance, as shown in Table I.

Within the above-described single-particle basis, we
have diagonalized the QRPA equations for monopole and
quadrupole isoscalar modes and calculated J =0+ and
2+ energy spectra and strength distributions for mono-
pole and quadrupole transitions, in the isotope chain
112( 3 ( 124 of even-mass Sn nuclei. The coupling con-
stants for neutron (proton) two-quasiparticle (particle-
hole) configurations have been fixed at the value

V&(J =0+,2+ ) =70 MeV fm

for all the isotopes which we have included in our calcu-
lations. A cutoff energy, E „=25MeV, was used for all
quasiparticle (particle-hole) monopole and quadrupole
unperturbed pair configurations. The stability of the nu-
merical results against changes in the cutoff value has
been tested and we have found that a very small fraction
of the unperturbed energy-weighted sum rules lies outside
the energy region limited by the condition Epqp E
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FIG. 1. Mass variation of neutron quasiparticle energies for
the mass region 112( 3 ~ 124.

and

S(X =2+ ) =71.122 MeV fm

In order to obtain the centroids and average spreading
widths of the resonances, we have accumulated fractions
of energy-weighted sum rules, carried by individual RPA
roots, in the full energy range divided in bins of 0.5 MeV.
The corresponding histograms have been used to evaluate
the centroids. Furthermore, we have tested the numeri-
cal accuracy of this procedure by calculating the distribu-
tion function

In comparing our model-space results for the unper-
turbed energy-weighted sum rules with the results given
by the harmonic-oscillator model, S(A, =0+ ) and
S(A, =2+ ), we have adopted the following values

S(A, =0+)=71.492 MeV fm

TABLE I. (a) theoretical and (b) experimental values for low-lying one-quasiparticle states in odd-mass Sn isotopes. Data are tak-
en from Ref. 13. The values are given in units of MeV.

] +
27+
25+
23+
211—
2

(a)

0.00
0.08
0.59
0.78
1.00

113
(b)

0.00
0.08
0.40
0.50
0.74

(a)

0.00
0.25
0.88

0.56
0.70

115
(b)

0.00
0.61
0.98
0.50
0.71

0.00
0.54
1.04
0.28
0.40

117

0.00
0.71
1.02
0.15
0.31

0.00
0.74
1.14
0.01
0.06

119

0.00
0.78
0.92
0.02
0.09

(a)

0.07
1.07
1.22

0.00
0.05

121
(b)

0.06

0.00
0.01

0.17
1.37
1.33
0.01
0.00

123

0.15

0.02
0.00

125

0.14
1.58

1.31
0.00(3)
0.00

0.21

0.03
0.00
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FIG. 2. Comparison between theoretical and experimental
values for the energy of giant monopole resonance {CxMR) and
giant quadrupole resonance (GQR) in even-mass Sn isotopes.
Data are taken from Ref. 11. Theoretical results with and
without the inclusion of pairing correlations are indicated by
solid and dashed lines, respectively.

where E&MR and EQQR are the calculated energies for
the monopole and the quadro pole giant resonances,
I GMR and I GQR are the corresponding widths, and

SRPA(iV=0+) and SRPA(A, =2+ ) are the obtained RPA
values for the energy-weighted sum rules. We have fol-
lowed this procedure for each of the isotopes without
changing the coupling constants, both with and without
the inclusion of neutron-pairing correlations. The results
are shown in Fig. 2 where the energetics for GMR and
GQR are displayed as a function of the mass number.
Agreement with the data are obtained within 250 keV for
the lighter masses. From these results it becomes evident
that pairing effects are important in the calculation of
GMR and GQR energetics. It should be noted that the
suppression of pairing produces, as expected, a down-

ward shift of the energies, which is more pronounced for
the lighter Sn isotopes with the mass numbers
112~ A ~116. An example of the effects associated to
pairing correlation is shown in Fig. 3, where the total
strength distribution and monopole and quadrupole
strength distributions, with and without pairing, are
shown for the case of "Sn. The dependence of total
strength distributions, S(E), upon pairing correlations is
shown in Fig. 4 where the above-mentioned shift in the
energetics of GMR and GQR is clearly visualized.

We can also extract some useful information concern-
ing the role which is played by pairing correlations, in
building up the microscopic structure of the giant reso-
nances, from the analysis of the RPA wave functions.
For the GMR it is revealed that pairing correlations
influence more the structure of the wave functions for
light Sn isotopes, namely, for " " Sn, than they do in
heavy masses. The explanation of this effect is obvious
since the blocking of pairing correlations, for few out-
shell particles, produces a drastic reduction in the num-
ber of allowed pair configurations. It means that the bulk
of the wave functions, for GMR in light Sn isotopes, is
composed of one-quasiparticle —one-particle neutron-pair
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FIG. 3. Strength distributions corresponding to GMR and GQR in ' "Sn. Solid lines represent the accumulated strength; dashed-
dotted and dashed lines represent GMR and GQR strengths, respectively. (a) and (b) correspond to theoretical results which have
been obtained with and without the inclusion of pairing correlations, respectively.
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FIG. 4. Accumulated strength distributions for GMR and GQR in even-mass Sn isotopes. Theoretical values, given in percen-
tages for the total GMR+ GQR intensity, correspond to RPA calculations performed with (solid lines) and without (dashed lines} the
inclusion of pairing correlations.

configurations in addition to the one-particle —one-hole
proton-pair configurations. When the pairing correla-
tions are suppressed, dominant amplitudes of the GMR
wave function are given by neutron and proton particle-
hole pairs nearly in the same amount. This eAect is of
minor importance for the heavy masses, " ' Sn, where
the suppression of pairing correlations changes the struc-
ture of the wave function less drastically. Dominant con-
tributions to CxMR and CiQR wave functions for some of
the Sn isotopes are shown in Table II.

The results arise due to the interplay of two eAects.
First, we have, in a superAuid system, enhanced quasipar-
ticle energies. Even without any residual interaction,
pairing correlations will therefore increase the energy of

the giant resonances as compared with the normal sys-
tem. Second, pairing correlations produce a broadening
of the Fermi surface, thus resembling much the situation
of giant resonances on a thermally excited state. In our
previous investigations' ' on thermal blocking eA'ects,
we have found some features on the behavior of giant res-
onance modes at finite temperature, which are similar to
the ones discussed above. From a very crude representa-
tion of the GMR and GQR resonances, like single collec-
tive modes built on degenerate pair configurations of
particle-particle and particle-hole-types, an enhanced col-
lectivity can be expected when the Fermi surface is
broadened by thermal excitations. For an attractive
force, as for the case of isoscalar excitations, an increase
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TABLE II. Wave functions for some dominant states in the GMR energy region. Forward (X) and
backward ( Y) going RPA amplitudes are shown, for neutron (v) and proton (~) configurations, for
monopole and quadrupole states in " '" ' "Sn. Energies (in MeV) and fractions of the energy-weighted
sum rule (EWSR in %%uo) are shown for RPA states calculated (a) with and (b) without the inclusion of
pairing correlations. Configurations with ~X~ 0.20 are not included.

E (MeV) EWSR (%) Configuration Amplitudes

Monopole states

112 (a) 15.88

16.44

26.57

22.26

& i 3fs /z 5fs/2 i

7T (2d3/2 4d3/2 )

g9/2 6g9/2 )

~ 3f7/2 5f7/2 i

0.749

0.201
—0.421
—0.656

—0.002
—0.001

0.000(5)
0.011

(b) 15.26

15 ~ 35

16.28

14.36

22.08

27.22

v (2si/2 4s

(3p3/2 5p3/2 )

vr (2s, /2 4s, /2)

& i 3fs /2 Sfs /z i

(3p3/2 5p3/2 )

~ i3f7/2 5f7/2 i

& i 3fs/2 &fs /2 i

v (4g9/2 6g9/2 )

~ t3f7/2 5f7/zi

0.393
0.304

0.761
—0.739
—0.328

0.414
—0.335

0.318
0.510

0.037
—0.017

0.018
0.004
0.015
0.012
0.010

—0.005
—0.006

118 15.88

16.37

26.57

26.08

7' ~3fs/2 5fs/zi
~ (3p3/2 5p3/2)
v (4g7/2 6g7/2)
v (4$]/2 6$]/2)
v (4g9/2 6g9/2 )

~ i3f7/2 5f7/27

0.749

0.255
—0.282

0.243
—0.226
—0.672

—0.004
—0.013

0.003
—0.005

0.003
0.009

(b) 14.14

15.35

16.38

21.48

25.06

20.01

v (4d3/2 6d3/2)

( 3p 1 /2 5p 1 /2 )

77 i3fs/2 5fs/2 ~

& i 3fs /2 ~fs /2 i

(3p3/2 5p3/2 )

v (4$, /2 6$]/2)
& i 3f7 /2 '5f 7 /2

'i

v (4g9/2 6g9/2 )

m. (2s, /2 4$)/2)
7r t3f7/2 5f7/2'7

0.596
0.544

0.320
0.759

0.312
—0.330

0.327

0.305

0.596

0.430

0.007
—0.003
—0.002
—0.004
—0.014

0.018
0.008

—0.005
0.006

—0.006

124 (a) 15.26

16.43

17.66

16.85

& i 3fs /2 ~fs/2 i

m. (3p3/2 5p3/2)

{4g7/2 6g7/2 )

i 327/2 5f7/2 i

0.645

0.401

0.538

0.528

—0.006
—0.017

0.001
—0.009

(b) 14.14

15.33

16.30

19.17

23.14

26.72

v (4d3/2 6d3/2)

7r i 3fs/2 5fs /2 i

& i 3fs/2 5fs/2 j

~ (3p3/2 5p3/2)
& i 3f7/2 5f7 /2 i

(4g9/2 6g9/2 )

v (4$]/2 6$]/2)
7r i3f7/2 '5f7/2 ~7

0.604
0.299
0.739
0.336
0.288

0.279
—0.231

0.528

0.007
—0.001
—0.004
—0.015

0.008
—0.004

0.012
—0.009
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TABLE II. (Continued ).

E (MeV) EWER (%)

Quadrupole states

Configuration Amplitudes

X Y

112 (a) 12.13

12.77

14.63

16.22

V (4g7/2 6i» /2 )

( 3f7/2 Sh 11/2 )

( 5h» /2 7j 1 5/2 )

V (4g9/2 6i13/2 )

(3f7/2 Sh 11/2)

7r (3f7n Sh»/2)

—0.811
—0.189

0.570
—0.358
—0.294
—0.443

0.003
—0.002

0.002
—0.001
—0.009

0.004

(b) 12.48

12.74

13.68

8.40

12.64

11.93

V (4P3/2

( 373/2

7r (3f7n
~ (3f7/2
V (4g9/2

V (313/2
sr (3f7n
3' (3fsn
3' (3f7n
7r (3fsn
7T (2S1/2

Sf7n)
Sf7n)
5h11/2)

5h11/2 )

6l 13/2 )

Sf7/z)

5h„„)
Sfzn)
5h»/2 )

5h 9/2 )

4ds/2 )

0.728

0.236
—0.150
—0.264

0.242

0.215
0.804

—0.237
—0.225

0.673

0.411

0.004
0.007
0.000(1)
0.000
0.001

—0.001
—0.006
—0.002

0.007
0.003
0.004

118 (a) 12.77

12.88

24.78

10.09

( 4g 9/2 6i13/2 )

(3f7/2 Sh 11/2 )

3' (F3/2 Sf7/z)
V (4ds/2 6g9/2)

{377/2 5h 11/2 )

( 3f7/2 Sh 11/2 )

0.652

0.562

0.478

0.635

0.435
—0.232

0.002
—0.005
—0.001

0.001
0.002
0.003

(b) 12.47

12.75

21.89

12.03

V (4g9/2

V (3P3/2

& (3f7/2
7T ( 3P3/2

(4g9/2

V (F3/2
3' (3fzn
7r (3f7/2

6l 13/2 )

Sf7/z )

5h

Sf7n)
6l 13/2 )

Sf7/2 )

5h11/2 )

5h»/2)

0.538

0.551

0.489
0.178

0.216
0.216

—0.261

0.803

0.001
0.004

—0.001
0.005

0.001
—0.001
—0.000(1)
—0.006

124 (a) 12.69

13.53

13.03

10.05

V (4ds/2 6g9/2)
3' ( 3J7 3/2 Sf7/z )

7r (311/z Sfsn)
~ ( 33p2S/f7/2)

m (2S1/2 4ds/2)
& (3t71/2 Sfsn)
n (2d3/2 g7/2)

(3fs/z Sh9/2)

0.653

0.561

0.272

0.199
—0.123
—0.499

0.514
0.494

—0.002
0.005

0.003
0.004

—0.006
0.001
0.000(5)

—0.000(1)

(b) 12.71

13.58

22.04

12.92

V {4g9/2 6l 13/2 )

(3f7/2 Sh 11/2 )

V {4g9/2 6l 13/2 )

7r ( 3fs n Sh 9/2 )

0.465

0.754
0.293
0.788

—0.000(1)
—0.005
—0.008

0.002
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of the resonance energy is expected. '

Figure 5 shows, for the case of the GMR in " Sn, the
temperature dependence of the strength distributions.
We have obtained these results from the temperature-
dependent RPA treatment of the same interaction. '

Clearly the effects, spreading of the intensities, and shift
of the energies, are more pronounced for GQR than the
GMR.

III. PAIRING EFFECTS
ON NUCLEAR COMPRESSIBILITY
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FIG. 5. Histograms corresponding to percentages of quadru-
pole (X =2+) and monopole (A, =0+) energy-weighted sum
rules in " Sn for different values of the nuclear temperature.
(a)—(d) have been obtained with temperatures T=O, 0.4, 0.8, and
1.2 MeV, respectively.

The semiphenomenological procedure employed to ex-
tract E from breathing-mode GMR energies consists of
using scaling assumption (for details see Ref. 4). Under
this assumption, the finite-nucleus incompressibility K~
can be obtained from the breathing-mode energy E by

/2KE= (2)
m r

where (r ) is the mean-square radius. The extraction of
K from the calculated values of Kz goes about using a
liquid-drop-model type of expansion' for K„:

2

K~ =K +K~ A '~ +K~ N —Z

+K Z2W -4"+ECoul curv (3)

In this expansion, the contributing terms correspond to
bulk, surface, asymmetry, Coulomb, and curvature parts,
respectively. Since the equilibrium condition of the nu-
clear ground state has been taken into account, ' the
coefficients Kz and Kz are no more the second deriva-
tives of the respective coefficients in the mass formula'
and the Coulomb coefficient Kc,u, is modified to

3e 2

Kc,„i= (1—27R ),
5r

(4)

here R is related to the third derivative of the volume en-
ergy density with respect to the bulk density (see Ref. 4
for details). The expansion (3) does not depend on any as-
sumption like scaling nor on any other approximation
such as a mean-field theory with Skyrme-type interac-
tions. Under the scaling assumption, in particular, the
volume term of expansion (3) is synonymous with infinite
nuclear matter. The microscopic calculations' have
indeed revealed the scaling nature of the breathing mode.
Using various Skyrme interactions and calculating
breathing-mode energies in a density variational frame-
work, ' it has been shown in Ref. 4 that expansion (3)
holds well. This expansion has, therefore, been extensive-
ly used ' '" to fit the empirically obtained K~ values for
various nuclei to extract various compressibility
coefficients. It may be worth mentioning that this fitting
procedure gives the correct value of E for a given in-
teraction even in a compressional mode, where the iner-
tial parameter is different from the scaling case. This is
due to the leptodermous behavior of the breathing nuclear
densities which display a division into a homogeneous
bulk part and a surface skin. Thus, expansion (3) serves a
useful basis to extract K from experimental data.

The expansion (3) includes all important terms contrib-
uting to K~ and it converges fast in the scaling assump-
tion. The nonanalytic nature of the pairing term does
not, however, allow its explicit introduction in (3). The
expansion (3) was used ' '" without taking into account
the pairing effects. The set of nuclei included in the
above work were the isotopes of Sn and Sm and the
closed-shell nuclei Pb and Zr. The even-mass iso-
topes of Sn being open-shell nuclei display a superfluid
behavior with a large value of the pairing gap parameter

In the present work, we have observed that the pair-
ing increases the centroid energies of the GMR in Sn nu-
clei by about 100—150 keV. This effect is obviously
minimal. We are, however, interested to find how much
this shift in energy of the GMR due to pairing influences
K

We have fit the experimental data from Refs. 4 and 11
using expansion (3) in its present form. The mean-square
radius ( r ) used in Eq. (2) has been taken from empirical



43 EFFECT OF PAIRING ON BREATHING MODE AND NUCLEAR. . . 2629

TABLE III. Results of fits of experimental breathing-mode
data (Refs. 11 and 22—24) on Sn and Sm isotopes, Zr, Pb,
and Mg from KVI, Groningen to Eq. (3); (a) without correc-
tions for pairing, (b) with corrections for pairing on Sn and Sm
nuclei, (c) with pairing corrections only for Sn nuclei. See text
for further details.

Sets K (MeV) Kz (MeV) Kz (MeV) red.

(a)
(b)
(c)

300+23
290+24
294+23

—750+83
—731+89
—749+84

—316+192
—301+199
—295+197

0.17
0.20
0.85

data. In order to compensate for the pairing effect,
which is not included in (3), we have reduced the GMR
energies taken from the experimental data" of Sn and Sm
nuclei by 150 keV. We have assumed that this effect is of
the same magnitude for Sm nuclei too. The energies for

Pb and Zr, the other nuclei also included in the fit,
are taken to be the same as the experimental one. These
are closed-shell nuclei and do not show any superAuidity.

The results of a three-parameter fit of Eq. (3) including
the nuclei Mg (Ref. 22), Zr (Ref. 23), Sn and Sm iso-
topes (Refs. 4 and 11), and Pb (Ref. 24) are shown in
Table III. The curvature term has been fixed at a reason-
able value K,„,„—350 MeV. Part (a) shows the results of
a fit on all nuclei without any reference to the pairing as
in Refs. 4 and 11. On considering the pairing effect in Sn
and Sm nuclei (i.e., by reducing the centroid energies by
150 keV as mentioned above), the results are indicated in
part (b). The value of K„ is reduced by —10 MeV
( —3%) from the value obtained without pairing in part
(a). This is well within the experimental error bars of
300+25 MeV. The surface and the asymmetry terms also
do not show any significant variation and the change is
much less than the error bars. The quality of fit (b)
remains as good as that of (a) as is evident from the rela-
tive y values obtained. The spherical samarium nuclei

Sm and ' Sm taken here also have some amount of
superAuidity, but lesser than the tin nuclei. Now, if we
neglect the pairing effect in Sm isotopes and consider it
only for Sn nuclei, the resulting fit is shown in part (c).
The parameters of the fit are not different from those of
fit (b). However, the fit quality seems to have degraded
following the increase in the g value. This, in a way,
seems to demand that the pairing is important for Sm nu-
clei too if one wants a good fit as in the case (b), where
the fit quality is as good as the best fit of (a).

IV. CONCLUSIONS

The effects due to pairing correlations upon the struc-
ture of the GMR and the GQR in even-mass Sn isotopes
have been discussed. Theoretical results on the energy
systematics, which are based on the RPA treatment of a
schematic residual two-body interaction of zero range,
are found for the GMR in good agreement with the ex-
perimental data. Without altering the strength of the in-
teraction in going through the isotopic chain of even-
mass Sn nuclei, the calculations show that pairing corre-
lations enforce a shift in the centroid energy of the GMR.

This amounts to an overestimation of its value by
—100—150 keV as compared with the case without pair-
ing correlations. In the case of the GQR, however, the
pairing effects are more strongly manifest.

The effect of pairing upon the centroid energies of the
isoscalar giant resonances studied in this paper is in con-
trast with the pairing effect on the isovector giant dipole
resonance observed in Ref. 12. The isoscalar resonances
show a much less pronounced effect than the isovector
case. A larger shift in the isovector case can be traced
back to the two reasons. First, because of the nonvanish-
ing gap parameter, the relevant two-quasiparticle ener-
gies in superAuid nuclei are larger than the corresponding
particle-hole energies found without pairing, and second,
the particle-particle and hole-hole pairs present in the
case with pairing produce an enhanced collectivity as
compared to the case without pairing, where only
particle-hole excitations are possible. Due to the repul-
sive character of the residual interaction, this enhanced
collectivity is shifted to higher energies, which is of the
order of magnitude of the pairing-gap parameter. ' The
situation for the isoscalar resonances is, however,
different. Because of the attractive nature of the residual
interaction, the enhanced collectivity produces a lower-
ing of the peak energy and thus canceling to a large ex-
tent the upward shift in the energy caused by the gap in
the quasiparticle energies. The final effect is non-
negligible although small.

We have included the effect of pairing on the energy of
the GMR in the analysis of the experimental data for ex-
tracting nuclear matter compressibility. The semi-
phenomenological method based upon the liquid-drop-
model expansion of the finite-nucleus incompressibility
has been employed to determine K . Using the precision
data on the GMR of Sn and Sm nuclei '" and several
other data from Kernfysisch Versneller Instituut (KVI),
Groningen, the effect of pairing on Sn and spherical Sm
nuclei has been taken into account in the fit of experi-
mental data. The resulting incompressibility parameters
show a very small change in its values. Thus, the pairing
seems to show only a marginal effect on the value of the
nuclear matter incompressibility and it is further corro-
borated that K obtained empirically is about 300 MeV.
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