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We have performed microscopic calculations of the low-lying and high-lying K™=0",
1%, and 2" states in deformed rare-earth nuclei. The centroids of the isoscalar giant
quadrupole resonance in 16°Dy, yb, and ¥4W are at 11.58, 11.44, and 11,22 MeV, re-
spectively. A broadening of these resonances due to the deformation is predicted which
varies appreciably in the different nuclei. About 20% of the monopole strength is found
in the same energy range.

In the last two years giant resonances of mul- In the case of the giant dipole resonances this is
tipolarity different from the well-known dipole an experimentally well established and also the-
resonance have been detected experimentally by oretically understood phenomenon. The situation,
inelastic electron and proton scattering.! A re- however, is controversial for the GQR: The dy-
view of this field may be found in Satchler.? Un- namic collective model predicts® a splitting into
til now most of the experimental work has been five levels as a result of the deformation. Ina
done on spherical nuclei. The isoscalar giant schematic calculation using the harmonic-oscil-
quadrupole resonance (GQR), e.g., has been lator model and a quadrupole-quadrupole inter-
found at an excitation energy which agrees qual- action one gets a splitting into three different lev-
itatively with the prediction of Bohr and Mottel- els and a broadening of 6 or 2 MeV depending on
son.® In the special cases of doubly closed-shell the quadrupole-quadrupole force used. Neither
nuclei random-phase-approximation (RPA) cal- the transition probability nor the absolute ener-
culations®® give semiquantitative agreement with gies are reported in Ref. 8.
the experimental data. In this Letter we present results of a realistic

Very recently the GQR has also been found ex- microscopic calculation within the quasiparticle-
perimentally in deformed rare-earth nuclei.®"? RPA of the low-lying and high-lying K™ =0%, 1*,
In these experiments the width of the GQR was and 2* (intrinsic) states. We used data for the

found to be broader than in the spherical isotopes. low-lying states to check the input data of our

843


https://core.ac.uk/display/286097376?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

VOLUME 36, NUMBER 15

PHYSICAL REVIEW LETTERS

12 ApriL 1976

theory such as single-particle energies, effec-
tive particle-hole and particle-particle interac-
tions, and the size of the configuration space.
This is a generalization of previous calculations
in spherical nuclei.* For the effective interac-
tions density-dependent zero-range forces have
been used. The force parameters and the single-
particle wave functions are the same as in a re-
cent analysis of isotope shifts and K™ =0* excita-
tions.’® We do not repeat here the well-known
formulas of the quasiparticle-RPA theory, which
may be found in Ref. 10. We used the single-par-
ticle level schemes given in Ogle et al.** A di-
agonalization in a space which includes all parti-
cle-hole pairs within an energy range of 27w,
above and below the Fermi surface is not yet pos-
sible with our computing facilities. Therefore
the following procedure for selection of pairs
was chosen: (i) Any combination within the inter-
val €,+ fiw, is included; (ii) the particle-hole
pairs outside this energy interval are included in
the order of decreasing absolute value of the sin-
gle-particle matrix elements. This procedure

TABLE I. Energies and transition probabilities of
180py, 10yb, and W, In general only the most collec-
tive state of the low-lying levels of each K™ combina-
tion is given. In the case of the GQR we give the ener-
gy of the most collective state and the total strength
which generally is distributed over a few levels within
an interval of 1 MeV.

A E ev]l | B(E2,0%+2%) [e?mn"]| B(EO) [e®fm"]
Nucleus | K
th exp th exp th exp
160, of | 1.38]1.26( 354 220702 211
10.5 873 921
1t 1.58 55
11.7 1222
2*| 1.27]0.97| u68 | 1050:80°
13.7 665
M0y, | o*| 1.14|1.07| 394 2140+ 302 202
1.32 | 1.23 u7 1904602 16
9.7 1223 1165
1*] 2,28 46
11.9 1067
Y| 1.m1| 1.14| 2u2 940°
13.4 8u2
184, o*| 1.23| 1.00| 41 5059 42| 1.9 0.4
150 1.32] 36
9.7 1013 867
1*] 1.82 98
11,4 1316
2*] o.9u| o0.90] 154 | 1250:509
1.45] 1.39] 198 210:209
12.6 938
aRef. 12. CRef. 14.
bRef. 13. dRef. 15.
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works well for the K" =0* case. For the 1% and
2% levels the restriction is somewhat more strin-
gent.

It should be mentioned that we obtain spurious
0* states at zero energy as a result of the con-
sistent use of the particle-particle interaction.®
A spurious 1* state is also reasonably close to
zero (e.g., E,+*=-0.1 MeV? for *°Dy).

A summary of our results is given in Table I
and in Fig. 1. In the table we give in general on-
ly the most collective state of the low-lying lev-
els of each K™ combination. In Fig. 1 the B(Ex)
values have been summed in intervals of 0.5 MeV.
The three peaks between 10 and 14 MeV corre-
spond to the K™ =0*, 1*, and 2* components of
the quadrupole vibration. Coinciding with the K™
=0* peak there is also a peak in B(E0) since the
K"=0" intrinsic states can be populated or depop-
ulated by monopole transitions, too. The distri-
butions for Yb and **W are very similar. It
is important to point out that no effective charg-
es are used. The agreement for K" =0* is in gen-
eral better than for K™ =2*, It is the effect of
the truncation of the configuration space which
makes the interaction in the 2* case appear to be
too weak. A slight renormalization, i.e., in-
crease of the interaction strength, improves the
agreement of energy and B(E2) values with ex-
periment. Therefore our present B(E2) values
of the giant resonances should be taken as lower
limits. The centroids of the GQR are in Dy, Yb,
and W at 11.58, 11.44, and 11.22 MeV, respec-
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FIG. 1. Distribution of B(E2) strength (solid line) and
B(EO) strength (dotted line) for ®°Dy, The B(EA) values
have been summed in intervals of 0.5 MeV. The exact
locations of the resonance maxima are indicated by ar-
Trows.
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tively, and the corresponding B(E2) strengths ex-
haust the energy-weighted sum rule (EWSR) for
isoscalar E2 states to 57%, 57%, and 53%, re-
spectively. These values might be compared

with the results of several experiments in that
region, using hadronic probes,”® which give the
GQR around 12 MeV. The experimental B(E2)
strength varies from 80% up to 150% of the EWSR.
In a (e,e’) experiment® the GQR in *°Nd was
found at 11.2+ 0.2 MeV and the B(E2) value ex-
hausts 85% of the EWSR. If one compares the ex-
perimental B(E2) values with the theoretical re-
sults one always has to add the B(EO) contribu-
tion since present experiments do not distinguish
between 0* and 2*. This gives another 10% of

the EWSR. On the other hand these high-lying
(intrinsic) states can be excited also by any 2*
transition, especially £4. This might be one rea-
son why different experiments give such strongly
differing B(E2) values. To clarify this point one
has to perform a distorted-wave Born-approxima-
tion analysis similar to that in ***Pb using micro-
scopic wave functions.®

In our model the width of the giant resonances
is not calculated. Therefore one has to assume
a shape and a width for each line in order to de-
duce a broadening of the GQR from our results.

If we take Gaussian shapes with a full width at
half-maximum of 3.9 MeV as measured® in **Sm,
we get a broadening of 1.0, 2.3, and 1.4 MeV in
Dy, Yb, and W, respectively. If we take a full
width at half-maximum of 2.8 MeV as measured’
in 2Nd, the corresponding numbers are 1.3, 2.9,
and 1.4 MeV. These results might be compared
with two experimental values: In !%°Nd the broad-
ening measured with electrons” is about 2 MeV,
whereas the broadening in **Sm measured with

o particles is 1 MeV.

In order to get more insight into the structure
of the GQR in deformed nuclei we calculated the
transition density of these levels into the ground
state. This corresponds most closely to the den-
sity change of a classical vibration at maximum
elongation. In Fig. 2 the microscopically calcu~
lated transition densities of the high-lying K™ = 0%,
1*, and 2* states are shown. The K™ =0* pattern
looks very similar to a classical g8 vibration. But
instead of being small inside the nucleus, the
transition density has an appreciable value there
as one would expect from a classical breathing
mode. Also the K" =1% and 2* excitations show
the features of high collectivity, i.e., the micro-
scopic transition densities are very similar to a
vibrating liquid drop (y vibration) with little addi-
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FIG. 2. Microscopically calculated transition densi-
ties py(t) of the K™ =07, 1*, and 2* giant resonances in
80py in units of 10"? fm ™3, From top to bottom, K™=0",
1*, and 2* components of the resonance. Since py has
the same reflection symmetry and dependence on the
angle ¢ as Y, (0, ¢), only one quadrant of the x-z plane
is shown, The dash-dotted line indicates the boundary
of the nucleus where the density has fallen to half its
inside value.

tional structure. This behavior is typical for all
nuclei investigated so far. The low-lying collec-
tive K™ =0% and 2* states, however, deviate
strongly from that classical picture.
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