
VOLUME 24, NUMBER 18 P H Y S I C A L  R E V I E W  L E T T E R S  4 MAY 1970 

TPresently a t  Bowling Green State University, Bowl- 
ing Green, Ohio. 

'P. E. Wigen, C. F. Icooi, M. R. Shanabarger, 2nd 
T. D. Rossing, Pliys. Rev. L e t t e r s 9 ,  206 (1962). 

'A. M. Por t i s ,  Appl. Phys. Let ters  2, 69 (1963). 
3 ~ .  F. Kooi, P .  E. Wigen, M. R. Shanabarger, and 

J. V. Kerrigan, J. Appl. Phys. g, 791 (1964). 
'M. Sparks, Phys. Rev. Let ters  g, 1111 (1969). 
5 ~ .  Sparks, Fevromagnetic-Relaxation Theory 

(McGraw-Hill, New York, 1964). 
%L Sparks, to be published. 
'P. Pincus, Phys. Rev. 118, 658 (1960). 
'PI. Sparks, to be published. 
9 ~ .  Wigen, to be published. 

' O E .  Schlömann, to  be published. 
"G. I. Lykken, Phys. Rev. Let ters  G, 1431 (1967). 
I2c. E. Patton and C. H. Wilts, J. Appl. Phys. s, 

3537 (1967). 
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The dynamic collective model has  been extended to  quadrupole giant resonances in 
spherical nuclei. The Splitting of giant dipole and giant quadrupole resonances due to 
the i r  coupling to  surfacc vibrations has been calculated for Sn isotopes. Agrcement with 
recent :J-absorption measurements  of the Livermore group has been found. 

The dynamic collective theory was successful in explaining the main s t ructure  of giant dipole reso- 
nances in deformed and spherical n ~ @ l e i . ' * ~  In this Letter i t  has been extended to include the coupling 
of the quadrupole giant resonance and the surface vibrations of medium heavy and heavy spherical 
even-even nuclei. The total Ilamiltonian can be written 

where H, i s  the harmonic Hamiltonian of the surface quadrupole vibrations. H X  (X = 1, 2) denote a s  
well the Hamiltonian for  the giant dipole (X = 1) and giant quadrupole (A = 2) oscillations a s  well a s  their 
jnteraction with the low-energy surface vibrations: 

Here q["lt and qCX1 a r e  spherical creation and an- 
nihilation operators for  the giant multipole reso- 
nance phonons. aC2] denote the amplitudes for  the 
surface quadrupole vibrations which a r e  expressed 
in t e r m s  of creation and annihilation phonon op- 
e ra to rs  by a ['I = [B/(~BU)] 1/2(ß ['lt +ß ['I). E w  
= t i ( C / ~ ) ' / ~  is the energy of the surface vibrations 
and B the corresponding mass  parameter.  Both 
a r e  deduced from the f i r s t  excited 2' s ta te  of the 
nucleus and the transition probability B(E2, 2' - 0') which is related to the mean-square ampli- 
tude of the surface vibrations ßo2: B(E2, 2' - 0') 
= [ ( ~ ~ ) Z R , ~ ] ~ B $ .  Aal is the energy of the unper- 
turbed giant dipole resonance and i s  given by 

IIt contains the symmetry-energy parameter  K 

of the mass  formula and the effective m a s s  of 
the nucleon, M * = ~ / ( l  + a) .  According to the hy- 
drodynamical model the giant dipole and giant 
quadrupole energies a r e  related to each.other, 
EQ, = 1 .6ES2,.3 The coupling constants A B„ 
Ab,  and B„ a r e  obtained by solving the bound- 
ary-value problem of the hydrodynamical mod- 
e1.4v5 They a r e  Al = 1.5088, B, = -1.5795, Alo 
=0.9881, B„ =1.4024, A12 =0.9503, B„ = -1.7753, 
A14=B1,=0, A,=-1.4376, B2=1.1914, A„=0.8676, 
B„ = 0.6686, A„ = 3.9341, B„ = -1.4494, A„ 
=3.9011, B„=-0.0188. 

The Hamiltonian (1) i s  diagonalized in the func- 
tion space of the harmonic dipole and quadrupole 
oscillations. Due to the interaction contained in 
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FIG. 1. The photon absorption c ross  section a s  predicted by the dynamic collective theory (full line) compared 

with recent y-absorption measurements of the Livermore group (see Ref. 6 ) .  The lower part  of the figure shows 
energies and strengths of the dipole and quadrupole giant resonances. The splitting of these resonances due to 
their coupling to surface vibrations is evident. 

(2) a spreading of the dipole and quadrupole 
strength occurs. This is shown for the isotopes 
Sn"' and Sn124 in the lower part of Fig. 1. The 
occuring structure resembles to some extent 
that of strongly deformed nucleim2 

The y-absorption c ross  sections shown in Figs. 
1 and 2 a r e  obtained by summing the contribu- 
tions of the different resonances. Lorentzian 
shapes with a common width for the giant dipole 
states, I?„ and for the giant quadrupole states, 
ro, a r e  assumed (see Table I). The experimen- 
tal data a r e  those recently obtained by the Liver- 

more groupG measuring the y-absorption c ross  
sections with monochromatic y rays obtained 
from electron-positron annihilation in flight. 
These data seem to reveal the theoretically pre- 
dicted structure of the quadrupole giant reso- 
nances. Both the energies and the strengths of 
the various levels a r e  indicated in the lower part 
of Fig, 1. The agreement with the observed 
structure in the excess c ross  section at the high- 
energy tail of the dipole giant resonance i s  sur-  
prising, The slight substructure in the giant di- 
pole resonance at about 16.5 and 18.5 MeV can 
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FIG. 2. The experimental excess c ross  section (see Ref, 6 )  over the theoretical giant dipole tail  compared with 
the theoretical quadrupole ahsorption c ross  section (full curve). 

possibly be due to the vibrational giant dipole 
satell i tes predicted at about these energies (see  
the lower pa r t  of Fig, 1). In fact, it has been 
shown7 that the escape widths of the giant dipole 
satell i tes can vary quite appreciably. Neverthe- 
less,  more experimental evidence is necessary 

Table I. The various parameters  for the Sn isotopes. 
h.O1 and h.02 denote the unperturbed giant dipole and 
giant quadrupole energies, respectively. E W is the en- 
ergy of the first 2" surface phonon, P o  is  the mean de- 
formation, and rD and rQ a r e  the assumed widths of 
the giant dipole and giant quadrupole resonances, re -  
spectively. ff is  the parameter for the effective mass,  
- 

snii8 

h.i2* = 15.6 MeV Tn'4.8 MeV 
F 2 0  = 1.230 MeV a =0.2  T Q = ~  MeV 
/30=0,116 
A6L2=25.0 MeV 

sniZ4 

Eill = 15.2 MeV I D=4.8 MeV 
f iw=1.131 MeV CY = 0.2 rQ=2 MeV 
P o =  0.108 
f i  Cdz = 24.4 MeV 

to confirm the interpretation of this s t ructure  a s  
quadrupole giant resonances, The electron exci- 
tation of these resonances in medium heavy nu- 
clei  should be especially valuableOs 
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Emission of singlet deuterons was observed in the reaction B " ( H ~ ~ ,  b)cil  by studying 
neutron-proton correlations. The resulting angular distributions a r e  very s imilar  to  
those of triplet deuterons and can be described in distorted-wave Born approximation 
assuming the 3 to  behave like a single particle. 

The mechanism of a nuclear reaction yielding energies,  related to the existence of a bound 
three particles may be dominated by final-state state (-2.23 MeV, triplet ,  S = 1, T = 0) and an 
interaction between two of them, which in the antibound s ta te  (-0.06, singlet, S = 0,  T = 1, 
case  of the neutron-proton system leads to an en- sometimes erroneously referred to a s  a resonant 
hancement of the c ross  section a t  smal l  relative state). The singlet interaction being dominant a t  


