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Spreading Widths of Isoscalar Giant Quadrupole Resonances in '60 and 4oCa
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Isoscalar giant quadrupole resonances are theoretically studied for P and ' ga. A
remarkable difference in the widths of these resonances observed in (&,&') experiments
is explained. Both one-particle, one-hole and two-particle, two-hole correlations are
found to be responsible for producing the difference.

Many experiments on the isoscalar giant quad-
rupole resonances (GQR) have been published. '
Recent (o.', n') experiments have revealed that the
width of the GQR below A =40 systematically
broadens as the mass number decreases; 3.5
+ 0.3 in 4'Ca, 7.I + 0.5 in»S, ' and 7.5 g I in "O
(full width at half-maximum in MeV). ' It also
should be noted that the shape of the GQR in "0
is very different from the approximate Gaussian
peak observed in medium and heavy nuclei. '4

The simplest picture to describe the GQR as-
sumes a coherent mixture of one-particle, one-
hole (1p-1h) states which are frequently approx-
imated to be bound states with M~ excitation in
the harmonic-oscillator shell model. ' This pic-
ture can explain reasonably well the observed ex-
citation energies. Two kinds of couplings of the
coherent state with states other than the Ip-Ih
states must be taken into account. One is coup-
ling with continuum states, "which gives rise to
escaping widths. The theoretical escaping widths'
are about 0.5 MeV for "Ca and 1.2 MeV for "0,
which are much smaller than the observed widths.
The other is coupling with 2p-2h states which
causes spreading widths. This coupling must be
important, because many 2p-2h states have the
same zeroth-order energy of 2' as the Ip-Ih
GQR.

In order to show the importance of the spread-
ing width, we have performed a shell-model cal-
culation for the GQR in '60 and 40Ca. All T= 0
2k& excited states are taken into account to de-
scribe the GQR, while the ground states are as-
sumed to have Mcu closed-shell configurations.
Spurious states with excitations of center —of-
mass motion must be eliminated from the model
space. Because these consist mainly of the 2p-
2h states, the Ip-Ih components are still domi-
nant in the states, hereafter called "Ip-Ih"
states, obtained by eliminating the spurious
states from the Ip-Ih states and further orthog-
onalizing the remainder. Other states which are
orthogonal to the "Ip-Ih" and spurious states

consist only of the 2p-2h states. One can thus
decompose the nonspurious 2' space into the
"Ip- Ih" and nonspurious 2p-2h subspaces.

A model Hamiltonian is assumed to consist of
a single-particle Hamiltonian and a two-body re-
sidual interaction. As the residual interaction
we assumed a phenomenological central potential
of Gaussian form with the Rosenfeld exchange
mixture:

V(r) = —V,( 0 33P—„.+0.6P„+P„-l.8P„)
x e xp[-( r/r )'j. (1)

The range parameter A. = r, /v 2b (where b is the
oscillator length parameter) is taken to be 0.71
for "0 and 0.66 for 40Ca. (b = 1.85 fm for '60 and
b= 2.00 fm for 4'Ca. ) The depth parameter V, is
assumed to be 50 MeV for "O and 45 MeV for

Ca. The present value for "O reproduces ap-
proximately the excitation energy of the level at
11.52 MeV, which is suggested to be the lowest
2p-2h state by the "N(u, d) experiment' (see Table
II). The above value of V, for ~Ca is standard in
the shell-model calculations in the A = 40 region.
The single-particle energies are shown in Table
I.

Before the full 2k~ calculation, we diagonalize
the Hamiltonian in the "Ip-Ih" subspace. The
calculation gives a state which exhausts more
than 92/o of the theoretical limit on the total sum
of the isoscalar B(E2) strength from the Op-Oh

state. For this state, hereafter called the "Ip-Ih"
GQR, the calculation gives the following B(E2)
values and excitation energies: B(E2) = 93e' fm4

(92.7%) and E„=23.3 MeV for "0, and B(E2)
= 460e' fm' (97.6%) and E„=18.4 Me V for "Ca.
The percentages in the parentheses are the B(E2)
values relative to the theoretical limit values.
These results are consistent with those of other
calculations. "

The results of the full Mcu calculation together
with experimental data are shown in Table II and
Fig. 1. The calculated B(E2) for "0 is now
spread over a wide range of energy and shows
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TABLE I. Single-particle energies of neutrons (in
MeV) used in the calculation, which were determined
in Ref. 9 for 60 and in Ref. 10 for 4 Ca from experi-
ments, except for those noted.

TABLE II. Calculated isoscalar and experimental E2
strergths S in the percentage of the energy-weighted
sum rule (EWSR) limit value for isoscalar E2 transi-
tion.
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no prominent peaks of Gaussian or Lorentzian
shape, which is very consistent with the (o., o. ')
data. " The shape of the total E2 photoabsorption
cross section is calculated from the calculated
B(E2) by using the expression

where E& is the energy of the photon. The shape
is in reasonable agreement with that of the ob-
served (y,p,) cross section deduced from the (p~~,
yo) data" using detailed balance. The calculated
absolute strength is consistent with the data in
view of the possible contribution of other chan. —

nels, which is, however, not estimated in any
available theoretical papers. The E2 strengths
for lower levels predicted by the present. calcula-
tion are much too small compared with the ob-
served values. This is not totally unexpected,
because the present calculation neglects the de-
formed and/or many-particle, many-hole com-
ponents, and the ground-state correlation.

For Ca, the full 2S~ calculation spreads the
"lp-1h" GQR very little. There appears a prom-
inent peak with a narrow width in contrast to "O.
This is in good agreement with the (n, u') data. '"
The width and total strength observed in the (e,e ')
experiment' are apparently twice as large as the
relevant values obtained from the (n, o. ') data.
One should, however, remember that the spin
and parity of the whole resonance are assumed to
be 2+ in the analysis of the (e,e') da.ta. The upper
half of the resonance seems to coincide with the

Hef. 3. The S value from E„=15.9 to 27.3 MeV does
not include the strengths of the 18.4-MeV group.

Bef. 4.
Bef, 11.
Ref. 12; the EWSB-limit value is corrected to the

present value from that used in the original paper.
Bef, 2.
Ref. 13.

&Bef. 14.
Ref. 15. The present EWSB-limit values [2420 e

fm MeV for 0 ao.d 9880 e c'm MeV for Ca] are de-
duced from observed rms charge radii.
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FIG. 1. Calculated distributions of isoscalar B(Z2)
(g.s. J"T=2+0). The inset for ' Q provides the calcu-
lated total E2 photoabsorption cross section (solid line)
and experimental (p,po) cross section (circles) deduced
from Bef. 12. That for Ca provides the experimental
distribution observed in the (Q., o.") (Bef. 2) and the
(e,e') (Bef. 14) reactions. The calculation for Ca is
restricted to E„-28 MeV.
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v, (t) =v, (t)+v„(t) =o,

Vp(i) —= (1p-1h; GQRi H,p sp g, i 2p-2h; i),
Vh(i) —= (lp-1h; GQRiHg, ,p g, i 2p-2h; i),

(4)

(5)

(6)

where H,p,z» (H&,p +) stands for an interaction
Hamiltonian between one-particle (one-hole) and
two-particle, one-hole (one-particle, two-hole)
states. The present calculation with use of more
realistic interaction, however, showed that the
cancellation is not complete for the two nuclei,
particularly for "O. By comparing the V,

' density
and the V&'+ Vh' density, one can see more clearly
how much the cancellation occurs in the present
eases. Figure 2 shows that the cancellation effect
is very weak in "0, whereas it is rather impor-
tant in "Ca.

Because the cancellation is not complete, the
2p-2h correlation must be taken into account to
understand the mechanism of the spreading width.
Without this correlation, the V,

' density is pro-
portional to the level density p of the 2p-2h states.
The 2p-2h correlation, however, makes certain
2p-2h states couple strongly with the "1p-1h"

GQR observed in the composite-nuclear-particle
scattering experiments, but the lower half could
be a giant resonance of another multipolarity,
possibly EO."

The classical formula for the spreading width
1"~ is given by"

r' = 2~V'/D,

where V is the coupling matrix element between
the relevant doorway state and compound states
which are spaced with a distance D. This for-
mula holds under the condition that V and D are
constant. Associating the doorway (compound)
state(s) with the "1p-1h" GQR (2p-2h states) ob-
tained by the diagonalization of the Hamiltonian
in the "1p-1h" (2p-2h) subspace, we analyze the
corresponding V which will hereafter be denoted
by V,(i) for the ith 2p-2h state.

The following correlations are expected to af-
fect the spreading width: (a) 1p-1h correlation,
and (b) 2p-2h correlation. The first is responsi-
ble for producing the "1p-1h" GQR. Using a very
schematic model, Bertsch' first and then Uj'
pointed out that this correlation turns out to weak-
en the coupling of the "1p-1h" GQR with the 2p-
2h states making the r of the GQR much smaller
than that of a particle or a hole state. According
to their theory I" is zero, because of complete
cancellation of V~(i) by Vh(i) for any 2p-2h state
irrespective of the 2p-2h correlation:
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GQR. In "0, such 2p-2h states appear in the vi-
cinity of the "1p-1h" GQR and the condition of
constant V in Eq. (3) is badly violated (see Fig. 2).
Therefore the spreading width becomes large and
the shape of the GQR deviates much from the Lo-
rentzian.

Even in Ca, the 2p-2h correlation makes the
distribution of V,

' considerably different from
that of the 2p-2h states. The V,

' density, which
corresponds to V'/D in Eq. (3), is much flatter
in 4'Ca than in "0. This makes Eq. (3) approxi-
mately applicable for "Ca.

The results of the above analysis are summa-
rized as follows: (1) The drastic spreading of
the GQR in "0 is produced by the strong 2p-2h
correlation. The Ip-1h correlation, on the other
hand, is weak here. (2) The 1p-lh correlation is
strong in 'Ca. This correlation is responsible
for the reduction of the width of the GQR in 40ca.
The fact that the 2p- 2h correlation is much weak-
er in 'Ca than in "0 explains why the calculated
distribution of B(E2) is nearly Lorentzian.
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FIG. 2. Top: the distribution of the level density p.
Middle: the distribution of the V& +Vh' density. Bot-
tom: the distribution of the V& density. "I"' on the
right-hand side denotes 2& times V& +Vh or V& den-
sity; the measure is indicated on the inner Y axis.
tSee Eq. (3) and relevant explanations in the text J The
arrows are located at the excitation energies of the "1p-
1h" GQR's.
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The large-q falloff of the elastic deuteron form factor is used to relate meson ex-
change to underlying quark currents, to relate the deuteron form factor to large-angle
n -p scattering, to demonstrate scale-invariant behavior of the nucleon-nucleon potential,
and to determine the deuteron wave function at small n-p separation.

In this Letter we present several new results
and predictions on the connection between nuclear
and particle physics which follow from a study of
the implications of the deuteron having an under-
lying six-quark constituent structure. '

The deuteron form factor Fo(q') provides an
ideal illustration of the continuity between nucle-
ar and particle physics at the microscopic level.
At low momentum transfers, where the nucleons
can be treated as pointlike objects and are the es-
sential degrees of freedom, the usual effective-
potential Schr'odinger theory is appropriate, and
meson-exchange effects provide the framework
for the nuclear interaction. However, at large
momentum transfers where the nucleon form fac-
tor differs significantly from its —@2=0 value,
hadronic substructure comes into play and the
electromagnetic interaction begins to resolve an
elementary fermion current. The quark degrees
of freedom then become appropriate. The elastic
form factor of the nucleus is equivalent to the
probability amplitude to rearrange n elementary

constituents; the dimensional counting prediction,

(q')" 'F„-const,

then follows assuming a scale-invariant theory. '
The power law in Eq. (1) is to be contrasted with
bootstrap or continuum models with a uniform
current distribution. These theories imply an in-
finite-composite hadronic structure and exponen-
tially damped form factors. Experiment appears
to be consistent with Etl. (1) for the pion (n= 2)
and the proton (n =3) for q2»M2. The pion form-
factor data extend from 9 GeV2 in the timelike
region (q' &0) to —4 GeV' in the spacelike region
and the proton data extend to -33 GeV'. The re-
cent measurement' of the deuteron elastic form
factor out to —q'=6 GeV' appears to be consis-
tent with an underlying six-quark structure for
this elementary nucleus.

The deuteron form factor has been investigated
using the simplest quark diagrams, in particular
a democratic-chain model and a constituent-in-
terchange model. These models are constrained


