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The details of the structure previously observed in the high-energy proton-scattering
continuum are inspected for collective multipole contributions. Evidence is shown that
in the &*=10-25-MeV excitation region of the Ca continuum, at least dipole, quadru-
pole, and octupole excitations contribute to the structure of the cross section [o'{9,E+)].
While the dipole and quadrupole strengths exhaust most of their corresponding sum rules,
the octupole component does not. The possible nature of the less structured component
at this continuum region is discussed.

In a series of inelastic proton-scattering exper-
iments performed several years ago by Tyren
and Maris, ' the excitation region encompassing
the giant dipole state was studied for several
light- and medium-weight nuclei. With a bom-
barding energy of ED=185 MeV, the authors ob-
served structure in this continuum region which
they interpreted as excitation of the giant dipole
state. Recently, however, Lewis and Bertrand'
have shown that structure in the giant resonance
region can also be seen in the continuum of pro-
ton scattering at E~=62 and 66 MeV. But the ex-
citation energy (in both the 185- and 60-MeV mea-
surements) and strength (for E~=62 MeV) are in-
compatible with a dipole state and a quadrupole
interpretation is suggested. Furthermore Satch-
ler' has shown that the angular distribution for
the whole enhanced region of the continuum is
most compatible with an isovector dipole+iso-
scalar quadrupole interpretation, in which the
sum rules for both are essentially exhausted.

It is the purpose of this communication to show
that the detailed shape of the continuum structure
or scattering cross section [o(8,E*)j reveals the
presence of at least three multipoles or reso-
nance states which contribute to the collective
strength in the continuum.

Data points from Ref. 1 were extracted' and

reduced by subtraction of the underlying (slowly
energy varying) background. Examples corre-
sponding to the giant dipole region of "Ca and
"V are shown in Fig. l. Observation of a few
angles shows that marked variations in the ener-
gy center occur as a function of angle. In par-
ticular the energy centroid of the composite reso-
nance lies at a lower excitation energy for the
larger scattering angles. It should be noted that
this trend is opposite to that expected from the
possible influence of quasifree scattering.

In order to unfold the composite resonance into
specific resonance states, it was assumed that
the giant dipole state is indeed excited and con-
tributes to the spectral shape. The position of
the dipole state is taken from the (y, n) system-
atics' and the shape is a Lorentz curve with a
total width I'=4 MeV. In all cases the dipole is
seen to contribute to only the highest excitation
region of the composite resonance as illustrated
in Fig. 1. Assuming that the remaining strength
could be composed of additional resonances with
1 ~ 4 MeV, at least two more resonances (if F
= 4 MeV) were found to be necessary to explain
the angle dependence of the spectral shapes. The
strongest component resonance occurs about 2-3
MeV below the dipole resonance. This explains
why the resonance energies reported by Tyren
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FIG. 1, H68Qlts from QnfoMing typical coxQposite 168onRnc88 Dleasured in Ref. 1. The dashed curves corre-
Spond to coQstitQent resoQRQ068 Resumed to have R Lorentx ShRpe RQd sp16Rding width I =4 MeV. The solid )ine
is a SQxG of the composite cQrves. 886 also discussion In text,

TABLE I. Cross Bectiolle for the V(PpP ) reaction
Rt E& =185 M6V from Bef. 1 as extracted from the QQ-

foMing analysis in Fig. 1. The corresponding values
in parentheses are DWBA estimates (Rs discussed in
the text) for 100% of the sum rule strength for dipole
{19MeV) and quadrupole (16 MeV) excitation.

& ]
7.6 (12)
2.5 (1.0)

4.0 (11)
1.0 (0.4)

and Maris' were never in agxeement with later
photonuclear da,ta. '

The three-component resonance stxengths mere
adjusted by hand to fit approximately the overall
shape of the composite resonance shomn by the
solid line in Fig. ~ for CR and 5~V. The result-
ing differential cross sections are given in Fig.
2 for Ca, and in Table I for "V since only two
smRll-angle spectl R %'ex'6 measured fox' V. in
Ref. &. The solid curves in Fig. 2 and the values

in pa, rentheses in Table I are distorted-wave
Born-approximation (DWBA) estimates based on
a sum-rule formula for the deformation or cou-
pling strength P~ discussed in Ref. 3 and previ-
ously Rpplled in Refs. 2 Rnd 3. A modification
of the usual surfRce-del1VRtlve form fRctor ls re"
quix'ed fol' the dipole case.

The data points must be given large uncertain-
ties due to a lack of knowledge of the actual posi-
tion (E*) and width (I') of the quadrupole and oc-
tupole states, and the real shape of the under-
lying continuum (assumed to be a linear function
of energy in this analysis). Nevertheless, each
of the three components for ' Ca displays a pref-
ex ence for a unique I transfer; L = 1 fox the 20-
MeV, I- = 2 for the 17-MeV, and L = 3 for the
l3.5-MeV resonance. From the magnitude of da-
ta points in Fig. 2 and Table I, we find the fol-
loming:

(a) The isovector DWBA slightly underesti-
mates the dipole data.

(b) The scalar quadrupole strength (when com-
bined with the known 2+ bound states) is sufficient
to exhaust the quadrupole sum rule as discussed
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TABLE II. A summary of the distribution of octu-
pole strength in Ca. E"=20 MeV—100 lo IV L"-1 (G.T.)

8.84
7.15
8.84
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'Results of the random-phase-approximation cal-
culations in Ref. 6. The IS (energy-weighted isoscalar
transition strength) is normalized to the (18%) experi-
mental value (see text).

Experimental values taken from Ref. 7.
Results from this analysis.
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in Ref. 3.
(c) The octupole strength, though not exhaust-

ing the sum rule, is consistent with the la~ 3
continuum states predicted by Gillet and Sander-
son. ' A summary of the measured 3 states and
a comparison with theory is shown in Table II.
Since only relative and unweighted transition
strengths were given in the random-phase-ap-
proximation calculations of Ref. 6, the strengths
were weighted and normalized at the measured
value' for the 3.73-MeV state.

The above analysis raises other questions about
the nature of the inelastic-scattering continuum:
(i) What contributions to the continuum are made
by isovector states of higher multipoles? (ii) To
what extent can one describe the full continuum
by a collective multipole expansion'? Following
the DWBA prescription for the dipole, ' the cor-
responding estimates for the higher isovector
multipoles were made, and the results showed
considerably smaller cross-section predictions
than for corresponding isoscalar cases. This is
illustrated for L = 2 by the dashed curve in Fig.
2. Isovector states are not expected to make a
major contribution to the inelastic proton contin-
uum.

A collective multipole expansion of the high-
energy inelastic proton-scattering continuum can-
not be divorced from a quasifree reaction ap-
proach. In the latter description the target nu-
cleon, when scattered by the incident nucleons,
is ejected directly into the unbound continuum
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without perturbation from outer nuclear shells.
This picture could be the asymptotic limit (L
»1) in a collective multipole expansion.

The approximate angular dependence of the un-
structured continuum corresponding to the E*
= 20-21-MeV excitation region is shown at the
bottom of Fig. 2. The small angles are partic-
ularly uncertain because such unstructured re-
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FIG. 2. Angular distributions from the data of Ref.
1 analyzed by the procedure shown in Fig. 1. The sol-
id curves are DNA estimates. IS and IV are nota-
tions for energy-weighted isoscalar and isovector sum-
rule estimates for transition strength. G.T. is the
Goldhaber-Teller model used for the L = 1 curve. E*
is the excitation energy from Fig. 1. The 18' data for
ther =3 curve could not be used because the spectral
shape near E*=12MeV was inconsistent with the re-
maining data.
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gions of the spectra cannot be easily corrected
for the incident-beam-degradation component
underlying it. The angular dependence does not
characterize a unique I- transfer in a direct re-
action. W'bile the shapes of continuum spectra
in Ref. 1 do not clearly manifest the presence of
quasifree scattering, neither does the energy nor
angle dependence of these data exhibit isotropy.
Furthermore, we wish to draw attention to a
qualitative similarity between the expected en-
hancement in the o(E*,8) from quasifree scatter-
ing and that from collective excitations (I = 3—6).
The approximate position expected of a quasipeak
is determined by E~~ =E~ cos'8, where E~', E~,
and 8 are the continuum proton energy, bombard-
ing energy, and scattering angle, respectively.
However, for the angular range 8=20'-40, the
position of the quasifree peak, E*=20-40 MeV,
would nearly coincide with the maxima expected
from DWBA predictions' for the collective exci-
tation of the multipoles A=3-6.

Finally, we wish to emphasize the need for
more high-energy inelastic scattering data. The
measurements in Ref. 1 include only one angular
distribution for targets 4 &16 and do not include
most of the quasif ree scattering region of the
spectra. Unfortunately, other measurements' '
of quasifree scattering at E =160 MeV do not in-
clude small-angle data and do not even agree on
the existence of quasifree continuum structure
at E =160 MeV. The use of high-energy complex
projectiles is also important. The inelastic-scat-
tering spectra' from 90-MeV n particles and 75-
MeV 'He show continuum structure (E*=11 MeV)
in heavy nuclei which appears to coincide with
that observed in 60-MeV proton spectra. '
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