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Investigation of E2 and E3 Radiation above the Giant Dipole Resonance in s Y(p, pc ) Zrf
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New detailed angular distribution measurements are presented for 8~Y(p, yo) gr above
the giant dipole resonance (14 MeV -E& ~ 27 MeV), which show pronounced effects of high-
er multipoles. Direct-semidirect calculations provide a good description of the data by
including E2 and Es as well as El radiation. The sensitivity of the reaction to a T =1
giant quadrupole resonance is demonstrated.

In principle, the measurement of angular dis-
tributions in radiative proton capture should prove
a useful tool for the investigation of collective
resonances which lie high in the continuum and
have multipolarity other than E1. In practice,
there have been few such measurements at high
energies because of small cross sections and
large background rates, and it is (in most cases)
impossible to sort out the contributions of vari-
ous multipoles without a model for the capture
process. Although the direct-semidirect (DSD)
model' ' provides an appropriate framework for
discussing higher multipolarities, heretofore it
has been applied almost exclusively to E1 total
capture cross sections, with reasonable qualita-
tive success. The applicability of the model to
the calculation of angular distributions has re-
cently been demonstrated in light nuclei. ~ This
Letter presents the first application of the model
including the effects of higher multipoles to me-
dium or heavy nuclei, in which strong, localized
giant resonances other than E1 have been identi-
fied by inelastic scattering reactions.

We report herein angular distribution measure-
ments of the reaction 'QY(p, y, )s'Zr for 14 MeV
& E~& 27 MeV (22 MeV &E„&35 MeV). This re-
gion includes an isovector giant quadrupole reso-
nance at E„=26 MeV suggested by inelastic elec-
tron scattering. This represents the first (p, y)
measurement at energies above the giant dipole
resonance (GDR) of sufficient detail to permit de-
termination of the Legendre coefficients through
P,. The DSD calculations show reasonable agree-
ment with the measured coefficients by including
direct E2 and E3 radiation along with the direct
plus collective E1. Including an isovector giant
quadrupole resonance (GQR) with parameters
from Fukuda and Torizuka' in the calculation
substantially improves the agreement, even

though the data do not show pronounced struc-
ture near E„=26 MeV. The calculations also
show that the Q, y) reaction is expected to be
very insensitive to a concentration of isoscalar
E2 strength"' in the region of the GDR. A com-
parison of the model with data at lower energies
shows that below E~ = 8 MeV a statistical (com-
pound) component must be included to obtain con-
sistency with experiment.

In extending the DSD model to calculate angu-
lar distributions, allowing the possibility that the
incident beam of nucleons is polarized, we write
the differential cross section as

=A, l+ P [a,P, (cos8)+(p n)b, P,'(8)]
do'

k=1

where p e represents the polarization of the in-
cident beam normal to the reaction plane. The
coefficients A„A,a„, and A,bk are bilinear com-
binations of radial matrix elements (Q~), ,
taken between the continuum state lj and the
bound final state l,j, of the captured particle. In
the DSD theory, the effective radial operator Q~
for electric multipolarity L in the long-wave-
length limit is

The first term represents direct capture; q~ is
the recoil effective charge factor (e ptt/e) for sin-
gle-particle El. capture. ' The coupling to the
giant-resonance intermediate states appears as
a correction to the single-particle radial opera-
tor. The first energy denominator arises from
polarization of the core by the incident nucleon;
the second denominator, corresponding to core
polarization by the captured nucleon in the final
state, ' has heretofore been neglected. We retain
it here because its relative contribution to the di-

156



VOLUME $8, NUMBER 4 PHYSICAL RKVIKW LKTTKRS 24 JANUARY 1977

pole cross section is significant at the highest
energies of interest (E&= 2EGDR). The shape fac-
tors h~'(r) are derived from the hydrodynamic
prescriptions of Satchler, ' which relate the fac-
tors k~' to the optical potential via shape and
charge deformations of the nuclear density. The
result for isovector excitations, based on the
Steinwedel-Jensen (S-J) model for the giant reso-
nances, is
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The quantity U, is to be identified with the sym-
metry part of the full optical potential defined by
U(r) = U,(r) + T, U, (w)(N Z)/A-The. normalization
is provided by assuming that the giant resonance
exhausts a fraction f,„ofan energy-weighted
sum rule. " The quantity ~, is 1 and —1 for neu-
trons and protons, respectively, and nz is the nu-
cleon mass. In the calculations we have approx-
imated the averages (~") by the value 3R "/(N+ 3)
appropriate to a uniform-density sphere of radius
g, where R is obtained from the real-mell radius
in the Becchetti-Greenlees potential. " An anal-
ogous shape factor, proportional to rdU(r)/dr,
was derived for the isoscalar GQR. Although
such a resonance has been identified' slightly be-
low the GDR in "Zr, including it in the present
calculation yielded negligible effects on the total
cross section and very small changes (~ 10%) in
the angular distribution coefficients.

The continuum wave functions were calculated
with the Becchetti-Greenlees optical potential,
and the bound 2p,&, state with Woods-Saxon pa-
rameters suggested by Bohr and Mottelson. "
spectroscopic factor from the reaction" 89Y('He,

d, ) was included in the calculation. The shape of
U, was taken from the real volume term of the
Becchetti-Greenlees potential, and the strength
(in the equation for h~') adjusted to approximately
fit the total cross section in the region 12-15
MeV. This value was 48 MeV, compared with 24
MeV in Ref. 11. Such an increase appears typi-
cal in heavy nuclei for the S-J model with the
real coupling; the reason for this is not under-
stood The po.sition (E„=16.7 MeV) and width
(4.2 MeV) of the GDR were taken from "Zr(y, n)
experiments. " The coupling strength for the iso-
vector GQR was assumed the same as for the
GDR; the position, width, and sum-rule fraction
were taken as 26 MeV, 7 MeV, and 0.73, respec-
tively.

New data above E~ = 14 MeV from the Univer-
sity of Washington and Lawrence Livermore Lab-
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oratory (LLL) taken with anticoincidence-shield-
ed NaI spectrometers are compared with the cal-
culations in Fig. 1, together with Stanford mea-
surements"" in the range 6-14 MeV. The quan-
tities o. ..are related to differential cross sec-
tions Ye at 55', 90', and 125' by the expressions
n =(Y, + Y, )/2; n =08%2(Y —Y, )/n; n
=2(n, —Y»)/n, . These quantities reduce to A„

the a„are negligible for n~ 3.
shows coefficients through a, extracted from the
LLL data. We note that proton capture, in con-
trast to neutron capture, exhibits analog reso-
nances, which are not included in the model.
Such resonances appear prominently" near 6, 1
and 8.0 MeV. Additional resonances ascribed to
the T & component of the GDR" occur between 10
and 14 MeV. We have neglected the isospin split-
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FIG. 1. Angular distribution coefficients for 9Y(p,
yo) Zr. Crosses and open circles, present measure-
ments of n;(see text); solid dots, previous measure-
ments of A» a;, and b2 (Befs. 14 and 15) (Ao —= oo and a;
=—o. ; for E& %14 MeV). The curves represent calculated
0, ;; the E1 curve includes both direct and semidirect
(GDR); E2 and EB are direct only, except where semi-
direct E2 (GQB) is indicated.
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interference in a, and a,. This conclusion is sup-
ported by nonzero measurements of a„which re-
quire multipolarity ) 3.

We acknowledge helpful discussions with Pro-
fessor G. F. Bertsch and Professor V. A. Mad-
sen, and are indebted to K. M. Kohler of Oregon
State University for providing a computer code
which was generalized for the present work.
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FIG. 2. Angular distribution coefficients extracted
from LLL data. See text and Fig. 1 caption for signifi-
cance of curves.

ting of the GDR, which is probably reasonable
since the absorption strength of the T) GDR has
been estimated at about 15% of the Thomas-Reiche-
Kuhn sum rule. " Below 9 MeV compound gamma
emission appears to be significant. A Hauser-
Feshbach calculation" was made using gamma
transmission coefficients derived from the ob-
served total photoneutron yield" by detailed bal-
ance, and Gilbert-Cameron level densit;ies" in
the competing "Zr+n system.

The curves in Figs. 1 and 2 represent (a) E1
only (direct+GDR); (b) direct E2 added; (c) di-
rect E3 added to (b); (d) isovector GQR added to
(c). The curves are the sum of the DSD and sta-
tistical calculations, except for the dash-dotted
curve below 10 MeV, which is the same as (c)
without the statistical component. The data are
compatible with the GQR parameters of Ref. 5.
The calculated resonance effect is strongly damped
by the large value of the width (7 MeV) given in
Ref. 5. Use of a complex coupling for the reso-
nances, as introduced for the GDR by Potokar, "
yields qualitatively similar results, except that
the GQR strength must be reduced to ~ 40%%u& of the
sum rule to be compatible with the data; this will
be discussed in a subsequent paper. More de-
tailed understanding of the coupling to the T = 1
GQR will require a systematic study of nucleon
capture in additional nuclei. The calculation in-
dicates that E3 radiation becomes significant at
the higher energies, appearing mainly by E1-E3

)Work supported in part by the U. S. Energy Research
and Development Administration, Contracts No. W-
7405-Eng 48, and No. E(45-1)-1888.

G. E. Brown, Nucl. Phys. 57, 889 (1964).
C. F. Clement, A. M. Lane, and J. A. Book, Nucl.

Phys. 66, 278, 298 (1965).
F. Cvelbar and S. L. Whetstone, Charged-Pa&icle-

Induced Radiative CaPture (International Atomic Ener-
gy Agency, Vienna, 1974), p. 271, and references
therein.

K. A. Snover, J. E. Bussoletti, K. Ebisawa, T. A.
Trainor, and A. B. McDonald, Phys. Rev. Lett. 87, 273
(1976).

~S. Fukuda and Y. Torizuka, Phys. Lett. 62B, 146
(1976).

J. M. Moss gt al. , Phys. Lett. 58B, 51 (1974).
J. M. Eisenberg and W. Greiner, Excitation Mecha-

nisrns of the Nucleus (North-Holland, Amsterdam,
1970), p. 98.

V. A. Madsen, J. Zimanyi, and I. Halpern, private
communication.

G. B. Satchler, Nucl. Phys. A195, 1 (1972).
'OE. K. Warburton and J. Weneser, in IsosPin in ¹-

cleax Physics, edited by D. Wilkinson (North-Holland,
Amsterdam, 1969), p. 178.

~~F. D. Becchetti and G. W. Greenlees, Phys. Bev.
182, 1190 (1969).

A. Bohr and B. R. Mottelson, Nuclear Stmctuxe (Ben-
jamin, New York, 1969), Vol. I. p. 289.

D. Vourvopoulos and J. D. Fox, Phys. Bev. 177, 1558
(1969).

B. L. Berman et al. , Phys. Bev. 162, 1098 (1967).
M. Hasinoff, G. A. Fisher, and S. S. Hanna, Nucl.

Phys. A216, 221 (1978).
'6H. F. Glavisb, ia Proceedings of the International

Conference on Photonuclear Reactions and APPlications,
Pacific Grove, California, 1979, edited by B. L. Ber-
man, CONF-780801 (Lawrence Livermore Laboratory,
Livermore, Calif. , 1978), p. 755.

' E. Vogt, in Advances in Nuclear Physics, edited by
M. Baranger and E. Vogt (Plenum, New York, 1968),
Vol. 1, p. 261.

'8A. Gilbert and A. G. W. Cameron, Can. J. Phys. 48,
1446 (1965).

9M. Potokar, Phys. Lett. 46B, 846 (1978).

158


