
VOLUME 45, NUMBER 25 PHYSICAL RKVIKW LKTTKRS 22 DECEMBER 1980

Signatures of Density Dependence in the Two-Nucleon Effective Interaction near 150 MeV
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Definitive evidence for strong density dependence in the two-nucleon effective interac-
tion is noted in inelastic (p, p') differential cross section and polarization data for E&

150 MeV. These effects are quite sensitive to variations in the nuclear medium and

are well described, for inelastic scattering, by the local-density approximation with use

of density-dependent effective interactions from nuclear matter.

PACS numbers: 25.40.Ep, 25.40.Cm, 24.10.-i

We present new results for normal-parity iso-
scalar excitations via the (p, p') reaction that
demonstrate for the first time the importance of
medium corrections to the isoscalar spin-inde-
pendent central component of the two-nucleon ef-
fective interaction in the energy range E~= 100-
200 MeV. ' New data for "0are presented' and
calculations for existing "C and "Ca data' ' are
also presented.

Although the distorted-wave impulse approxima-
tion' has had considerable success in describing
the qualitative features of proton scattering near
150 MeV, 4 7 ' it is not sufficiently accurate to al-
low quantitative extraction of neutron transition
densities except when proton-neutron differences
are large. ' In recent years there has been a con-
certed effort to deduce a two-nucleon effective in-
teraction in the nuclear medium. ""The t ma-
trix describing the scattering of a continuum nu-
cleon from a nucleon in infinite nuclear matter,
including Pauli blocking effects, is reduced to a
local form and applied in finite nuclei via the lo-
cal-density approximation. " The present work is
the first application of the nuclear-matter results
of Ref. 11 to inelastic proton scattering at ener-

gies above 100 MeV.
The work of Refs. 10 and 11 provides density-

and energy-dependent nuclear-matter optical po-
tentials. Ref. 11 further provides a local t-ma-
trix t» that is a function of internucleon separa-
tion s = r, —r„ the ground-state nuclear density
pa(c) in the vicinity of the interacting nucleons

[c = —', (r, + r,)], and the local energy of the incident
nucleon E(r, ), i.e. , t,tt ——t„„(s,po(c), E(r, )). At
low density, these interactions reduce to the free
two-nucleon t matrix tf, (s, E,). The impulse
approximation (IA) neglects the dependence of the
effective interaction on density, with use of t,ff
= t,„,(s, E,) = t„„(s,0, E,).

The scattering potentials U '(r, ) seen by the in-
cident nucleon are obtained by averaging the ef-
fective interaction over the target transition den-
sities. ' For the strong normal-parity transitions
[0'-t', w=(-l)~] considered here, the trans-
verse electromagnetic form factors are small,
indicating that the spin transition densities are
negligible. The scattering potential then contains
only two important terms, obtained by averaging
the central spin-independent and spin-orbit com-
ponents of the two-nucleon effective interaction
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over the point-nucleon transition density p, '(r, ) where w = p or I, for proton or neutron, respectively.
Specifically,

U '(r, )=Uc(F, )+U~~(r, )&p, ~ 0,

U (r, ) = g fd'r, [to ~ p ~'(F, ) +j (ks)tc I",p, t'(r„r)]
T= P,n

U&s(r ) g fd z s [tLsIDp fl(F )+j (ks)tl seExp f$(r r )jtT=P,n

(2)

where the second terms of Eqs. (2) and (3) are a
plane-wave local-momentum approximation" to
knockon exchange, D and Ex denote direct and ex-
change, and k is the local wave number. The
mixed density is approximated by p(r„r, ) = p(r, )
& C(k Fs), where k F is the local Fermi momentum.
The results have been found-insensitive, at these
energies, to local variations of the wave number
and to the choice of correlation function C(kFs).
The calculations presented here use the asymp-
totic energy approximation (AEA), "which con-
sists of replacing C(k Fs) by unity and the local
wave number k by the asymptotic wave number k,.

Below we contrast the results of the IA with
those using the nuclear-matter effective interac-
tion and local-density approximation (LDA). The
IA calculations use the free t matrix of Ref. 8.
The LDA calculations use the density-dependent
central t matrix of Ref. 11 and the spin-orbit t
matrix of Ref. 8. The spin-orbit interaction of
Ref. 11 is similar to that of Ref. 8 and nearly in-
independent of density. The inelastic scattering
calculations have been performed in distorted-
wave approximation (DWA) with the above inelas-
tic-scattering potentials and with distorted waves
generated from either phenomenological optical
potentials fitted to elastic-scattering data or from
the "consistent" microscopic optical potentials
calculated with the same interaction that induces
the inelastic transition. In all calculations we
assume that the neutron and proton densities are
equal, and take the proton densities from electron
scattering, " ' thereby minimizing the nuclear-
structure uncertainties and isolating the effective
interaction for study. The assumption p„=p~
should be reliable for the N= Z nuclei considered
here.

The "Q data were obtained at the Indiana Uni-
versity Cyclotron Facility with 135-MeV protons
and Bep foils. '" This work is part of a program'
whose goal is to exploit the complementary sen-
sitivity of the (e,e'), (p, P') and (P, n) reactions
to separate the roles of protons and neutrons in
the oxygen isotopes. We consider the differential
cross sections for the first 3 and 1, T = 0 states

of "Q. The 1 state is particularly interesting
for the study of density dependence of the effec-
tive interaction because its transition density
peaks in the high-density nuclear interior, where
the medium effects should be largest. ' We also
consider differential-cross-section data (E~ =122
MeV)' and polarization data (E = 185 MeV)4 for
the first 2' level of "C and polarization data (E~
=185 MeV)' for the first 3 level of 'OCa.

The IA results, shown on the left-hand side of
Fig. 1, give only a qualitative description of the
differential-cross-section data, a very poor de-
scription of the polarization data, and are quite
sensitive to the choice of distorted waves. On
the other hand, the LDA results, shown on the
right-hand side of Fig. 1, give a superb descrip-
tion of both the inelastic-differential-cross-sec-
tion and polarization data. As expected, the 1
T=O excitation of "O is particularly sensitive to
the density dependence and the difference between
the IA and LDA result;s is particularly striking.
Note specifically the characteristic shoulder in
the differential cross sections at q -1.5 fm ' and
the strikingly large negative polarizations at q
-2.4 fm ' which occur in part because as the den-
sity increases the low-q (high-q) components of
the LDA central interaction are suppressed (en-
hanced) relative to the IA central interaction.
These effects are illustrated by the modulus of
the spin-independent central interactions shown
on the bottom of Fig. 1. We also note that the
LDA results are considerably less sensitive to
the choice between phenomenological or consis-
tent distorted waves than are the IA results, and
describe the differential-cross-section data far
better with either choice. The polarizations are
more sensitive to the distorted waves and favor,
in the LDA, consistent distorted waves.

The remarkable success of the interaction of
Ref. 11 in describing inelastic-scattering data
provides the hope that 100-200-MeV proton scat-
tering may soon be a quantitative probe of nuclear
structure. The LDA with the local-momentum
approximation for exchange also provides signifi-

2013



VOLUME 45, NUMBER 25 PHYSICAL REVIEW LETTERS 22 DECEMBER IgsP

loi loi /

lOr
/ 30-

10'

10'

10-i

10 i

100

100

10-i

10 i

20
-ReU

IO

2
q(tm ) 2 4 6

r

&IG. 2. (a) 0+p elastic scattering (ratio to Ruther-
ford scattering), E& =135 MeV. (b) Real central optical
potentials: solid line, LDA; long dashes, IA; short
dashes, phenomenological.
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FIG. 1. Left-hand side, IA. Right-hand side, LDA.
(a) Cross sections (mb/sr) from top: C 2& (E& =122
MeV), 0 3& and 1& Q& =135 MeV). (b) Top, C 2i .,
bottom, Ca 3& . Both at E& =185 MeU. (a), (b): Solid
line, consistent distorted waves (DW); long dashes,
phenomenological DW; short dashes, to only (omit to )
with phenomenological DW. (c) Modulus of the isoscalar
spin-independent central interaction lto (q)1 at E& =140
MeU, including AEA exchange contribution. IA uses the
Love interaction (Ref. 8).

cant. improvements over the IA for elastic scat-
tering. Although the IA appears to give a reason-
able description of the elastic-scattering data, it
overestimates the forward-angle elastic cross
section and the reaction cross section considera-
bly. The LDA reproduces the forward-angle elas-
tic cross section and the reaction cross section,
but fails completely to describe the backward-
angle elastic cross section. This high-q scatter-
ing results from a sharp depression of the real
central optical potential in the vicinity of the nu-
clear surface (see Fig. 2). These problems are
directly due to the failure, for elastic scattering,
of the local-momentum approximation for ex-
change. Bauhoff, von Geramb, and Palla, "have
demonstrated that the LDA provides a good de-
scription of elastic-scattering data if the exchange
nonlocality is treated exactly. The exact treat-
ment of exchange nonlocality is expected to have
little effect on the inelastic-differential-cross-
section predictions, but the effect of the exact
distorted waves upon the polarization predictions
is not known.

In summary, we have identified several distinct
signatures of density dependence in the two-nucle-
on effective interaction in the differential-cross-
section and polarization data for normal-parity
isoscalar excitations via the (P, P') reaction at
E~ -150 MeV. These signatures include suppres-
sion (enhancement) of the central interaction for
q less (greater) than 1.5 fm ' and large negative
polarizations at q -2.4 fm '. The inelastic-scat-
tering data are well described by the local-densi-
ty approximation with use of the nuclear-matter
effective interactions of Brieva and Rook" and
consistent distorted waves.

This work was supported in part by the U. S.
Department of Energy and the National Science
Foundation.

2014



VOLUME 45, NUMBER 25 PHYSICAL REVIEW LETTERS 22 DECEMBER 1980

'Present address: Los Alamos Scientific Laboratory,
Los Alamos, N. Mex. 87545.

Present address: Department of Physics, Univer-
sity of Virginia, Charlottesville, Va. 22901.

Present address: Fermilab, Batavia, Ill. 60510.
J. Kelly et al. , in Workshop on Nuclear Structure

with Intermediate Energy Probes, Los Alamos Scientific
Laboratory Report No. LA-8303C, 1980 (unpublished).

J. Kelly et al. , to be published.
J. R. Comfort et al. , Phys. Rev. C 21, 2147 (1980) .
A. Ingemarsson, O. Jonsson, and A. Hallgren, Nucl.

Phys. A319, 377 (1979).
A. Ingemarsson and J. Kalline, Phys. Scr. 2, 191

(1970).
A. K. Kerman, H. McManus, and R. M. Thaler, Ann.

Phys. (N.Y.) 8, 551 (1959).
F. Petrovich, in The (p, n) Reaction and the Nucleon—

Nucleon S'once, edited by C. D. Goodman et al. (Plenum,
New York, 1980), p. 115.

W. G. Love, in The (P, n) Reaction and the Nucleon-
Nucleon Ilozce, edited by C. D. Goodman et al. (Plenum,
New York, 1980), p. 23.

F. Petrovich et a/. , Phys. Lett. 918, 27 (1980).

J. P. Jeukenne, A. Lejeune, and C. Mahaux, Phys.
Rep. 25, 83 (1976), and Phys. Rev. C 16, 80 (1977).

F. A. Brieva and J. R. Rook, Nucl. Phys. A291, 299,
317 (1977), and A297, 206 (1978); H. V. von Geramb,

Table of Effective Density and Energy Dependent In-
teractions for Nucleons" (unpublished), available from
the author at I. Institut fur Experimentalphysik der
Universitat Hamburg, D-2000 Hamburg, Germany.

F. A. Brieva and J. R. Rook, Nucl. Phys. A307, 493
(1978); H. V. von Geramb, F. A. Brieva, and J. R.
Rook, in Microscopic Optical Potentials, edited by

H. V. von Geramb (Springer-Verlag, Berlin, 1979), p.
104.

W. G. Love, Nucl. Phys. A312, 160 (1978); F. Petro-
vich eI' al. , Phys. Rev. Lett. 22, 895 (1969).

H. Miska et al. , Phys. Lett. 83B, 165 (1979).
H. Crannell, Phys. Rev. 148, 1107 (1966).
K. Itoh, M. Oyamada, and Y. Torizuka, Phys. Rev.

C 2, 2181 (1970).
C. W. de Jager, H. deVries, and C. deVries, At.

Data Nucl. Data Tables 14, 479 (1974).
W. Bauhoff, H. V. von Geramb, and G. Pa.lla, to be

published.

Comparison of Pion- and Photon-Induced Reactions on '2C

B. D. McKeown, J. P. Schiffer, H. E. Jackson, M. Paul, ' S. J. Sanders,
J. R. Specht, and E. J. Stephenson+

Argonne Nationa/ Laboratory, Axgonne, Illinois 60439

R. P. Bedwine
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

R. E. Segel
Noxthseestem University, Evanston, Illinois 60201

J. Arends, J. Eyink, H. Hartmann, A. Hegerath, B. Mecking, G. Noldeke, and H. Rost
Physikalisches Institut, Univexsitat Bonn, D-5300 Bonn, West Gexrnany

(Received 8 September 1980)

The proton spectra from pion- and photon-induced reactions on ' C at the D(2, 2) reso-
nance are found to be very similar in shape, and in their variation with angle. It seems
reasonable to assume that these protons arise from a common reaction mechanism
production) for the two projectiles. The absolute cross sections for producing protons
with pions and with photons are in roughly the same ratio as the total inelastic pion yield
to the total photopion yield.

PACS numbers: 25.80.+ f, 25.20.+y

In the energy region of the A(2, s) resonance,
the interaction of photons with nucleons is domi-
nated by pion production, and the resonant be-
havior of this cross section indicates that the

reaction proceeds through formation of a A. ' The
fact that the m interaction on these nuclei also
proceeds through the b, implies that a compari-
son between pion- and photon-induced reactions
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