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Angular. distributions for the elastic and inelastic scattering of 0.8 GeV protons from "C, "C, and ' 'Pb
have been measured. Reported are data for the ground, 4.4 MeV 2+, 7.6 MeV 0+, 9.6 MeV 3, and 14.1
MeV 4+ states of ' C; the ground, 3.1 MeV 1/2+, 3.7 MeV 3/2, 6.9 MeV 5/2+, 7.6 MeV 5/2, and 11.9
MeV (?) states of ' C; and the ground, 2.6 MeV 3, and 3.2 MeÃ 5 states of Pb. Analyses of the elastic
angular distributions are made using the partial wave formalism and the Kerman-McManus-Thaler approach
to the nucleon-nucleus optical potential; a realistic spin-orbit term is included. The inelastic transitions are
analyzed within the framework of the distorted-wave Born-approximation, using transition strengths
consistent with previous low-energy studies of inelastic scattering. A simple single-particle-plus-excited-core
model is used for "C. In terms of this analysis, an assignment of J = (5/2, 7/2)+ is made for the 11.9 MeV
state in "C.

I

NUCLEAR REACTIONS ' C, ~ Pb(p, p'), E=0.8 GeV; measured 0 (0); en-
riched targets; resolution ~ 80 keV, 0, m

= 2-40', 4 0= 0.2 . Optical potential
analysis, DWBA, inelastic deformation lengths, P &R.

I. INTRODUCTION

Recently, a number of medium energy (inci-
dent energy - l GeV) proton elastic and inelastic
angular distributions, particularly on targets "C
and 2"Pb' ', have stimulated new interest in what
can be learned about nuclei from medium energy
scattering of hadrons. Several analyses of the
'3C and ' 'Pb elastic and inelastic data have been
reported. ' ".

Analyses of the elastic data can be made to fo-
cus on the information such data can provide about
the neutron matter density distribution of the tar-
get nucleus. (A good review of the many tech-
niques involving the hadron-nucleus interaction
which are currently used to investigate nuclear
densities is given by Rebel o) The deduced neu-

tron distributions can then be compared with
predictions of various self-consistent field mo-
dels of the nucleus. ' 2 %hen the data extend to
high enough momentum transfer, 4 fm ', or more,
they have been shown to be sensitive to rather fine
details of the nuclear densities. ' The analyses
have been complicated by strong absorption, "by
uncertainties in the spin-dependence of the nu-
cleon-nucleon interaction, ' ' and by small but
subtle effects of nucleon-nucleon correlations,
particularly the Pauli correlation. " In the case
where the nucleus is nonspherical, analyses of
elastic scattering alone can only give information
on the monopole, or spherical, part of the density.

Only a few inelastic angular distributions at
medium energies have been reported. ' ' Within
the framework of the distorted-wave Born-approx-
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imation (DWBA), the transition strengths needed
to fit these data involve nuclear matrix elements
which have been shown to agree well with those
obtained empirically in analyses of proton inelas-
tic scattering at 10 to 100 MeV incident ener-
gies. '4' " However, the available inelastic data
are insufficient to explore the inelastic reaction
mechanism in the medium energy region, and
what can be learned from inelastic scattering at
medium energies is still an unanswered question.
Also, for a deformed nucleus such as "C, high
quality elastic and inelastic data are required to
provide a complete picture of the target nucleus.

The first experiment to be carried out with the
high resolution spectrometer (HRS) at the Clinton
P. Anderson Meson Physics Facility (LAMPF)
of the Los Alamos Scientific Laboratory was the
study of proton elastic and inelastic scattering on"' "C and Pb at 0.8 GeV incident laboratory
proton energy; the data resulting from this exper-
iment are the subject of the present work. The
"'Pb differential cross section data extend to a
momentum transfer of 3.9 fm ', while the data
for the carbon isotopes reach 4.5 fm '.

The data include inelastic angular distributions
for the 3, 2.62 MeV state in ' 'Pb as well as the
2', 4.4 MeV, 0', 7.6 MeV, and3-, 9.6 MeV
states in "C; angular distributions for these same
transitions at 1 GeV incident proton energy have
been previously reported. ' For the first time,
we also obtain angular distributions for the 5, 3.2
MeV state in "'Pb, the 4+, 14.1 MeV state in "C,
andfor the-', ground state; —,",3.1 MeV, 2, 3.7 MeV,
—,",6.9 MeV, -', , 7.6 MeV, andthe 'P, 11.9 MeV states
in "C. A presentation and preliminary theoreti-
cal analysis of these data are the main purposes
of the present paper. A complete tabulation of the
numerical data is on deposit in PAPS."

II. EXPERIMENTAL METHOD

Details of the experimental system have been
reported elsewhere. ' For this particular experi-
ment, the targets consisted of a self-supporting
"'Pb foil 10.4 mg/cm' thick, enriched to 99.1%,
a carbon target 156 mg/cm' thick, consisting of
"C (830$ by mass), "C (15/o) and 'H (2/o), and a
CH target ("Pilot B" scintillator) of thickness
86 mg/cm'. The CH target was also used for
cross section normalization as discussed below.

Since this was the initial experiment done with
the HRS facility, resolution was not optimized for
all targets, and a single dispersion-matched solu-
tion" was used for all data obtained during the
experiment. A resolution of 80-120 keV for Pb
was, however, routinely obtained for angles
& 23 . Windows, added to the system, increased
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FIG. 1. &he spectrum from the 0 Pb{p,p) reaction
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FIG. 2. Spectra from the C{p,p) reaction at 34.2
and 3g.g .

the resolution somewhat for data taken at labora-
tory angles & 23'. Figure 1 displays a "'Pb(P, P)
spectrum at a laboratory angle of 30 . Because
the dispersion mismatch increases for larger
scattering angles, and the angular uncertainty
contributes to the energy resolution as dF/d8 in-
creases, the energy resolution for light targets
is worse. Thus, for the carbon isotopes the reso-
lution was about 200 keV at the forward angles and
somewhat larger at the back angles. Examples of
"C and ' C spectra are shown in Figs. 2 and 3,
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The elastic scattering of protons from the nu-
clei-"'"C and "'Pb has been analyzed in terms
of the partial-wave approach, using an optical
potential generated by the method of Kerman, Mc-
Manus, and Thaler" as modified by Feshbach
et al." In this approach, the optical potential is
expanded in terms of the nuclear density. By
keeping only the term to first order in the density,
one takes into account nucleon-nucleon and nucle-
on-nucleus scattering to all orders in the scat-
tering amplitudes, but neglects the effects of tar-
get-nucleon correlations. The only such correla-
tions now believed to be important at medium
energies are those due to the Pauli princiyle, and
a comparison of calculations omitting and re-
taining these correlations shows that their omis-
sion does not affect the conclusions of the present
analysis i8,3i

The first-order term in the optical potential is
sometimes called the Rayleigh-Lax (RL) potential,
and is obtained in terms of the free proton-proton
and proton-neutron scattering amplitudes, and the

FIG. 3. Spectra from the C(p,p) reaction at 22.7'
alld 32.2

respectively.
At medium incident, energies, an accurate angle

calibration is of extreme importance, since many
nuclear structure effects which one desires to
investigate show up as small angle shifts in the
angular distributions. Data were obtained at 12
on either side of the incident beam and compared
to determine an angle calibration that is believed
to be accurate to + 0.05 .' The overall norma-
lization of the cross section data was established
by taking (p, p) cross sections on the CH target
and normalizing to the 'H(p, p) data of Willard
et al." and of Abe et al." The resulting nucleon-
nucleus elastic scattering cross sections are
accurate to a 10%. Since the relative solid angle
of the HHS varies as a function of position on the
focal plane, the inelastic data were carefully nor-
malized to the elastic data through the use of an
empirically determined correction factor, which
was obtained by "scanning" an elastic peak across
the focal plane. Considering uncertainties in the
elastic normalization, the focal plane efficiency,
and background subtraction, the absolute norma-
liza, tion for the inelastic data is + 12-15%, except
for the 14.1 MeV state in ' C and the 11.9 MeV
state in "C for which it is a 15-20%%uo, due to a
larger background subtraction.

where k~ is the relativistic wave number in the
proton-nucleus center-of-momentum (c.m. ) sys-
tern, and p, = e,c,/(e, + e,) is the "reduced energy, "
where c, is the total energy of particle i (proton
or target nucleus) in atomic mass units, in the
proton-nucleus c.m. system. '4

The proton-nucleon scattering amplitudes used
in the HL potential are taken to be of the form

t (q')=t'(q')+it»(q')(o, +o ) ~, (2)

where j stands for P or n, q =
k& - k& is the mo-

mentum transfer, and n =- (k, && kz)/ ) %, x k& ~
.

The conventional parametrization used here is, '
with M the nucleon mass,

t~, (q') = (ik,o~r~/4m) (1 icx») exp( B»-q'), -
t~~&(q ) = (ik, B»/4w)(q'/4kf')'~'

x(l —in, »)exp(-B,»q') .
Nucleon-nucleon total cross section, 3' "andvery
forward angular distribution data"'" at 0.8 QeV
are used to determine 0~&= 4.73+ 0.05, o~~ = 3.8

proton and neutron matter densities of tf&e target
nucleus. " A spin-dependent term is included in
the scattering amplitudes, and gives rise to a
spin-orbit term in the RL potential U&, (r). The
Schrodinger equation is solved with exact relati-
vistic kinematics

[d'/dr'- l (l + 1)/r' —2 pU, , (r)/k'+ k„'])(, , (r) = 0,
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+ 0.1 fm', and n» =0.-06+ 0.08. Dispersion theory
estimates yield o.~„= -0.3~ 0.15.""The value
of n» affects only the predicted peak-to-valley
ratio in the diffractive pattern of the angular dis-
tributions. Thus, n~„was fixed to a value giving
optimum results for a, dozen target nuclei, from

A. = 12 to 208, studied at 0.8 QeV, namely n~„
= -0.2. Values of J3» = 0.09 ~ 0.005, B~„=0.12+ 0.008
fm' reproduce recentP+P and p+n angular dis-
tributions. ~'

Ideally the spin-dependent parameters for Eq.
(3) should be obtained from complete measure-
ments" of the two-nucleon system. However, this
is not possible since spin correlation, double po-

: larization, triple scattering, and other compli-
cated measurements have not been performed near
0.8 GeV. Thus, isospin averaged spin-dependent
parameters 8~, cy,~, andB, ~ are defined. B,~ is
fixed at 0.2 fm' from preliminary P+P polarization
data-. 4' Fitting of the polarization data allows one
to determine the quantity 0»(o,, » -n») only and
not 8&& or n, » separately. Thus 8~ and e,~ have
been varied to optimize the fit to proton-nucleus
analyzing power data on "C and "Pb as discussed
in Ref. 42. The values used for the calculations
reported here are ("'"C)0~ = 17.6 fm', n,~=0.29,
and B,~= 0.07 fm'; (~o'Pb) 8~ = 9.0 fm', o,~

= 0.63, and
B»=0.20 fm'. The value of B»=0.07 fm' that is
used for the carbon isotopes was required to obtain
the fit to "C analyzing power data, shown in Fig.
2 of Ref. 42. Presumably this additional flexibility
is required partially in order to simulate effects
due to the large deformation of "C. Notice that
although n, & and 6~ have been aQowed to vary from
the values used for "'Pb, their product is approxi-
mately constant.

Limited ' C analyzing pow'er data from about 19
to 26 laboratory angle were found to be essentially
the same as the "C data, so that the same spin
parameters were used for both of the carbon iso-
topes. In the RL potential, the nucleon-nucleon
amplitudes [Eq. (2)] are summed over target-nu-
cleon spin and convoluted with the nuclear density.
For the "C system, unlike the other (0') nuclei
considered here, the spin of the target nucleon .

will not vanish when summed over the nucleus,
but will equal to that of the unpaired, Py/2 neutron.
This applies to the spin-dependent term included
in Eq. (2) as well as other spin-dependent terms
which are omitted; however, such nuclear-spin-
dependent terms in the RL potential for "C carry
a weight only —,', , or B%%uo, of the other included
terms. Since the existing uncertainty in 0~ u,~ is
+10%%uo at present, one has little choice, for now,
except to neglect the additional nuclear-spin de-
pendent terms for ' C.

A general form for the proton and neutron point

density distributions was chosen as

p, (r. ) = p„.((1+w,r'/R, ')/I 1+exp((r' -R&)/z4, )]
+ s& cos(rn&r —P;) exp(- tf, (r -ro~)')

+ s& exp( -d,'(r -r~)')], (4)

for j=p or n and 0=1 for the three parameter
Fermi (3pF) while 4 = 2 for the three parameter Gaus-
ian (3pG) term. The charge form factor of the proton
was numerically unfolded from the nuclear charge
density, as determined from electron scattering, to
yield the point-proton nuclear density parameters
used in Eq. (4). The charge form factor of the proton
that is used in the unfolding procedure agrees with
experimental e +P scattering data to momentum
transfers of 3.3 fm ', "while the neutron charge form
factor has been neglected here. As usual, p,&

is ob-
tainedby normalizing to the proper number of target
nucleons. The electron scattering data extend to a-
bout3. 5fm 'for "C, 4.0fm 'for "C, and 3.7 fm for
ao'Pb. 44 "Both correction terms in Eq. (4) are need-
ed to reproduce the high-q electron scattering data for
"'Pb, while the first and third terms are needed
for the ' ' C electron sca,ttering data. The signi-
ficance of these terms is discussed later.

Because of the large shape deforma. tion of "C
and "C, one should use a nonspherical density and
replace Eq. (1) by the appropriate set of coupled
equations for the ground state and such inela. stic
states of "C or "C as are strongly populated at
0.8 GeV incident proton energy. While we have in
fact carried out such analyses of selected elastic
and inela, stic proton scattering data for "C, as is
reported elsewhere, 4' the amount of the present
data, and the aim of the present analysis to pro-
vide a survey of the kinds of nuclear structure
information which can be obtained from this sort
of data, are best served by a less cumbersome
preliminary approach. Hence, spherical densi-
ties are used throughout, as well as the uncoupled
Schrodinger equation and the distorted-wave Born-
a,pproximation.

The use of Eq. (4) is as follows. The proton
densities, determined from ela, stic electron scat-
tering, are kept fixed during the analysis. The
neutron density parameters are varied in order to
optimize simultaneously the fits to the elastic an-
gular distributions and to the analyzing power
data. " In this way, clearly, the effect due to
nuclear deformation or due to second-order cor-
rections (correlations) tend to be absorbed into
the deduced neutron densities; we therefore refer
to these densities as Rayleigh-Lax (RL) neutron
densities, as distinct from the "true" neutron
densities. Since calculations including deforma-
tion and Pauli corrglations have been dong, ' '3'

the uncertainties which omission of such effects
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TABLE I. The results of the theoretical analysis dis-
cussed in the text. The first four columns give the nu-
merical values of Kq. 4. The root-mean-square (rms)
radii for the point-nucleon density distributions are
listed under (rt)i~t T. he quantity (rt),„t 2 is the rms
radius of the charge form factor taken from electron
scattering. The errors in the neutron rms radii are
+0.10 fm for the carbon isotopes and +0.07 fm for Pb
(Ref. 49).

Nucleus
R s (r ) ~ (r )

(fm) (fm) & (fm) (fm)

p -0.15 2.42 0.45 1 2.319
-0.15 2.43 0.46 1 2.393

P -0.16 2.51 0.41 1 2.299
-005 230 050 1 254

2.453

2.434

208Pb P
n

0.36 6.45 2.65 2 5.443
036 619 313 2 5625

5.502

produce in p„(r) and in the root-mean-square neu-
tron matter radius (r„')'~' are either known or
can be estimated; these uncertainties are included
in the statement of the results of the present anal-
ysis, (see Table I)."

of U, , (r) have the same mean radius R,. The ad-
vantage of Eq. (5) is that values of the deformation
length P,A, which give the correct strength for a
given inelastic transition are known from DWBA
analyses of low-energy nucleon-nucleus inelastic
scattering data. In the actual calculations, the
(very small) effect of Coulomb excitation was also
included. Inclusion of the deformed spin-orbit
contribution to the inelastic form factor greatly
complicates the DWBA analysis, and little is
known from low-energy analyses about its strength
and its importance, if any, in fitting angular dis-
tribution data. As a result, in the calculations
reported here, no spin-orbit contributions were
included in the inelastic orm factor. This will
be the subject of a future publication. "

We used, for the present calculations, a version
of the DWBA program VENUS modified to include
exact relativistic kinematics, "and to read in the
microscopic HL potential. The number of partial
waves needed varied from 40 for the carbon iso-
topes to 85 for "'Pb. The values used, or obtained
for the various theoretical parameters and the re-
sults of the calculations are discussed in the fol-
lowing section.

& (&) =(0 &.)(2I+1) '"~/«[U'"( )], (5)

where Ua" (r) is the spin-independent part of
U»(r) and it was assumed only for simplicity in
writing Eq. (5) that both real and imaginary parts

B. Inelastic scattering

Our analysis of the inelastic scattering data for
0.8 Gev protons on targets of "'"C and "'Pb was
based on the distorted-wave Born-approximation
(DWBA) as discussed by Satchler. ~ In this ap-
proach, well known from low-energy nuclear phys-
ics, the. main ingredients are the distorted waves

X;, (~) obtained by solution of Eq. (1), and a so-
called "inelastic form factor, " or inelastic tra, n-
sition density. Some previous analyses" of earli-
er medium energy inelastic scattering data have
used the semiclassical Glauber approximation"
and the Tassie model for collective nuclear exci-
tations. " In the Tassie approach, one directly
expands the nonspherical nuclear density in terms
of Legendre polynomials.

This may be contrasted with the present ap-
proach, "'"which agrees with the previous con-
ventions of low-energy nuclear physics in expand-
ing the nuclear radius parameter B(r) in Legendre
polynomials. When the Raleigh-Lax potential is
used, either the Tassie approach or this more con-
ventional approach lead to the sante result for the
inelastic form factor, namely (for S =0 transi-
tions),

IV. RESULTS

A Pb

Unfolding the "model independent" charge den-
sity of Frois et al." results in the parameters for
the proton density given in Table I, plus the follow-
ing values for the correction terms in Eq. (4):
s&=-0.03, d~=0. 52 fm ', xp&=6.3 fm, m~=1.4
fm ', /~=2. 5 rad, s&=0.13, d~=0.21 fm ', and

Ypp 0 0 fm. Simultaneous fitting of the elastic
angular distribution and analyzing power data (see
Fig. 2 of Ref. 42) results in the theoretical angular
distribution shown in Fig. 4 as well as the RL neutron
density given in Table I. The value of the RL
neutron mean square radius determined here is
consistent with other analyses""'" of ™1 GeV
elastic scattering data and with Hartree-Pock pre-
dictions. "'" Results obtained for this difference
arising from a variety of other analyses of differ-
ent types of data are given by Rebel. ' Arguments
are also given" which favor the analysis of the
medium energy nucleon scattering data as the best
technique for determining the neutron-proton rms
radius difference.

An investigation4' of the effect of systematic
sources of error and model dependence on the
deduced neutron rms radius has been made. Sys-
tematic errors considered were the overall nor-
malization and determination of scattering angle
of the data, beam energy, proton charge density,
the two-nucleon amplitudes, and the omission in
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FIG. 4. Angular distributions for the Pb ground
state and excited states at 2.6 and 3.2 MeV are given,
together with theoretical fits as discussed in the text.

the analysis of Pauli correlations. The procedure
adopted to determine the effects on the deduced
neutron densities due to allbut the Pauli correlations
was to individually alter each parameter and re-
cover the original fit by variation of the neutron
density. The error in the rms neutron radius due
to the omission of target nucleon-nucleon corre-
lations was estimated from the calculated changes
in the overall magnitude and slope of the predicted
cross sections, as given by Harrington and Var-

is and by Bozidy and Feshbach is The erro
the deduced neutron rms radius due to model de-
pendence (resulting from the finite maximum mo-
mentum transfer of the data) and the statistical
error in the angular distribution data was deter-
mined by generating error envelopes using approx-
imately model-independent neutron densities. De-
tails of the approach used here will be reported
elsewhere. ~' The result of this investigation for
"'Pb is that the rms neutron radius is determined
to +0.07 fm. For "C, discussed below, the de-
duced neutron radius is determined to +0.1 fm.

The HI potential and the distorted waves that
were obtained in the analysis of elastic scattering
were then used to perform DWBA calculations for
the inelastic transitions to (3, 2.6 MeV) and (5,
3.2 MeV) states of "'Pb, yielding the curves shown
in Fig. 4. The deformation lengths are

I P, RI
=0.75 fm and I P,RI =0.37 fm, which compare very

favorably with those found in low energy analy-
ses, ""which obtain on the average, values of
I P.R I

= 0 79 fm and
I PSRI = 0.36 fm. In Ref. 58 it

is noted that an energy dependence of P, is found
when one compares the results of analyses from
25 to 61 MeV. However, since the present value
of I P,RI agrees with the average of the low-ener-
gy results to within 3%, it is likely that the low-
energy problem was simply a consequence of opti-
cal potential ambiguities or experimental difficul-
ties.

There is a noticeable discrepancy between the
predicted slope of the inelastic angular distribu-
tions and that of the data. It has been suggested
that the inclusion of the syin-orbit potential's
contribution to the inelastic form factor [Eq. (5)]
should remedy this discrepancy. Preliminary
calculations have confirmed this conclusion; de-'

tails of the analysis will appear elsewhere. ~

g 12C and lac

For the present analysis of the "'"C elastic
and inelastic scattering data, we ignore effects
of channel-coupling and optical potential deforma-
tion. Elsewhere, "we show that such effects are
vital in obtaining a resonable theoretical descrip-
tion of the angular distribution at 0.8 GeV for the
4', 14.1 MeV state in "C, but are of only secon-
dary importance in the description of the elastic
scattering, and the inelastic scattering to the 2',
4.4 MeV state.

The values of the 3pF form for the point proton
densities [Eq. (4)j for "'"C are given in Table I.
Additional Gaussian correction terms are required
to reproduce electron scattering results, "'"and
are given for "C("C) as follows: s~= 0.27 (0.33),
d~= 6.9 (6.9) fm ', and x'»= 1.4 (1.4) fm. Notice
that the difference in the rms proton radii for '2C

and "C as given in Table I is 0.02 fm.
Assuming p„(x) = p~(r) for "'~C yields very poor

results for the predicted versus measured elastic
angular distributions beyond 25 in the c.m. sys-
tem. Varying the neutron parameters to obtain
good fits to the ' C elastic cross sections yields
the fits shown in Fig. 5, with neutron densities
given in Table I. An additional oscillatory correc-
ti'. on for "C was required to fit the angular distri-
bution data beyond about 25, the values of which
are s„=—0.02, &„=0.33 fm, r0„=2.6 fm, m„=2.7
fm ', and $„=1.7 rad. For "C a Gaussian correc-
tion was used and is given by s„'= -0.27, 4„'=4.9
fm ', and r,'„=1.0 fm. One should be cautioned
not to interpret these small correction terms as
representing a perturbation to the actual "' C
neutron densities. Deformation effects, as well
as correlations, are unaccounted for here, and
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FIG. 5. Angular distributions for proton elastic
scattering from C and 3C are presented together with
theoretical curves as discussed in the text.

spin-dependence is not well reproduced in the
high-momentum transfer region (see Fig. 2 of
Ref. 42). Rather, these terms demonstrate the
degree of sensitivity which will be afforded by the
data, once all first order and important higher
order terms are properly treated.

The difference between the RL neutron and the
proton rms radii (from electron scattering) for
"C("C) is 0.07(0.24) fm with an estimated un

certainty of +0.1 fm. Most of this uncertainty re-
sults from ambiguities in the spin-dependent am-
plitudes. The uncertainty in (r')„' ' due to spin
amplitudes is much smaller for nuclei we have
studied other than ' '"C. The actual error in the
relative difference between the ' C and "C neutron
radii is probably smaller, since the spin uncer-
tainties should roughly cancel. To make a more
quantitative statement would require that analyzing
power data be fitted for C and ' C, which is not
possible at present due to the lack of C data.

Both the present analysis of ' C and that of Ah-'

mad" are consistent with (r~2)'~2 =(r„a)'~2, but

I i I i I i I i I & I i I i I i.l i I

0 4 8 l2 l6 20 24 28 32 36 40 44

FIG. 6. Angular distribution of transitions to the
4.4, 7.7, 9.6, and 14.1 MeV states in ' C, together with
the results of DWBA calculations.

since setting p„(r) = p~ (r) gives such apoor result at
the back angles, the present analysis implies slightly
different shapes for proton and neutron matter
densities. In comparing the total matter radii for

C and '3C defined by

one finds indeed that the relative size of C to C
is 1.032 as compared to the ratio of A' of 1.027.

The inelastic data and D%BA predictions for
P+ "C exciting the 2', 0", 3, and 4' states are
shown in Fig. 6. The excitation of the (2', 4.439
MeV) state is well described by the collective mo-
del assuming a single step reaction. " The defor-
mation length, I P, AI = 1.45 fm is consistent with
(10%) the results of several low energy analy-
ses, ""and with that used by Hay" to fit 1 GeV
data. The deformation of the spin orbit potential,
and its contribution to the inelastic form factor,
must also be studied for this case."
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The (3, 9.641 MeV) state in "C is well repro-
duced by the DWBA prediction to about 25'(c.m. ),
with, I p, RI = 1.02 fm, which also agrees with (7%)
the value used in a previous analysis of 1 GeV in-
elastic scattering data, "and with the average re-
sult of several low-energy analyses by Satchler. "
Note that the observed minimum and maximum in
the data near 36 is not predicted by the DWBA
calculation, The Saclay 1 GeV data' did not reach

- this region of momentum transfer and thus did not
include a minimum. Many calculations have been
performed for this inelastic transition in an effort
to describe the smoothly falling back angle region
of the 1 GeV Saclay data' using a variety of nuclear
transition density models, "' '" but with no bet-
ter results than that shown in Fig. 6. Analyses
which use less realistic models for the density
distributions, such as the two or three parameter
Fermi model, are unable to avoid yredicting very
sharp maxima and minima near 25 . As Hay"
yointed out, the relatively smooth result here is
due mainly to the use of the realistic modified
charge density of Sick and McCarthy4' along with
a search on the neutron density. A coupled-chan~
nels prediction for this state using a deformed-
vibrational model" gives results that are nearly
identical to the DWBA prediction. Even calcula-
tions which use empirical inelastic transition den-
sities obtained from electron inelastic scattering
do not resolve this discrepancy, "but instead also
give a result very similar to that seen in Fig. 6.

Both DWBA and coupled channels calculations
using a collective model (breathing mode) form
factor for the (0', 7.655 MeV) state in "C predict
angular distributions which are grossly out-of-
phase with the data. Gustafsson and Lambert"
have shown that form factors based upon particle-
hole excitations are able to reproduce both the
electron and the 1 GeV proton inelastic scattering
data. The transition density used is

2
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The DWBA prediction for the (4', 14.08 MeV)
state in "C, with I P,RI =0.3 fm, is shown in Fig.
6. Previous 1 GeV Saclay data, as reported in an
analysis by Abgrall et al. ,"consist of a few pre-
liminary points, with large statistical errors.
There is a factor of three difference in magnitude
from that found here. The prediction assuming a
spherically symmetric ground state density and a
single stey mechanism, as shown in Fig. 6, clear-
ly fails to describe the data. A coupled channels
calculation, with a deformed potential and inclu-
sion of the 0' ground state, 2', 4.4 MeV state, 4',
14.1 MeV state band via rotational coupling in an
exact Legendre polynomial decomposition, "has
been shown elsewhere to give a very good repre-
sentation of the inelastic data for the 4', 14.1 MeV
transition. 4'

We now turn to a discussion of the results of "C
inelastic transitions. The data and DWBA results
for five excited states of "C are shown in Fig. 7.

E, (r) = V, r'(a+ br'+ cr') exp(-dr'), (6) 86,1/2 ):
where, for the 0' state, I Vo I

= 710 MeV fm',
a=0.132 fm, b= —0.023 fm ', c=0, and 4=0.263
fm 2, assuming a (1s) '(2s) particle-hole excita-
tion; whereas, one gets I V, I

= 710 MeVfm',
a=0.0707 fm 3, 5 =0.02 fm ', e= -0.00447 fm
and d=0.321 fm ~ from an assumed superposition
of (ls) '(2s) and (lp) '(2p) excitations. These two
alternate transition densities were used to obtain
the fits shown in Fig. 6. The solid curve results
from the two component wave function, while the
dashed curve reyresents the one component pre-
diction. Note that the deep minimum at 16 is
better reproduced by the two component model, as
was also found in the 1 GeV analysis of Gustafsson
and Lambert. "

10=

64,5/2 )=-
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FIG. 7. The angular distributions of protons exciting
the 3.1, 3.7, 6.9, 7.6, and 11.9 MeV states in C,
together with DWBA results .
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For targets like ' C that have nonzero ground state
spins, the final state angular momentum J& is
ambiguous for a given l transfer. A microscopic
calculation should therefore be performed for the
transition probabilities, in which one makes use of
shell-model nuclear wavefunctions for the ground
and excited states, and a two-nucleon effective
interaction (or t matrix at these energies), such
as the analysis presented by Greaves et al," For
now, a simpler macroscopic core-excitation model
has been adopted, in which it is assumed that the p, ~,
neutron is weakly coupled to the 2' and 3 excited
states of the "C core. The (-, , 3.7 MeV) and the

(—,', 7.6 Me V) states of "C are thus assumed to
result from the coupling of the P,~, single neutron
state to the excited 2' core. For a J=-,' ground
state, the weak-coupling model and the strong-
coupling rotational model predict" the same re-
sults for the relative strengths of the "C states
compared to the "C 2' core. For the same de-
formation, the DWBA predicts the ratio of the 2
(-', ) cross section to that of the 2' state to be a-
bout 0.47 (0.70) at the first maximum, while the
experimental value is 0.32 (0.35). The resulting
DWBA predictions with j= l = 2 (s = 0) are shown in

Fig. 7, with a deformation length for the —,
'

(—', )
state of 1.44 (1.23) fm. The experimental resolu-
tion of ~200 keV for protons scattering on "C does
not completely resolve the (—', , 3.7 MeV) and the

(—,", 3.85 MeV)" states. As seen in Fig. 3, the
3.85 MeV state appears in the tail of the 3.7 MeV
state. Since the 3.7 MeV and the 3.1 MeV states
were fit with the same "line shape, " the resulting
3.7 MeV cross section should contain very little
contribution from the 3.85 MeV state. The (—,

'
7, 547 MeV) state is not resolved from the 7.49
MeV state. '4 Since the line shape of the peak does
not differ greatly from other peaks in the spec-
trum, the contribution of the 7.49 MeV state to the
cross section, shown in Fig. 7, is believed to be
small.

Ajzenberg-Selove' give a tentative spin assign-
ment of Z'= (—, , —,") to a state at 11.97 MeV. The
state labeled 11.9 MeV in Fig. 3 has been deter-
mined to be at an excitation of 11.92+ 0.06 MeV.
In the weak coupling model a —, state would re-
sult from a [P,~,S 4'] configuration. DWBA calcu-
lations assuming an 1 =4 transfer fail to reproduce
the data. If instead, a [p,~, S 3 ] coupling is as-
sumed, the shape of the predicted cross section
using l =3 is in agreement with the data. Although
the calculations are strongly dependent upon l,
they are not particularly j dependent, and thus
J'= —,

"and —,
' have been used with a resulting

P, R=1.32 and 1.14 fm, respectively. The ratio
of the 11.9 MeV state's cross section at the first
maximum to that for the C 3 state is 0.55 as

compared to 0.50 and 0.67 for DWBA predictions
(with J"= —,

"and —,') that assume the same defor-
mation. The J"=-,"assignment is in agreement
with the n+'Be resonance study (1.93 MeV) of
Saleh et al ' Also, this state could be the same
as that seen in 40 MeV 'He inelastic scattering at
an excitation of 11.84+ 0.03 MeV." The 'He angu-
lar distribution for the state is similar in shape to
that for the ' C 3 state with a ratio of the magni-
tudes of about 0.3 to 0.4, in general agreement
with the above results. Further experimental work
is needed to determine fully the spin-parity assign-
ment of this state. Experimental resolution of
better than 50 keV is unnecessary since the states
in this region have an intrinsic width of ~ 50 keV."

The —,
" state at 6.9 MeV is a factor of 10 weaker

than the 11.9 MeV state and probably cannot be
considered a [P,~,S3 ] weakly coupled configura-
tion but, perhaps more realistically, a 1d,~, sin-
gle-particle state. An l = 3 DWBA prediction is
shown in Fig. 7 for comparison with the data, using
~ p, R~ =0.34 fm. The (—,", 3.1 MeV) state is popu-
lated with a strength similar to the (-,", 6.9 MeV)
state and has been described well in the micro-
scopic analysis of Greaves et al,"as a lp, ~, to
2s,~, single-particle transition. For the present,
no attempt has been made to repeat such a micro-
scopic calculation at 0.8 GeV. In order for a mi-
croscopic calculation to yield good agreement with
the 'C data, the theoretical model, that generates
the wave functions, must include both the collective
quadrupole and oetupole contribution of the core.
Unfortunately "realistic" calculations usually do
not include states above 10 MeV.""

V. CONCLUSIONS

The purpose of this work was principally to pre-
sent new data for elastic and inelastic proton scat-
tering from "'"C and Pb at 800 MeV. Previous
data at 1 GeV incident proton energy provided ex-
amples of only a few inelastic transitions. The pre-
sent work provides enough examples, for "C and
' C as well as' 'Pb, that a number of trends can
be identified and a number of preliminary conclu-
sions can be drawn, on the basis of the DWBA
analyses.

For the angular distributions of protons scatter-
ing on "'Pb, the results of the optical model and
DWBA calculations agree rather satisfactorily
with the data. (A slight discrepancy seen here in
slope between calculation and data for the elastic
transition is removed by inclusion of Pauli corre-
lations, "while much of the considerably larger
discrepancy in slope seen for the inelastic transi-
tions can be removed by inclusion of the spin-orbit
terms omitted from the inelastic form factor in the
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present calculations. ") Most important, the
magnitudes of the inelastic angular distributions
are well described using the same transition
strengths as obtained in low-energy studies of the
states of "'Pb.

For '3C, one expects and finds that the results
of the optical model and D%BA calculations are not
very satisfactory. Nonetheless, the fits for the
4.4 MeV 2' and 9.6 MeV 3 angular distributions
are found to be as good as or better than those ob-
tained by previous, often more sophisticated, anal-
yses. ' "'" The fit to the V.6 MeV 0' transition
is consistent with previous results at 1 GeV,"
while the very poor fit to the 14.1 MeV 4' transi-
tion indicates the importance of deformation ef-
fects and multistep inelastic excitation. %e have
elsewhere~ shown that a good fit for this inelastic
cross section is possible within a coupled-chan-
nels approach. It would be expected that Pauli
correlations and the deformed spin-orbit term
would also play a role for the "C cross sections,
and a full analysis should include these correc-
tions within the coupled channels approach.

Finally, the inelastic cross sections for the
states of "C are rather poorly explored, even
at low energies. The present analysis relies
heavily on the "C results, using a model of ' C

in which single particle excitations are coupled
to "C core excitations. A fair description. is ob-
tained for the 3.V MeV —', and 7.5 MeV —', transi-
tions, while the model implies that the 11.9 MeV
state is populated largely by /=3 via the P,~, neu-
tron, coupled to the 3, 9.6 MeV state of "C, and
therefore should be assigned (-'„-,')'. The results
indicate a large collective quadrupole and octupole
contribution to these states.

In summary, it does not appear that the analysis
of medium energy inelastic scattering data pre-
sents any insuperable theoretical problems. A
somewhat more sophisticated analysis than the
present one should readily yield an abundance of
new and reliable nuclear structure information,
and the success of the present approach should
encourage the study at medium energy of a num-
ber of other target nuclei in the broad mass re-
gion between carbon and lead.
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