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Measurements are reported for the elastic and inelastic scattering of 800 MeV protons
from “Ca. Differential cross sections were measured out to 42° while analyzing powers
were obtained out to 30°. The angular distributions are diffractive in character at all an-
gles. Theoretical analysis of the data was carried out in the framework of the diffraction
multiple scattering theory. The following results were obtained: (i) Diffraction multiple
scattering theory reproduces the data qualitatively out to the large momentum transfers.
(ii) For the ground state density distribution {r,2)!/2—(r,?)!/2=0.142+0.075 fm is ob-
tained and the analysis favors the value of the correlation length &, = —0.5 fm. (iii) The
excitation of the lowest-lying collective states (3, 57, 2%) was analyzed using one-phonon
excitation macroscopic parameters. The values of the 3,, B3, Bs parameters obtained agree
quantitatively with lower energy (p,p’) scattering results.

NUCLEAR REACTIONS “Cal(p,p), “Ca(p,p’), E =0.8 GeV, proton

elastic and inelastic scattering cross sections and analyzing powers, tar-

get “Ca, Ei,,=0.8 GeV, 0., =2.5°—42°, Glauber diffraction scattering
theory, deduced Ar,,, transition strengths.

I. INTRODUCTION

In this paper we present the results of new experi-
mental and theoretical work on the large angle elas-
tic and inelastic scattering of 800 MeV protons
from “°Ca. The high resolution spectrometer (HRS)
at the Clinton P. Anderson Meson Physics Facility
(LAMPF) was used to obtain the data. The elastic
differential cross section was measured from 2° out
to 42° in the center of mass frame (c.m.f.), which
considerably exceeds the angular range covered by
the previous experiments!? which extended only to
24° in the c.m.f. The differential cross sections for
the inelastic transitions to the 3.74 MeV (37) and
4.49 MeV (57) states of “°Ca were measured out to
42°. The transition to the 3.9 MeV (2%) state was
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measured out to 30°. We also report the proton
analyzing powers for these elastic and inelastic tran-
sitions for the 2°—30° angular range. The statistical
errors in the angular distribution of the elastic cross
section are typically +1%, except at the largest an-
gles, whereas those of the analyzing powers vary be-
tween . +0.01 and +0.05. The absolute scattering
angle was determined to +0.03°. The normalization
uncertainty of the cross section is +10%.

The data are compared with the predictions of
the Glauber diffraction multiple scattering theory.’
The finite energy noneikonal corrections were calcu-
lated using the approach of Bleszynski and Osland.*

Very good agreement at large momentum
transfers, between the data and the present calcula-
tion, can be qualitatively understood by recognizing
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that although the total momentum transfer is rather
large, the multiple scattering proceeds through a
series of small momentum transfer collisions.

In Sec. II details of the experiment are discussed.
Section III is devoted to the theoretical analysis and
comparison of the theoretical results with the exper-
imental data. Finally, a summary and conclusions
are given in Sec. IV.

II. EXPERIMENTAL METHOD
AND DISCUSSION OF
EXPERIMENTAL RESULTS

The elastic and inelastic scattering of 800 MeV
protons from “°Ca has been studied over a relatively
broad range of scattering angles (out to 42° c.m.).
At 42° in the center of mass the elastic scattering
cross section is ~1 nb/sr which, at the present
time, is the limiting measurable value (due to back-
ground) at the HRS facility at LAMPF.

The unpolarized differential cross section data
were taken in conjunction with similar measure-
ments on 2%Pb, and the experimental details for this
part of the work are exhaustively described in a pa-
per® reporting the 2%8Pb elastic scattering results and
will not be discussed here except as they pertain
specifically to the *Ca measurement. The large an-
gle P+%%Pb analyzing power data are reported in
Ref. 6.

Since our object was to investigate large momen-
tum transfers (large scattering angles) for elastic
scattering and inelastic excitations, we maintained
good energy resolution in order to pick out small
yield peaks on a substantial background. The ener-
gy resolution was <150 keV at most angles. Run-
ning periods with unpolarized beam at the larger
angles were extended up to 8 h, utilizing a 50 nA
beam and a target of several hundred mg/cm?® The
measurements were discontinued when it was no
longer possible to discern a significant yield above
the background in reasonable running periods. In
the case of the measurements with polarized beams,
data were obtained out to 30 deg. The method of
data analysis in both measurements also did not
differ substantially from the method described ear-
lier.>>6

Figures 1—3 show spectra obtained at different
angles. At small angles (Fig. 1), the spectra contain
many known states and, in addition, some rather
strongly excited states or groups of states at large
excitations which cannot be identified uniquely.
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FIG. 1. The spectrum of 800 MeV protons scattered
from “°Ca at 9° (identified by their energies in MeV).
The energy scale is 10 keV per channel.

The elastic peak generally dominates the spectrum
in this region. Among the inelastic excitations, the
lowest 3~ (3.74 MeV) and 5~ (4.49 MeV) collective
states are the strongest excited.

At intermediate angles (Fig. 2), most of the states
seen in Fig. 1 are no longer discernible. The spec-
trum is now clearly dominated by the low lying col-
lective 3~ state. The lowest lying 5~ state is also
excited, and a state or group of states near 6.9 MeV
excitation is the other clear feature. The angular
distribution of the latter is consistent with a com-
bination of two or more states being populated, in-
cluding a 2% and a higher spin state. The former
has been previously identified at this excitation.’
Finally, in Fig. 3, taken at nearly the largest angle
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FIG. 2. The spectrum of 800 MeV protons scattered

from *°Ca at 26.5° (identified by their energies in MeV).
The energy scale is 10 keV per channel.
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investigated, the elastic and 5~ excitations have be-
come relatively small. The 3~ and the 6.9 MeV
cluster continue to dominate the spectrum.

The multiple scattering calculations presented in
this paper readily predict the right order of magni-
tude for the cross section and polarization of the
2%, 37, and 5~ states. The elastic differential cross
section (do/dQ) and analyzing power A4(6) are
displayed in Figs. 4 and 5. The inelastic excitation
of the 2% state (3.90 MeV) is shown in Figs. 6 and
7; the 3™ state (3.74 MeV), in Figs. 8 and 9; and the
5~ state (4.49 MeV), in Figs. 10 and 11. A com-
plete tabulation of the elastic and inelastic data is

on deposit in PAPS.*’
|

III. THEORETICAL ANALYSIS
A. Elastic scattering
1. Formalism

We have carried out the theoretical analysis of
the elastic scattering differential cross section using
the high energy Glauber diffraction theory® with
finite energy noneikonal corrections calculated ac-
cording to Ref. 4.

In this approach the amplitude of the elastic
scattering of a projectile (proton) from the nucleus
can be expressed in terms of the on-shell projectile-
target elementary amplitudes and the target ground
state density:

— ik Lo . = N
FOO(A)=ET—faﬂbe“A O [ dry...d’rp(Fy.. FOT(B, T Ty) 1)

where k is the projectile laboratory momentum, A
is the momentum transfer, and T is the nucleus
profile function. The Glauber approach itself is
essentially a high energy and small scattering angle
approximation, based on the assumption of straight
line propagation of the incident projectile. The data
reported here were taken at intermediate energy,
where deviations from the straight line projectile
propagation (i.e., noneikonal effects) become impor-
tant. Hence inclusion of these effects in our calcu-
lation should provide us with a more accurate
description of the data.

Inclusion of the noneikonal effects, according to
Ref. 4, leads us to the following expression for the
nucleus profile function T':

'(b,3,...8)=T(b,8,,...34)

+8Fnoneik( B’—g 19+ -—§A ) (2)
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FIG. 3. The spectrum of 800 MeV protons scattered
from “'Ca at 40° (identified by their energies in MeV).
The energy scale is 10 keV per channel.

I
with

4
0,3, 80)=1-[[[1-1b-3)], @

i/l
where y is the two-dimensional Fourier transform
of the elementary projectile (proton)-target nucleon
amplitudes, and 8T ..k iS the noneikonal correc-
tion to the Glauber model profile function [see Eq.
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FIG. 4. Differential cross section for the elastic p-
“0Ca scattering at 800 MeV. Both curves represent the
results of the full calculation described in the text. The
solid curve corresponds to the Gaussian parametrization
of the pp and pn amplitudes, the dashed-dotted curve
was obtained with the pp and pn amplitudes taken from
phase shift analysis (Ref. 26).
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40Ca (p,p)*°Ca

FIG. 5. Analyzing power in the elastic p-**Ca scattering at 800 MeV. The dashed and solid curves illustrate the effect
of noneikonal corrections. The dashed curve was calculated without, the solid line with the noneikonal corrections. They
were both calculated with pp and pn amplitudes of the Gaussian form. The dashed-dotted curve corresponds to the pp

and pn amplitudes taken from phase shift analysis (Ref. 26).

(12) of Ref. 4]. As was pointed out in Ref. 8, the
main effect of the noneikonal correction is to
change the phases of the successive multiple scatter-
ing amplitudes, with the phase factors depending
approximately linearly on the momentum transfer
squared. Consequently, the noneikonal effects are
important in the regions of interference minima in
the differential cross section. Their effect on the
polarization and spin rotation functions turns out to
be much stronger.

The Coulomb interaction can be calculated in a
straightforward way in the Glauber model.® For an
impact parameter b it leads us to a phase

XC(0)=x5(b)+ & TpX5(b) , (4a)

where X{(b) and X$(b) are central and spin-orbit
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FIG. 6. Differential cross section for the inelastic
transition to the 2% (3.9 MeV) state.

Coulomb phases, respectively.

Our treatment of Coulomb effects also includes
the electromagnetic spin-orbit term as has been re-
cently proposed in Refs. 9 and 10:

cpy_ L=
Xfb)=—— [ dzVciba), (4b)
d
xf(b)=—§uﬁxf(b) , (4c)
1 K
=2 E+m Tam (4d)

Here V(b,z) is the Coulomb potential, v is the
relative proton velocity, and «=1.79, the
anomalous magnetic moment of the proton.

As is well known, the Coulomb field dominates
the elastic scattering at small momentum transfers
and affects significantly the regions of interference
minima in the differential cross section and polari-
zation observables. As for the magnetic moment
interaction, it turns out to play a small role every-
where except for the interference region in the po-

1.0 2% %%¢q (p, p)
08

FIG. 7. Analyzing power for the inelastic transition
to the 2% (3.9 MeV) state.
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larization observables at small angles.

The conventional procedure for the treatment of
Coulomb effects in the diffraction theory consists
of separating out the Coulomb amplitude for
scattering from the pointlike charge distribution.
Schematically, the profile function

I(b)=1—exp{i [X%(b)+X*(b)]}
= {1—exp[iXP(b)]} +exp[iXP'(b)]
X (1—exp{i[SX(B)+X(D)1}),  (5)

where 8X¢=XC¢—XP, X* is the strong interaction
phase shift, and X* and X are the Coulomb phase
shifts for the pointlike and extended charge, respec-
tively. The advantage of this approach is that the
first term, the pointlike Coulomb scattering ampli-
tude, can be calculated analytically. However, in
the present analysis we are dealing with very large
momentum transfers squared, where very strong
cancellations between the above two terms occur.
Therefore, the latter must be calculated to a very
high precision, and this procedure becomes numeri-
cally rather awkward. In order to obtain better con-
vergence in the high momentum transfer region, we
used the alternative method of Ref. 11 which con-
sists of separating the Coulomb scattering ampli-
tude for the extended charge distribution. In this
approach the profile function is written as a sum of
two terms:

|

T'(b)=1—exp{i [X(b)+X*(b)]}
= {1—exp[iX¥(b)]} +exp[iX<(b)]
X {1—exp[iX*(b)]} . 6)

Now the numerical integration of the Fourier
transfer [Eq. (1)] of the second term in Eq. (6) is
straightforward. The first term, however, owing to
the long-range nature of the Coulomb forces, ex-
tends outside the nucleus. This difficulty can be re-
moved by extracting explicitly the 1/A? term from
the integrand. This method allows one to achieve
stability of the numerical results much faster and
reduces the computation time considerably.

In order to take into account the c.m. correction,
we have used in Eq. (1) the c.m. corrected density
defined as:

4
pri,e..rg) =] p(r;)8(Zr;) ,
i=1
where p(r;) are the single particle densities. As a re-
sult we have obtained (in the zero range force ap-
proximation) the c.m. corrected amplitude

Fem(K)=F§{™ (K)+F§™ (K)+ - - - +F$™(R),
)

where F{™, F5™,..., are single, double, etc.,
scattering amplitudes which are related to the corre-
sponding multiple scattering amplitudes calculated
without the c.m. correction in the following way:

with
ﬁ(p):fd2sei3’? fdzp(r).

The above formula has been obtained under the
assumption that the proton size is much smaller
than the target size. The c.m. correction influences
separately each particular order of scattering. The
total influence of the c.m. correction on the dif-
ferential cross section we obtained can be, to a good
accuracy, approximated by the factor exp(0.45 A?),
where A? is in units of (GeV/c)?. This result turns
out to be in qualitative agreement with the c.m.
correlation effect of Refs. 12 and 13.

In order to estimate the corrections due to the
short range and Pauli correlations, we have used the
standard general expansion of the ground state den-
sity in terms of the two-particle, three-particle, etc.,
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FIG. 8. Differential cross section for the inelastic
transition to the 3~ (3.79 MeV) state. The dashed curve
was calculated without the spin-orbit term in the N-N
amplitude.
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FIG. 9. Analyzing power for the inelastic transition
to the 37 (3.79 MeV) state.

correlations and have neglected terms depending on
correlations of order higher than two.!* In this ap-
proximation the density can be written as

-

p(?l, ceey I'A)=P(?1)p(fi4)
+ 3 Alp(T)...o(T)], 9
all possible

contractions

where the contraction is defined as:

A(?l,?z)zp( ?1, ?2)“'[7( ?1 )p( ?2)

=C (T}, Ty)p(T))p(T>) (10)
with
p(T)= [ d’ry..d’rip(T,,...T4) (11)
and

p(T1, T = [ d°rs...d’ry p(Ty,...T0) .

The dimensionless function C (7, T,) is the two par-
ticle correlation function which has the following
properties

C(f’],f’z)ﬁo for I FI_FZ | —>00 , (12)

T T T T T T T T T T T T
10 R
10% 40Ca (p, p') i
5
o'+ Tp=08GeV 4
5 10%F 8
<
£
= 0% R
=)
U|u |O-4’— .
10°-
10‘67 5 z: ]
-7l I 1 I I L L 1 1 1 1 1 _ IJ
10
0 8 16 24 32 40 48

b (deg)

FIG. 10. Differential cross section for the inelastic
transition to the 5~ (4.49 MeV) state.

FIG. 11. Analyzing power for the inelastic transition
to the 5~ (4.49 MeV) state.

and
[ &% C(F, T)p(F1)=0 .

In general, for finite nuclei, the correlation func-
tion C(T,T,) depends not only on the relative dis-
tance between the target nucleons but also on their
position from the center of the nucleus. One may
expect the correlation effects to be weaker near the
nucleus surface, where most of the scattering takes
place. The exact form of the correlation function

C(T}, 1)) =C((T14T12)/2),((T|—T,)/2)

is known only for some special cases, e.g., for the
noninteracting Fermi gas model.

In this paper, following Ref. 15, we have ex-
pressed the correlation effect in terms of the effec-
tive correlation length £, smeared out with the spa-
tial distribution of the projectile-nucleon interac-
tion:

__ 1 o o
be=71— J d% [dzCis,z)expl—s2/4a] . (13)

[Note that £, reduces to the correlation length!4
le=[d% [dzCls,2), (14)

where /. >>a.]

We assumed that the correlation function de-
pends only on the relative distance between the two
nucleons. In doing so we hope not to oversimplify
the problem. The existing calculations of correla-
tion effects within the framework of the Glauber
model'® seem to be insensitive to the particular
form of the correlation function and depend mainly
on /.

Various authors give different estimates for I,
varying from —0.3 fm (Ref. 17) to —0.85 fm.!¢
Note that they are all negative, which, as can be
seen from the definition of /, [see Eq. (14)], indi-
cates a repulsive force at small distances.
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2. Proton and neutron density distribution
and proton-nucleon amplitudes used in the analysis

For our calculation, the proton point density dis-
tribution p,(r) was obtained from an analysis of
electron scattering on “°Ca.!® Following Ref. 18 we
adopted the following form of p,(r):

l+(wI,/RI,2)r2
1+exp[(r —R,)/a,]

pp(r)=po

s1nq:r exp[ —poX(r?/4)] ;. (15a)

+ap

The parameters of p,(r) are listed in Table 1.
We used a three parameter Fermi distribution

pn(P)=pol 1 +(w, /R, r?1/{14expl(r —R,)/a,]}
(15b)

to describe the neutron density. The parameters
were varied to obtain the best fit to the p +*Ca
data.

As for the nucleon-nucleon input to our calcula-
tion, we have taken into account only two com-
ponents of the N-N amplitude, using the following
standard parametrization

Fan @ =fon@+(GxE)fin(a) , (16)

i.e., we keep only terms which do not cause spin flip

transitions of the target nucleons. The other terms

are strongly suppressed in the case of proton

scattering from reasonably heavy nuclei of spin

zero. In Eq. (16), fyn(g) and fyy(q) are the central

and spin orbit N-N amplitudes, & stands for the

projectile spin % operator. We parametrized fxx(g)

and fyn(q) in terms of Gaussians in one set of cal-

culations, whereas in a second set of calculations we
used more realistic amplitudes obtained from phase
shift analyses. These will be discussed below.

The central and spin-orbit parts of the pp and pn

amplitudes, in our first set of calculations, were
parametrized as

TABLE 1. Proton density parameters used in the cal-
culation [Eq. (15a)].

a,=0.59 fm ay,=0.081
R,=3.77 fm Po=0.43 fm~!
w=—0.161 go=3.14 fm~!

(r,2)12=3.482 fm

TABLE II. Parameters of the NN amplitudes [Eq.
an).

Op=4.73 fm?
a,,=0.056 apn=0.20
By =(0.18—i0.05) fm? Bpn=(0.24—i0.05) fm?
App=Apm=0.81 fm?
ap=0ap=—1.0
Bip =B =0.6 fm?

Opn=3.80 fm?

kapp(pn) .
fpcp(pn)= 4 (i +app(pn))
X exp ——ﬁ”’;’"’)qz , (172)
kAppon .
f;p(pn) = Z:Tpn_(l +a;p(pn))
X exp —%qz (17b)

We assumed that the spin-dependent amplitudes for
p-p and p-n are equal. Table II lists the parameters
used in Egs. (17a) and (17b). The parameters for
the spin independent part were derived from the
compilation of Bystricky et al.’® and are in reason-
able agreement with those used by Blanpied et al®
The parameters of the spin dependent part (also list-
ed in Table II) were adjusted to obtain a best fit to
the p-*°Ca analyzing power data (see Fig. 5).

3. Discussion of the effects of noneikonal corrections,
spin-orbit effects, and correlations
on the elastic scattering

In this section we discuss the sensitivity of the
elastic scattering calculations to noneikonal correc-
tions, the spin-orbit part of the NN amplitude, and
the nucleon-nucleon correlations within the context
of the diffraction multiple scattering theory.

Noneikonal correction and the spin-orbit effects
reduce the amplitude of oscillation without chang-
ing the phase of the oscillation in the differential
cross section and polarization, whereas correlations
cause a g dependent change in phase. The first

TABLE III. Parameters of the extracted neutron
density [Eq. (15b)].

a,, =0.51 fm R,=3.45 fm

(r,2)2=3.34 fm

w,=0.108
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mentioned effects increase the spin independent and
spin orbit projectile-nucleus amplitudes (double spin
flip terms were neglected because, as it was shown
in Ref. 9, their role is negligible).

The important feature, displayed in Figs. 12 and
13, is that noneikonal effects, spin effects, and
correlations play a minor role for 6., <20°. Thus
the data from 2—20° are most unambiguously relat-
ed to the neutron mass distribution and the differ-
ence in rms radii of the proton and neutron point
mass distributions, r,2)!/2—(r,?)!/2% The data at
angles of 20°< 6, ,, <42° are useful for investigat-
ing the size of the correlation range parameters &,
since having fixed parameters of the proton and
neutron point mass distributions an effective £, can
be determined by adjustment of the phase to match
the experimental data. The amplitude of the large
angle data, i.e., the height of the maximum and
depth of the minimum, is sensitive to spin-orbit ef-
fects and to the noneikonal corrections. Figures 4
and 5 (solid line) show that a very satisfactory fit to
the data is obtained. The parameters describing the
Fermi shape of the point neutron mass distribution
are listed in Table III. They yield a rms radius
(rs?)'7? of 3.34+0.05 fm. The value of (r,)!/
from Ref. 18 is 3.482+0.025 fm and (r,*)'”*
—(r,2)1/2=0.142+0.075. The proton radius ex-
cess for “*Ca can be ascribed to the Coulomb repul-
sive forces pushing the protons away from each
other.

Within the error corridor our results are in agree-

Ca “p, p)Ca®®
T, =086GeV i

Full calculation i

~—~~ Noneikonal effects not
included

-——- No spin effects

109 I L

6, . (deg)

FIG. 12. Effect of the noneikonal corrections and
spin effects for the p-“°Ca elastic differential cross sec-
tion. The dashed line was obtained without the
noneikonal corrections. The dotted line was calculated
without the spin orbit term in the N-N amplitude.

Ca “Ap, p)Ca*
1% Tp= 0.86GeV 4

108 =~ Full calculation 4

—~——=—Without Pauli and short
range correlations

(mb/sr)

do
dQ
S,
A

45

FIG. 13. Effect of correlations on the p-**Ca elastic
differential cross section. Solid and dashed curves are
calculated with .= —0.5 fm and &,=0, respectively.

ment with the previous Glauber theory analysis®!
carried out in the smaller (6., < 16°) momentum
transfer region. The results of the numerous
Hartree-Fock calculations are slightly but con-
sistently lower. The density dependent Hartree-
Fock theory?* gives 0.04, the Hartree-Fock calcula-
tion using Skyrme’s II interaction®® yields 0.05, and
the density matrix expansion?* provides 0.05 for the
difference between the proton and neutron radii.
The existing Kerman, McManus, and Thaler
(KMT) analyses carried out in the smaller (up to
6..m =24°) momentum transfer region yield
(r,?)2—(r,*)!”*=0.15 and 0.17 fm (calculation
of the 800 MeV p-*Ca scattering? with NN ampli-
tudes of the Gaussian type and taken from the
phase  shift  analysis, respectively) and
(rp?)2—(r,?)/2=0.04 (calculation of the 1 GeV
p-*Ca scattering?® with N-N amplitudes of the
Gaussian form). Our evaluation of the noneikonal
correction and a realistic estimate of the spin-orbit
effects reproduce quite well the observed attenua-
tion in amplitude seen in both the cross section and
analyzing power data at large angles. A value of
—0.5 fm for the correlation range parameter &,
produces the observed change in phase at large an-
gles. This value is well within the bounds indicated
by earlier Glauber theory analyses, —0.3 fm (Ref.
17) to —0.85 fm.'¢

The dashed-dotted curves in Figs. 4 and 5 corre-
spond to the differential cross section and polariza-
tion observables calculated with the N-N amplitudes
available from phase shift analyses.6 The most
striking feature is that the polarization observable
does not display now as strong a structure as it does
when calculated with the Gaussian amplitudes. It
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can be attributed to the fact that the slopes of the
central and spin-orbit parts of the N-N amplitudes
obtained by phase shift analyses do not differ much
at small momentum transfers. The leading contri-
bution to the oscillating structure of the polariza-
tion is due, as discussed in Ref. 27, to the slope
difference between the central and spin-orbit parts
of the N-N amplitude, and for heavier nuclei, to
Coulomb effects. When the Coulomb interaction is
neglected, and B*—B=0, there are no oscillations in
proton-nucleus polarization, and its shape becomes
the same as in proton-nucleon scattering. A similar
tendency has been found when the N-N amplitudes
from phase shift analyses were used in analyzing
the analyzing power and spin rotation observables
at 500 MeV for p-*°Ca scattering.?

Referring back to Fig. 5 we see that the theoreti-
cal prediction for the analyzing power using N-N
amplitudes obtained from phase shift analysis
displays quantitatively some lack of agreement with
the experimental data. This discrepancy may still
be attributable to the fact that most of the N-N in-
put data used in the phase shift analysis comes
from the region of —¢>0.1 (GeV/c)? (i.e., 15° in
the laboratory system). However, because of the ra-
pid falloff of the nuclear form factor, the amplitude
for elastic scattering from a large nucleus is sensi-
tive mostly to the N-N amplitudes at very small
momentum transfers. We believe that there is still
enough ambiguity in the N-N amplitudes to im-
prove the agreement of the theory with the data.

B. Inelastic scattering

We have carried out the theoretical analysis of
the data for the inelastic scattering in the frame-
work of the Glauber diffraction theory.> In this ap-
proach the amplitude for the proton induced inelas-
tic transition to a level of excitation energy much
smaller than the projectile energy can be calculated
using as input the free nucleon-nucleon amplitude
and the corresponding inelastic transition density.
Following Refs. 29 and 30 we have treated the ex-
cited levels of “*Ca as collective excitations of the
adiabatic type,®! taking into account only terms
linear in the deformation parameter. This assump-
tion corresponds to the one phonon excitation
mechanism. The corresponding transition density is
then simply*

pt,(R)zﬁLR%p(r)YLMm , (18)

where B; is the transition strength. The equal den-

sity surfaces were assumed to be the same for all
nucleons and parametrized as two-parameter Fermi
distributions,

p(r)=po/{1+exp[(r —R)/a]} , (19)

with R =3.51 fm and @ =0.56 fm. These parame-
ters give an rms value of 3.52 fm, which is approxi-
mately equal to the average of the rms values of the
ground state proton and neutron densities used in
our calculation of the elastic scattering.

As in the case of elastic scattering, we used the
spin dependent nucleon-nucleon amplitude of Eq.
(1). In contrast with previous Glauber model anal-
yses of inelastic transitions for heavier nuclei where
the spin effects were either not treated or calculated
in the zero-force range approximation [f='=0 in
Eq. (17)],%*° we took into account the momentum
dependence of the spin orbit amplitude. (Coulomb
and center-of-mass effects were treated analogously
as in the elastic scattering.)

In Figs. 6—11 we display our results for differen-
tial cross sections and analyzing powers. In these
calculations, we used an isospin-averaged N-N am-
plitude with the following parametrization of its
central and spin orbit parts'®:

Fa)=22 i o) expl—(B/2)g7],
T

kA (20)
f‘(q)=7ﬂ-:(i +af) exp[ —(8/2)¢?] .

For the forward amplitude f°(0) and the corre-
sponding slope, we took parameters as determined
from Ref. 33. They are listed in Table IV, column
1. The parameters describing the spin orbit part of
the isospin averaged Gaussian amplitude were ad-
justed to obtain the best fit to the inelastic data.
The values obtained are listed in Table IV, column
2.

The corresponding transition strengths [, are
listed in Table V. The transition strengths f3,, B3,
Bs agree with those obtained from low energy elec-
tron scattering experiments.**3* They also agree
with results obtained from the analysis of Starodub-
sky? of the data obtained by Alkhazov et al.3® for

TABLE IV. Isospin averaged N-N amplitudes used
in the analysis of the inelastic scattering [Eq. (20)].

o=4.4 fm? A=0.89 fm?
a=0.28 a=-—1.0
B=0.21 fm—? B =0.45 fm?
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TABLE V. Comparison of the transition strengths power, were analyzed using the noneikonal exten-

BL used in the present paper with those used in Ref. 29.

This work

Ref. 29
B 0.132 0.133
Bs 0.38 0.340
Bs 0.22 0.215

the smaller momentum range (see Table V for com-
parison).

We have found that the contribution of the spin
orbit part of the N-N amplitude is more important
for the inelastic differential cross sections than for
the elastic cross section. The effect is to enhance
the subsidiary diffractive maxima in the differential
cross section by 60% starting from about 30° in the
cm.f. In Fig. 8 we illustrate this effect for the case
of the excitation of the 3~ state. The dashed line
has been obtained by putting f*(¢q) [see Eq. (3)]
equal to zero, whereas the solid line corresponds to
the full calculation with f%(q)s%40. The overall
agreement between theory and data is remarkably
good given the simplicity of our assumptions about
the transition densities. We might expect further
improvements if we were to add the higher order
terms of the transition density expansions, i.e.,
terms describing the two-phonon excitations. Such
contributions are probably of more importance for
the 57 transition.

Noneikonal effects (which have not been included
in the inelastic case) may be much stronger for the
inelastic transitions, in particular, in the regions of
diffractive minima, which would become less sharp
if this correction were taken into account.

We conclude that the large angle inelastic data
can be qualitatively reproduced by our simple calcu-
lation. The 5~ transition is least well described,
and we attribute this to the importance of two-
phonon transitions which are not included in this
analysis.

IV. CONCLUSION AND SUMMARY

We have presented here new, large momentum
transfer data for elastic and inelastic scattering of
800 MeV protons from “’Ca. The present experi-
ment covers a considerably larger angular range
than the previous measurements which extended
only out to 24° in the c.m.f.""? The elastic scattering
observables, differential cross section, and analyzing

sion* of the Glauber diffraction theory.

A comment is in order here regarding the appli-
cability of the Glauber theory, which is essentially a
high energy, small scattering angle approximation.
In the multiple scattering picture the amplitude for
p-nucleus scattering is given as a sum of various
multiple scattering terms. The importance of the
higher order multiple scattering terms increases
with the growing momentum transfer because of
the strong exponential dependence of the nuclear
form factor on the momentum transfer squared.
One can easily show that the most probable contri-
bution for the nth order multiple scattering term
comes from the situation in which the overall
momentum transfer is equally shared between the
momentum transfers acquired by the projectile on
the target nucleons. Hence the scattering process
which proceeds as a series of small angle scatterings
on individual nucleons can be suitably described by
the diffraction theory. The noneikonal -effects
which take into account the deviations from the
straight-line propagation picture produce further
improvement of the model at intermediate energies.

One of the additional advantages of the Glauber
theory is that the effects of center-of-mass, short
range, and Pauli correlations can be calculated mi-
croscopically without using the exponentiation pro-
cedure (optical limit) which is mathematically
dangerous in the region of large momentum
transfers where the corrections become sizable. The
proton density distribution used as input in our cal-
culations reproduces the “°Ca elastic form factor

measured in the e-**Ca experiment.'®
From our analysis of the proton scattering data

for 6, <20° it follows that the best agreement be-
tween experiment and theory can be obtained with
the neutron density rms radius smaller than the pro-
ton distribution by about 0.15 fm. Larger angle
data (out to 6., =42°) indicate the effective corre-
lation range parameter to be as £, = —0.5 fm.

The inelastic transitions were treated in our cal-
culations as collective excitations of the adiabatic
type. The low-lying 2* and 3~ inelastic transitions
are well described macroscopically by the transition
strength parameters ; and a one-phonon excitation
mechanism. The differential cross section for the
lowest lying 5~ excitation is not described as well.
We point out that two-phonon excitation (not in-
cluded in the calculations reported here) should be
included.

The momentum dependence of the spin-orbit part
of the nucleon-nucleon amplitude plays an impor-
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tant role in the inelastic scattering observables.
Earlier Glauber theory analyses have not included
the spin-orbit term or have used a zero range spin-
orbit amplitude.?>® Starting from 30° c.m. the spin
effects enhance the subsidiary maxima in the inelas-
tic distribution by about 60%. The slope difference

between the central and spin-orbit part of the N-N
amplitude very strongly influences (sharpens) the
shape of the analyzing power.
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