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Scattering of 362 MeV polarized protons from *°Ca to the ground, 3~ (3.74 MeV), 2% (3.90 MeV),
and 5~ (4.49 MeV) states has been studied from 3° to 65° in the laboratory. Measured values of
do/dQ and A, are compared with standard relativistic and nonrelativistic calculations using transi-
tion densities from random-phase-approximation calculations and electron scattering data.

I. INTRODUCTION

There is currently great interest in microscopic ap-
proaches to nucleon-nucleus scattering at intermediate en-
ergies due to the relative success in explaining experimen-
tal data and the connection of the nucleon-nucleon in-
teraction with many-body theories.! Phenomenological
optical potentials? are also very successful in reproducing
both cross section and analyzing power data although
they are often of limited significance because of the num-
ber of parameters involved.

In this paper, we present cross section and analyzing
power measurements together with phenomenological and
microscopic calculations for elastic and inelastic proton
scattering to the low-lying states of “*Ca. The measure-
ments, which are the first ones made with the upgraded
medium-resolution spectrometer (MRS) at TRIUMEF,
were carried out for an incident proton kinetic energy of
362 MeV and for scattering angles from 3° to 65°, which
correspond to momentum transfers from 0.24 to 4.8
fm~'. This is one of a series of papers® concerning the
closed shell nuclei “°Ca, *°Zr, and 2°’Pb, where, due to the
large energy separation, Jow-lying levels can be isolated
with an overall resolution of ~100—120 keV on the
MRS, and where electron scattering data are available to
relatively large momentum transfer. For 40Ca, measure-
ments of the elastic and inelastic proton scattering cross
section and analyzing power have been performed over a
wide range of energies up to 1000 MeV as shown in Table
I. Our measurements are taken to a much higher momen-
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tum transfer than most others.

For comparison of experimental data with available mi-
croscopic theories our incident proton energy is well
chosen. Between 300 and 400 MeV, absorption is
minimal and the effects of Pauli blocking and binding en-
ergy corrections, not included in microscopic relativistic
impulse approximation calculations, are much less severe
than at lower energies ( <200 MeV).* From the nuclear
structure point of view the closed-shell nucleus *°Ca is
well known, and shell model calculations fit electron
scattering data.’ The proton transition densities have
been measured by inelastic electron scattering, and proton
and neutron transition densities can be assumed identical
for N =Z nuclei.

The experiment will be presented in Sec. II. In Sec. III,
we compare our elastic and inelastic data with conven-
tional phenomenological model calculations while, in Sec.
IV, we compare the data with microscopic Schrodinger
and relativistic impulse approximation calculations using
transition densities from random phase approximation
calculations and from electron scattering data.

II. EXPERIMENT

The experiment was performed with the TRIUMF
medium-resolution spectrometer (MRS).® A vertically
dispersed beam of 362 MeV polarized protons was
delivered onto a natural calcium target. The scattered
beam was momentum analyzed in the vertical plane. A
six quadrupole “twister,” located upstream of the target,
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was used to rotate the beam dispersion from the horizon-
tal to the vertical plane to match the dispersion of the
spectrometer. Target thickness was 25 mg/cm? for for-
ward angles ( < 18°) and 50 mg/cm? for larger angles.

The MRS is a 1.5 GeV/c Q-D system with a design
resolution of dp/p =10"* and a momentum acceptance
of 13%. The instrumentation consists of a low-pressure

front-end wire chamber located at the target chamber exit
and two drift chambers at the dipole exit, followed by an
array of ten plastic scintillators to provide the reference
time for the event trigger. Programmable emitter-couple-
logic (ECL) -trigger electronics allow the user to define
the momentum bite and time of flight acceptance through
the spectrometer, and to insert additional trigger condi-

TABLE I. Summary of elastic and inelastic proton scattering measurements on “°Ca.

Elastic Inelastic
E, Angle range Gmax E, Angle range G max
(MeV) (deg) (fm~—1) Footnote (MeV) (deg) (fm~") Footnote
<60 10—150 <23 a <60 10—150 <23 a
61 30—10s 2.7 b
75 10-32 1.0 c
80 5-95 2.9 de
135 5—-95 3.8 d
153 5—-70 3.2 cf 150 25 g
155 6—35 1.7 h,i 155 5-55 2.6 f,h,i,j
156 5—54 2.6 k
160 8—90 4.0 d,1
175 6—40 2.0 m
181 8—63 32 n
182 4-38 2.0 o,p 182 10—43 22 o,p
185 4—42 22 q 185 4—-42 2.2 q
300 4-38 2.6 r 334 29 0.7 s
362 3—65 4.8  present work 362 3—65 4.8  present work
400 3-35 2.9 r
497 8—28 2.6 t
500 3-30 2.8 r,u 500 5-30 2.8 u
613 3-31 34 v
650 726 2.9 w 650 8—17 1.9 w
800 3—42 5.3 X,y 800 3—42 5.3 v,z
1000 6—18 2.7 aa 1000 3—18 2.7 aa
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FIG. 1. Typical spectrum taken at 25° with the upgraded
medium resolution spectrometer at TRIUMF for 362 MeV in-
cident protons.

tions. For example, at extreme forward angles a thin scin-
tillator, located near the focal plane, could be included in
the trigger to allow prescaling of counts due to elastically
scattered protons.

The front-end wire chamber provides a position resolu-
tion of better than 1 mm, corresponding to an angle reso-
lution of better than 0.1°. Furthermore, it allows for a
complete track reconstruction of the scattered particle,
which eliminates sources not in the illuminated target
area.

In the present “°Ca(P,p’) experiment angular distribu-
tions from 3° to 65° in the laboratory frame were mea-
sured for elastic scattering and for transitions to excited
states at 3.74 MeV (37), 3.90 MeV (2}), and 4.49 MeV
(57). MRS angle positions were determined from the
kinematical overlap of protons inelastically scattered from
the 4.44 or 7.65 MeV states in '*C with protons elastically
scattered from the hydrogen in a CH, target or, at large
angles, by the overlap of protons inelastically scattered
from the 3.74 and 4.49 MeV states in *“°Ca with protons
elastically scattered from a small '°0 contaminant in the
Ca target. Measured angles were found to agree within
0.1° with the spectrometer angle readout. The cross sec-
tion was determined once the acceptance properties of the
MRS were found by inserting a CH, target in place of the
Ca target and comparing the measured cross section with
the known values for elastic scattering from hydrogen.

An in-beam polarimeter, located upstream of the target,
was used to monitor both the beam polarization and in-
tensity. Downstream of the target, a secondary emission
monitor also measured beam intensity and provided a
check against the polarimeter measurement. Beam
currents were typically in the subnanoampere region at
very forward angles and up to 80 nA at large angles.
Beam polarization was approximately 70% for either spin
direction. To account for the deadtime of the system,
pulser signals were injected at random times into the MRS
trigger circuit. Detection efficiency of the system was
determined to be between 90% and 95% and found to be
only slightly dependent on the incident beam intensity.
An overall energy resolution of ~ 140 keV was achieved
after applying various aberration corrections. A proton

spectrum obtained at 6,,=25° is shown in Fig. 1. The
37, 2% doublet in “°Ca at 3.74 and 3.90 MeV is clearly
resolved. However, the cross section for the transition to
the 21 state at larger angles is generally an order of mag-
nitude smaller than that for the 3~ state. In this case the
Landau tail from the 3~ peak makes the extraction of the
2% contribution difficult.

III. COMPARISON WITH
PHENOMENOLOGICAL MODELS

A. Elastic scattering

The experimental data will be studied first by compar-
ing with the calculated results of relativistic and nonrela-
tivistic phenomenological optical models. In the nonrela-
tivistic approach, the optical potential has the form

#
m ¢

Ur)=Vcoulr)+ Ug(r)—

where the radial shape of each of the components of the
complex potentials Uy=Vy+iW, and Ug, =V, +iW, is
given by a Woods-Saxon function

1

f(r,ro,a)zm . (2)
1+e

There are therefore twelve parameters (four strengths, ¥,
W, Vs, and W, and the reduced radius rq and diffuse-
ness a for each radial shape) to be determined by fitting to
the data.” In Dirac phenomenology, the optical potential
has the form

U(r)iUscalar(r)+7/0[ Uvecmr(r)+ VCoul(r)] > (3)

where U, (#) is a complex Lorentz scalar potential and
Uyector(?) is a complex timelike component of a four-
vector potential.® Again, the real and imaginary parts of
the potentials are assumed to have Woods-Saxon shape, as
given by Eq. (2), leaving also 12 parameters to be deter-
mined by experiment.

The optical potential search code RUNT (Ref. 7) was
used to fit the elastic cross section and analyzing power
data, and to determine the parameters for both the relativ-
istic and the nonrelativistic approaches. The results are
given in Fig. 2 with the full lines obtained from the rela-
tivistic calculation and the broken lines the nonrelativistic
calculation. It is seen that both calculations give a good
fit to the cross section. For the analyzing power the rela-
tivistic results are slightly better, except at the largest an-
gles. The values of the optical potential parameters are
given in Table II together with the volume integrals per
nucleon, X? values and total reaction cross sections og.
The best fit values obtained from our relativistic calcula-
tion follow the general trend of energy dependence of
those given in Table I of Ref. 7. For the nonrelativistic
calculations the parameters obtained are in general agree-
ment with those found at 500 MeV by Seth et al.® and
those used at 334 MeV by Horen et al.,'” except that our
radius parameter ro of the real potential is unphysically
small. We will nevertheless use this set for inelastic calcu-
lations since a larger value for ry decreases the quality of
the fit quite markedly. We note, however, that a small
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FIG. 2. Phenomenological optical model fit to elastic scatter-
ing at 362 MeV. The solid line is the result of a relativistic cal-
culation and the dashed line the result of a nonrelativistic calcu-
lation.

TABLE II. Phenomenological optical potential parameters.

Volume integral

Well depth Radius Diffuseness per nucleon

(MeV) (fm) (fm) (MeV fm?)
Relativistic phenomenological optical potential
Vector V 294.6 1.01 0.64 1690
/4 —97.0 1.12 0.55 — 686
Scalar V —419.9 1.00 0.67 —2422
w 99.0 1.12 0.54 698
— Rr=0.6976* — R;=—0.9839*

Xi/N,=16.7° X32/Np=4.46" ogr=>547 mb°

Nonrelativistic phenomenological optical potential

14 149 0646  0.515 9.5
W —345 1.109  0.681 —332
V., —386 1006  0.703 —0.28
W 4342 0997  0.703 0.85

Xi/N,=117" X3/Np=22* 0g=530 mb*

?Rgr (R;) is the ratio of volume integrals of the real (imaginary)
part of the vector and scalar potentials.

®X%/N,(X%/Np) is the reduced X? for the differential cross sec-
tion (analyzing power).

Sor is the total reaction cross section.

value (ro=0.79 fm) was also obtained by Seth er al. for
the 500 MeV data.’

B. Inelastic scattering to low-lying
natural parity states

Using the framework of the collective model, calcula-
tions for the cross section and analyzing power in inelastic
scattering were carried out in the distorted wave Born ap-
proximation (DWBA). For the nonrelativistic calculation
this was done in the usual fashion by deforming the real
and imaginary parts of the central and spin-orbit potential
determined earlier from elastic scattering. For the relativ-
istic case the scalar, vector and Coulomb terms in the
Dirac potential in Eq. (3) were deformed in the same way
as the central potentials in the nonrelativistic case. From
these, “Schrodinger-equivalent” potentials were obtained
by reducing the Dirac equation to a Schrodinger-like
equation for the upper component of the wave function. '!
The resulting deformed potentials, which can also be ex-
pressed in a form equivalent to that derived from Eq. (1)
by deforming central and spin-orbit terms, can be put into
a standard DWBA calculation. Thus, deformation pa-
rameters entering into these calculations are those for the
scalar and vector potentials.

Differential cross sections and analyzing powers were

10 I 1 T T T T

40Ca(p.p')40Ca(37) -
Ep= 362 MeV

FIG. 3. Phenomenological collective model fit to inelastic
scattering for the 3~ state at 3.74 MeV. The solid line is from a
relativistic calculation and the dashed line is from a nonrela-
tivistic calculation.
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FIG. 4. Same as Fig. 3 except for the 2% state at 3.90 MeV.
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FIG. 5. Same as Fig. 3 except for the 5 state at 4.49 MeV.

D. FREKERS et al. 35

LELLELAL

LELILILAAL|

T T T T

40Ca(p,p')40Ca(2+)]
Ep= 362 MeV |

pannl

1

1
1IO 20
8, ., (deg)

T T

T T 1
~40Ca(p.p')40Ca(57)
\Ep= 362 MeV 7]

T

0

calculated for the 3~ (3.74 MeV), 2% (3.90 MeV), and 5~
(4.49 MeV) states of “°Ca, using both approaches. The
values of the deformation parameters 3, for each state
were adjusted to fit the data in such a way that the defor-
mation length parameters 6, =3 R were kept the same for
all components of the optical potential. Although the
best-fit values for [3; depend on the formalism and on the
potential shapes used, the deformation length 6, is less
sensitive to the details of the model used. As a result, we
find no significant difference in the extracted values of 8,
in spite of the large differences between the values of the
radius parameters obtained for the relativistic and non-
relativistic optical potentials. Similar observations were
also made in Ref. 11.

In Figs. 3—5 we show the measured cross section and
analyzing power data for the 37, 2", and 5~ states in
“0Ca together with the results of the two calculations.
The collective model description of the 3~ state is good
over the whole angular range and a fairly good fit for the
57 state is also obtained. On the other hand, the agree-
ment with the experimental data is poor for the 2% state.
This is to be expected in view of the lack of collectivity
for the state as is evident from the small &, value. The
relativistic calculations produce an overall better agree-
ment to the cross section data at large angles and to the
analyzing power data over the whole angular range. The
extracted deformation length parameters are §,=0.42 fm,
8;=1.22 fm, and 65=0.69 fm for both relativistic and
nonrelativistic calculations.

Deformation length parameters &, extracted from
4OCa(p,p’) reactions over a range from 25 to 1000 MeV
are collected in Fig. 6 together with our values as well as
those deduced from tabulated values'?> of B(EA) (dotted
line). In the region of maximum nuclear transparency,
around 200 MeV, the energy dependence of 83 seems to
exhibit a shallow minimum. Such an energy dependence
might arise from the difference in radial shape between
the hadronic and electromagnetic transition operators,'?
but a recent study on inelastic excitation in 2C, however,

10' . ' ' E
- oMe ... S TR 0(3——)_-
E/ 10" g = (57)7
& [a A2
10"

| 1 |
0 250 500 750 1000
E (MeV)

FIG. 6. Deformation length parameter as a function of the
proton bombarding energy for the 3~ state at 3.74 MeV (circles),
the 2% state at 3.90 MeV (triangles), and the 5~ state at 4.49
MeV (squares). The dashed lines represent the values deduced
from transition probabilities B(EA). (Data taken from refer-
ences in Table I.)
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did not show any such effect.!* It might also be due to
the phenomenological fits to the data which do not
uniquely determine the energy dependence of the imagi-
nary parts of the optical potential.

IV. COMPARISON WITH MICROSCOPIC
MODELS

The experimental data are compared in this section
with the calculated results of both relativistic and nonrela-
tivistic models in a microscopic approach. The primary
purpose of the comparison is not to see whether the
“Dirac” or “Schrodinger” method is superior in fitting
the data; instead, we are interested in observing to what
degree each model can account for the measured cross
section and analyzing power using, as far as possible, the
same set of input parameters derived directly from experi-
mental data.

A. Elastic scattering

The starting point of this part of our analysis is the op-
tical potential; we take here a ‘“‘microscopic” approach by
folding the ground state nucleon density with the
nucleon-nucleon interaction, the same interaction used
later for inelastic scattering. Since “°Ca is a self-conjugate
nucleus, we use as nucleon density the charge density de-
rived from electron scattering.

A standard three-parameter Fermi form,

l+w(r/Rgy)? @
Pch=Po 1+e[(,_R0)/a] ’

is used for the charge density with the parameters,
R,=3.766 fm, a =0.586 fm, w=—0.161, (5)

taken from de Jager et al.; po is the normalization fac-
tor. Two different optical potentials, one in the relativis-
tic impulse approximation,'® and one with the density-
dependent Hamburg nucleon-nucleon interaction in a non-
relativistic approach,!” are then calculated with the same
charge density as input. The results are shown in Fig. 7.

The nonrelativistic calculation (solid line) is in fair
agreement with the data except for a shift in “phase” of
the diffraction maxima and minima for both the differen-
tial cross section and the analyzing power and an overes-
timation of the magnitude of the first maximum in 4,.
This might be due to the large momentum transfer range
(g <4.8 fm~!') of our data and the fact that the nucleon
density was obtained from electron scattering data for
momentum transfers ¢ <3.2 fm~'. We note that changes
in the charge density radius and diffuseness parameters,
for example to Ryp=3.35 fm and a=0.71 fm, improve the
fits to the data except for the first maximum in 4,. The
results are given in Fig. 8 (solid lines).

For the relativistic calculation, the maxima and minima
are also in fair agreement with the data but the differen-
tial cross section at most angles is too large and the oscil-
lation in the analyzing power is not as pronounced as it is
in the data (see dashed lines in Fig. 7). There are now two
nucleon densities that enter, the scalar density p,(r) and
the vector density p,(r); it is generally recommended to

4
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FIG. 7. Comparison of the elastic scattering data with micro-
scopic relativistic (dashed lines) and nonrelativistic (solid lines)
optical model calculations for the elastic scattering of 362 MeV
protons from “°Ca obtained using a three-parameter Fermi form
with Ry=3.766 fm, a=0.586 fm, and w = —0.161 for the neu-
tron and proton charge densities.

take p,(7) to be slightly smaller than p,(r) in order to ac-
count for the lower components of the Dirac wave func-
tions.'® Comparing with the experimental data, we found
that the change in the results between p;(r)=0.95p,(r)
and ps(r)=p,(r) is much less than the change arising
from different input density parameters. From the non-
relativistic calculation described in the previous paragraph
we have already concluded that, for our data, we need a
nucleon density different from the charge density obtained
from electron scattering measurements with a lower max-
imum momentum transfer. We therefore start with the
density parameters, Ry=3.35 fm, a¢=0.71 fm, and
w = —0.161, obtained earlier, to specify p,(r). For p(r)
we start from a=0.71 fm and w = —0.161, and make
small adjustments to R, so as to get a better fit to our
proton scattering data. The results are shown as dotted
lines in Fig. 8. The best fit, however, was obtained for
Ry=3.56 fm with p,(r)=p,(r) and is shown as dashed
lines in Fig. 8. The large improvement in describing the
experimental data, especially at the minima and maxima
of the diffraction patterns in the differential cross section
and analyzing power, demonstrates again that a nucleon
density different from the charge density given in Ref. 15
is required to describe the elastic scattering of protons
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FIG. 8. Same as Fig. 7 except with Ry=3.35 fm, a=0.71
fm, and w = —0.161 for the nonrelativistic results (solid lines),
and Rg=3.56 fm, ¢=0.71 fm, w=—0.161, and p,(r)=p,(r)
for the relativistic calculation (dashed lines). The dotted lines
are the results of a relativistic calculation with Ry=3.35 fm,
a=0.71 fm, and w=—0.161 for p,(r), and Ry=3.76 fm,
a=0.71 fm, and w = —0.161 for p,(r).

from “°Ca at 362 MeV. A good fit can also be obtained if
a relativistic mean-field theory is used to generate the den-
sities and a medium correction is applied to the interac-
tion.> However, we did not pursue this line of study here
since there is no simple nonrelativistic equivalent to such
a calculation.

B. Inelastic scattering to low-lying
natural parity states

The inelastic scattering data are compared with calcula-
tions both in the Dirac impulse approximation'® (DRIA)
and in the nonrelativistic distorted-wave Born approxima-
tion (DWBA),! using in each case the appropriate micro-
scopic optical model potential obtained for elastic scatter-
ing. In addition to the optical potential and the nucleon-
nucleus interaction, we also need a transition density to
calculate the (P,p’) observables. For transitions to the 5~
and 3~ states, RPA densities are available. We used the
Gillet force® to obtain a set of particle-hole amplitudes for
each of the negative parity transitions via RPA and then
transformed this set of amplitudes into the appropriate
phase convention for each of the codes for calculating the

differential cross section and analyzing power. Transition
densities for the 57, 37, and 27 states in *°Ca were also
obtained from the inelastic electron scattering measure-
ments of Seth ez al.;'® these are shown in Fig. 9 and com-
pared with the RPA density for the 5~ state in Fig. 9(a)
and for the 3~ state in Fig. 9(b).

The 5~ transition is the simplest one in RPA as there
are only three independent particle-hole pairs which con-
tribute to the transition density. The comparison with ex-
perimental data for electron scattering? is shown in Fig.
10 and with our (P,p’) data in Figs. 11 and 12. The non-
relativistic calculation gives a good description of the dif-
ferential cross section but the analyzing power obtained
with the Hamburg density-dependent force (solid line) is
too low for 6., > 30° although the diffraction pattern is
correctly given. The results obtained with the two Love-
Franey forces?' show the same qualitative features when
compared with the cross section data, but the analyzing
power is much closer to the data at larger angles. In Fig.
11 only the results calculated with the more recent Love-
Franey force are shown (dotted line). No significant
difference in the calculated results for inelastic scattering
is found when different optical model potentials, given
earlier for elastic scattering, are used; the results shown
are those calculated with the nucleon density parameters
given by Eq. (5).

For the 5~ transition, the contribution of each
particle-hole amplitude to the transition density can in
principle be found by fitting to the electron scattering
data. However, the electron scattering transition densities
are usually described by a limited number (seven in this
case) of Fourier-Bessel coefficients, and in a given shell-
model space the degrees of freedom are given by the am-
plitude and phase of each particle-hole pair as well as by
the parameter(s) required to describe the radial part of the
single-particle wave function (e.g., the oscillation parame-
ter if an harmonic-oscillator radial shape is used). Fur-
thermore, particle-hole pairs with the same radial quan-
tum numbers cannot be distinguished through the shape
of electron scattering form factors. For harmonic-
oscillator single-particle radial wave functions, a distinc-
tion between some of the particle-hole pairs, for example,

o L
8 ‘2+4
X 4
)
£
A
N
2
Q
1 1
4 6 8

FIG. 9. Comparison of electron scattering transition densities
for (a) the 5~ state at 4.49 MeV and (b) the 3~ state at 3.74
MeV given by Fourier-Bessel coefficients extracted from experi-
mental data (solid lines) and calculations using RPA (dashed
lines), and for (c) the 2% state at 3.90 MeV given by Fourier-
Bessel coefficients (solid line) and best-fit single-particle transi-
tion density (dashed line).
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FIG. 10. Comparison of the form factor calculated with the
RPA transition density with the electron scattering data of Itoh
et al. (Ref. 20), for the 5~ state at 4.49 MeV.
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FIG. 11. Comparison of inelastic scattering data with non-
relativistic distorted wave calculations for differential cross sec-
tion and analyzing power for the *’Ca(P,p’) reaction at 362
MeV leading to the 5~ state at 4.49 MeV: (a) solid lines for mi-
croscopic optical potential with Hamburg density-dependent
force and RPA transition density; (b) dashed lines, same as (a)
except with transition density fitted to electron scattering data;
and (c) dotted lines, same as (a) except with 1985 Love-Franey
force.
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FIG. 12. Comparison of inelastic scattering data with relativ-
istic distorted wave calculations for differential cross section
and analyzing power for the “°Ca(P,p’) reaction at 362 MeV
leading to the 5~ state at 4.49 MeV: (a) solid lines for RPA
transition density; (b) dotted lines for transition density fitted to
electron scattering result.

1f7,,1d5/s and 1f5,,1d 73,5, can be made only by assuming
different oscillator parameters for single-particle states of
different j and the same n and /, but there is a very limit-
ed amount of this type of maneuvering that can be carried
out meaningfully. (The situation is not basically different
if more realistic single-particle wave functions are used.)
Our calculations with the density-dependent force and
with a transition density fitted to electron scattering show
an analyzing power at large angles in better overall agree-
ment with the data (dashed line in Fig. 11). A relativistic
calculation using a transition density fitted to electron
scattering (dotted line in Fig. 12) does not give a signifi-
cantly different fit to the data.

The results of the relativistic calculations are not too
different from those of the non-relativistic calculations as
far as the overall trend is concerned. They are in very
close agreement with the data for angles smaller than 30°.
The most notable difference from experiment is that the
differential cross section is too high at 6>30°. The
analyzing power fit, on the other hand, is slightly better
here although the maxima and minima of the diffraction
pattern are still much smaller (in absolute value) than the
data. Again, different optical model potentials as given
by variations of the input nucleon density parameters do
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FIG. 13. Comparison of the form factor calculated with the
RPA transition density with the electron scattering data of Itoh
et al. (Ref. 20) for the 3~ state at 3.74 MeV.
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! % 40Ca(p,p')40Ca(37) -

FIG. 14. Comparison of inelastic scattering data with non-
relativistic distorted wave calculations for differential cross sec-
tion and analyzing power for the **Ca(P,p’) reaction at 362
MeV leading to the 3~ state at 3.74 MeV: (a) solid lines for mi-
croscopic optical potential, Hamburg density-dependent force
and RPA transition density; (b) dotted lines, same as (a) except
with 1985 Love-Franey force.

not give any significant changes; the p(r)=p,(r) set given
above is used for the solid line fit shown in Fig. 12.

From the nuclear structure point of view, the excitation
of the 37 state is far more complicated. In the 1#w space,
it involves nine distinct particle-hole pairs and the RPA
amplitudes reproduce the electromagnetic charge form
factor quite well (Fig. 13) and give a good description of
our experimental data. The non-relativistic calculations,
both with the density-dependent force (solid line in Fig.
14) and with the Love-Franey force (dotted line in Fig.
14), follow the data. The relativistic calculation (Fig. 15)
shows the same general behavior as noted for the 5~
state—cross section too big at large angles and maxima
and minima in the analyzing power not so pronounced.
However, as far as the analyzing power is concerned, the
overall agreement with the data is roughly the same as for
the nonrelativistic calculations. Because of the large num-
ber of particle-hole pairs involved in the 3~ excitation, it
is not possible to obtain a unique microscopic transition
density from the electron scattering data, and no calcula-
tion with the transition density constrained by (e,e’) re-
sults was done. A high degree of collectivity can be built
up in the large 3~ space, and we observe that, for this
transition, the RPA calculations reproduce reasonably
well both the charge form factor from electron scattering
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FIG. 15. Comparison of inelastic scattering data with a rela-
tivistic distorted wave calculation for differential cross section
and analyzing power for the “Ca(P,p’) reaction at 362 MeV
leading to the 3~ state at 3.74 MeV obtained with RPA transi-
tion density.
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FIG. 16. Comparison of inelastic scattering data with calcu-
lations using microscopic models for differential cross section
and analyzing power for the **Ca(P,p’) reaction at 362 MeV
leading to the 2% state at 3.90 MeV: (a) solid lines for nonrela-
tivistic, microscopic optical potential, Hamburg density-
dependent force and best-fit single particle transition density; (b)
dotted lines, same as (a) except with 1985 Love-Franey force; (c)
dashed lines, relativistic calculation with the same transition
density.

and the cross section and analyzing power from our
(P,p’) data.

For the 2% transition density, a proper microscopic nu-
clear structure calculation cannot be carried out easily
since the shell model space required is very large, involv-
ing at least 2%iw excitations. We therefore start with the
electron scattering results and obtain a set of particle-hole
amplitudes by fitting to a minimum set of one-
particle—one-hole excitations in the space of 1d3,5, 1f7,2,
and 2p;,, orbitals only. The results of this fitting are
given in Fig. 16 for comparison with the data.

V. DISCUSSION

In the two previous sections we have considered our
present results for elastic and inelastic scattering of 362
MeV protons from “Ca first from a phenomenological
and second from a microscopic approach. In each case
both a relativistic and a nonrelativistic formulation was
used. Substantial success has been achieved with all

2245

models in describing the cross section and analyzing
power at low momentum transfer for the elastic and in-
elastic transitions considered. Although more sophisticat-
ed analyses, both relativistic and nonrelativistic, can be
carried out with our data, we choose not to do them here.
It has been established that these better models will im-
prove somewhat the fit to the data in particular those at
the larger momentum transfer we are interested in here.
However, until more experimental information becomes
available for different targets and different bombarding
energies, we cannot learn anything new about the reaction
process beyond reconfirming what is already known.

A guiding principle in our microscopic analyses was to
start, as far as possible, with parameters determined by in-
dependent experiments. In the case of elastic scattering,
we found that the charge density determined by electron
scattering could not be used to obtain an optical model
potential that would fit our proton elastic scattering data
in either a relativistic or a nonrelativistic calculation.
This result may seem to be surprising in view of the excel-
lent fit at 497 MeV.!® However, the maximum momen-
tum transfer reached in the present experiment is almost a
factor of 2 larger even though the difference in the bom-
barding energy is only 145 MeV.

A slightly modified set of charge-density parameters,
on the other hand, was able to fit the data up to ~4.8
fm~!. If the reason for the discrepancy is due to the
higher maximum momentum transfer involved in our
data, it would be interesting to see if electron scattering to
higher momentum transfer would result in a set of charge
density parameters similar to the ones we have found in
fitting the proton scattering data. Of course, one may
also question whether the simple approach of folding the
charge density to obtain an optical potential is valid to
high momentum transfer. For the relativistic calculation,
we have further the problem that the input NN ¢ matrix
may not be adequate for nucleon-nucleus scattering > 30°.

The inelastic scattering data are more sensitive to the
nucleon-nucleus interaction. In addition to the optical po-
tential, which depends on the nucleon-nucleus interaction
weighted by the nucleon density, the (inelastic) transition
in the target nucleus depends directly on the interaction
with the incident proton. In fact the sensitivity is often
used as a filter to examine the different parts of the in-
teraction by selecting specific transitions. On the other
hand the result depends also on the transition density
from the ground to the excited state in question. We have
used both electron scattering data and RPA calculations
to obtain transition densities but this adds further uncer-
tainty to the analysis.

All model calculations give reasonable agreement at
small angles (<30°). As momentum transfer increases,
differences between the calculations and the data, and be-
tween calculations themselves, become more apparent. In
spite of producing a marked improvement in the elastic
scattering fit, the changes in the optical model potential
are not able to significantly alter the difference between
the measured and calculated results for inelastic scatter-
ing. It is possible that the one major shell excitation
model space we have used for the 3~ and 5~ transitions is
too small for the momentum transfer involved.
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Although a large amount of analysis has been applied
here to our data, it is by no means exhaustive. In both rel-
ativistic and nonrelativistic approaches, calculations can
be done that will give results in better agreement with our
experimental results. Our basic conclusion is that al-
though intermediate energy proton-nucleus scattering is
well described by both relativistic and nonrelativistic cal-
culation for small momentum transfer, discrepancies
occur as momentum transfer increases. On the other
hand, we would like to refrain from drawing any further
conclusion until a global analysis of a large set of data in-
volving various targets, a wide range of energies, and large
momentum transfer is carried out. The input to the cal-
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culations (the nucleon-nucleon interaction, the nucleon
density of the target nucleus and the transition density)
must also cover the same range of momentum transfer so
as to maintain self-consistency in the different paths of
the calculation.
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