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Double differential cross sections and analyzing powers over the quasielastic region have been
measured using the (§,n) reaction on *>C and ***Pb. The data were obtained at proton energies of
495 and 795 MeV and cover momentum transfers from 1.0-2.1 fm ™! at 495 MeV data and from 0.0-
3.5 fm ™! at 795 MeV. The cross section data are compared to results from a nonrelativistic reaction
model that includes contributions from two-step scattering. The analyzing power measurements are
compared to a recent relativistic plane-waves model.

PACS number(s): 25.40.Ep, 24.70.+s, 25.40.Kv

I. INTRODUCTION

A prominent feature of (p,n) spectra at nonzero angles
is a broad peak centered near the expected energy loss
for free nucleon-nucleon (N N) scattering. This peak has
been interpreted as the quasielastic charge exchange of a
proton from a bound neutron. Since the spin component
of the NN force is an important part of the free inter-
action between nucleons, this component is expected to
play a large role in quasielastic (p,n) scattering, as well.
In this paper the spin dependence is discussed in terms
of the spin-longitudinal (o -¢q) and spin-transverse (o X q)
components.

The random phase approximation (RPA) with the = +
p + g residual interaction has been a successful model of
isovector nuclear excitations at low momentum transfers
[1]. In 1982 a calculation by Alberico et al. [2] using this
model showed that at large momentum transfers there
are significant differences in the collective response of
the spin-longitudinal and spin-transverse isovector chan-
nels. They predicted that the spin-longitudinal part
of the nuclear response is shifted to lower energy loss
and enhanced, while the spin-transverse part is shifted
to higher energy loss and quenched. These modifica-
tions happen beyond about 1 fm~! in momentum trans-
fer, where quasielastic scattering becomes the dominant
mode of excitation of the nucleus.

The energy loss of the quasielastic peak versus mo-
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mentum transfer is shown in Fig. 1 for different probes.
The target nucleus is carbon. The solid line represents
the kinematics for free nucleon-nucleon (NN) scatter-
ing. The open circles are (e,e’) data from O’Connell
and Schrgder [3]. The quasielastic peak observed in the
(e,e') measurements is located at an energy loss larger
by about 10 to 25 MeV than that of free NN kinematics.
Quasielastic peak positions observed at 2.0 GeV in the
(®He, t) measurements of Bergqvist et al. [4] are plotted
as stars. The (3He, t) reaction is an isovector interaction
(7-7) and is driven primarily by p and 7 exchange, which
excite the spin-transverse and spin-longitudinal isovector
responses, respectively. The (e,e’) reaction does not ex-
cite the spin-longitudinal nuclear response. The shift of
the (*He, t) peak to lower energy loss with respect to the
(e,e’) data and with respect to the free kinematic line
at around 2 fm~! was interpreted [4] to be due to the
collective effects induced by the attractive m part of the
underlying residual reaction predicted by Alberico et al.
[2]. In Fig. 1 are shown the quasielastic peak positions
both for the 795-MeV (p,p’) data from Ref. [5] (+) and
for the (p,n) data from the present experiment (solid cir-
cles).

The ratio of spin-longitudinal and spin-transverse re-
sponses has been extracted at one momentum transfer
(1.75 fm~! ) by measuring spin transfer observables over
the quasielastic region using the (p,p’) reaction [6,7].
This response ratio reveals little difference between the
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two responses. This result is at odds with the interpre-
tation of the shift in the (3He,t) quasielastic peak posi-
tion. However, the (p,p’) reaction is a mixed isovector-
isoscalar probe, and the mixture leads to difficulties in
the interpretation of the results. On the other hand, 3He
itself is a complex probe and it is unclear how this com-
plexity affects the interpretation of the (3He, t) results at
such large momentum transfers.

The (p,n) reaction is ideal for studying the isovector
channel, since it suffers from few of the problems of the
(p,p’) and (3He,t) reactions. Spin transfer observables
for (p,n) reactions have been measured [8], but these
measurements are difficult and time consuming and so do
not lend themselves to systematic surveys. Alternatively,
it is easy to measure the quasielastic cross section, which
is still sensitive to collective effects through the position
and magnitude of the peak.

In addition to collective effects, quasielastic observ-
ables can provide important information concerning the
relativistic modification of the NN interaction [9]. This
is especially true of the analyzing power, which is also
the easiest spin observable to measure.

We report here measurements of cross section and
analyzing-power spectra for quasielastic (p,n) reactions
at 495 MeV and 795 MeV. The measurements span a
broad range of momentum transfer (0.0-3.5 fm~!) where
a substantial change in the character of the 7 residual
interaction is expected. Although a variety of target nu-
clides were studied, we concentrate, in this paper on the
12C and ™*tPb data at 795 MeV and the 12C data at 495
MeV.

II. EXPERIMENTAL DETAILS

A. Experiment configurations

The data presented here were obtained in four sepa-
rate runs at two different experimental areas at the Clin-
ton P. Anderson Meson Physics Facility (LAMPF) in Los

Alamos. The 495-MeV data and one 795-MeV data set
were obtained with polarized beams available at the Neu-
tron Time of Flight (NTOF) facility. A second 795-MeV
data set was obtained at this facility with an unpolarized
beam. A third set of 795-MeV data was obtained with
an unpolarized beam at the Weapons Neutron Research
(WNR) facility.

The 495-MeV data were obtained at the NTOF facil-
ity on a flight path of 81 m. Neutron time of flight was
measured with respect to a rf signal obtained from the
linear accelerator (linac). The effects of energy and time
spread in the beam were minimized with a rebunching
technique that uses nonaccelerating modules in the linac
to produce a time focus at the detector [10]. The re-
sultant overall energy resolution was approximately 2.9
MeV. The natural carbon target used for these measure-
ments had an areal density of 360 mg/cm?. Carbon spec-
tra were obtained at laboratory scattering angles of 0,
9°, 14°, 16°, 18°, 20°, and 22°. The polarized beam
was provided by a Lamb-shift ion source [11] with an
average polarization of 77-81 %. The beam polarization
was continuously monitored by in-beam polarimeters up-
stream of the target. The polarization direction was cy-
cled between normal and reverse vertical orientations at
approximately two-minute intervals. Beam current was
monitored with a secondary emission monitor upstream
of the target. Typical beam currents were in the range
3-4 nA, with electronic livetime in the range 86-91 %.

For these initial measurements the NTOF detector
system consisted of three liquid scintillator (BC517s)
tanks. Each tank had an active volume with dimensions
10 x 102 x 107 cm?® and was partitioned into ten optically
isolated cells viewed on each end by phototubes. An
early description of the detector and facility is given in
Ref. [12]. A more recent description is contained in Ref.
[8]. The detector system was designed as a neutron po-
larimeter and can be operated in a double scattering de-
tection mode that allows kinematic selection of (n,n) and
(n,p) events in the scintillator. When operated in this
mode a high degree of background rejection is obtained.
Background comes primarily from three sources: vy rays
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(from 7° production), cosmic rays, and frame-overlap
neutrons (slow neutrons from preceding beam bursts).
In the spectra presented here, background counts are es-
sentially negligible.

The first measurements at 795 MeV were made with
unpolarized beam at the WNR facility. Scattering an-
gles up to 7.5° were selected by moving the target along
a curved track inside a bending magnet with a horizontal
field. For these measurements the spacing of beam mi-
cropulses was 5.4 us, with beam currents ranging from 80
to 120 nA. The flight path at this facility is fixed at 240
m. The neutron detector consisted of a plastic (NE102)
scintillation counter with dimensions of 25.4 x 50.8 x 4.45
cm3. Neutron time of flight was measured with respect to
a time signal generated by a nonintercepting beam pick-
off installed upstream of the target chamber. The energy
resolution for this experiment was about 3 MeV and live-
times ranged from 85% to 95%. The targets were natural
carbon (44 mg/cm?) and natural lead (60 mg/cm?). De-
tails concerning the WNR setup are given in Ref. [13].

A 618 m flight path was used for the first set of 795-
MeV data obtained with the NTOF facility. This long
flight path was dictated by the resolution requirements
of a different set of measurements. The micropulse spac-
ing of the unpolarized proton beam was 5.0 us and the
beam current ranged from 15 to 40 nA. Time of flight
was measured with respect to a time signal generated by
a beam pickoff similar to the one used at the WNR facil-
ity. The detector configuration was essentially identical
to that used for the 495-MeV measurements.

The second set of 795-MeV measurements at the
NTOF facility was performed on a flight path of 170 m
and utilized an additional plane of plastic scintillators.
This fourth plane consisted of six solid plastic scintilla-
tor (BC408) bars with dimensions of 10 x 15 x 102 cm?3.
These measurements also represent the first production
use of polarized beam from the new Optically Pumped
Polarized Ion Source (OPPIS) [14]. The beam quality for
these measurements was rather poor, with an average
polarization of about 45%. The polarization state was
cycled between plus and minus vertical orientations at
2 min intervals. The spacing between beam micropulses
was 198.8 ns with an average current that ranged from
2 to 20 nA. Neutron time of flight was measured with
respect to a rf signal derived from the linac. The energy
resolution for this set of data was about 4.5 MeV. Data
were obtained at scattering angles of 0, 9°, 12°, 15°, and
18°. Targets consisted of natural carbon (98.9% !2C)
(1770 mg/cm?), natural lead (1730 mg/cm?), CD, (780
mg/cm?), "Li (720 mg/cm?), %°Zr (25.5 mg/cm?), 27Al
(90 mg/cm?), and %8Ni (90 mg/cm?). Only carbon and
lead spectra were measured at all angles.

B. Data reduction and cross section normalization

The integrated output from a secondary emission mon-
itor upstream from the target served to normalize NTOF
runs to each other. For the WNR facility the output
of the beam pickoff device was randomly sampled. The
signal from this device was integrated to produce a sig-

nal proportional to the number of protons that passed
through the pickoff for a given beam pulse. These sig-
nals were stored in a multichannel analyzer and read out
at the end of each run. This provided the average number
of protons per beam pulse, and allowed the total charge
to be computed for each run. In addition, the energy
spectra were corrected to account for the attenuation of
neutrons along the flight path. While the attenuation
was as large as 30% for the longest flight path, the en-
ergy dependence is very weak for neutrons in the energy
range 100-800 MeV so this led to only a small (2%) rel-
ative correction.

Absolute normalization of the data was obtained by
normalizing 0° neutron yields from the "Li(p, n)"Be(g.s.
+ 0.42 MeV) reaction to a standard center-of-mass (c.m.)
cross section (27 22). The 0° cm cross section for this
reaction has been shown to be constant over the energy
range from 80 to 795 MeV [15]. Detector efficiencies
based upon this normalization procedure are approxi-
mately constant over the energy range 318-795 MeV.
This result is consistent with an absolute measurement
of the detector efficiency using tagged neutrons [16].

We identify two types of systematic uncertainties asso-
ciated with our measurements: (a) uncertainties affecting
the relative normalization of the data such as current in-
tegration and target thickness, and (b) uncertainty due
to the absolute normalization of our data to the 7Li ac-
tivation. A 6% uncertainty has been associated with
the beam integration. A value of 5% is used for the
uncertainty in target thickness. There is a 3% uncer-
tainty in the absolute Li activation measurement [15].
Adding these in quadrature, we estimate a systematic
uncertainty of about 9%.

An independent check of the normalization and of
the uncertainties associated with the current integration
and target thickness is provided by comparing our inte-
grated cross sections with the cross section measurements
from Refs. [17-20]. The (p,n) measurements from Refs.
[17-19] were performed using a proton recoil technique at
the LAMPF Nucleon Physics Lab (NPL). This technique
is described in Ref. [17]. The (p,n) measurements of Ref.
[20] were made using time of flight techniques at WNR.

The data from Ref. [20] were normalized to the 0° Pb
spectrum of Ref. [17]. We have connected our cross sec-
tion data to the data of Ref. [20] and to the data from
the NPL facility through this Pb spectrum. Our data
were integrated over the ranges specified in Refs. [17-19]
(approx. 0 < w < 140 MeV). Our cross section results
on 2C, "Li, and 2H agree with those of Ref. [20] to bet-
ter than 8% at all angles for which we have overlapping
data. Similarly our !2C and 27Al data agree with those
of Refs. [17,19] to better than 4%. These comparisons
are consistent with our estimate of about 8% uncertainty
associated with relative normalization.

When our data are normalized via the “Li activation,
our neutron yields are greater than those of Refs. [17-19]
by a factor of about 1.6 on all targets. Although we have
tried to understand this large discrepancy, we do not have
a simple explanation for it. A more detailed discussion
of the alternative normalization procedures for 795-MeV
(p,n) data is given in Ref. [21].
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The quasielastic cross section for the 2H(p,n) reac-
tion also provides a check of the absolute normalization.
Because of the large momentum transfers encountered
in this experiment, the three nucleons involved in the
2H(p, n) reaction will have large relative momenta. Pauli
blocking and final state interactions which are impor-
tant at 0° may be ignored at these angles and the dif-
ferential cross section in this reaction should be approxi-
mately equal to the free charge-exchange NN differential
cross section. For this comparison we use NN cross sec-
tions extracted from the phase-shift solution of Arndt
and Roper [23]. The consistent procedure described in
Ref. [22] was used to determine the ranges for integrat-
ing the ?H data.

Good agreement is obtained between the 2H(p, n) cross
section and the free charge-exchange cross section at 495
MeV and 18° [8]. However, at 795 MeV the integrated
2H cross sections at laboratory angles of 9°, 12°, 13.5°,
15°, and 18° are about 20% higher than the NN val-
ues. Because the theoretical calculations are based on
the phase-shift solutions of Ref. [23], these calculations
will appear artificially low (20%) when compared to our
data.

We note that a subset of the 2C data has appeared in
Ref. [24]. The data shown in that paper used a prelim-
inary normalization and should be multiplied by 1.6 to
be consistent with the present results.

III. RESULTS
A. General features

The simplest model of quasielastic scattering is that of

a single bound nucleon being knocked out of a nucleus

with the remaining nucleons acting as spectators. This

leads to the following nonrelativistic kinematic expres-

sion for the energy loss of the projectile:
q2 ﬁtarget -q

Yt T m

(3.1)
where ¢ is the momentum transfer, w is the energy loss,
and piarget is the struck nucleon’s internal momentum.
The first term describes free NN scattering. The rel-
ativistic version of this term is the solid line plotted in
Fig. 1. The second term shows that the peak widens with
momentum transfer due to the motion of the struck nu-
cleon. Other effects contribute to the energy loss of the
projectile, which have been described in various ways by
different authors and are discussed below. We use expres-
sion (3.1) to establish that we are observing quasielastic
scattering and to illustrate the general features of the
cross section in this region.

Figure 2 shows 2H(p, n) data at 795 MeV for a range of
scattering angles. These spectra were obtained by sub-
tracting the '2C(p,n) contributions from the CDy(p,n)
spectra. The vertical dashed line shows the expected
energy loss for free NN scattering at each angle. The
2H(p, n) spectra represent scattering from a very loosely
bound neutron. Fermi motion of the struck neutron
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FIG. 2. Energy loss spectra for the ?H(p,n) reaction at
795 MeV are shown at four angles. These angles correspond
to momentum transfers from about 1.2 to 2.3 fm™'. The
vertical dashed line is the expected energy loss for free NN
scattering. Each spectrum is offset vertically from the one
below it by 0.40 mb/sr MeV.

causes the peak to widen with momentum transfer, as
expected from Eq. (3.1). There is a small shift of about
2 MeV. This same shift was observed in previous 2H(p, n)
data obtained at 495 MeV and 18° [8].

The 2C(p, n) data are shown in Figs. 3 and 4 for small
angles at 795 MeV. Low-excitation discrete states dom-
inate the carbon spectra for angles less than 6°. At
6° a structure appears that follows the kinematics for
free scattering but is located at larger energy loss. This
broad peak widens as the angle increases, just as with the
2H(p, n) reaction. This kinematic behavior is in contrast
to that for discrete states, which move with the kine-
matics of a nucleon striking a heavy target. This broad
structure is therefore identified as quasielastic scattering.

Carbon data at large momentum transfers (up to 3.5
fm~!) are shown in Fig. 5. Because the quasielastic peak
spreads with momentum transfer, it becomes more diffi-
cult to clearly identify the peak position at these large an-
gles. In addition, it is believed that other processes such
as two-step scattering begin to make up a large part of
the cross section, which further obscures the quasielastic
peak.

Figure 6 shows '2C(p,n) spectra at 495 MeV over a
range of momentum transfers that corresponds closely
to that of the 795-MeV data in Fig. 4. The 495-MeV
and 795-MeV spectra are remarkably similar. This en-
ergy independence is expected; the Glauber approxima-
tion (discussed below) suggests that the proton probes
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FIG. 3. Energy loss spectra for the '2C(p,n) reaction at
795 MeV and at small momentum transfer. The angles cor-
respond to momentum transfers from about 0.0 to 0.77 fm ™.
The data show that discrete nuclear states dominate the spec-
tra at these small angles. Each spectrum is offset vertically
from the one below it by 1.5 mb/sr MeV.

the nucleus at nearly the same nuclear matter density at
both energies.

Cross section spectra obtained for the **'Pb(p,n) re-
action at 795 MeV are shown in Fig. 7. These data were
obtained at the same angles as those of the 795-MeV
carbon data in Fig. 4. These data are quite similar to
those for 12C, except for the absence of a cutoff in the
low-excitation energy region. This cutoff appears in the
carbon data because of the large threshold energy (18.1
MeV) required for the 2C(p,n) reaction. The thresh-
old energy is only 3.7 MeV for the 2°8Pb(p, n) reaction;
nevertheless, the quasielastic peak appears at nearly the
same energy loss for the two reactions.

In order to obtain a better estimate of the quasielastic
peak position we have fitted the shape of the quasielastic
region using two methods. Because the slab model gives
a good description of the shape of the peak, we have fit-
ted the quasielastic peak in a small region around the
peak. We have also performed a fit to the parametriza-
tion of the quasielastic region as given in Ref. [25]. The
quasielastic peak shape is characterized as a product of
a Lorentzian and an exponential function. Examples of
the fits to this parametrization are shown in Fig. 8. In
both fits the maximum value of the fit curve was used
as the peak position. The uncertainty in the value of the
peak position was determined by the difference in the two
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FIG. 4. Energy loss spectra for the >C(p,n) reaction at
795 MeV at moderate momentum transfers. The angles cor-
respond to momentum transfers from about 0.97 to 2.3 fm™1.
The vertical dashed line is the expected energy loss for free
NN scattering. The quasielastic peak dominates the spectra
at these angles. The solid curves are the slab model calcu-
lations added to the two-step calculation and multiplied by
1.8. Each spectrum is offset vertically from the one below it
by 0.25 mb/sr MeV.

fitting methods. This difference was typically 2-3 MeV.

In a recent article concerning quasielastic scattering
[26] fits have been used to extract the Fermi momentum
and peak position of the one-particle—one-hole (1p-1h)
portion of the nuclear response in the quasielastic re-
gion. We do not do this here because we believe there
may be a large component of the cross section at these
energies resulting from multiple scattering or 2p-2h exci-
tations. Extracting the 1p-1h portion of the cross section
is very dependent on the shape and magnitude of this
background. Since our model of this background is only
schematic, we cannot reliably determine the 1p-1h part
of the cross section.

A summary of the peak positions obtained for '2C and
natpPh is shown in Fig. 9. In this figure, the difference
between the energy loss at the peak of the quasielastic
distribution and the energy loss for free NN scattering
at the same angle is plotted versus momentum transfer.
A value of zero corresponds to the solid line in Fig. 1.
Both the 2C data and the "**Pb data show essentially
the same shift of about 20 MeV with respect to free kine-
matics. We do not see the dramatic “softening” of the
quasielastic peak across the free NN kinematic line that
appears in the (3He,t) data.
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FIG. 5. Energy loss spectra for the >C(p,n) reaction at
795 MeV at large momentum transfers. The angles corre-
spond to momentum transfers from about 2.0 to 3.5 fm™?.
The vertical dashed line is the expected energy loss for free
NN scattering. The quasifree A peak is seen at large energy
loss. The solid curves are the slab model calculations added
to the two-step calculation multiplied by 1.8. Each spectrum
is offset vertically from the one below it by 0.05 mb/sr MeV.

In Fig. 10 the target dependence of the quasielastic
peak is shown at 15° (1.9 fm~!) for both (p,p’) and
(p,n) reactions. For the (p,n) reaction, except for 2H
and "Li, the peak position is located at about 20 MeV
higher energy loss than free NN scattering at this angle.

B. Comparison of the (p,n) reaction to (p,p’)

Comparison of quasielastic scattering in the (p,p’)
and (p,n) reactions is interesting because the (p,p’)
quasielastic process is predominantly isoscalar whereas
the (p,n) reaction is purely isovector. Figure 11 shows
spectra for both reactions at 15° (1.9 fm™!) at 795 MeV.
The (p,p’) data are from Ref. [5] and have been renor-
malized as specified in Ref. [28].

Two features of this comparison are apparent. The
peak position for (p,p’) quasielastic scattering closely
matches that for free NN scattering and the magni-
tude of the (p,p’) cross section is much larger than the
(p,n) cross section. The large (p,p’) cross section reflects
the fact that this reaction is dominated by the isoscalar
nonspin-flip part of the NV interaction. The cross sec-
tion for this part of the NN interaction at 795 MeV is
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FIG. 6. Energy loss spectra for the '>C(p,n) reaction at
495 MeV at momentum transfers close to those of Fig. 4. The
angles correspond to momentum transfers from about 0.86 to
2.1 fm™'. The solid curves are the slab model calculations
added to the two-step calculation and multiplied by 1.3. Each
spectrum is offset vertically from the one below it by 0.25
mb/sr MeV.
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FIG. 7. Energy loss spectra for the "**Pb(p, n) reaction at
795 MeV at the same momentum transfers as those in Fig.
4. The solid curves are the slab model calculations added to
the two-step calculation multiplied by 1.8. Each spectrum is
offset vertically from the one below it by 1.0 mb/sr MeV.
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nearly a factor of 10 larger than any part of the isovector
interaction.

An appealing explanation for the shift of the (p,n)
from the free kinematic line is that it represents the av-
erage energy needed to knock the struck nucleon from the
nucleus. However, this explanation is known to be incor-
rect; a similar shift due to separation energy should be
seen in (p,p’) quasielastic scattering and this is not ob-
served. The large shift in the quasielastic peak observed
in (e,e’) scattering (Fig. 1) was once also attributed to
“binding” energy [29,30]. This interpretation was shown
to be incorrect by Rosenfelder [31]; in the absence of dis-
tortions and correlations the quasielastic peak position
should appear on the free kinematic line.

A thorough study of the quasielastic peak position
for the (p,p’), (p,n), and (e,e’) reactions in relation
to standard RPA distorted-wave impulse approximation
(DWIA) calculations is given in [24,32]. These authors
demonstrate that distortions can cause the peak to shift

in (p,n) and (p,p’) reactions. However, they obtain a
target dependence to the shift in the (p,n) case that is
not observed.

A recent alternative explanation for the difference in
peak positions between the (p,n) and (p,p’) reactions has
been given by Pandharipande et al. [33] and Wambach
[34]. Wambach defines the quasielastic peak as the aver-
age energy loss over the quasielastic region. Sum rules,
which can be calculated very accurately, may then be
used to determine the quasielastic peak position. Both
Pandharipande et al. [33] and Wambach [34] have been
able to describe the difference in the peak positions for
the (p,p’) and (p,n) reactions in terms of these energy
weighted sum rules. Details concerning these explana-
tions may be found in Refs. [33,34]. These calculations
show that the difference in peak position is due to differ-
ences in collective effects in the isovector (p,n) reaction
and the predominantly isoscalar (p,p’) reaction. The
strong correlations are in the isovector channel pushing
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FIG. 9. The difference between the measured quasielastic
peak position and the position expected from free NN kine-
matics is shown for '2C (top panel) as a function of momen-
tum transfer. The solid points are for the (p,n) reaction at
795 MeV and the crosses are for the same reaction at 495
MeV. The open points are the peak positions for the (p,p’)
reaction on '*C from Ref. [5]. The bottom panel shows the
same quantity plotted for ***Pb using the (p, n) reaction (solid
circles) and the (p,p’) reaction (open circles). The uncer-
tainty on the (p,p’) data represents half the bin width of the
data in Ref. [5]. k
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FIG. 10. The difference between the measured quasielastic
peak position and the position expected from free NN kine-
matics is shown as a function of atomic mass for a number of
targets at one angle (15°). The solid points are for the (p,n)
reaction at 795 MeV and the open points are for the (p,p’)
reaction from Ref. [5] at 795 MeV.
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FIG. 11. Energy loss spectra for the (p,p’) and (p,n) reac-
tions are compared for '2C at 15° and 795 MeV. The vertical
line is the expected energy loss for NN scattering at this an-
gle. The (p,p’) data are from Ref. [5] and scaled as specified
in [28].

the (p,n) peak to larger energy loss.

The quasielastic peak position for the (p,p’) reaction
on other targets and at other angles is plotted in Figs. 9
and 10 along with the (p,n) peak positions. All of the
(p,p') data are consistent with NN kinematics except
for "2*Pb, which appears at even lower energy loss.

IV. SIMPLE MODELS OF QUASIELASTIC
SCATTERING

A. Single-step scattering

Because of the high energies involved here, an appro-
priate basis for modeling the quasielastic process is the
eikonal approximation. In this type of model, the double
differential cross section may be factored into a distortion
term represented as an effective number of nucleons, the
differential cross section for free NN scattering, and the
nuclear response per nucleon.

The nonrelativistic Fermi-gas model [35], which re-
places the nucleus with infinite nuclear matter, has been
used to describe roughly the major features of the inclu-
sive quasielastic (e,e’) cross section [29]. In the absence
of Pauli blocking, this model produces a parabolic shaped
energy spectrum, which widens with increasing momen-
tum transfer.

Hadronic probes such as the (p, n) reaction are strongly
absorbed and the quasielastic reaction is therefore sur-
face peaked. A better description than the Fermi-gas
model for hadronic probes, which takes account of the
surface nature of the reaction, is the semi-infinite slab
(SIS) model. The slab model incorporates some of the
effects of the surface peaking directly into the nuclear re-
sponses [36]. This model has three notable features: it
redistributes some of the strength of the single-scattering
response into a long tail, it smooths the response in the
low-excitation Pauli-blocking region, and it includes the
effects of the binding energy of the nucleus through a
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Woods-Saxon potential.

An alternative one-step model is the relativistic plane-
wave impulse approximation (RPWIA). This model em-
ploys infinite nuclear matter and accounts for distortions
through an overall attenuation factor as with the slab
model. This model takes account of the changes in the
NN amplitudes due to density dependent changes in the
nucleon mass. This has been important for explaining
(p,p') elastic scattering data [9]. The inelastic (p,n) an-
alyzing power is sensitive to the form of the pseudoscalar
invariant term in the NN amplitude, which is not eas-
ily accessible via elastic (p,p’) scattering [9]. For the
preferred form of the pseudoscalar invariant, the analyz-
ing power for quasielastic (p,n) scattering is predicted
to be more positive than the corresponding free NN
value. This prediction is tested here with a compari-
son to a recent calculation of Horowitz and Piekarewicz
[37]. In their calculation the in-medium nucleon masses
are m* = 0.85m, due to the strong scalar potential
that is predicted by relativistic models of the nucleus.
With the pseudovector form of the pseudoscalar invari-
ant these smaller masses cause the analyzing power to
increase. This calculation is similar to earlier calcula-
tions by Horowitz and Murdock [9] except that it con-
tains RPA correlations generated from m and p exchange.
These correlations cause a slight decrease in the value of
the analyzing power compared with the results of Ref.
[9].

Full finite-nucleus distorted-waves calculations includ-
ing correlations in the RPA have recently been reported
[41,42]. However, to describe the general features of the
data the slab model is adequate. Because of the avail-
ability of the RPWIA and slab model codes, we compare
our data primarily to these less detailed calculations. In
the discussion section, the slab model calculation is com-
pared with the calculation of Ref. [42] at one energy and
angle.

B. Two step

It has been suggested that two-step scattering should
contribute significantly to (p,n) quasielastic observables
[36]. To assess the potential contribution of two-step
scattering, we have modeled this process in the eikonal
approximation.

The two-step contribution can be computed as an
integral over all possible ways of doing two one-step
quasielastic excitations, multiplied by a factor which de-
termines the effective number of nucleon pairs in the nu-
cleus. For (p,n) scattering a single charge-exchange scat-
tering is preceded or followed by an elastic scattering.
Both possibilities must be included in the calculation.

In the calculations presented here each of the one-
step excitations were calculated with a free Fermi-gas
response with no correlations. More detailed calculations
have been done using the slab model [36,38]. However,
these slab model calculations produce distributions sim-
ilar in shape to those obtained from simpler Fermi-gas
response. More details of the two-step calculations are
given in Refs. [21,38].

The calculated two-step scattering cross section is a
long flat curve as a function of energy loss. The magni-
tude of this two-step cross section does not change very
much over the angular range covered in this paper. How-
ever, the single-step cross section decreases rapidly with
angle because the driving NN amplitudes decrease. Be-
cause of this, two-step scattering processes play a more
important role as the scattering angle increases.

C. Distortion

The strong absorption of the incoming proton is in-
corporated into the models discussed here through mul-
tiplicative factors. This is the only distortion effect in-
cluded in these models. For the slab model and the RP-
WIA, these factors represent the effective number of nu-
cleons N.g that can participate in the reaction, while for
the two-step calculation the distortion factor represents
the effective number of nucleon pairs, Ngouble- Absorp-
tion causes the reaction to be surface peaked and thus the
projectile interacts at a relatively low nuclear density.

Distortion factors have been evaluated for each nucleus
using the Glauber approximation [36]. In this approxi-
mation, the cross section for n scatterings is [38]

o = / dzb%[T(b)elasﬁc]"e‘T‘b)"" (4.1)
with
T(b)etastic = /o:o dzp(z,b)elastic
and

oo
T(b)tot = / dZP(Z;b)Utotv
—0o
where b is the impact parameter, z is the straight path
of the projectile, T'(b) is the target thickness at impact
parameter b, and p is the Fermi function with parame-
ters for each nucleus taken from Ref. [39]. The effective
number of neutrons is given for single-step scattering by
N o!

Neg = — )
A Oelastic

(4.2)

where N is the neutron number, A is the atomic number,
and o! refers to expression (4.1) with n = 1. The values
of Telastic and oot that we use here are in-medium values
which are about 80% of the free values [36,40]. At 495
MeV, oot is about 26 mb, while oejastic is 22 mb. The
resulting value of Neg for 2C at 495 MeV is 2.2 and
for ™2Pb it is 9.7. At 795 MeV the effective number of
neutrons is 1.85 for 2C and 7.0 for "2tPb.

Protons interact at about % nuclear matter density for
all our targets except lithium. This density determines
the average Fermi momentum of the struck nucleon,
which in turn determines the width of the quasielastic
peak. We therefore expect the 12C and "**Pb quasielas-
tic peaks to exhibit roughly the same width.

A recent publication by Depace and Viviani [24] has
examined the 795-MeV quasielastic data using a surface
type response. They have also calculated a two-step con-
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tribution. While the shape of their two-step curve is
similar to ours, it is smaller by nearly a factor of 2. This
discrepancy may result from the different values of oot
used in the two calculations. The two-step distortion
factor is very sensitive to this quantity. In our calcu-
lations at 795 MeV the in-medium value of 32 mb was
used instead of the full 40 mb. In addition, values of the
NN cross sections used in these two calculations may dif-
fer. Our calculations were done in a similar framework to
those in Ref. [38] and are consistent with the calculations
illustrated in that reference.

V. COMPARISON OF DATA TO THE MODELS

A. Cross section

Plotted in Figs. 4-7, are the results of the one-step
slab model calculations added to the two-step contribu-
tion. The calculations for 495 MeV are all multiplied by
1.3, while the calculations for 795-MeV !2C and "**Pb
required a normalization factor of 1.8. In addition, all
the calculations are shifted to higher energy loss to align
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them with the quasielastic peak position. The calcula-
tions are able to account very well for the shape of the
quasielastic peak at both energies for both 2C and *#tPb.
This is a distinguishing feature of the slab model. Com-
pared to Fermi-gas calculations the slab calculation puts
a long tail on the high-energy-loss side of the quasielas-
tic peak and fills in the region of low energy loss where
Fermi-gas calculations produce a sharp cutoff.

The two-step contribution does not significantly alter
the shape of the calculation, but it does add substantial
cross section at the largest momentum transfers. For
example, two-step scattering contributes nearly a third
of the cross section at 24° (3.0 fm~!) and 28° (3.5 fm™1!)
at 795 MeV. Without the two-step contribution, a single
angle-independent normalization factor will not bring the
calculations into close agreement with the magnitude of
the quasielastic cross section.

The single-step slab model cross section plus two-step
Fermi-gas contribution for the 12C(p, n) reaction is shown
in the top panels of Fig. 12 for 495 MeV and Fig. 13 for
795 MeV. The same is shown for the "#*Pb(p,n) reac-
tion at 795 MeV in Fig. 14. In these figures the indi-
vidual single-step and two-step distributions are shown.
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FIG. 12. The top panels show the energy loss cross section spectrum for 2C at 14° (left) and 22° (right) at 495 MeV. The
dashed line is the slab model contribution and the dotted line is the two-step contribution. The solid line is the sum of these.
The model curves have all been shifted by 18 MeV to higher excitation. Below the cross section spectra are the analyzing-power
measurements for the same energy and angle. The horizontal solid line is the analyzing power for the free (p, n) reaction taken
from Ref. [23]). The dash-dotted line is the RPWIA calculation from Ref. [37].
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FIG. 13. The same as Fig. 12 except that it is for the *2C(7, n) reaction at 12° (left) and 18° (right) at 795 MeV.

The calculations are shifted in all figures to match the
quasielastic peak position, but the magnitude of the cal-
culated cross sections has not been renormalized.

The shift in the model curves was accomplished by sim-
ply sliding the curve until the curve was aligned with the
data around the region of the quasielastic peak. Because
the slab model incorporates collective effects in the RPA,
the peak position of the unshifted model curves has a dif-
ferent momentum transfer dependence than that for free
NN kinematics. Therefore, the amount the model curve
was shifted depended on the momentum transfer. At low
q the shift was approximately 10 MeV, whereas at the
largest q the model curves had to be shifted by as much
as 30 MeV.

The calculated contribution from two-step scattering
relative to one-step scattering at 495 MeV is similar to
the relative contribution at 795 MeV, despite the fact
that the actual number of effective pairs (Ngouble) for
two-step scattering at 495 MeV is larger by 30% than at
795 MeV. For two-step scattering each charge exchange
is preceded or followed by an elastic NN scattering. One
reason the calculated two-step contribution is reduced at
495 MeV is that elastic NN scattering is smaller by al-
most a factor of 2 at 495 MeV than its value at 795 MeV,
while the charge-exchange NN cross section changes very
little. These figures also show that the calculated two-

step contribution becomes a larger fraction of the cross
section as the angle increases, as was expected.

To directly compare the ***Pb and '2C data, we have
divided the cross section by the effective number of neu-
trons N.g for each target. If the reaction is predomi-
nantly one step and the Glauber description of distortion
effects is a reasonable approximation, the spectra should
coincide in the quasielastic region. The "2'Pb and 12C
spectra divided by Neg are overlaid in Fig. 15 and good
agreement is obtained at 12° (1.5 fm™!). At 20° (2.6
fm~!) the "'Pb data are somewhat larger than the 12C
data. This could be because of two-step scattering. The
calculated two-step contribution is larger in "**Pb than
in 12C and at the larger angle the two-step contribution
will make up a larger part of the cross section. Thus the
spectra will no longer scale with N.g. At 495 MeV the
target dependence of two-step scattering should be much
greater, so it would be interesting to make the same sort
of comparison of 2C and ™**Pb at large angles at this
energy.

B. Analyzing power

Figure 12 shows our analyzing power measurements
for 12C at 495 MeV and 14° (1.3 fm™!) and 22° (2.1
fm~1!). The dashed line is the free NN analyzing power
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FIG. 14. The same as Fig. 12 except that it is for the
"2tPh(p, n) reaction at 18° and 795 MeV.

obtained from the FA92 phase-shift solution of Arndt and
Roper [23]. In both panels the quasielastic analyzing
power is consistent with the free charge-exchange value.
The relativistic calculation with pseudovector coupling is
in agreement with the data at 14°, but is slightly high at
22°.

The analyzing power for 12C at 795 MeV is shown in
Fig. 13. At this energy, the data are below the free NN
value at the low-energy-loss side of the peak and then rise
up to about the free value at higher energy loss. On aver-
age, however, the quasielastic analyzing power is signifi-
cantly below the free value and well below a relativistic
calculation.

Figure 14 shows the ®**Pb analyzing power at 18° (2.3
fm~1!) at 795 MeV. In contrast to the 12C data, the ***Pb
data are consistent with the free NNV value. A similar
trend was also reported by Hicks et al. [27]. The analyz-
ing power is larger in **Fe(p,n) than in 2C(p,n) at 420
MeV on the low-energy-loss side of the quasielastic peak.
This was attributed to nuclear structure effects.

The average analyzing power over the quasielastic peak
region is plotted in Fig. 16 for 12C at 495 MeV and for 12C
and "2*Pb at 795 MeV. This figure demonstrates that the
same tendencies apply for all the angles studied. Both
the 495-MeV !2C and 795-MeV "2'Pb data are consis-
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FIG. 15. '2C (light) and ™**Pb (dark) cross section spectra
divided by N.g as determined for each nucleus by expression
(4.2). The top panel shows the 12° data and the bottom is
the 20° data.

tent with free scattering while the 795-MeV 12C data are
below the free value.

VI. DISCUSSION

The data presented here demonstrate that there is rel-
atively little energy or target dependence to the general
features of the quasielastic double differential cross sec-
tion. This is consistent with the Glauber approximation
which predicts about the same average density of inter-
action for 2C and "**Pb at 795 MeV and 2C at 495
MeV. Properties such as the width of the quasielastic
peak should therefore be similar.

While several general aspects of the quasielastic peak
are described by the simple models used here, one prob-
lem that remains unresolved is an explanation for the
magnitude of the differential cross section. Even with a
contribution from two-step scattering the slab model was
unable to account for much more than two thirds of the
cross section. This is true even at 495 MeV where the
agreement between our 2H data and the free NN cross
section is good.

We have compared our cross section data to the slab
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FIG. 16. The top panel shows the average analyzing power
over the quasielastic peak region for 2C at 495-MeV (solid
circles). The bottom panel shows this quantity for *C and
natPh (open circles) at 795 MeV. The solid lines show the
analyzing power from SAID [23]. The 495-MeV carbon point
at 1.2 fm ™! and the Pb data at 1.73 fm™" and 795 MeV were
taken during updates to LAMPF experiment 881 [8].

model because this code is available and easy to run.
However, there exist recent very detailed calculations of
the quasielastic cross section [41,42]. These distorted-
waves finite-nucleus calculations include correlations in
the RPA. We compare in Fig. 17 the slab model calcu-
lation with a finite-nucleus calculation for carbon from
Ref. [43] in order to assess the effects of using the sim-
pler slab model to describe our data. These calculations
are shown at 795 MeV and 12° along with our data for
this energy and angle. Both model curves were shifted 10
MeV in order to align the 4~ state in the finite-nucleus
model with this state in the carbon data.

The two curves differ in the region of low w where dis-
crete states and giant resonances are found. Also, the
slab model produces a slightly wider distribution. How-
ever, the magnitude of the cross section and the position
of the quasielastic peak are very similar in the two mod-
els.

The calculated curves are driven by the free NN am-
plitudes. The integrated cross sections for our 2H data
at 795 MeV are a factor of 1.2 times larger than the cross
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FIG. 17. A comparison of the slab model and the fi-
nite-nucleus distorted-waves calculation of Ref. [42]. The
calculations are for carbon at 12° and 795 MeV. The dot-
ted curve is the finite-nucleus calculation and the dot-dashed
curve is from the slab model. Our data are shown along with
the curves. Both calculations were shifted 10 MeV to higher
energy loss to align the 4~ state in the finite-nucleus calcula-
tion with the data.

sections derived from the phase shifts. However, even if
we multiply the model curves by this number, they still
are well below the data.

The discrepancy between cross sections calculated with
nonrelativistic distorted-waves codes and (p,n) charge-
exchange data has been noted before [42] and attributed
to multiple scattering processes. We note that even the
more elaborate calculation of two-step scattering done in
Ref. [24] cannot account for the extra cross section in
this region. Models of the two-step contribution more
sophisticated than that presented here or in Ref. [24] are
needed. In addition, meson-exchange currents have been
shown to be important for describing (e, e’) quasielastic
scattering [44]. These types of processes may also make
a contribution to (p,n) quasielastic scattering and could
account for some of the missing strength in this region.

The 495-MeV analyzing-power data essentially agree
with the free NN scattering at all angles, consistent with
the results of Ref. [8]. However, the analyzing power for
12C(p,n) at 795 MeV is below the free values and varies
with energy loss in a way not predicted by any theory.
In fact, the RPWIA predicts the analyzing power should
be enhanced rather than suppressed.

The analyzing power data for "*Pb at 795 MeV agrees
with the free NN values in contrast to the 795-MeV
12C data. This target dependence possibly indicates that
there are nuclide-dependent distortion effects or that nu-
clear structure effects are still important even at these
large momentum transfers.

Measurements of quasielastic scattering using the
(p,p') reaction at 500 MeV show a large (40%) suppres-
sion in the analyzing power from the free NN value [9].
The RPWIA is able to describe these data fairly well. It
may be that reactions that are sensitive to the isoscalar
part of nuclear response are more sensitive to relativistic
effects than is the (p,n) reaction.
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The most significant result of this set of data is the
momentum transfer dependence of the quasielastic peak
position. The peak position is shifted to larger energy
loss relative to free NN scattering by 18-25 MeV on all
targets over the full range of momentum transfer stud-
ied here. This is in contrast to the (*He,t) reaction,
which shows a dramatic shift toward lower energy loss
at about 2 fm~!. The (p,n) data cast doubts on the
suggestion that longitudinal correlations are the cause of
this momentum transfer dependence in the (3He, t) data
[4]- Recently, Dimetriev [45] has shown that distortions
involved with this complex probe may be responsible for
the behavior of the (3He, t) data.

The data presented here lead to a generalization of
the conclusion reached in the polarization-transfer study
[8]. In that work, a separation of the transverse and lon-
gitudinal responses was accomplished at 495 MeV and
1.72 fm~!. It was shown that both the transverse and
longitudinal responses are shifted to higher energy loss
from the free NN kinematics by 30 MeV and 20 MeV,
respectively. The present data suggest that little or no
change in the peak positions of the separated responses
will be found at either larger or smaller momentum trans-
fers. Furthermore, these data indicate that no significant
changes should be observed in the peak positions of the
responses at higher energies.

While many of the features of these quasielastic data
may be accounted for with models using the nuclear mat-
ter approximation, the interesting deviations of our data
from these models show that more extensive theoretical
calculations for finite nuclei including multiple scattering
are necessary.

The difference in peak position for the (p,p’) and (p, n)
reactions has been explained through sum rules in Refs.
[33,34]. The exact calculations in Ref. [33] upon which
the sum rules calculations are based have been able to
describe both the longitudinal and transverse parts of
quasielastic (e, e’) scattering on “He [46,47]. These cal-
culations do not contain the approximations that are as-
sumed in more traditional models and include 2p-2h and
higher-order processes. Such calculations for the (p,n)
reaction on heavier nuclei are needed.
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