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Double differential cross sections for (p, n) quasifree scattering on p-shell nuclei, ' Li, ' B,
and ' C, have been measured at an incident proton energy of 186 MeV between 8& b

——0' and
8& b = 50' in steps of 5'. The normal polarization transfer coefficient, analyzing power, and induced
polarization were also measured at 8& b ——0', 15', and 20' using an incident proton beam of trans-
verse polarization. Calculations by some competing quasifree models are presented and compared
with the experimental results.

PACS number(s): 25.40.Ep, 27.20.+n, 24.70.+s

I. INTRODUCTIGN

The quasif'ree (QF) region represents a broad peak in
the nuclear continuum which may be viewed as an elastic
collision of the incident particle with a single target nu-
cleon near the nuclear surface [1] . This process becomes
the dominant feature of nucleon scattering spectra ob-
served at momentum transfers, q, between 1 and 3 fm
and at an energy loss w between 50 and 150 MeV irrel-
evant of the probe used in the nuclear excitation. The
location of the maximum of the quasi&ee peak is expected
to occur for values of u q2i2m. The width of the broad
peak is related to the Fermi motion of nucleons in nuclei.

Quasifree electron scattering studies in nuclei have
been reported by several authors [2,3] discussing in par-
ticular the systematics on the location of the centroid of
the QF peak, which is observed at a higher excitation
energy than the value expected &om scattering on a &ee
nucleon. This has been interpreted either as (a) an aver-
age nucleon interaction energy [4] that must be supplied
to knock the nucleon out of the nucleus, (b) as a measure
of the effective mass of the nucleon in the nucleus [3], or
(c) in terms af a momentum-dependent interactive po-
tential [5]. The area under the quasifree peak is observed
to scale with mass number A.

Relativistic efFects on nucleon scattering quasielastic
spin observables have been studied by Horowitz and Mur-
dock [6] and more recently by Hillhouse and De Kock [7].

These authors point out that at incident energies below
200 MeV, relativistic calculations for Dtvtv in the QF
region are most sensitive to the choice between the pseu-
dovector or pseudoscalar form of the pion coupling and
that at these energies spin-orbit distortions have no effect
on this observable.

One of the major eff'orts in recent nucleon QF ex-
periments has been directed to obtain empirical results
for the spin-longitudinal and spin-transverse nuclear re-
sponses. It is well known that inelastic electron scattering
provides only information on the spin-transverse response
and thus nucleon scattering results are needed to obtain
the longitudinal response. Alberico et al. [8] have pointed
out that pionic nuclear efFects should be important in the
QF region. The authors argued that the particle-hole in-
teraction in the ox channel, at high energy loss and high
momentum transfer, may be sufBciently attractive to pro-
duce an enhancement and shift of the spin-longitudinal
response toward lower excitation energies relative to the
&ee Fermi gas response. On the other hand the spin-
transverse response should be quenched and shifted up-
wards in excitation energy because of the repulsiveness of
the particle-hole interaction in this channel. This harden-
ing of the isovector spin-transverse response appears well
established according to the available data and analysis
by Meziani et aL [9] of inelastic electron scattering for

Ca and Fe.
The experimental results on QF excitation with heav-

ier probes such as the (sHe, t) [10] and the (d, 2p) [ll]
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seem to indicate a shift of the centroid of the QF peak
position relative to the location of the centroid observed
in inelastic electron scattering [2] which seemed to agree
with the theoretical observations of Alberico et al. How-
ever, recent C(p, n) results at E~ = 494 MeV [12,13]
indicate that the centroid of the QF peak position agrees
well with that of the C(e, e') results. Another explana-
tion has been offered for the results with heavier probes
[11].

In a recent paper Wambach [14] ofFers an explanation
for the observed probe dependence of the quasielastic
peak position.

The first measurement of the spin-longitudinal nuclear
response were reported by Carey et al. [15,16] by carry-
ing out a complete set of D;z measurements for (p, p ')
scattering at E„=500 MeV and q = 1.75 fm ~. The ra-
tio of the spin-longitudinal and spin-transverse responses,
which should deviate considerably from unity if a collec-
tive enhancement on the spin-longitudinal channel were
present, was found to be unity, contradicting the above
prediction. More recently Chen et al. [17] report mea-
surements for the coxnplete set of spin observables in the
i2C(p, n) reaction at 494 MeV and q = 1.75 fm i. These
results, which provide the single isovector spin-isospin re-
sponse without the mixed isoscalar contribution present
in the (p, p ') reaction, also report a ratio of the spin
responses close to unity. Several authors have recently
addressed this problem [18—23].

In the present paper we present QF differential cross
section results obtained in p-shell nuclei using the (p, n)
charge-exchange reaction with 186 MeV incident protons.
We also report values for the spin observables A~, P, and
D~~ obtained at 8~ b ——15' and 20 .

II. EXPERIMENTAL SETUP AND DATA
ANALY'SIS

The experiment was performed at the Indiana Univer-
sity Cyclotron Facility (IUCF) using 186 MeV protons.
Details about the experimental setup and data analysis
are given in Refs. [24,25]. Only a brief account is pre-
sented here.

Differential cross sections measurements were done
with an unpolarized proton beaxn and two detector sta-
tions at the IUCF swinger neutron time-of-Sight (TOF)
facility. These detector stations were located on the 0'
beaxn line 101 xn away from the target and at the 24'
beam line 62 m from the target, respectively. With this
setup, data were taken in the angular range between 8~ b
= 0 and 50, in steps of 5 . Typical intrinsic time res-
olution of the neutron detectors was better than 500 ps.
However, the count rate was optimized with targets of
about 100 mg/cm and overall neutron energy resolutions
of about 1 MeV in the 0' beam line detector station and
about 1.3 MeV in the 24 beam line detector station were
observed.

The polarization observables were measured with the
IUCF polarimeter [26] using a transverse polarized pro-
ton beam. Three data sets for the normal polarization
transfer coefScient (D~~), the analyzing power (A.y),

and the induced polarization (P) were measured at 8~ b
= 0, 15', and 20'.

The following targets were used in this study: ' Li,
B, and ' C. All these targets had an enrichment

better than 96%% and were about 100 mg/cm2 thick.

III. RESULTS

The obtained (p, n) double difFerential cross section
data of QF scattering on p-shell nuclei, with momentum
transfer up to 2.5 fm, provide a rich collection of data
for a systematic study of shapes and centroids of the QF
peak at an incident energy of 186 MeV. Similarly the re-
sults for spin observables up to 50 MeV excitation energy
at 8) b

——15' and 20 provide a good test for relativistic
calculations.

A. Parametrization of empirical QF peak

In Fig. 1 we show i2C(p, n) spectra for angles between
15 and 49 in steps of 5' where the locations of the
centroids of QF peaks have been indicated with a solid
line. At low excitation energy the QF region overlaps
with giant resonances and some low-lying discrete-state
transitions. At higher excitation energy, the QF spectra
is limited by the neutron TOF range. For a quantita-
tive analysis of the QF spectra we have used a semiphe-
nomenological fitting procedure. This method was intro-
duced by Erell et aL [27] and also used by Raywood et al.
[28]. In this procedure, the QF peak is assumed to have
a Lorentzian shape. To fit the complete spectra we as-
sumed Gaussian peaks for transitions to low-lying states
and giant resonances. The QF peak shape is given in
terms of a double differential cross section as a function
of excitation energy E, as follows:

d20. N
1 —exp [

—(E —Ep) /Tp)
1+ [(E —Eclp)/Whelp]

'

0,

E & Ep,

E g Ep

(3 1)

where N is a q-dependent normalization factor, Ep is the
maxixnum cutoff energy, T„is a cutoff energy scale pa-
raxneter re8ecting how far the Pauli blocking extends into
the QF region, and the Lorentzian function is centered
at EgF. The measured spectra have asymmetric peak
shapes; thus, an asymxnetry paraxneter Dqp has been
assigned to the QF peak width Whelp such that

W WL —DgF
WL, +DgF

if E(EqF,
if E & EgF. (3.2)

The QF peak is completely defined by the six parameters,
N, Ep, T„,Egp, WL„and Dgp. The cutofF energy Ep
is the separation energy of the least-bound proton in the
residual nucleus, and thus it is a fixed n»aber for a given
target nucleus, e.g. , for i2C(p, n)i2N, Ep = 1.95 MeV.
The value of 2WL, represents the full width at half xnax-
imum (FWHM) of the Lorentzian peak, which in the
Fermi gas model [29] is directly related to the Fermi mo-
xnentum k„:



L. WANG et al. 50

d o/dO dE (mb/sr MeV)

E„(Mev)

FIG. 1. Spectra obtained for the
C(p, n) N reaction at ei i, = 15'—50' in

5' steps, at E„=186MeV. The solid line rep-
resents the location of the QF peak.

yak q

M

For scattering angles in the range 15' ( 8j b ( 50',
the QF peak fitting process is straightforward because
the QF peaks at these angles are well developed, and
the fitting converges when all five parameters are varied.
However, at angles below ei b ( 15 the QF contribu-
tions are small and are mixed with contributions from
excitation of giant resonances. In order to have a mean-
ingful fitting that converges, the parameters EgF, WL„
and DqF were extrapolated from the values obtained at
angles between 15' ( Oi b ( 50'. Values for the peak
position parameter EgF were extrapolated to small an-
gles by assuming a quadratic relation between the en-
ergy loss u and momentum transfer q at the QF peak
positions. The peak-fitting asymmetry parameter DgF

showed small variations. We choose the 15 value in the
fitting procedure for angles between 0' ( Hi b ( 10'. To
obtain the small-angle Wl, values, the following linear q2

relation suggested by Erell et al. [27) was used:

( q
5'

WI, = WL„1+a
i

—
i

j, k )
(3.4)

The parameter T„,indicative of how far the Pauli block-
ing extends into the QF region, is a function of momen-
tum transfer q. In the present analysis better chi squares
were obtained by assuming Tz to be a function of q .

After the QF extraction process, a "pure" QF spec-
trum is obtained at each scattering angle and for each
target nucleus. These empirical double differential spec-
tra can thus be compared with calculations based on the
QF scattering models. In Fig. 2 we show the C(p, n) 2N

1.0
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K

0.6—

0.2

FIG. 2. The C(p, n) N spectrum at
Hi b

——25 and E„=186MeV. The data are
plotted as a solid histogram. The individ-
ual Gaussian and QF peaks (solid lines) are
easily distinguishable. Dotted curves repre-
sent the sum of the Stted curves. The dashed
curve represents a slab model calculation.
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40 60
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spectrum obtained at 8( b ——25 in which the solid line
represents the QF empirical parametrization and low-

lying transitions are assumed to have Gaussian shapes.
The dashed curve represents slab model results for the
QF (see Sec. VB).

IV. QUASIFREE SCATTERING MODELS

'3q 1 (ql'
p( )

4k~ 12 (k~)
if q &2k~,

(4.1)

if q & 2k~.

Several theoretical models have been developed aimed
at analyses of QF observables. Some of them assume
infinite nuclear matter and are based on, or extended
from, the simple Fermi gas model (FGM). Among these
we cite the relativistic plane-wave impulse approxima-
tion (RPWIA) by Horowitz et al. [30,31], the nonrela-
tivistic, interactive Fermi gas model (IFGM) by Brieva
and Love [32], and the slab model by Bertsch and co-
workers [33,34]. A difFerent approach has been taken by
Ichimura et al. [35] to develop finite nuclei theoretical cal-
culations within a distorted wave impulse approximation
(DWIA) formalism using random phase approximation
(RPA) correlations in the continuum. '

In the Fermi gas model, the nucleus in the ground
state is treated as a Fermi sea with all states below k~
occupied. In a QF process, the struck nucleon has to
be removed from the Fermi sea, and the recoiled ejec-
tile must be left also above the Fermi sea. In this model
Pauli blocking occurs when q ( 2k~. For a given momen-
tum transfer q, the percentage of scattering that survives
Pauli blocking can be obtained from the equation [33]

about the RPA and the response theory for the IFGM
can be found in Refs. [29,37].

A relativistic approach to QF scattering has been de-
veloped by Horowitz et al. [30,31] and more recently by
Hillhouse and De Kock [7) assuming a Fermi gas model
for the target. The RPWIA calculations are usually done
with or without RPA, respectively. The relativistic ap-
proach is the spirit of this model. First, it incorporates
the relativistic effect of the nuclear medium by solving
the Dirac equation in a mean-field potential. This effect
is equivalent to replacing the nucleon mass M with an
effective reduced mass M'. Typical values of M' for nu-
cleons are (0.8—0.9)M [31]. It is important to note that
in this model a pseudoscalar or a pseudovector form for
the xN coupling may be used [31],although as suggested
by the soft pion scattering, the pseudovector interaction
is preferred. As indicated by Hillhouse and De Kock [7]
RPWIA calculated DN~ values are quite sensitive to the
choice of the interaction.

Because of its single-step knock-out nature, QF scat-
tering has a surface-peaking nuclear response. To prop-
erly simulate this surface effect, Bertsch and Scholten [33]
developed the slab model. In this model, a semi-infinite
slab is used to describe the absorption of the incoming
Hux. Mathematically, the surface of the slab is taken
to be at z=0, and for z & 0 a Woods-Saxon potential
is assumed. Wave functions solved in the slab region are
plane waves in the z-y dimensions but distorted along the
z direction. The distortion factor A,g, which is equiva-
lent to the effective number of nucleons participating in
the scattering, is calculated in an eikonal approximation
using target densities obtained from electron scattering
[38]. Generally, however, A,p cannot be predicted cor-
rectly in comparison with experimental results and it is
left as a normalization parameter.

The DWIA expression for the QF scattering double dif-
ferential cross section may be factorized into three parts:
(1) the normalization factor A,g', (2) the interaction part,

d&NNi.e. , the free nucleon-nucleon (NN) cross section

and (3) the nuclear response S(q, u). Thus,

V. COMPARISON OF EMPIRICAL RESULTS
WITH MODELS

In the following sections data obtained from differen-
tial cross section values and polarization observables are
compared with the models brieny described above.

d 0(q, ~) ~. doN~
dOdE ' + dO

8 (q, ur), (4.2)

where the summation has been made on different spin-
isospin couplings denoted by the symbol a. The factor
A ~ can be interpreted as the effective number of nu-
cleons participating in the QF scattering. Because of
absorption of the incident particle, not all nucleons in
the target participate in the QF scattering. The value of
A ~ may be estimated using a DWIA calculation or as is
most commonly done by using an eikonal approximation
based on the Glauber theory [36].

The simple FGM reproduces the major features of QF
scattering: (1) centroid QF peak position, (2) QF peak
width attributed to the Fermi motion of target nucleons,
and (3) Pauli blocking explicitly incorporated. In the
interactive Fermi gas models [32], residual nucleon inter-
actions are introduced via an RPA formalism. Details

A. Integrated QF cross section and comparison with
the FGM

The semiphenomenological Lorentzian function used to
describe the double difFerential QF cross section gives
a consistent treatment of all the spectra for all targets
and angles. This empirical QF spectrum was integrated
at each angle to produce an angular distribution of the
QF scattering on each target nucleus. Such an angular
QF distribution illustrates the Pauli blocking efFect which
may be explicitly calculated in the FGM [see Eq. (4.1)].
Although the data were taken at given 0~ b values, the
variation in the value of the momentum transfer from its
value q at the centroid peak position of the QF is less
than 10%. The data will be labeled either with its 8~ b
value or its q value, interchangeably.
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TABLE I. Values of the QF FWHM (W), the effective
number of neutrons (N,s), and the corresponding Fermi mo-
mentum (k~) at difFerent scattering angles for C(p, n) reac-
tion.

~lab

15.0'
20.0'
24.5'
29.4'
34.4'
39.4'
44.4'
48.9'

q(fm ')
0.86
1.11
1.33
1.56
1.78
2.00
2.19
2.35

k = 1.11+0.14

W (MeV)
61.6
61.8
73.2
98.3

125.5
156.7
149.1
141.2

fm '

k~ (fm ')
1.22
0.95
0.94
1.08
1.20
1.34
1.16
1.03

1.7
2.0
2.3
1.8
1.6

N, g ——1.9 6 0.2

To calculate the probability factor P(q), i.e., the per-
centage of QF scattering, at a given momentuxn transfer
that survives the Pauli blocking as defined by Eq. (4.1),
the Fermi momentum k~ must be determined. This is
done by using Eq. (3.3) with W substituted by 2WL, de-
termined in the empirical fitting described earlier. An
average Fermi momentum k~ is obtained Rom the k~ val-
ues obtained at 15 & 8~ g & 50 . In Table I we present
the values for the QF peak widths W, k~ values at dif-
ferent angles, and the average value k~ for the i2C(p, n)
QF scattering. Similar values are available for the other
nuclei [25].

TABLE II. Values for A:& and N & obtained in the analysis
of (p, n) QF scattering at 186 MeV on the indicated target
nuclei.

Nucleus
13C
12C
11B
ioB

Li
Li

kp (fm ')
1.06 + 0.16
1.11 + 0.14
1.05 + 0.15
0.93 + 0.10
0.84 + 0.08
0.66 + 0.06

2.4 + 0.3
1.9 + 0.2
1.9 + 0.2
1.5 + 0.2
1.9 + 0.1
1.2 6 0.1

For scattering angles Hi b ) 29.4' (or q ) 1.5 fm )
where Pauli blocking efFects become negligible, the inte-
grated QF cross section can be scaled to the &ee NN
value to obtain an empirical value for A,p. We quote,
as usually done, the efFective number of neutrons, N, ff,
given by N, rr = (&) A, tr. For i~C, for instance, a set
of N, g values was obtained for 29.4' & 8~ g & 48.9'.
These values and their average N,g are shown in Table
I. In a recent report Sakai [39] analyzed cross sections
and analyzing powers for quasi&ee (p, n) scattering at 300
and 400 MeV in many nuclei. Using a Fermi gas model
he gave the following relation for the efFective number
of neutrons: N,a ——0.85N where N is the number of
neutrons in the target nucleus. The present results show
good agreement with the above relation. Listed in Table
II are the values of Fermi momentum k~ and efFective

40 .—

30—
0—

10 .—

0
50—
40—~ so-.-

2 ao-.-
10—

CC) 0-
~ 5o;

40—
30—
20—
10

0
0

s s s ~ I I I I I I I

0.5 1 1.5 2 0 0.5 1 1.5 P,

(fzn ')

FIG. 3. Angular distribution (octagons)
for integrated QF cross sections on ' Li,

B, and ' C, compared with the free
NN cross section (solid line), and the free
NN cross section multiplied by the Pauli
blocking function P(q) of Eq. (4.1) (dotted
line).
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member of neutrons, N g, obtained in the present study.
The empirical angular distributions of integrated QF

cross sections for ' Lip By and Cy are shown in
Fig. 3, scaled by the corresponding N,g values. Also
shown in Fig. 3 are the free NN cross section &om an
Amdt phase shift of 1992 [45], and the same multiplied by
the Pauli blocking function P(q) predicted by the FGM.
Good agreement is obtained between the empirical QF
distribution and the FGM prediction. In the top portion
of Fig. 3 the results obtained for 6'~Li show a departure
&om the FGM predictions. This may indicate that for
nuclei with mass number less than 7 the FGM statistics
may no longer apply.

B. QF results compared with the slab model

1. qaasigee peak shapes

It has been suggested that these contributions increase
with momentum transfer [40].

For angles in the interval 15 & 8~ b & 39, the cal-
culated QF peak shapes agree generally well with the
empirical shapes. However, in the slab model calcula-
tion at the two largest angles, a second peak appears at
a larger excitation energy which is beyond the range of
excitation shown in Fig. 4. This is probably due to the
breakdown of the "optimal &arne" effect at large excita-
tion energy region that is outside the range of the Fermi
gas response, as discussed in Ref. [40].

The comparison between the slab model calculations
and the C data shown in Fig. 4 is a typical illustration
of how the QF peak shapes are predicted by the model.
Similar qualitative comparisons are expected for other
light nuclei though calculations were not implemented
due to the lack of ground state nuclear densities in terms
of Fermi functions for these light nuclei.

The slab model is more sophisticated than the FGM
by simulating the surface response nature of the QF scat-
tering with an explicit slab geometry. It is also more
realistic in treating the nuclear response by incorporat-
ing RPA correlations in nuclear matter. In addition the
slab model calculation also takes into account the Fermi
motion of the struck nucleon in evaluating the two-body
NN amplitudes by using "optimal amplitudes" in the
"optimal frame" [40]. The shapes of the QF peak pre-
dicted by this model are in good agreement with the
data (see Fig. 2) and much better than any of the other
models. The ~ C(p, n) spectra at E~ = 186 MeV to-
gether with the empirically extracted QF peaks and the
slab model calculations are shown in Fig. 4. The slab
model does not predict the QF absolute cross sections.
Arbitrary normalization factors are applied to the slab
model calculations in order to compare the peak shapes.
These normalization factors increase &om 1.3 at e~ b ——

15 to 2.1 at 8~ b ——50' probably re8ecting two-step and
higher contributions not included in these calculations.

2. Energies of ceratmids of quasifree peaks

The locations of centroids of the QF peaks were ob-
tained using several methods varying &om a simple eval-
uation of the peak maximum to the 6tting procedures
described in Sec. IIIA. The obtained results were in
agreement within a few hundred keV. At larger angles
where only part of the QF peak was measured, the use of
the semiphenomenological QF function [Eq. (3.1)] and
the required constrains on the O'L„T„,and DgF param-
eters allow a very good evaluation of the QF peak cen-
troid. We estimate the uncertainties to be larger than
those in the forward angles, but no more than 2 MeV
(FWHM). These estimated error bars are smaller than
the data symbols shown in Fig. 5.

The results are shown in Fig. 5 displayed as a function
of momentum transfer q. At lower q values, the target
dependences of the centroid QF peak positions are more
conspicuous. The centroid values are all shifted to higher

0 Q v
I

v ~ ~ ~

I
~

I
~ ~

I
\ I

I
\

1.0

e 0.8

~ 0.6

~ 0.4

g O.2

pg 0.0
0.6

b 0.4

8) b=BG'

8) b—P9

0.2

0.1

0.0

0.1

8(~b—39

8) b=49'

L I.L laSIL Qg11) ~ ~

FIG. 4. The C(p, n) spectra at
H~ab

——20, 29', 39', and 49, at E„=186
MeV. The data are plotted as solid his-
tograms. The dark solid line is the empiri-
cally Stted QF peak. The dashed line is the
slab model calculation normalized to the em-
pirical peak maximum.

0.2

0.0 I. . . . I. . . ~ I . . 00 I. . . I

0 20 40 60 80 100 0 20 40 60 80 100
E„(M.V)
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250

200

Li

+: Li
1QB

: q'/sxn

100

50

FIG. 5. Centroid QF peak positions for
(p, n) reactions at Ez ——186 MeV, plotted as
energy loss u, vs momentum transfer q. The
&ee NN QF peak position curve is shown as
a solid line.

0
1.0 1.5

I

2.0
(fm ')

2.5 3.0

excitation energies with respect to the value expected for
a &ee nucleon. However, for increasing q values, the dif-
ference between the observed centroids and that for the
&ee nucleon-nucleon (NN) value gets smaller. Eventu-
ally, we observe that at q 2.2 fm the present re-
sults for the QF peak centroids cross over the &ee NN
line. Such an interesting feature has not been observed in
(p, n) reactions at higher incident energies, i.e., 495 MeV
[12,13] and 795 MeV [13],or in the recent data at 300 and
400 MeV reported by Sakai [39]. In Fig. 6, adapted &om
Ref. [12], we show results for the centroid QF peak posi-
tion for C observed in reactions with di8erent probes.
The only reaction showing the centroid QF peak posi-
tion line crossing over the &ee NN line in Fig. 6 ia the
( He, t) reaction (crossing over at q —1.9 fm ~). Gaarde
[12] suggested that distortion effects in the (sHe, t)- r'e-

action, which are quite different &om those in (p, n) re-
action, could be responsible for this shift. However, in
the (p, n) reaction at 186 MeV, distortions only attenuate

the calculated PWIA cross section, without major eEects
on the QF peak shape and centroid. We believe that
the "crossing-over" peak shift observed in the present
(p, n) data is due to some other effects. Although we do
not know the exact reasons, several possibilities are sug-
gested. First we note that the energy dependence of the
total nucleon-nucleus cross section shows a shallow mini-
mum at about 200 MeV. This indicates that the nucleus
is more transparent to the incident proton at these ener-
gies and thus it may probe deeper in the nucleus. It is
known that the effect of strong pion 6elds is expected to
be larger in denser nuclear matter [41]. Second we indi-
cate that at an incident energy of 186 MeV the outgoing
neutrons for a momentum transfer q 2 fm have ener-
gies less than 100 MeV. Neutrons with these energies are
more attenuated in nuclear matter because of the sharp
increase in the total nucleon-nucleus cross section with
decreasing energy. We are theoretically studying these
possibilities and at the same time we are planning to

250

200
o: {p,n)+: {e,e')

~: {'He,t)

: q'/sm

+
++

100

FIG. 6. The centroid QF peak position for
C as observed with difFerent probes, plotted

as energy loss u versus momentum transfer q.
Adapted from Ref. [12].

1.5 2.5 3.0
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xneasure at Ez ——200 MeV the complete set of polariza-
tion transfer observables to obtain the spin-longitudinal
and spin-transverse nuclear responses as done in Ref. [17].

Recently Bland [42] has carried out QF calculations
for exclusive C(p, 2p) and C(p, np) and inclusive
~2C(p, p') and ~2C(p, n) reactions, all at an incident pro-
ton energy of 200 MeV, using the code THREEDEE of
Chant and Roos [43]. These calculations do a credible
job of reproducing all observables and in particular the
centroids QF peak location of the inclusive data, which
for the (p, n) reaction were calculated at q values of 1.3
and 1.6 frn

C. Polarisation observables and relativistic effects
in the RPWIA

As discussed previously the relativistic RPWIA
calculations are based on the FGM. Thus, the predicted
RPWIA QF peak shapes follow basically the FGM nu-

clear response, which is not in good agreement with the
observed QF peak shapes. The relativistic efFects are in-
corporated in two aspects: (1) A reduced nucleon mass
M' is used in the plane-wave Dirac spinor due to mean-
Beld effects; (2) the free NN amplitude (the "impulse"
part) is parametrized in a Lorentz-invariant form in terms
of relativistic interactions. These effects are especially
sensitive to polarization observables [7]. Hillhouse and

Kock [7] have explicitly demonstrated that D~~ values
are by far the most sensitive observable to the two rel-
ativistic forms of the pion coupling. The present D~N
results are used to discriminate between the pseudoscalar
and pseudovector interactions.

Although results are available for all studied light nu-
clei [25], we present results just for the ~oB(p, n) reaction.
It provided measurements of the polarization observables
with the best statistics. Also, because of the mecha-
nism of QF scattering, the results are not expected to be
strongly target dependent.

In Fig. 7 we present results on Ay (top row), P (mid-
dle row), and D~~ (bottom row) for the ~OB(gi, i) at
8) b ——15 and 20 . Three sets of RPWIA calculations
are compared with the experixnental data. The solid line
is the RPWIA calculation with reduced xnass and pseu-
dovector interaction, while the dotted line is a similar
calculation with pseudoscalar interaction. For the in-
coming channel, the effective proton mass M~ = 0.85M
is used; for the outgoing channel, the effective neutron
mass M2 ——0.84M is used, where M is the &ee nucleon
mass. The dashed line represents the RPWIA calculation
with the &ee nucleon mass M, which is independent of
the interaction [31]. The corresponding free NN values
are also plotted as diagonal crosses. In agreexnent with
the calculations for (JY, n) reactions at 500 MeV and 800
MeV in Ref. [31], there is almost no difFerence among
the three RPWIA calculations for the analyzing power
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FIG. 7. Values for Ay, P, and D~~ ob-
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QF peak.
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Ay, although the M' pseudovector calculation seemed
to show a closer agreement with the experimental data.
As suggested in Ref. [31], this is due to the much lower
sensitivity of the analyzing power to the relativistic ef-
fects in the isovector (p, n) reaction than in the isoscalar-
dominant (p, p ') reaction. At both 15' and 20', the ex-
perimental Ay data show more a trend of enhancement
in the QF region (E & 30 MeV) than is accounted for by
the calculations. This is in contrast to the (p, p ') results
at energies of 300 —800 MeV [31] where a large decrease
in the analyzing power was found in comparison with the
&ee NN values and explained by the reduced-mass eKect.

Large differences are found among the calculations for
the normal polarization transfer coefBcient D~~. Com-
pared to the free NN values and to the calculation with
&ee nucleon mass M, the M' pseudovector calculation
predicts higher D~N values at both angles. On the con-
trary, the M' pseudoscalar calculation predicts much
lower D~N values. The observed data show strong evi-
dence that the pseudovector interaction is the preferred

coupling for (J7, R) interaction at 186 MeV because it
agrees well with the data. The DN~ data at 15 are
close to the &ee NN values, while at 20' the data in
the QF region (E ) 30 MeV) are higher than the
&ee NN values. In the lower excitation energy region
(E ( 30 MeV), interference between QF and the gi-
ant resonances makes the polarization observables change
more drastically than in the "pure" QF region, as seen
in the values for Ay (15'), Ay (20'), and DNN(20').

The obtained P data are similar to the Ay data. The
RPWIA code provides no independent calculation for P,
which is expected to be the same as Ay for &ee NN
scattering (also for QF scattering) if interactions between
target nucleons are ignored. Thus the P data are com-
pared with the RPWIA calculated Ay curves in Fig. 7.
A reasonable agreement is observed.

We have also calculated RPWIA spin observables in-

cluding RPA correlations. In this approach the projec-
tile was assumed to interact with the medium via the
isovector component of the NN t matrix, parametrized
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&om on-shell data in a Lorentz invariant way. Nuclear-
structure effects were incorporated by calculating the
nuclear-matter response using a relativistic RPA to the
Walecka xnodel. For the residual interaction we have
used a model based on vr + p exchange. Moreover, a
phenomenological Landau-Migdal paraxneter g' was in-
troduced to sixnulate the efI'ect of repulsive short-range
correlations. Isoscalar effects from a reduced nucleon
mass in the medium lead to important dynamical changes
in the residual interaction and, in particular, suppress
the pionic enhancement predicted by nonrelativistic cal-
culations. Rxrther details about the calculation can be
found in Ref. [18]. Similar results for pseudoscalar and
pseudovector calculations are obtained as the previous
RPWIA results shown in Fig. 7. The only difFerence is
that the RPA calculation predicts better D~~ values in
the QF region. In Fig. 8, we present the comparison
of the experimental DN~ values at 8~ b

——20' and the
theoretical RPWIA-RPA results.

QF
peak

(MeV) (fm ) (MeV)
186 2.00 94.0
256 1.89 99.8
495 1.89 98.4
795 1.92 97.8

dAdK

sr.MeV
0.23
0.25
0.31
0.25

(.o),...
(=.;)
27.0
33.9
43.8
39.9

( g~) free ~

(=.;)
5.99
8.47
9.43
8.49

Free p(n, p) cross section values at the same q obtained from
Amdt phase shift 1992.

quite comparable. Especially, there is almost no vari-
ation for the value of N,g which may suggest that the
nuclear depth probed by the nucleon projectile into the

C target is quite energy independent.

TABLE III. Results obtained in the analysis of C(p, n)
quasi&ee scattering at q 2 fm at the indicated proton
beam energies. See text for details.

D. (p, n) quasifree scattering as a function of
incident energy VI. CONCLUSION

It is useful to study results of nucleon QF scatter-
ing on the same target at a fxxed momentum transfer
q, as a function of bombarding energy. We have ob-
tained published data for the i2C(p, n) reaction at q 2
fm at several energies. These results are presented in
Fig. 9. The data obtained in the present experiment at
8~ b ——39 are compared with spectra obtained at E„= 256 MeV, 30' [44], E„=495 MeV, 20' [l3], and E~
= 795 MeV, 15' [13]. The momentum transfers at the
centroid of the QF peaks for the four spectra are 2.00,
1.89, 1.S9, and 1.92 fxn, in increasing order of bombard-
ing energy, respectively. The empirical QF peak fitting
procedure introduced earlier was applied to all the spec-
tra. The data at 795 MeV extend substantially into the
b,-resonance region. The QF fits were confined to the
energy loss range 36 & u & 150 MeV to suppress the 4
contribution at high u as well as the low-lying contribu-
tions &om discrete states and collective resonances. The
analyses discussed earlier were made to obtain the Fermi
momentum k~, and the integrated quasi&ee cross section

(&&). values which are listed in Table III. Also listed

in Table III are the centroid QF peak locations u~, &, the
QF

value of &&&&,and the corresponding &ee pn ~ np
peak

free
cross section (z&) determined from Amdt phase shift

[45] and values for N, tr.
Although the four spectra were xneasured at very dif-

ferent energies the empirical values of k~ and N, g are

The QF data have been compared with calculations
of different models. The effect of Pauli blocking on the
integrated QF angular distribution is in excellent agree-
xnent with the simple Fermi gas model prediction, in nu-
clei such as 2' C and ' B. This enhances our con6-
dence that the QF fitting process employed in the present
study has extracted the QF strength properly. However,
we notice that for the lighter nuclei 6' Li, the statistics
of the simple Fermi gas model breaks down in describ-
ing the shape of the integrated QF angular distribution.
The polarization observables, in particular D~N when
compared with RPWIA calculations, indicate a de6nite
preference of the pseudovector coupling over the pseu-
doscalar coupling, and that the reduced mass effect is
more obviously seen in D~N data than in A~ data for
(p, n) reactions. The slab model provides QF spectra
with shapes in good agreement with the data, while the
overall magnitudes of the spectra are not correctly pre-
dicted and need a q-dependent normalization. Finally,
one of the main features observed in the present QF scat-
tering is that the difference in energy loss between the
centroid of the QF peak position and the corresponding
q2/2M value decreases with increasing values of momen-
tum transfer. We plan to xneasure at E„=200 MeV the
spin-longitudinal and spin-transverse response functions
at a few moxnentum transfers, to have a better under-
standing of this efFect, which is not seen in (p, n) reactions
at higher energies.
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