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Continuum polarization transfer in 500 Mev proton scattering and pionic collectivity in nuclei
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A complete set of polarization transfer observables was measured for inclusive 500 MeV proton
scattering fram H, Ca(nat. ), and Pb(nat. ) at 8„&——18.5' (q=1.75 fm '). The excitation energy

ranged over the entire quasielastic peak from 20 to 100 MeV. Longitudinal and transverse spin-flip

probabilities were extracted from the data. These have simple model-dependent connections to the
spin-longitudinal and transverse response functians for the heavy targets. Detailed analysis of the
data reveals no evidence for collective enhancement in the spin-longitudinal response function. The
relation of this analysis to the interpretation of the European Muon Collaboration effect in terms of
excess pions is discussed in detail.

I. INTRODUCTION

The response of nuclei to the spin-isospin fields
oXqe'q' and cr qe'&' (where q is the momentum
transfer) holds general interest for understanding the
properties of hadronic matter. The transverse (o)&q} and
longitudinal (cr.q) response functions have simple connec-
tions to the exchanges of p and n mesons between nu-
cleons and between nucleons and b, isobars, and are hence
very relevant to current investigations into the effects of
the isobar on nuclear properties. ' Beyond this there are
many issues connected with the spin-isospin resonances
that carry over into the discussion of the role of quarks
and gluons in the description of nuclear properties and in-
teractions. One such issue, the interpretation of the Euro-
pean Muon Collaboration (EMC) effo:t, is of direct
relevance to the experiment reported here, and is discussed
in detail herein.

The transverse continuum response function is now
measurable over a wide range of q and co (excitation ener-

gy) from the scattering of medium energy electrons. Pri-
or to this experiment the spin-longitudinal response func-
tion had been examined for only a few specific nuclear
transitions between 0+ and 0 states —usually at the
fixed, small momentum transfer and excitation energy
available in nuclear beta decay.

The experiment reported here employs a new and gen-
eral technique for the measurement of the spin-dependent
response function. It relies on measurement of a com-
plete set of polarization transfer observables (PT) and is
applicable, in principle, to nucleon inelastic scattering or
charge-exchange reactions for the entire q-co response sur-
face including discrete states and the continuum. In this
paper we present data derived from 500 MeV proton
scattering for both the transverse and spin-longitudinal
response functions for Ca and Pb at a inomentum transfer

of 1.75 fm ' for arangeofco from 20to 100MeV. Some
of the data have been published in a previous letter.

The range of q and co dealt with here is particularly
relevant to the nuclear pion field and the interesting possi-
bility that it may confer a collective enhancement to the
spin-longitudinal nuclear response. This hypothetical col-
lectivity can arise from the pion-exchange interaction if it
becomes attractive near q =(2—3)m . Forms of this col-
lectivity in decreasing order-of-magnitude range froin
pion condensation, ' possibly operable in neutron stars,
through pre:ursors of condensation (critical opales-
cence), " to the slight pion excess proposed to explain the
EMC effect.

The principle of the experiment is simple. For targets
of H, Ca(nat. ), and Pb(nat. ) one measures spin-fiip prob-
abilities (SFP s) (defined in Sec. III) which bear a simple,
although model-dependent, relation to the spin-isospin
response functions. ' One then looks for differences in
these observables between H and the heavy nuclei. As in
the EMC experiment, H is assumed to be a free neutron-
plus-proton target, and hence free of any collectivity
which possibly occurs in the heavy nuclei.

In Sec. II we review the EMC effect and its interpreta-
tion in terms of excess nuclear pions. Section III de-
scribes the techniques of our experiment. Section IV
presents the reaction/structure model and comparison to
the experimental data. Section V discusses three possible
refinements to the reaction inodel. And finally in Sec. VI
we return to the EMC effect and discuss the impact of the
present experiment on its understanding.

II. THE EMC EFFECT AND EXCESS
NUCLEAR FIONS

The original EMC data along with older Stanford
Linear Accelerator Center (SLAC} data' are shown in
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Fig. 1 in terms of the A-corrected ratio of the Fi quark
structure functions of iron and deuterium as a function of
the scaling variable x. In the EMC experiment deuterium
is assumed to represent a free neutron plus proton target.
The data provide clear evidence that the quark distribu-
tion of bound nucleons is not identical to that of free nu-

cleons. In a recent experiment at SLAC (Ref. 13) an ex-
tensive range of targets was examined with 8—20 GeV
electron deep-inelastic scattering. These data confirm the
anomalous A dependence seen by the EMC group, except
for the very interesting region of positive ratio for x & 0.3.
There is a considerable difference in the range of momen-
tum transfer between the two experiments. Until further
evidence is presented, one cannot say whether or not the
different behaviors observed in the low-x region represent
a real discrepancy.

The region in which the ratio of Fig. 1 is greater than
unity is of particular relevance to the interpretation of the
EMC experiment in terms of excess pions. As was shown

by Llewellyn-Smith, if one takes a model in which nuclei
are composed of nucleons (dressed with their free-state
meson fields) and pions, the EMC effect at x =0 is
roughly the fractional pion excess. West' has shown that
the above argument applies to any model which presumes
nuclei to be composed of a number of identifiable constit-
uents. Thus Fig. 1 implies about 15% excess pions in Fe.

To define the model more precisely, we use the equa-
tions of the pion excess model given by Stump, Bertsch,
and Pumplin. The difference between the iron and deu-
terium structure functions is

1

5Fz'(x) —5F, (x)= f dz5f (z)F i(x /z)

1 —x
+ J dz5f„(z)F2 [x/(1 —z)]

—5n Fi (x), (2.1)

5n„= J dz5f (z) (2.3)

is the integrated pion excess. In all calculations presented
in Sec. VI we have made the simple assumption that
Fz (x)=F2 (x). The calculation of the pion excess distri-
bution in a heavy target closely resembles that for a free
nuclain given many years ago by Sullivan. ' Specifically,

f (z)=
2

z 1 dqi I dc@ i zRt(q, cu),
3g~NN "

2
" ~1(t) ('t

16m2 0 o (t+m')'

(2.4)

with q, =zmN+to, q=(qi+q, )'~, and t=q —co, and
where g NN and I'(t) are the coupling constant and form
factor at the n.NN vertex, and Rt(q, co) is the spin-
longitudinal response function —the latter, of course, be-

ing the object of measurement of the present experiment.
The normalization of the response function in this expres-
sion is chosen so that without residual interaction and ig-
noring Pauli blocking the total response is 1, i.e.,

suR q, co =1. When EL q, co is assumed to be
enhanced due to collectivity in the pion-exchange interac-
tion, 5f is accordingly large. Typically, the maximum
contribution to 5f comes from the momentum transfer
range of 300—400 MeV/c, the region in which pionic col-
lectivity is expected to occur. This then is the range to-
ward which the present experiment is directed.

It is important to point out that the EMC data come
from muon scattering which probes the entire nuclear
volume. The present proton scattering data are more lo-
cahzed to the nuclear surface. The response functions as-
sociated with the two types of experiments are therefore
not identical. We will account for these differences in the
interpretation of the present data as presented in Sec. IV.

1.4
$ EMC

$ SLAC

1.3

where

5f (z)=f '(z) f(z)-
is the pion excess in Fe, and

(2.2)

III. EXPERIMENTAL TECHNIQUES AND ERRORS

In order to determine the longitudinal and transverse
SFP's for H, Ca, and Pb experimentally, it is necessary
to measure complete sets of PT observables. These ob-
servables are defined through Eq. (3.1), which gives the
polarization of the scattered particles, P, in terms of the
polarization of the incident beam, Po. This expression is
of the most general form allowed by parity conservation.
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FIG. 1. The A-corrected ratio of I'2 structure functions from
the EMC collaboration (Ref. 3) and from SLAC (Ref. 12) as a
function of the sealing variable x.

Here the quantities I., N, and S refer to the longitudinal

(beam direction), normal, and sideways (NX L) directions
in the laboratory. P(8) is the polarization function and

A~ is the analyzing power for the reaction. DNz, Dss,
DsL, Dts, and DLL are identical to the Wolfenstein pa-
rameters D, R, E. ', A, and A'. '

In order to measure the polarization transfer observ-
ables, all three components of the incident beam polariza-
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tion must be available and all three components of the po-
larization of the scattered particles must be accurately
determined.

The polarization of the incident beam was measured
with two beam-line polarimeters. The magnitude was in-
dependently measured by a quench technique at the polar-
ized ion source. Each polarimeter consistixl of a thin CHi
target with associated detectors to monitor proton-proton
elastic scattering. The polarimeter remained in the beam
during the course of the experiment so as to allow con-
tinuous monitoring of the beam polarization. The com-
bination of these polarimeters and the quench technique
allowed measurement of all three components of the
beam's polarization simultaneously.

The polarization of the scattered particles was mea-
sured by the focal plane polarimeter (FPP) of the High
Resolution Spectrometer (HRS) at Los Alamos Meson
Physics Facility (LAMPF). The operation of the FPP is
described in detail elsewhere. ' Briefly, the system con-
sists of a number of carbon blocks and sets of wire
chambers upstream and downstream from these blocks.
The carbon blocks serve as a double scattering target and
the wire chambers permit the tracing of a particle's path
before and after the double scattering. This arrangement
allows for a full 2n angular acceptance for double scatter-
ing events. The analyzing power of the FPP is a function
of the energy of the particles entering the FPP and hence
varies with co. In our analysis, the analyzing power was
measured at co=0 and the energy dependence calculated
by using the parametrization of Cremans, who has used
the methods of Ransome et al. with an enlarged data
base. ' The average analyzing power over the 4.5—21.0
deg range of double-scattering angles accepted in this ex-
periment was about 0.3.

In order to reduce many possible systematic errors in
the measurement of the spina of both the incident and
scattered particles, the beam polarization was regularly
cycled through normal and reverse spins.

Although Eq. (3.1) represents the scattering process, it
does not include the effo:ts of the spectrometer system.
The first order effect is that of spin precession in the di-
pole. More subtle effects such as finite acceptance and
focusing were also taken into consideration. '

In addition, the contributions of small polarization
components in directions other than ihe primary direction
were at times significant and had to be considered in the
extraction of observables. All uncertainties in beam polar-
ization, scattered particle polarization, and analyzing
powers of the beam line polarimeters, FPP, and target
were included in the analysis of experimental errors. The
most important sources of systematic error were uncer-
tainties in the false asymmetries and analyzing powers of
the beam line and focal plane polarimeters. In all cases
these quantities were known to better than about 1%.
Sufficient data were taken to reduce statistical uncertain-
ties to approximately the same level as systematic uncer-
tainties.

Our experiment measured polarization transfer observ-
ables across the quasielastic peaks of ~H, Ca, and Pb. The
incident energy was chosen to be 500 MeV since at higher
energies the distorted-wave impulse approximation
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FIG. 2. Longitudinal and transverse spin-flip probabilities in
the (p, p') reaction at 500 MeV on Pb and Ca.

(DWIA) effective interaction is increasingly dominated by
spin independent terms and at lower energies the preces-
sion of the HRS effectively prevents measurement of I.
type components of the emergent particle's polarization.
The scattered particles were detected at a laboratory angle
of 18.5 deg, which corresponds to q =1.75 fm ', the
momentum transfer at which differences between longitu-
dinal and transverse response is predicted to be greatest.
In order to cover the most significant part of the quasi-
elastic peak, five spectrometer settings were needed for the
Pb target and three for the H target. Only the region of
the quasielastic peak for values of co between 26 and 72
MeV was covered for the Ca target and hence only three
spectrometer settings were used. We were able to accom-
modate relatively high count rates in our experiment since
the modest energy resolution requirement of about 1 MeV
allowed us to use fairly thick targets (1300 mg/cm Pb
and 250 mg/cm Ca). In the case of H, a cryogenic tar-
get was employed. The Ca target had been flashed with
gold, but nevertheless had considerable oxygen and hydro-
gen contamination (-20% by weight). The effects of the
hydrogen contamination were easily removed in the off-
line analysis. Quasielastic scattering from oxygen could
not be separated from the data of interest; however, since
we are dealing with a nuclear surface localized scattering,
this contamination was not considered to be serious.

The combinations of PT observables relevant to the
present analysis are the longitudinal (L) and transverse
( T) spin-fiip probabilities defined below:
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Scholten and extended by Esbensen and Bertsch. ' The
nuclear response functions are calculated in the semi-
infinite slab model (SIS) using the random-phase approxi-
mation (RPA}. Among the advantages of this method
over the local-density Fermi-gas approach are that effects
due to the physical nuclear surface can be accounted for
explicitly. The SIS model contains nucleons in both
bound and scattering states, so that response functions in
the region near the Fermi surface are more accurately
represented. Additionally, the reaction dynamics, based
on the single scattering form of Glauber theory, can be
implemented in a natural way. It is interesting to note
that the results of the SIS are essentially the same as those
of the calculation described in Ref. 9, which employed a
Fermi gas approach using a local density distribution ob-
tained from intranucleai' cascade (INC) calculations. The
specific connection of the reaction model to the data of
the present experiment is as follows.

The free N-N scattering amplitude is taken to be

0.05

M(q)=A +Bo&eo2e+C(o &„+or„)

+Eo')q cT~ +Fo')pcTpp (4.1)

0.00
0 20 4G

l I
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where the o's are projections of the Pauli matrices along
n=kXk', q=k' —k, and p=qXn; k (k') is the incident
(outgoing) proton momentum direction. Then, with the
definitions from Eqs. (3.2) and (3.3), for N-N scattering
one has

FIG. 3. Longitudinal and transverse spin flip probabilities in

the (p, p') reaction at 500 MeV on 2H. The lines are the average
values of these quantities for p-n and p-p scattering from Ref.
19.

IN-NSN Ng2-
L

IN-Ng N-N F2T 7

IN-N g 2+g 2+2ci2+ E2+F2

(4.2)

ISL =(I/4)[1 DNN+ (Dss—DLL )sec8&,b]—,

IST=(I/4) [1 DNN (Dss —DLL )s—ec8i,b], —
(3.2)

(3.3)

For N-nucleus scattering the ansatz of Bertsch, Schol-
ten, and Esbensen yields

ISL I SL RL——(q, cu)N, ,

where I is the differential cross section. These quantities
are shown for all targets in Figs. 2 and 3 as a function of
co; also shown are the phase shift solutions from Amdt's
analysis. ' (The individual values of DNN, Dzs, and DLL
for lead and deuterium are shown in Ref. 9.)

IV. ANALYSIS AND DISCUSSION
A. General

It is clear from Figs. 2 and 3 that there are no signifi-
cant differences between H and the heavy targets for ei-
ther SL or ST. The most important issue is, thus, how
sensitively do the present data argue against collectivity in
the isovector spin-longitudinal response function, and thus
against excess pions as the source of the low-x EMC ef-
fect~

In this subsection we outline the model connection be-
tween the

SF

P�'s

(experiment) and the spin-isospin
response functions (theory) in the simplest single-
scattering form. The following subsections present de-
tailed comparisons of theory and experiment. In Sec. V
we consider some refinements of the basic reaction model.

The model we employ is that developed by Bertsch and

IST IN-NSTN. NRT(—q, m)N, ,

I=I R (q, co }N, ,

(4.3)

and the summation indicates a sum over bound states and
an integration over continuum states.

The effective number of nucleons, N„and the absorp-
tion function f(r) contain the effects of attenuation of the
proton ~aves in the nucleus; they are both evaluated con-
sistently with Glauber theory. For most of the discus-
sion that follows, the precise value of N, does not enter
directly since we deal with ratios of response functions all

with the axial-longitudinal, transverse, and total response
functions defined as

RL(q, ~)= g ( (n
~

f(r)o"qe'q'~0) ('5(co —E„),
n

RT(q, ~)= g [ (~ if(r)oXqe"'IO) I'g~ —Z„), (4.4}

(2+g2+F2 E2 g 2+ C2
RT+ N N "L+.IN-N IN-N IN-N

where q is a unit vector,

Ro= g I & &
I
f(r)&"'

I
o) [

'&(~ —&.),
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and

SL /(SL ) =RL(q, co)/R(q, co),

ST /(ST ) =RT(q, ru)/R(q, co),
(4.5}

of which contain the same factor.
Rather than calculate the N-N quantities from phase

shift solutions, we assume, as in the EMC experiment,
that the H data represent an average of the g-p and p-n
observables. From Eq. (4.3) one finds, with S =S

q=1.75 fm ' are [in terms of the coefficients of Eq.
(4.1)]

ET i /ET p ——3.62, FT i /I'T 0
——1.15 .

Thus the longitudinal interaction is dominantly isovector,
but the transverse consists of nearly equal mixtures of iso-
vector and isoscalar.

The quantities which enter the experimental ratio of
Eq. (4.6) are then

SPb/( SD )
=Ri (q, co)/Rr(q, co) .

S,"/(S,') (4.6)
Rr —— (3.62RL ='+Ri. )

The angular brackets on SpT indicate that we have aver-

aged the data over ai. This is consistent with our neglect
of any nuclear structure contribution from deuterium. In
Sec. V 8 we consider an alternative view.

In simple terms Eqs. (4.3}describe a reaction in which a
beam of nucleons enters a nucleus, propagates in an eikon-
al fashion with attenuation, then scatters with momentum
transfer q and energy loss co (and exits the nucleus in a
similar fashion). The transformation from center-of-mass
to laboratory frame polarization observables is taken to be
identical to that for fro: nucleons at the same angle, with
the result that Eqs. (3.2) and (3.3) are valid for the quasi-
elastic N-nucleus case.

In the model one also neglects current-current and
spin-current couplings of the nucleons. This results in the
appearance of only the static terms 1, rr qe' ', and
o Xqe'q' in the total nuclear response function. Consid-
erable thought has been given recently to the origin of
current couplings in the effective N-nucleus interaction in
both the nonrelativistic ' and Dirac formulations of
the impulse approximation. It is generally conceded that
the current terms are small for medium-energy scattering
and only by careful examination of particularly sensitive
polarization observables will one be able to detect their
presence. For 500 MeV inclusive quasifree scattering we

expect the static approximation implied in Eqs. (4.3) and
(4.4) to be adequate.

B. Analysis of RL /R~

It is appealing to analyze the ratio Rr /RT for two ma-
jor reasons. First, there is a great similarity in the usual
theoretical treatment of these two spin-isospin responses,
including the effects of short range correlations (see dis-
cussion below). Second, it is well established from contin-
uum inelastic electron scattering that there are no large
collective effects in the isovector transverse response func-
tion. There may be a slight reduction in this channel, but
even this small (10—20%) effect is not well established.
For the present purposes we can be certain that values of
RL, /RT less than unity are not the result of a collective
enhancement of the denominator.

If the experimental measurements corresponded to pure
isovector transfer, it would be sufficient to calculate the
right-hand side of Eq. (4.6) in the SIS model. However in
(p, p') one must take the mixed T=0 and 1 nature of the
process into account. This is accomplished using the iso-
spin decomposition of the N-N interaction from the 500
MeV phase-shift solutions of Amdt. ' The results for

(4.8)

and

2

VPh =
m~

2

(~, ~,)(rr, q)(rr, q)
q +m~ —cg

g2 2
T ~~, 2 2
Ph 2 ~ ~ P P 2 2

m~ q +m& —co

x (Ti ''r&)(o'i x q)(rr2 Xq),

with

Cp f~~p-2. 18, ——
f mgNN =0.08 [g biN from Eq. (2.4)],
4m Sam N

2 2A p
—m

~P p2 + 2

A =1.3 GeV and A& ——2 GeV .

All RPA calculations include explicit coupling of nu-

In the discussions which follow, all response functions
with a tilde will indicate the appropriate isospin averaged
quantities. Thus R denotes the total isospin averaged
response function.

In all calculations we have assumed that the spin-
dependent isoscalar response functions are given by the
free (noninteracting nucleon) functions. This is consistent
with the known weakness of the isoscalar spin-dependent
forces, but not well established at large q.

The N-N interaction in the spin-isospin channel is, of
course, crucial in our analysis. It is only through the iso-
vector longitudinal response that we establish a relation
between this experiment and the EMC effect. We will
thus be very explicit in the assumptions made in the
present calculations of both the (p, p') reaction 6 and the
EMC effect. 2

The N-N particle-hole interactions in the isovector
longitudinal and transverse channels are, respectively, tak-
en to be of the standard n and p exchange forms. To the
pure meson exchanges one adds the usual 5 function in-
teraction g'(oi o2)(vi r2) to account for short range ef-
fects. The complete interactions are then
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cleons and 5's with the usual assumption made that
g'(NN) =g'(N4) =g'(b b, ). The value of g' is reasonably
well established near q=0, but essentially undetermined
experimentally near q =1.75 fm '. In particular, critical
opalescence experiments only eliminate the very highly
collective values of g' less than about 0.5. Thus we have
performed calculations with a range of possible values,

g =0.55, 0.7, and 0.9. The minimum possible in this
model is g'=0. 4, which ~ould make nuclear matter un-
stable with respect to pion condensation. '" The signa-
ture of pion condensation here is that the longitudinal
response Rr (q, co) diverges at re=0 for a nonzero critical
value of q. The collectivity in the longitudinal channel
and hence both RL /RT of the present experiment and the
low-x enhancement of the EMC effect vary considerably
over this range. This is clear in Fig. 4, where the com-
plete SIS calculations are compared to the superratio of
Eq. (4.6) [with definitions (4.7) and (4.8)]. (The EMC ef-
fect is considered later. } All calculations presented are for
Pb. There is little sensitivity to the nucleus since the
half-density region is dominant in the SIS (and local Fer-
mi gas) calculations.

It is obvious that the largest value of g' is favored. We
should emphasize that the errors of Fig. 4 are only experi-
mental. The significance of the disagreement between the
data and the calculations also depends on the "theoreti-
cal" error bars in the reaction theory (the SIS model). In

Sec. V we consider some corrections and modifications of
the model which relate to this point.

C. Separate analysis of RL, and 8&

The simple ratios of Eqs. (4.5) may also be analyzed
separately. The numerators are again the isospin average
response functions of Eqs. (4.7) and (4.8). The denomina-
tor, R, is dominated by the isoscalar spin-independent
response function, but is constructed to contain all spin-
isospin contributions. The isoscalar response contains
well-known collective giant resonances at small q and co,
and it is important to include the appropriate physics in
this channel in the present analysis. Fortunately, the SIS
model with a RPA response function reproduces the gross
features of medium-energy p-nucleus continuum data very
well. Figure 5 shows this model's ability to account for
800 MeV p-nucleus continuum data near the momentum
transfer of the present experiment (where absolute cross
sections were not measured}.

Comparison of the calculated simple ratios RL, T/R to
experiment is shown in Fig. 6 for the three values of g'.
Figure 7 shows the calculated individual response func-
tions which are used to form the ratios (for g'=0. 55).
The decrease seen in Fig. 6(a) at small co for the g'=0. 9
curves is due to a small collective enhancement in the iso-
scalar response which contributes to the denominator.
For the smaller values of g' the collective nature of RL
causes the ratio to rise in substantial disagreement with
experiment. The m=19 MeV point is substantially below
the g =0.9 calculation in Fig. 6(a). This may indicate
that the calculated isoscalar response is not sufficiently
collective. Another possibility considered in Sec. VB is
that there is an additional co dependence not contained in
the SIS calculations.

Whether one uses RL /RT or RL/R, the analysis based
on the SIS calculations does not favor any collectivity in
the spin longitudinal channel.

The ratio RT/R is not reproduced particularly well by
0.0 0.5 1.0

q {fm '}
l.5 2.0 2.5

4

1
0

1
T

1

Ca

4

~(/} 3

208Pb(p p)zoSPb
800 MeV

q=17fm '

ii,

a 1 I I

20 40 60 80 %0
u (Mev)

FIG. 4. The ratio of spin longitudinal to transverse response
functions as defined in the text. The top point and curves are
obtained by averaging the lower values over ~. The calculations
were performed using the SIS model with values of g'=0. 55
(dotted), 0.7 (dotted-dashed), and 0.9 {solid}.

20 40 60 80 100 120 140 160 180 200

FIG. 5. Total continuum differential cross section from Ref.
2S. The solid curve is a calculation using the SIS model.
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2.0 V. EXTENSIONS OP THE SIS MODEL

1.5

~ ~

~i(~

This section considers three possible extensions of the
analysis presented in Sec. IV. The calculations give some
indication of the "error bars" on the theory discussed in
Sec. IV.

0.5
A. Distortion effects
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FIG. 6. Response function ratios described in the text. The
curves are SIS calculations with g'=0. 55 (dotted), 0.7 (dotted-
dashed), and 0.9 (solid).
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the calculations (there ts little sensitivity to g'). Recall
that the transverse response is a nearly equal mixture of
isoscalar and isovector [Eq. (4.8)). The discrepancy seen
could be due to a small deviation of the isoscalar trans-
verse response from its assumed free (noninteracting)
value.

Equations (4.3) do not account for distortion effects
other than eikonal attenuation of the initial and final nu-
cleon waves. In particular, there is no account taken of
spin-orbit (SO) distortion.

We note that there is considerable evidence against any
large SO distortion effects in comparisons of the parame-
ter Dz~ (or S~~) to distorted-wave Born approximation
(DWBA) calculations. It is generally found that D~~ can
be predicted by model analyses which neglect SO effects
completely. ' ' Perhaps the most convincing evidence
comes from measurements of DN~ for collective isoscalar
transitions. ' Measurements to date give DNz —1, the
value expected for a completely spin-independent scatter-
ing.

On the theoretical side, the most notable work to date is
a recent model of continuum polarization observables by
Horowitz and Iqbal. They treat SO (and other) distor-
tion effects in the eikonal approximation. Their con-
clusions, with the model's assumptions, are that Sz and
Sz are not affected at all by SO distortion. This is not the
case for other observables such as A» and Dis, where SO
distortion effects are significant.

A remaining "distortion" effect not included in either
the SIS or Horowitz-Iqbal models has to do with the
differences in range of the transverse and longitudinal in-
teractions. Simply stated, the long range of the one-pion
exchange interaction may allo~ the proton to probe RL
further in the nuclear interior, thus affecting the ratio
RL /Rz. Evidence of such an effect has been suggested in
analysis of small q data. To be quantitative in assessing
this possibility, we have performed DWBA calculations
for Ca in which the continuum scattering at
q=1.75 fm is represented by a high-spin harmonic-
oscillator transition density. The oscillator parameter was
chosen to yield a form factor peak at the half-density
radius. Single particle transitions of the type afiq2
+bfs/q~g&/z (0+~6 ) were employed, with a and b
chosen to yield either a purely longitudinal or purely
transverse form factor at the peak of the cross section.
Both DWBA and PWBA (PW denotes plane wave) calcu-
lations were then performed for both transition densities
using the Love-Franey interaction. The range effect is
presumably absent in the PWBA calculations. The result
18
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(RL/RT) /(RL/RT) =1.05 .

FIG. 7. Contributions to the SIS model calculations of the
ratios of Eqs. (4.5} and {4.6} as defined by Eqs. (4.4}. They are
8 (dotted), E.T (long dotted-dashed), RL (short dotted-dashed),
and Rf (sohd). The calculations use g'=0. 55.

Thus there is a slight favoring of the spin longitudinal
response, indicating that the unit line of Fig. 4 might
better be drawn at the above value (with a corresponding
increase in the SIS calculations).



634 L. S. REES et aL 34

0.15

0,10

0.05
~ ~

0.00 I I

60 80
v (MeV)

10Q 120 140

0.15

0.10

B. co dependence in the ~H data

In the SIS model the kinematics of the N-N system are
treated in a manner which refle:ts the distribution of Fer-
mi momenta in the target nucleus. For ro dependence of
the differential cross section, this treatment is quite accu-
rate as seen in Fig. 5. There is, however, no explicit u
dependence in the spin-dependent cross sections other
than that assumed to arise from the response functions of
Eq. (4.3). Our use of the deuterium data as the average
p-p and p-n values imphes Ro —RL ——RT —and hence no ro

dependence. Figure 3 suggests that there is, in fact, an r0

dependence in the deuterium data not contained in the
model.

In order to investigate this as a possible kinematic ef-
fect due to the variation of q and co over the quasielastic
peak, we have constructed a knock-out model with the
following properties. The cross section is given by

do do 2

dn, dn, dE,
=

where E is a kinematic factor, p& is the recoil momentum
of the residual nucleon, P is the nuclear wave function of
the struck particle, and

~

de/dec
~

N.N is the half-off-shell
two-body differential cross section. For this quantity we

'~ Pb ii

&i(~)

&(~)
Il

J
IF

Ca II
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I 1

60 80
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100 120 140

FIG. 9. The longitudinal response function ratio as described
in Sec. VB.

used the on-shell cross section evaluated at energies given
in either the final energy prescription (FEP, which uses
the c.m. energy of the two emergent particle) or the initial
energy prescription (IEP, which uses the energy of the in-
cident particle and an on-shell struck particle boosted to
the c.m. of the emergent particles). The polarization of
the emergent particles and hence the polarization transfer
observables are determined completely by the correspond-
ing two-body values. In order to relate this calculation to
experiment, one integrates the observables weighted by the
cross section over the unobserved particle. The co depen-
dence of the observables arises from the ~ dependence of
the effective angles and energies at which the two-body
cross sections are evaluated.

Figure 8 shows the comparison of the knock-out model
to SL and Sr for deuterium. The predicted linear in-
crease with increasing r0 is in good agreement with the
data (the same trend is also seen in Ca and Pb). Because
the slopes for Sr and Sr are nearly identical, this co

dependence has almost no effect on the superratio
RL /Rz. However, in analysis of Rr /R one has a correc-
tion to the analysis of Fig. 6 which should be taken into
account. We have accomplished this by performing a
hnear least-squares fit to the Sr data for deuterium and
using the resulting Sr (c0) to replace (Sr ) in Eq. (4.5).
Statistical errors from the fit are included in the resulting
error bars shown in Fig. 9. It is clear that the g'=0.9
curve is still favored, but that increased size of the errors
makes the ease less dramatic, particularly if one ignores
the co =19 MeV point, where the SIS model may not have
sufficient scalar-isoscalar collectivity.

0.00
0 20 40 60 80

u (Mev)

FIG. 8. The calculated co dependence of S~ and S~ for H
using the model described in the text. The dotted and solid
curves use, respectively, the initial and final energy descriptions
using the phase-shift solutions from Ref. 19. The cross-hatched
region is derived from a linear least squares fit to the data.

C. Double scattering in the SIS model

It is straightforward to treat higher orders of scattering
in the SIS model. A look at the qualitative features of
the nuclear response functions ' reveals that the spin and
isospin independent function Ro has by far the largest
cross section. This occurs in the small q, co region, where
the collective giant resonances dominate. Schematically
then, one might consider the dominant double scattering
process for either longitudinal or transverse spin fiip at
large q and co to consist of a small q-co collective scatter-
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FIG. 10. Single and single plus double scattering contribu-
tions to the spin longitudinal response function.

ing followed or preceded by a large q-ro (near
q=1.75 fm ', &0=60 MeV) spin-flip event. In the limit
that the spin-independent excitation occurs with no
momentum transfer or energy loss, the kinematics of dou-
ble scattering are identical to single scattering. The prin-
cipal difference is that the probe is slightly more likely to
sample the nuclear interior resu—lting in an increased sen
sitivity to the proposed pionic collectivity.

We have not pursued this point quantitatively since the
calculations presented here are still rather schematic. Fig-
ure 10 shows the single and single plus double scattering
calculation of Rr in the SIS model. The observed -10%
increase shows that double scattering is not a large effect
in the present experiment. Spin recoupling between
scatterings and the increased sensitivity to the nuclear in-
terior mentioned earlier were not taken into account in the
calculations; hence the results cannot be applied quantita-
tively to the data. However, they do indicate that multi-

ple scattering effects are unlikely to change the con-
clusions based on the single scattering form of the SIS
model.

VI. CONCLUSIONS —EXCESS PIONS
AND THE EMC Eel ECT

We have described in detail the model relation of the
polarization observables of the present experiment to the
spin-longitudinal and transverse nuclear response func-
tions. Analyses of the data both in terms of the ratios
Rr. (ro)IRT(rv) and RL(rv)/R(ro) show no evidence for
collectivity in the nuclear pion field, such as would be re-
flected in an increase in Rr, (ro) at small co. Using the
m+p+g' model for the spin-isospin response functions,
our experiment favors g'=0. 9 and strongly rules out
values as small as g'=0. 55.

The connection between the surface spin-isospin longi-
tudinal response of the present experiment and the pion-
excess model of the EMC effect has been outlined previ-
ously ' ' and is summarized in Secs. II and IV. Calcula-
tions of the EMC effect with the range of g' considered
here are shown in Fig. 11. For these calculations we have

FIG. 11. Calculations of the EMC effect using the model of
Ref. 6. The curves are for g'=0. 55 (solid), g'=0. 7 (dashed),
and g'=0. 9 (dotted-dashed). They correspond to the same nu-
clear structure calculations presented in Figs. 4, 6, and 9.

assumed kf ——1.3 fm ' (full nuclear matter density) and
that the pion and nucltxin structure functions are identi-
cal. More realistic values for both ' will reduce the x =0
intercept of the curves of Fig. 11. It is clear that the
model analysis of this experiment favors values of
g') 0.9. This leaves little or no excess pions for the low-
x EMC effect.

Although the present analysis of 500 MeV inclusive
proton scattering is far from perfect, a number of points
including spin-dependent distortion, kinematic effects in
the deuterium data, and multiple scattering have been ex-
amined and have been found not to change the conclusion
of the SIS model analysis.

Two further points relevant to this analysis have been
discussed elsewhere. i is First, the discrepancy between
the "pionically collective" response functions and the
present data is greatest at small ~ where models based on
the Fermi gas are suspect due to lack of binding energy ef-
fects. ' The SIS model remedies this deficiency by in-
cluding both bound and scattering wave functions for nu-
cleons near the Fermi surface. Furthermore, the SIS
model is quantitatively able to reproduce continuum data
at values of co even smaller than in the present experi-
ment. ' In short, the present analysis does not suffer any
shortcomings in the small co region at large momentum
transfer.

The second point is that one needs to consider the pos-
sible mixing of transverse and longitudinal response func-
tions in a finite nucleus (only in nuclear matter are they
completely orthogonal). Such a calculation has been done
in a harmonic oscillator basis for Ca, and will be pub-
lished shortly. The result is that there is at most a 7%
reduction in RL/RT at ~=20 MeV. The magnitude is
thus far too small to have a significant impact on our con-
clusions.

Finally, we are aware that an alternative model of the
EMC effect in terms of excess pions exists which gives a
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very good reproduction of the EMC and SLAC data. The
nuclear matter theory from which the pions are generated
bears little resemblance to that employed here. %'e believe
that this model should be put to the test of reproducing
the present experiment. Only by confronting low-energy
data relevant to the meson/baryon description of nuclei
will "conventional" nuclear physics models of high-energy
physics results be truly tested.
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