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Data for pion-single-charge exchange reactions at 750 MeV/c on complex nuclei are analyzed fory-scaling,
or single scattering quasifree, responses. The angular dependence of the data is used to separate the spin and
nonspin isovector responses, with comparisons to electron scattering results.
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I. INTRODUCTION

Electron scattering experiments have shown that incoher-
ent single-nucleon elastic scattering on bound nucleons
within complex nuclei can be demonstrated by kinematic
considerations, via the mechanism ofy scaling [1]. This
method has also been applied to quasifree(non-charge-
exchange) pion scattering(NCX) data, wherey scaling is
also found, after taking into account distortion, shadowing,
and second-scattering effects, at least for light nuclei[2]. The
scaling responses found for the pion beam differed from
those found with electrons. Here we apply a similary-scaling
analysis to quasifree pion-single-charge exchange(SCX)
data at a beam momentum of 750 MeV/c. We expect strong
interaction effects to cause our isovector scaling to differ
from that seen with electrons. If the general characteristics of
y-scaling are seen in SCX, we may use the single scattering
to infer changes in the pion-nucleon SCX cross sections in
the nuclear interior, relative to those in free space.

We use the portion of the continuous spectrum of the
scattered neutral meson near the kinematics for the free SCX
scattering. The beam momentum and momentum transfers

suffice to meet the conditions of incoherent scattering at all
except the smallest angles[3].

The kinematicy-scaling methods are described in Sec. II,
including the changes from the standard usage because of the
charge-changing nature of the reaction. As in the NCX analy-
sis, the SCX data must be corrected for effects of the large
meson-nucleon cross sections. This is carried out as de-
scribed in Sec. II, with a test of the results in Sec. III. Mea-
sured cross sections shown in Sec. III are fit to obtain the
in-medium meson-proton charge exchange differential cross
sections, and the doubly differential cross sections are sub-
jected to they-scaling transformation. Scaling is found not to
be valid under the simplest assumptions, and the response
data are compared to a new spin separation analysis in Sec.
IV. The special case of quasifree pion SCX on the deuteron is
treated in Sec. V, and the results of our analysis for all nuclei
are compared to the conclusions from electron scattering in
Sec. VI.

II. METHODS

The y-scaling analysis assumes that there has been one
and only one quasifree elastic collision(here, free charge
exchange by ap− beam on a target proton) of the projectile
with a bound nucleon, which will have some distribution of
its momentum. These assumptions allow the combination of
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the two variablesq (the laboratory frame three-momentum-
transfer to the projectile) andv (the laboratory frame energy
loss of the projectile) to be combined into a single variable,
y, which may be thought of as the component of the nucleon
internal momentum along the direction of the momentum
transfer, for large values ofq [1]. If the assumptions and
parameters are correct, all measured doubly differential cross
sections will yield the same value for a certain transformed
spectral observable.

We use the kinematic variable

y = y`F1 −
y`

ÎM2 + sqeff + y`d2

2MsA − 1dsy` + qeffd
G s1d

for a target of massA, including recoil[4], with

y` = Îsv − SEd2 + 2Msv − SEd − qeff. s2d

The separation energy parameters SE are taken to be those
used by Ref.[4], with the inclusion of the Coulomb energy
for the negative pion beam and of the free SCX Q value of
3.8 MeV. These are listed in Table I. The effective momen-
tum transfer is used to include the Coulomb effect on thep−

beam, as in Ref.[2]. The nuclear potential sensed by the
projectile will also change the effective momentum transfer.
Real potential well depths obtained from fits top-carbon
elastic scattering near 750 MeV/c are small(about 8 MeV
and attractive) [5], and so the effect of this interaction is not
included here. Free nucleon massesM are used throughout in
the present work.

The measured doubly differential cross sections are trans-
formed into

Fsyd =
d2s/dV dv

d s/dVsfreed
1

Zeff

qeff

ÎM2 + sy + qeffd2
s3d

using the free proton pion SCX cross sections measured dur-
ing the same experiment, with the same angle bins and en-
ergy resolution. No effects of internal momentum distribu-
tions in the complex nuclei were included. Note that several
systematic uncertainties cancel with this usage. The number
of protons in the target nucleus eligible for strictly single
scattering sZeffd is computed by an eikonal or Glauber
method[6] based upon compiled pi-nucleon total cross sec-
tions [7] and using distributions of protons from Ref.[8].
Since the responseFsyd does scale for electron scattering on

nuclei, it is our goal to use the SCX scaling functions to infer
ds /dV, not free, but within nuclei.

Meson-nucleon total cross sections forp− were used in
this computation ofZeff; note that charge symmetry implies
that the averagep0 total cross sections are the same as those
for p− in a symmetric nucleus. These total cross sections,
and henceZeff, change little with the energy of the outgoing
particle until outgoing energies are near 180 MeV. This is
reached for the quasifree peak at 750 MeV/c only at angles
of 155° and beyond. Meson-carbon total cross sections com-
puted with this model were shown to agree with measured
values to within about 10% in Ref.[2].

The validity of thisZeff computation was demonstrated by
the test of superscaling in Ref.[2], where the scaling re-
sponsesFsyd were transformed by the nuclear Fermi motion
into a responsefsYd that should be the same for all nuclear
targets, as examined for electron scattering[4]. This transfor-
mation is here applied to SCX data.

The superscaling comparisons are then for

Y = y/kF s4d

and

fsYd = kFFsyd. s5d

Strictly speaking, superscaling should require bothy scaling
for each target for a range ofq or u, andY scaling for each
target at eachq. If medium effects alter the elementary SCX
differential cross section from angle to angle, the mass de-
pendent part of superscaling might still be expected to hold
at a given angle. We shall use superscaling in the latter sense,
as a test of theZeff method. The Fermi momentakF for this
superscaling analysis are taken from the measured widths of
the SCX spectra at 45° and 55°, averaged using the relativ-
istic Fermi gas model as in Ref.[4]. Results are listed in
Table I; uncertainties are about 10 MeV/c.

III. DATA AND RESULTS

The cross sections presented here for ap− beam momen-
tum of 750 MeV/c were obtained with a detector subtending
nearly 4p of solid angle. The experiment used the Crystal
Ball detector andp− beam from the Brookhaven AGS; some
results from this same experiment were presented in Ref.[9].

The large acceptance of 93% of 4p allows us to selectp0

events decaying to only two photons, and the spectra are thus
exclusive, with one and only one(almost) p0 ejectile. A
charged particle veto counter was also used, further empha-
sizing the exclusive SCX reaction. Normalization of the
cross sections, after efficiency corrections by a Monte Carlo
system described in Ref.[9], was checked by comparison to
our proton SCX yield, obtained by subtraction using CH2
and C samples, to the phase-shift expectations for SCX[7].

Since the coverage of the Crystal Ball Detector was so
broad, we show in Fig. 1 the relation between angles, ener-
gies, and three-momentum-transfers. The data were binned
into 10° segments, nearly corresponding to a fixed momen-
tum transfer for each bin.

Samples of the obtained doubly differential cross sections
are shown in Figs. 2–4. Gaussian fits to the quasifree peaks

TABLE I. Several parameters used in the present analysis of
pion SCX spectra are presented. Fermi momentakF were obtained
from the widths of the quasifree peaks in the 45° and 55° SCX
spectra, using a relativistic Fermi gas model.

SE kF

Nucleus (MeV) sMeV/cd Zeff

D −2 1.0

C 11 235 1.722

Al 8 231 2.786

Cu 6 277 3.935
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are formed by forcing agreement to the high laboratory en-
ergy side without a background, as shown in these figures. A
linear background was estimated as indicated in these
samples to yield singly differential cross sections and quasi-
free responses above that background. Uncertainties for these
subtracted results were taken to be one-third of the back-
ground. These backgrounds could be due to a number of
processes other than single scattering not removed by our
nearly exclusive trigger. Angle bins are taken to be 10° wide,
and are available from 25° to 155°, covering a laboratory
momentum-transfer range from 431 to 1004 MeV/c for free
scattering. The SCX inclusive spectra at 624 MeV/c show a

strong rise at moderate angles for large energy losses[10]
unlike the present exclusive data.

Spectra from 45° for C, Al, and Cu are shown in Fig. 5 as
transformed to the superscaling format, with Fermi momenta
and Zeff values as listed in Table I. These match well, con-
firming the validity of theZeff method for the magnitudes of
our scaling responses at forward angles. This same conclu-
sion was reached for pion NCX on complex light nuclei at
950 MeV/c [2]. The laboratory momentum transfer for free
scattering at 750 MeV/c and 45° is 534 MeV/c.

The fits with backgrounds enable integrated singly differ-
ential cross sections to be formed, after division byZeff.
These areas used the fitted high energy edge of the peak to
define a Gaussian, with the linear background estimated
across the entire peak, as indicated in Figs. 2–4. Peak areas
without backgrounds gave differential cross sections in
agreement with those shown in Ref.[9], lying between the
open and closed points in their Fig. 10, where different fitting

FIG. 1. The angular coverage of the Crystal Ball detector ranges
from 25° to 155°. The locus of free pion SCX is shown by the solid
curve; this will lie near the values ofy=0 for the complex target
spectra. Dashed lines show wherey is to be found 100 MeV/c from
this center. Labeled curves show loci of fixed free three-
momentum-transfer, in MeV/c.

FIG. 2. Doubly differentialsp−,p0d cross sections from the
Crystal Ball at 750 MeV/c are shown for carbon. The curves show
fits based upon the assumption of no background and using the high
energy edge of the quasifree peak; a linear background as indicated
was used for some results.

FIG. 3. As for Fig. 2, but for the aluminum target.

FIG. 4. As for Fig. 2, but for the copper target. The spectrum at
135+ had too few counts to be useful.
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systems were used to measure the areas of the quasifree
peaks. The arbitrary units used in Ref.[9] were converted to
mb/sr by means of the comparison of the relative free-space
cross sectionssds /dVd shown in Fig. 6 to actual free SCX
cross sections[7]. These quasifree SCX cross sections for
complex targets differ significantly from the expected free
scattering.

The exclusive singlep0 trigger used for the Crystal Ball
measurement provides a clear peak neary=0 out to large
scattering angles. The example for the carbon target is shown

in Fig. 7. The magnitudes of theFsyd responses do not, how-
ever, scale together, and the peak is not found aty=0. This
offset in energy(or y) was found to match closely the posi-
tion of the measured free hydrogen SCX, indicating an inac-
curacy of our absolutep0 energy determination. This has
almost no effect on the present analysis.

We next examine the possibility that the isovector SCX
cross sections within the medium of our complex nuclear
targets hold a different balance of spin-zero and spin-one
transfer from those observed in free space, to account for the
lack of scaling in magnitude.

IV. SPIN TRANSFER ANALYSIS

The sensitivity of the method developed here to separate
DS=0 andDS=1 responses gains from the fact that the ratio
of the DS=1 differential cross section in free space to the
total has a minimum near the middle of our angular range at
750 MeV/c [7], but not at the minimum of the differential
cross section. TheDS=1 cross sections must vanish at 0° and
180° for the spin-zero mesons, but are also small near a
laboratory angle of 65° for this momentum. The 4p coverage
of the Crystal Ball ensures a large solid angle near mid-
angles.

We create our spin separation by analogy to the Rosen-
bluth decomposition used for electron scattering. There, a
form factor is defined by the ratio of measurements to the
expectation for scattering from a single-point charge, that is
with DS=0 (longitudinal) scattering. When these form fac-
tors are plotted against a variable providing the relativeDS
=1 (transverse) scattering to theDS=0, the intercept and
slope can be used to separate theDS=0 and DS=1 re-
sponses. The Rosenbluth parameter used is

xR = s 1
2 + tan2u

2d s6d

for the spin-1/2 electron. If the spin-zero meson could be
treated in the same fashion, the separation variable would be
tan2 u, for DS=0 scattering proportional to cos2 u and DS

FIG. 5. Cross sections as in Figs. 2–4 without background sub-
traction are shown at 45+ for the three complex targets, after trans-
formation to the superscaling format. The parameters of the trans-
formation are listed in Table I. This agreement for three target
nuclei is taken to indicate the validity of our method to determine
Zeff, which changes from 1.7 to 3.9 for this range of nuclei. The
momentum transferq of 530 MeV/c for these data is near the val-
ues emphasized in thep− NCX cases in Ref.[2].

FIG. 6. Cross sections from fits to the SCX spectra with linear
backgrounds such as shown in Figs. 2–4 subtracted are plotted,
after division byZeff. The curve shows the free SCX cross sections
[7], averaged over the same angle bins as the data. Note that the
minimum near 75° in free space is lost for the complex targets.
These cross sections without backgrounds agree with the relative
values shown in Ref.[9].

FIG. 7. Carbon SCX cross sections without background subtrac-
tion are shown transformed to the scaling response. The peak found
near y=0 for these and other angles does not show a consistent
scaling magnitude, and is not unidirectional with increasing angles.
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=1 scattering proportional to sin2 u. The spin transfer ampli-
tudes for freep-nucleon scattering have been applied to
p-nucleus coherent scattering[11]. There, an infinitely heavy
nucleus was assumedsv=0d, and data were plotted against
beam energy for fixedq to recognizeDS=0 andDS=1 tran-
sitions. A number of pion scattering experiments to discrete
nuclear states used this simple separation to note the two
spin possibilities[12].

Instead of simply the geometrical approximations, we
here use the ratio ofDS=1 cross sections toDS=0 cross
sections directly from the phase-shift solution, using

x = ugu2/u f u2, s7d

with g and f the DS=1 and DS=0 free-space amplitudes
from Ref. [7]. The scaling responsesFsyd are used to plot
s1+xd Fsyd againstx to make our separation. We here use
only the maxima of the observed responses above a back-
ground neary=0 from the fits as in Figs. 2–4. The statistical
accuracy of the data is insufficient to use any other features
of the spectra. Since recoil is important in our quasifree spec-
tra, we use a fixed value(zero) of y, notq as used for nuclear
transitions. Forv=0, fixedq implies fixedy.

Measurements at 25° are not included in the fits or the
plots, since their momentum transfers are not high enough to
guarantee that the Pauli principle has not blocked the free
scattering.

Further, by selecting the measurements neary=0 we
minimize the role of the nucleons’ internal motions. In the
optimal frame description[13], just the laboratory energy is
shown to be appropriate for hadron-nucleon scattering aty
=0.

Results of this spin transformation are shown in Figs. 8
and 9 for three nuclear targets. Small values ofx are found
for small and large scattering angles, and near 65°. The larg-
est values ofx come from 105°. The straight line fits shown
assume only that there is a single scaling response, here for
its maximum, forDS=0 sF0d and for DS=1 sF1d, but that
these need not be equal to one another.

The fitted intercepts and slopes give the responses above
backgrounds listed in Table II. For a simplest comparison,
consider the interceptF0sy=0d=2.92s0.28d GeV−1 for car-

bon. Scattering from a Fermi gas withkF=235 MeV/c
would yield a parabolic shape forFsyd, centered aty=0 and
extending betweeny=−235 MeV/c and y= +235 MeV/c.
For this to have a unit area, corresponding to free scattering,
the maximum would have to be 3.19 GeV−1. Our observed
DS=0 maximum is near this value.

The spin analysis indicates changes betweenDS=0 and
DS=1 SCX cross sections in the medium from those in free
space. These changes are thus seen to be responsible for the
changes from the total free scattering differential cross sec-
tions noted in Fig. 6, and in the scaling of Fig. 7.

More thorough comparisons of these SCX spin-separated
responses to other results will be provided in Sec. VI.

V. RESULTS FOR DEUTERIUM

The measurements included deuterium using the differ-
ence of spectra from a solid CD2 target and a C sample. The

TABLE II. Maxima neary=0 of the spin-separatedy-scaling functionsFsy=0d and the superscaling
functions fsY=0d, after subtraction of linear backgrounds as shown in Figs. 2–4, are compiled, as obtained
from the linear fits shown in Figs. 8 and 9 for complex nuclei with 750 MeV/c pion SCX. These are
compared to the maxima of the separated longitudinalsfLd and transversesfTd superscaling functions read
from Figs. 10 and 11 in Ref.[4], also with a linear background subtraction. Note that data from the same
angular range were not available for all targets.

Nucleus
F0sy=0d
sGeV−1d

F1sy=0d
sGeV−1d f0sY=0d f1sY=0d fLsY=0d fTsY=0d

C 2.92(0.28) 2.04(0.15) 0.69(0.07) 0.48(0.04) 0.54(0.04)a 0.56(0.14)a

Al 4.91(0.31) 1.96(0.13) 1.13(0.07) 0.45(0.03) 0.50(0.04)b 0.48(0.16)b

Cu 3.99(0.35) 1.28(0.18) 1.11(0.10) 0.35(0.05) 0.50(0.04)c 0.41(0.20)c

aAt q=570 MeV/c.
bFor Ca atq=570 MeV/c.
cFor Fe atq=570 MeV/c.

FIG. 8. The spin decomposition method developed in the text
for spin-zero mesons provides the carbon data shown, for scattering
angles from 35° to 145° at 750 MeV/c. The spin separation vari-
ablex is the ratio of spin to nonspin free-space cross sections, and
only the fitted maxima(neary=0) of the cross sections above back-
grounds such as shown in Fig. 2 are used. The intercept atx=0 is
used to determine the nonspin response maximum, and the slope
gives the spin response maximum.
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narrow quasifree peak in the doubly differential cross sec-
tions seen in Fig. 10 provided a reliable area to determine the
single-differential cross section, in contrast to the data in-
cluding a continuum background for the complex nuclei.
These data transformed to they-scaling format are also
shown in Fig. 11. A value ofZeff=1 is used for this analysis;
our Glauber model gives an expectation very near unity.

Figure 12 shows the deuteronp− SCX cross sections,
with comparisons to the expectations from the phase-shift
analysis. The curve is averaged over the same angle bins as
are the deuteron data. The differences from free scattering
are similar to, but less marked, than seen for the heavier
nuclei in Fig. 6. See also the results in Ref.[14] for
624 MeV/c SCX.

The spin decomposition for deuterium is applied to the
areas, and not just to the maxima of the scaling responses, in
order to garner more counts for better accuracy. Differential
cross-section ratios to data for protons are used in Fig. 13,
with the linear best fit. The intercept and the slope give ratios
to free scattering of 1.37(0.07) for DS=0 and 0.77(0.04) for
DS=1.

An extrapolation tox=0 at 180° using only deuteron SCX
data from 105° to 155° provides a ratio to the hydrogen SCX
data of 0.94(0.10). This indicates little if any change in the
isovector DS=0 strength atq=1028 MeV/c sQ2=q2−v2

=0.83 GeV2d. This information forDS=0 is complementary
to isovector electron scattering data sensitive to theDS=1
strength in deuterium at similar momentum transfers[15].

VI. COMPARISONS OF RESPONSES
AND CONCLUSIONS

Since we are using a strongly interacting probe of a
nuclear response, the effects of nuclear absorption, shadow-
ing, and multiple interactions must be treated and shown to
be known to sufficient accuracy to use the nuclear response
results. The Glauber method[6] used here was shown in Fig.
5 to yield the superscaling response at a single angle for our
range of nuclear target masses. In Ref.[2] it was shown that

FIG. 9. As for Fig. 8, but for the Al and Cu samples.

FIG. 10. Samples of doubly differential cross sections for
Dsp−,p0d at 750 MeV/c. Note the lack of backgrounds.

FIG. 11. Pion SCX cross sections shown in Fig. 10 are here
shown in they-scaling format. The recoil correction approximation
in Eq. (1) is very large for this case.

FIG. 12. Integrated quasifree cross sections forDsp−,p0d are
shown for 750 MeV/c, compared to free-space expectations[7],
averaged over the same angle bins as the data.

R. J. PETERSONet al. PHYSICAL REVIEW C 69, 064612(2004)

064612-6



this model also reproducesp−-carbon total cross sections to
about the same accuracy as the scatter seen here in Fig. 5.
We concude that theZeff approximation is valid for our
analysis.

The assumption of one and only one quasifree interaction
between the pion projectile and ejectile with target nucleons
is tested by the kinematics of they-scaling transformation.
The 750 MeV/c Crystal Ball data shown here are selected
from p0 decays into two photons only, and strongly exclude
inelastic events. An analysis of 2p0 events is found in Ref.
[9]. We find the exclusivesp−,p0d spectra to show evidence
of y scaling in Fig. 7, in that the expected quasifree response
peak very near the energy for free SCX is obtained over a
wide range of angles, fromq=430 MeV/c to q
=1004 MeV/c for carbon. The magnitudes of these re-
sponses do not scale, however. A similar situation was found
for nucleary-scaling studies of pion NCX at 950 MeV/c [2],
with better agreement asq was changed than is seen here.

We ascribe the failure to scale in the 750 MeV/c Crystal
Ball data to a change in the pion-nucleon differential cross
sections within the complex targets. A new method to sepa-
rate the spin-zero and spin-one transfer responses was pre-
sented, and shown to provide the straight line fits shown in
Figs. 8 and 9. The angular dependence of the ratio of spin to
nonspin free SCX cross sections at 750 MeV/c and the full
angular range offered by the Crystal Ball detector enable this
method to be quite sensitive. The separated maxima of the
y-scaling responses for C, Al, and Cu, as listed in Table II,
indeed differ forDS=0 andDS=1.

The SCXy-scaling responses are best compared to sepa-
rated electron scattering responses by the superscaling for-
mat, using Figs. 10 and 11 of Ref.[4]. Peak magnitudes

above linear backgrounds were estimated for the electron
data, as was done with our SCX results. We use the Fermi
momenta from Table I to compute thefsY=0d SCX super-
scaling maxima in Table II. TheDS=0 pion quasifree SCX
isovector maximaf0 are larger than the longitudinalfL or
DS=0 charge responses, due only to the charge of the pro-
tons in the targets. Our SCX responses are also from target
protons. Pion NCX studies showed an enhancement in the
nuclear medium of the isoscalarDS=0 cross sections[2]. If
the smallDS=1 cross sections forp− NCX at 950 MeV/c
andK+ at 705 MeV/c andq=500 MeV/c are not included,
these NCX data[10] would provide values off0 near unity.
Thus the nearly isoscalar NCX and the strictly isovector
SCX superscaling maxima agree quite well in theDS=0
channel, and both exceed the measured charge responsefL.

The isovector responses from pion SCX are more directly
comparable to the transverse electromagnetic data, predomi-
nantly also isovector. TheDS=1 transfer by the spin-zero
pion must also be transverse to the direction of the momen-
tum transfer. The pion response maxima above backgrounds
are found to be smaller than those from electron scattering,
although the cases cannot be compared directly. If electron
and pion SCX data without backgrounds are compared, the
comparisons ofDS=0 and DS=1 responses are much the
same as obtained here with backgrounds for each. The pion
SCX data cover about twice the range of momentum transfer
q as the electron data in Figs. 10 and 11 of Ref.[4].

These evidences of a medium effect altering pion SCX
cross sections in nuclei from their free-space values will
need to be considered in light of recent theoretical under-
standings; a list of relevant references is given in Ref.[9].
Smaller in-mediumDS=1 SCX cross sections and larger in-
mediumDS=0 SCX cross sections are implied by the sepa-
rated scaling responses in Table II, in order to bring agree-
ment between pion and electron data for SCX on deuterium
and complex nuclei.

It is the large angular acceptance and specific singlep0

triggering available with the Crystal Ball detector that en-
ables this work to make a quantitative study of pion quasi-
free SCX y-scaling, and to enable the newDS=0 andDS
=1 separation that permits a most useful comparison be-
tween electromagnetic and hadronic means to study nuclear
y-scaling responses.
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