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Pion-nucleus elastic scattering on12C, 40Ca, 90Zr, and 208Pb at 400 and 500 MeV
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Pion-nucleus elastic scattering at energies above theD~1232! resonance is studied using bothp1 andp2

beams on12C, 40Ca, 90Zr, and208Pb. The present data provide an opportunity to study the interaction of pions
with nuclei at energies where second-order corrections to impulse approximation calculations should be small.
The results are compared with other data sets at similar energies and with four different first-order impulse
approximation calculations. Significant disagreement exists between the calculations and the data from this
experiment.@S0556-2813~97!06405-4#

PACS number~s!: 25.80.Ek, 24.10.2i, 24.30.Cz
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I. INTRODUCTION

The study ofp6-nucleus elastic differential scatterin
cross sections with incident pion energy above 300 Me
i.e., beyond the range of the first pion-nucleon resona
D~1232!, has been motivated by several considerations.
cause the wavelength of the pion is shorter at higher e
gies, it can be a sensitive probe of spatial distributions i
nucleus. The pion-nucleon two-body interaction becom
weaker above resonance, allowing the pion to penet
deeper into the nucleus. The two-body total cross sec
drops to 25 mb~isospin averaged! at 500 MeV, about 18% of
its value on the peak of the resonance. In addition,
smaller two-body cross section implies that second-or
corrections to first-order multiple-scattering optical pote
tials should be small. Thus, significant differences betw
the measured elastic cross sections and the first-order
pulse approximation~IA ! calculations, especially at forwar
angles, could signal the failure of the IA which would pose
number of interesting physics questions.

At energies above theD, pion elastic differential cross
sections at 800 MeV/c were measured at BNL for12C and
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40Ca@1#. The data were in qualitative agreement with a nu
ber of different calculations; however, the differential cro
sections at forward angles were underpredicted by all
them@2–7#. The 15% normalization error in the data, as w
as some uncertainties in the input to the calculations, cau
difficulty in pinpointing the reasons for the discrepanc
More recent pion-nucleus data at 400 MeV for28Si from
LAMPF @8# and for 12C at 610, 710, 790, and 895 MeV/c
and 208Pb at 790 MeV/c from KEK @9–11# are now avail-
able. The overall agreement between theory and experim
is qualitative at best for12C but is quite reasonable fo
208Pb. As will be discussed below, the discrepancy at f
ward angles is less pronounced for these data than for
BNL data or the present experiment.

In Sec. II the experiment is described. Section III brie
discusses the four theoretical calculations which are co
pared with the present experimental data. Comparisons
previous data are also given. A summary is given in Sec.

II. EXPERIMENT

In this work we present elastic scattering data forp6 on
12C, 40Ca, 90Zr, and 208Pb at pion laboratory kinetic ener
gies of 400 and 500 MeV. The data were taken at the L
Alamos Meson Physics Facility. At 400 MeV one is still o
the high-energy tail of theD. At 500 MeV, the pion-nucleon
center-of-mass total energy is 1451 MeV which is near
P11 ~1440!, the next resonance above theD~1232!.

Data were obtained using theP3 east channel at the Clin
ton P. Anderson Meson Physics Facility and the Large A
ceptance Spectrometer~LAS!. The P3 channel provides a
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2534 55GEORGE KAHRIMANISet al.
pion beam, produced by interactions of the 800 MeV pr
mary proton beam in the12C production target. In the origi-
nal design the pion beam was achromatic at the experimen
target; i.e., the mean momentum of the incident pions wou
not be correlated with position. For the purposes of this wo
a dispersed beam tune was developed in order to improve
resolution in the missing-mass spectra. With this tune t
momentum dispersion at the target was 0.5%/cm. The an
of incidence was also correlated with position at the targe
The energy spread of the incident pion beam was about
MeV at the 400 MeV setting and about 12 MeV at the 50
MeV setting.

FIG. 1. Two-dimensional histogram of time of flight vs the geo
metric mean of the pulse heights from the two scintillatorsS2 and
S3. Events in the upper group are identified as protons, and tho
inside the selected box as pions or lighter particles. The latter a
few, and are expected to be almost totally rejected by further kin
matic tests. The data were taken with208Pb, the central scattering
angle set at 12°, andTp5500 MeV. The scales are linear and are
in arbitrary units.

FIG. 2. Un-normlized missing-mass spectra ofp2 scattering at
incoming energy 400 MeV, central scattering angle set at 33°, fro
12C, 40Ca, 90Zr, and208Pb. The bin size is 100 keV. The number o
events has not been folded with acceptance, which varies with
missing mass. In the cases of90Zr and 208Pb, there are excited
states between the 21 and 32 states.
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The outgoing pions were detected using a modified ve
sion of the Argonne Large Acceptance Spectrometer,
Q-Q-D system. Four drift chamber planes, measuring bo
horizontal and vertical positions and angles, were locat
between the second quadrupole magnet and the dipole m
net. Four wire chamber planes followed by two sets of sci
tillators were located after the analyzing dipole magnet. A
of the wire chambers were delay-line-readout drift chambe
@12#. In order to minimize Coulomb multiple scattering and
improve the momentum resolution helium bags were in
stalled along the entire 6-m distance from the target to t
rear wire chambers, the target was enclosed in a vacu
chamber, and thin~6 mm Mylar! windows were used on the
wire chambers. The apparatus included an additional swe
magnet between the target and the spectrometer which w
adjusted to bend the paths of particles with the nominal m
mentum of the spectrometer setting by 10° in the horizont
plane, and to steer particles of the opposite charge away fr
the spectrometer. The acceptance of the spectrometer w
65° in scattering angle~horizontally!, 62.5° in the vertical
direction, and610% inDp/p.

Three beam monitors were used, each supplying a relat
measurement of the integrated current for every run. A to
oidal counter, located just downstream of the production ta
get, monitored the proton beam. An ion chamber was locat
in the production target box. Another ion chamber wa
placed at the exit of the beam pipe. With any fixed beam tu
the ratio of any two beam-monitor readouts was consta
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FIG. 3. The differential cross sections for12C(p6,p6) at 400
MeV ~scaled by 1021! and 500 MeV~scaled by 1011!. The solid
curves are from KDP-RIA calculations, the dashed curves are fro
ROMPIN calculations, the dot-dashed curves are from eikonal c
culations, and the dotted curves are from NRIA calculations.
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55 2535PION-NUCLEUS ELASTIC SCATTERING ON12C, . . .
within 1%. The hardware trigger consisted of a coinciden
between any front-chamber signals with the two scintillato
at the end of the spectrometer. The target thicknesses w
290 mg/cm2 for CH2, 541 mg/cm

2 for 12C, 400 mg/cm2 for
40Ca, 672 mg/cm2 for 90Zr, and 421 mg/cm2 for 208Pb. The
nominal target thickness error is 3% for each target. T
90Zr and 208Pb targets were enriched in isotopic purity t
greater than 95% and the C and Ca targets were of natu
isotopic abundance.

The scattered pion momentum, the coordinates, a
angles at the target location were calculated using Tay
series expansions about the central trajectory through
spectrometer. In addition, redundancy checks~we measured
four positions and four angles to describe trajectories giv
by two positions, two angles, and one momentum! were cal-
culated as differences between the measured rear angles
rear angles calculated using all coordinate information e
cluding the rear angle measurements. The polynomial co
ficients for the target positions were calibrated by using ho
zontal and vertical rod targets. Coefficients for the ang
calculations were obtained by using the beam at reduced
tensity and changing the angle by moving the spectrome
around zero degrees. The coefficients for the momentum c
culation were obtained by scanning an elastic peak across
focal plane of the spectrometer.

The beam-momentum-position correlation at the targ
was directly measured using data taken with a heavy targ
208Pb, for which finite angular resolution effects on th

FIG. 4. The differential cross sections for40Ca(p6,p6) at 400
MeV ~scaled by 1021) and 500 MeV~scaled by 1011!. The solid
curves are from KDP-RIA calculations, the dashed curves are fro
ROMPIN calculations, the dot-dashed curves are from eikonal c
culations, and the dotted curves are from NRIA calculations.
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missing-mass spectra are small since the recoil energies a
insignificant compared to the scattered pion kinetic energy
The resulting width for the elastic peak in the missing-mas
spectra of the heavier targets was as small as 1.7 MeV fo
beam energies of 400 MeV.

The calculation of missing mass include the recoil energ
with scattering angle, measured in the spectrometer. The e
fect of a correlation in the beam direction with target posi-
tion on the scattering angle was included in this calculation
These effects are important for scattering from hydrogen be
cause of the large variation in kinetic energy with scattering
angle of more than 1 MeV/deg at large angles. The finite
angular resolution, due to both angular dispersion in th
beam and the resolution of the angle determination in th
spectrometer, limited the missing-mass resolution for hydro
gen. By comparing the width of the208Pb elastic peak with
the corresponding elastic peak for hydrogen at the same sc
tering angle we obtained a direct measure of our angula
resolution, which was 1.2° full width at half maximum
~FWHM!.

The measurement of position and angles both before an
after the spectrometer dipole provided a useful capability fo
rejecting particles that underwent collisions or decay down
stream from the target. The rear angles were calculated as
polynomial of front positions, front angles, and momentum
The difference between the calculated and measured ang
was typically about 2 mrad. Good events were selected wit
a cut on this quantity of65 mrad.

m
l-

FIG. 5. The differential cross sections for90Zr(p1,p1) at 400
and 500 MeV and90Zr(p2,p2) at 400 MeV. The solid curves are
from KDP-RIA calculations, the dashed curves are from ROMPIN
calculations, the dot-dashed curves are from eikonal calculation
and the dotted curves are from NRIA calculations.
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2536 55GEORGE KAHRIMANISet al.
A combination of pulse-height and time-of-flight informa
tion from the scintillators was used to reject proton event
Figure 1 shows the separation of proton events from those
lighter particles, in a two-dimensional histogram of the tim
of flight vs the geometric mean of the heights of the puls
coming from the two scintillators. This technique was no
able to distinguish pions from electrons and muons. Ele
trons were eliminated by using a Cherenkov counter in t
focal plane and muons due to pion decays in the spectro
eter were eliminated by the angle checks. The fraction
events due to muons elastically scattered in the target is
timated to be smaller than 0.001@13#.

Figure 2 shows typical missing-mass spectra
Tp5400 MeV andu lab533° ~averaged over 8°!. Typically
there are several peaks in each missing-mass histogram,
responding to the ground state and several excited states
the target nucleus. We fitted each histogram with a Gauss
peak shape. The overlap between the ground-state peak
the inelastic peaks was usually small, since the resoluti
was 1.7 MeV FWHM atTp5400 MeV and about 1.9 MeV
FWHM at 500 MeV.

Each set of data was partitioned into 0.5° bins in the ang
of scattering~in laboratory coordinates!. In each experimen-
tal run ~i.e., for each spectrometer setting, target, incomin
energy, and pion polarity! we recorded data that spanned 1
bins. We incremented the angle of the spectrometer settin

FIG. 6. The differential cross sections for208Pb(p6,p6) at 400
MeV ~scaled by 1021) and 500 MeV~scaled by 1011!. The solid
curves are from KDP-RIA calculations, the dot-dashed curves a
from eikonal calculations, and the dotted curves are from NRI
calculations. ROMPIN calculations were not available for this ta
get.
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by 6°, so that any two adjacent settings had five bins in
common.

The uncertainty in the absolute scattering angle was es
mated to be60.85° which arises from the uncertainty in the
absolute zero degree scattering position (60.60°) and the
locations of the survey marks on the floor (60.25°) for the
spectrometer angle settings. The absolute scattering ang
were determined~to 60.60°! by placing the spectrometer in
the beam and by measuring the energy difference betwe
the elastic peaks for pion scattering from1H and 208Pb and
using kinematics to determine the scattering angle.

The normalization involved two stages. First, we found
each bin’s relative normalization~referred to as the relative
component of acceptance! with respect to all other bins for
the same beam tune and target dimensions~the height of the
90Zr target was smaller than the rest of the targets, and so w
used a separate normalization for those runs!. This relative
normalization was fixed for given target dimensions and
beam tune, regardless of the spectrometer angle. Then, f
each beam tune and target shape we determined an ove
normalization such thatp-p scattering data from CH2
matched the Arndt partial-wave fit to the corresponding
pion-nucleon cross section@14#.

The relative component of the acceptance of each run wa
treated as a function of two variables, the momentum of th
particle ~more precisely, the fractional deviation from the
nominal setting of the spectrometer! and the bin number.
With fixed beam tune and target dimensions, this function

re

-

FIG. 7. The real and imaginary effective central potentials for
208Pb(p1,p1) and 208Pb(p2,p2). Solid curves are for KDP-RIA
at 400 MeV, dashed curve are KDP-RIA at 500 MeV, dot-dashe
are NRIA at 500 MeV and dotted curves are KDP-RIA at 662.6
MeV (790 MeV/c).



e

i
h
h
e

o

h

-

t
ce
e
er
e.
f-
n

c-
r
e
is-
n
g

-
or

al
-
n-

6.
re

nt

55 2537PION-NUCLEUS ELASTIC SCATTERING ON12C, . . .
was fixed, independent of target material or spectromet
angle. The dependence of the relative component of acc
tance of each bin on momentum was found by varying th
momentum setting of the spectrometer and comparing yield
The dependence on the bin number was found by compar
yields at the same angle in several overlapping runs. T
latter method was complemented by a trial adjustment of t
17 relative bin acceptances so that the resulting cross s
tions smoothly matched as well as possible inx2 to a high-
order polynomial~order 15–19 worked best!. The fitting in-
volved data from several targets and resulted in n
significant modification of the previous acceptance coeffi
cients. The relative normalization procedure proved quite r
bust when the statistics were adequate.

The overall normalization uncertainty in this experimen
is 16%. This error arises from several components: 3% in t
target thickness~which is counted twice, since it applies to
the normalization targets as well!, 4% in each overall nor-
malization coefficient, 1% in the beam count, 1% in the iso
topic purity, 1% in each bin’s relative normalization coeffi
cient, an estimated 10% arising from the systematic error w
describe next, and an uncertainty of 11%, at most, in dete
mining the efficiency of the detection setup.

FIG. 8. The KEK, BNL, and LAMPF12C(p2,p2) differential
cross sections as a function of the momentum transferq. Solid
curves are from KDP-RIA calculations.~A! shows LAMPF data at
400 MeV scaled by 1017, ~B! shows KEK data at 486.2 MeV
(610 MeV/c) scaled by 1015, ~C! shows LAMPF data at 500 MeV
scaled by 1013, ~D! shows KEK data at 584.02 MeV
(710 MeV/c) scaled by 1011, ~E! shows KEK data at 662.7 MeV
(790 MeV/c) scaled by 1021, ~F! shows BNL data at 672.5 MeV
(800 MeV/c) scaled by 1023, and ~G! shows KEK data at 766.2
MeV (895 MeV/c) scaled by 1025.
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The only significant systematic error in this experimen
arises from treating the relative component of the acceptan
of each bin as a function of two variables only, while ther
was indication of a small dependence upon at least anoth
variable, which might be, for instance, a target coordinat
But our statistical sample was inadequate for taking that e
fect into account. Instead, we have estimated its contributio
to the overall uncertainty.

III. DISCUSSION AND ANALYSIS

The present experimental elastic differential cross se
tions are compared with four different theoretical first-orde
IA calculations. All have been used previously to investigat
pion and kaon nucleus elastic scattering. The first model d
cussed is based on the relativistic impulse approximatio
~RIA! which has been used with success in describin
proton-nucleus scattering@15,16#. For the scattering of spin
zero mesons the Kemmer-Duffin-Petiau~KDP! equation
@17–19# rather than the Dirac equation is used. This KDP
RIA approach has been used to obtain optical potentials f
both kaon-nucleus and pion-nucleus elastic scattering@2,20–
22#. The construction of the Lorentz scalar and vector optic
potentials parallels that of the usual RIA. The two-body in
put consists of scalar and vector neutron and proton mea
field Hartree densities@23# and the empirical meson-nucleon
Arndt amplitudes@14#.

These calculations are shown by solid lines in Figs. 3–
As in the Dirac case, the scalar and vector potentials a

FIG. 9. 12C(p1,p1) differential cross sections at 400, 500, and
672.5 MeV. The 400 and 500 MeV data are from this experime
and 672.5 MeV (800 MeV/c) data are from BNL. Curves are from
KDP-RIA calculations.
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2538 55GEORGE KAHRIMANISet al.
large and tend to cancel. These optical potentials, along w
the Coulomb potential obtained from the empirical charg
distribution from electron scattering, are used in the secon
order KDP wave equation which is solved by partial wav
analysis to get the elastic scattering differential cross s
tions. A nonrelativistic impulse approximation~NRIA! opti-
cal potential is also obtained using the same Arndt amp
tudes and the same vector neutron and proton mean-fi
Hartree densities; see Ref.@20#. These results are given by
the dotted lines in Figs. 3–6. These optical potentials, alo
with the Coulomb potential, are used in the Schro¨dinger
equation and the observables are obtained by partial-w
analysis. Both calculations include the effect of folding ove
the 1.20° FWHM angular resolution uncertainty.

As mentioned above, although the scalar and vector p
tentials are very large, in some cases over 1500 MeV at
origin, the resulting effective central potentials are modest
size. In Fig. 7 we show the KDP-RIA real and imaginar
potentials for Pb(p6,p6) at 400, 500, and 662.6 MeV. The
NRIA potentials are also shown for 500 MeV. The imag
nary central potentials are remarkably energy independe
This is true for all of the targets considered in this work. Th
values of the volume integral per nucleon,J/A, are between
2240 and2280 MeV fm3 for all targets and energies. The
real central potentials exhibit more energy dependence
they are always repulsive in this energy range@24#.

It is of interest to compare the two models above wi
results from the more complete momentum-space multip
scattering optical potential~ROMPIN! developed by Chen,

FIG. 10. 40Ca(p1,p1) differential cross sections at 400, 500
and 672.5 MeV. The 400 and 500 MeV data are from this expe
ment and 672.5 MeV (800 MeV/c) data are from BNL. Curves are
from KDP-RIA calculations.
th
e
d-

c-

i-
ld

g

ve
r

o-
e
n

nt.

ut

-

Ernst, and Johnson@3–5#. These authors have obtained a
first-order optical potential which uses covariant kinematics
phase-space factors and normalizations, off-shell two-bod
amplitudes, and exact Fermi-averaging integrals. Th
momentum-space optical potential is used in a Klein-Gordo
equation and the differential cross sections are obtained. T
results of the ROMPIN calculations are shown by dashe
lines in Figs. 3–5. In addition, the authors of Ref.@3# have
developed an eikonal model for comparison with thei
‘‘model-exact’’ calculation. The eikonal calculations are
given by the dot-dashed curves in Figs. 3–6. Both th
momentum-space optical and eikonal models use the sa
on-shell pion amplitudes@14# and the same Hartree-Fock
wave functions @25,26# which have been corrected for
center-of-mass motion. Both calculations have been folde
over the 1.2° FWHM angular resolution uncertainty.

The first observation is that all of these four calculation
agree with each other to within 10%–15% at small angle
The noticeable differences at larger angles could reasonab
be attributed to differences in the nuclear structure input, th
differences in the construction of the optical potentials an
the different one-body equations used. Other explanatio
are, of course, possible. The calculations generally agree b
ter with each other than they do with the data. This is esp
cially true as the target mass increases. The difference b
tween the measured small angle differential cross sectio
and the calculated values is pronounced for all targets at bo
energies, though it is difficult to see this clearly on the loga
rithmic scale of the figures@24#. In addition, there is a sys-

i-

FIG. 11. 40Ca(p2,p2) differential cross sections at 400, 500,
and 672.5 MeV. The 400 and 500 MeV data are from this exper
ment and 672.5 MeV (800 MeV/c) data are from BNL. Curves are
from KDP-RIA calculations.
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55 2539PION-NUCLEUS ELASTIC SCATTERING ON12C, . . .
tematic difference between theory and experiment regardin
the position of the first diffraction minima. In every case the
first minima for both the KDP-RIA and the ROMPIN calcu-
lations occur at angles which are 1.0°–2.0° larger than th
corresponding minima in the data. In a similar analysis of th
400 MeV 28Si(p6,p6) LAMPF data, the position of the
diffraction dip is in much better agreement with experimen
than evidenced here for any of the targets@20#. Both of these
features will be discussed again when comparisons wi
other experimental data are given.

In Fig. 8 the KEK, BNL, and LAMPF12C(p2,p2) dif-
ferential cross sections are plotted as a function of the m
mentum transferq. Because all four of the calculations de-
scribed above agree with each other at forward angles, i.
up to the first diffraction minima, only the KDP-RIA calcu-
lations are shown. The calculations agree with the forwar
angle cross sections to within the normalization errors exce
for the 800 MeV/c BNL data and the 400 and 500 MeV
LAMPF data. In every case, except for the 710 MeV/c KEK
data, the diffraction minima in the KDP-RIA calculations
occur at angles about 1.5–2.0° larger than the minima in th
data. In these calculations recoil is not taken into accoun
however, the ROMPIN calculations do address the questio
of recoil and, as is shown in Fig. 3, the ROMPIN and KDP
RIA dip positions agree to within 0.5°; so the reason for th
discrepancy is not clear. The results for12C(p1,p1) at 400
and 500 MeV and 800 MeV/c shown in Fig. 9 also indicate
a similar result regarding the position of the diffraction

FIG. 12. 208Pb(p1,p1) differential cross sections at 400, 500,
and 662.7 MeV. The 400 and 500 MeV data are from this exper
ment and 662.7 MeV (790 MeV/c) data are from KEK. Curves are
from KDP-RIA calculations.
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minima. The calculated small angle cross sections fo
800 MeV/c underpredict the BNL data but overpredict the
LAMPF data.

Figures 10 and 11 compare the40Ca(p6,p6) BNL re-
sults with those of the present experiment. The underpred
tion of the small angle BNL data is evident. However, the
positions of the diffraction minima are well reproduced by
the calculations, in disagreement with the results for the cu
rent experiment where the minima are shifted. Of course, it
possible to fit the 400 and 500 MeV data by a simple two
parameter scaling of the potentials, but this does not giv
much insight into the origin of the discrepancy. Figures 1
and 13 show the results for208Pb(p6,p6). The higher en-
ergy data at 790 MeV/c ~662.7 MeV! are from KEK@9,11#.
The disagreement between the present experiment and
calculations is profound while agreement with the KEK dat
is reasonable. The 10% uncertainty in the elementary amp
tudes does not result in calculated cross sections which r
solve the discrepancy@24#. Using more recent determina-
tions of the relativistic mean-field Hartree densities, whic
incorporate nonlinear chiral symmetry and broken scale in
variance@27#, does not change the results@24#. Referring to
the central potentials shown in Fig. 7 does not reveal an
anomalous behavior with energy. It is possible that some
this discrepancy may be accounted for by the absolute ang
uncertainty~0.85°! in the data, but not all of it. At this time
a full understanding of the source of the diffraction minima
angle discrepancy is not available.

i-

FIG. 13. 208Pb(p2,p2) differential cross sections at 400, 500,
and 662.7 MeV. The 400 and 500 MeV data are from this exper
ment and 662.7 MeV (790 MeV/c) data are from KEK. Curves are
from KDP-RIA calculations.
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IV. SUMMARY

Pion-nucleus elastic scattering at energies above
D~1232! resonance has been studied using bothp1 andp2

beams on12C, 40Ca, 90Zr, and208Pb targets. These new da
were compared with other data sets at similar energies
with four theoretical calculations. Certain aspects of the p
dictions are in qualitative agreement with the data; howev
significant disagreements are seen, particularly in the ang
positions of the diffractive minima, which are generally n
evidenced in comparisons with other experiments. This
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particularly true for90Zr and 208Pb. The cause of these dis
crepancies has not yet been identified, and may wait u
other experiments using heavy targets become availabl
this energy range.
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