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Integral cross sections for the scattering of pions by protons into angles greater théat0fave been
measured at a wide range of energies spanning the delta resonance using liquid hydrogen targets. Cross
sections were measured fa* p scattering at 40 energies from 39.8 to 283.9 MeV anddfop at 15 energies
from 80.0 to 283.9 MeV. Comparisons with phase shift predictions from the Karlsruhe group show good
agreement on resonance but significant deviations below 100 M¥556-28139)02903-9
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[. INTRODUCTION instrument calibration or normalization point for measure-
ment of other reactions.
The scattering of pions from protons is the simplest reac- For more than a decade, the world’s databaseNfob-
tion mediated by the strong force that is available to experiservables below 300 MeV incident pion energy has suffered
mentalists. Themrp reaction determines many parametersfrom inconsistencies between various measurements of as
that are of fundamental importance in low-energy interpretamuch as six standard deviations, especially at energies below
tions of quantum chromodynamics, such as#id coupling 100 MeV. These inconsistencies became apparent in 1983
constant, therN form factor, scattering lengths, and the with the publication of the differential cross section results of
sigma term &), which, through comparison with mass split- Frank et al. [1] at incident pion energies below 100 MeV.
tings of the baryon octet, provides a measure of chiral symThese new data disagreed with previous measurements of
metry breaking at low energies. On the experimental levelBertin et al. [2], and phase shift analysg3,4] showed that
accurate knowledge of thep reaction is often used as an the results of Franlet al. also disagreed with the total cross
sections of Bussegt al. [5] near 90 MeV. Since then, sev-
eral groups have attempted to resolve the discrepancies
*Present address: Lockheed Martin Mission Systems, 9970 Fed6—12. In general the newer results, consisting mainly of

eral Drive M/S 01B, Colorado Springs, CO 80921. differential cross sections, have tended to agree with the pre-
TPresent address: FFIVM, N-2007 Kjeller, Norway. meson-factory results near the 3(8elta resonance but
*Present address: Johnson Matthey Semiconductor Packagehow a consistent difference with the older results at energies
Chippewa Falls, WI 54729. below the resonance.
S$present address: Bridgewater State College, Department of Phys- In 1989, a new experimental observable fop elastic
ics, Bridgewater, MA 02324. scattering — the partial total, or integral, cross section —
IPresent address: Department of Fish and Game, Region Ill, 33®as measured by Friedmaat al. [13]. The technique in-
Raspberry Rd., Anchorage, AK 99518. volves inferring the integral of the differential cross section
TPresent address: Los Alamos National Laboratory, Los Alamosputside some forward angle by measuring the beam intensity
NM 87545. transmitted into that cone. By comparing the transmitted and
** Present address: Florida State University, P.O. Box 4390, Talincident beam intensities, the integral cross section is deter-
lahassee, FL 32306-4390. mined.
present address: University of Colorado, Boulder, CO 80309- High accuracy is not easily achieved in experiments of
0446. this type. The fraction of the beam removed by elastic scat-
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NM 87544. at the lowest energies reported here and only a few percent
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sV LH, sion method 15] to measure integral cross sections. A dia-
|] TARGET < " o gram of the experimental setup is shown in Fig. 1. The
- || o o U H I M scintillator dimensions are listed in Table I.
sS4 Four plastic scintillator§S1, SV, S1.5, and S$2Xefined
s3 the beam. The two smaller scintillators S1 and S2 defined the
EVENT DEFINITIONS beam spot on the target. S1.5 was mounted with the light
Scattering Event: $15V-$1552°54 guide rotated 180° to the opposite side of the beam line from
Beam Event: S15V-515:52 the S2 light guide. This eliminated the possibility of coinci-

dences being registered be@nkov light produced by beam
FIG. 1. Diagram of the experimental setup. All counters areparticles passing though the light guides. The annular veto

plastic scintillators. The logic conditions for the experiment arecounter, SV, removed events from all LAMPF beam micro-
shown. The figure is not drawn to scale. pulses having extra pions outside the trajectories defined by

S1 and S2. This greatly reduced the effect of beam doubles

and higher-order multiples on the cross sections. All beam
on resonance. To measure the beam removal fraction at loparticles were counted according to a coincidence definition
energies to within a few percent thus requires counting achetween S1, S1.5, S2 and an anticoincidence with SV, or
curacy in the fifth digit, including electronic stability and all geapM =(S1xSVx S1.5¢S2).
corrections such as for pion decay. On the other hand, the pownstream of the target, a movable detector S3 sub-
uncertainties for integral cross section measurements are nRlded a cone of either 30° or 20° half-angle as seen from

dpminatgd by the stat!stics of the scattered particleg, as ifhe target centerd,, in Fig. 1), and defined the experimental
differential cross section measurements. For the integraly|ig angle. The S4 counter defined the solid angle for events
cross section measurements, the dominating uncertainties gi§orded to tape for off-line analysis. This solid angle was
systgmatlc. ) much smaller than that of S3. These events were defined as a
Friedmanet al. used solid CH targets, and subtracted the cqincidence between BEAM and an anticoincidence with the
background from solid carbon targets in an experiment thag s~ unter or BEANKS4. In addition. S4 continuously

scaled counts in scintillators. Data were not recorded direCﬂYnonitored the efficiency of S3 and the associated electronics
to tape for off-line analysis. Solid targets have the advantagﬁ)r counting beam pions, calculated as

of simplicity in differential cross section experiments where
the scattering kinematics is fully defined, allowing elimina-
tion of the carbon background. In beam attenuation measure- n= w
ments with undefined kinematics, however, that advantage is BEAM XS4
lessened by the carbon elastic and inelastic backgrounds.
This paper reports an experiment which incorporated sevThe value ofy was stable between 0.9999 and 1.0000.
eral technical changes in the measurement of the integral Another scintillator S5 was placed downstream from the
cross section. The experiment was performed at the Clintotarget, providing a 6.2 m flight path between S1 and S5.
P. Anderson Meson Physics FacilityAMPF) in Los Ala-  When collecting data at energies where there was significant
mos, New Mexico. The experiment used liquid hydrogenelectron contamination of the pion beam exiting the channel,
targets which yielded a target-full-to—target-empty ratio ofthe difference between pion and electron time of fligf®F)
scattering events of about 3 at the lower energies and abofrom S1 to S5 was used to provide a verification of the en-
10 on resonance. A complete data acquisition system wasrgy calibration for every data run. In addition, the TOF
used, and time-of-flight and pulse-height information for all separation of pions, muons, and electrons over this distance
scattering events were recorded on tape for off-line analysisvas used to monitor the pion fraction of the incident beam at
the center of the target.
Il EXPERIMENTAL APPARATUS Typical beam rates varied from 500 to 2500 particles per
second. The full momentum spread of the beam was 1-1.3%
The experiment was conducted using tH&Fpion chan-  at the lowest energiegl0 and 55 MeV and was typically

nel at LAMPF[14]. The experiment employed the transmis- 0.3—0.5% at all other energies.

TABLE |. Dimensions of the seven plastic scintillator counters used in the experiment, and their locations
relative to the target. All the counters were circular except S1.5 and S5, which were square. In the diameter
column, the full edge length of the two square scintillators is listed. All dimensions are in centimeters.

Counter Inner diameter Outer diameter Thickness Distance from target
S1 15 0.159 -142.9

SV 15 20.0 0.318 -140.7

S1.5 29 0.159 -19.4

S2 1.5 0.159 -11.6

S3 30.0 1.270 26.0

sS4 12.0 0.318 58.2

S5 10.2 0.635 479
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Ill. TARGET Beam Particle Identification

The two liquid hydrogen (LK) targets were vertical cyl- 1200 T, = 5;.3 MeV ' ' '
inders, 3.5 cm diameter by 7.6 cm high and 6.0 cm diameter & 1225 | 7
by 10.2 cm high, contained in an aluminum vacuum chamberé
with Mylar entrance and exit windows. The targets could be 5 '#%°f
drained to provide empty targets for background measure- § 75t
ments. Each target had its own set of entrance and exit win- §
dows in the vacuum chamber. An electric motor drove two = 1150 |
jacks that could raise or lower the vacuum chamber, provid- é 11250
ing a way to bring either target into the beam line. The ver- By i
tical cylindrical target cells were made from 12&n-thick 1100 ! L - !

600 620 640 660 680 700

Mylar wrapped around stainless steel end caps. For insula-
S1 TDC [Channel Number]

tion against radiant heat transfer, both targets were wrappea
with ten layers of 6 um aluminized Mylar. The S2 counter FIG. 2. Sample TOF histogram at7a’ energy of 59.3 MeV
was placed as near as possitdbout 11 cnmito the entrance  showing beam particle identification. The horizontal axis is the time
windows in the vacuum chamber. The entrance windowdlifference between S1 and S2; the vertical axis is the particle flight
were made from 12%m-thick Mylar and were 5.1 cm in time (modulothe accelerator rf perigghrough the Bw channel to
diameter. The Mylar exit windows were 250m thick and  S2, referenced to the accelerator rf signal. The time calibration of
19.1 cm in diameter. The exit windows subtended a cone oihe TDC for this figure is 50 ps per channel. The polygon identifies
approximately 49° half-angle as seen from the target centeP&am pions used in the data analysis.

easily allowing all pions that scattered into the solid angle

defined by S3 to pass through the window.

The computation of the number of protonsfcim the tar-  the two materials. In addition, inexact knowledge of the ratio
gets was complicated by the fact that the beam axis wa8f ortho- to para-hydrogen introduced an uncertainty of
perpendicular to the axis of symmetry for the cylindrical 0.2%, and temperature variations in the target contributed
cells. A parallel beam incident on a vertical cylindrical targetanother 1% to the target thickness uncertainty.
will see an average path length through the target smaller The range spectrometer measurement of target thickness
than the diameter of the cell. The effective thicknesses of th#as repeated. Combining the results in a weighted average
target cells were measured by a stack of nine circular scintesulted in a final value of 0.42680.0082 g/cr for the 6
tillators, ST1-ST9, forming a range spectrometer in a mancm target. This thickness was used in calculating the final
ner similar to that of Franlet al. [1]. All scintillators were  Cross sections.
5.1 cm in diameter except ST1 which was smaller to match
the beam defining counters; it defined the acceptance of the
range spectrometer. ST3—ST6 were 1.69 mm thick; all others
were 3.39 mm thick. Two distances from the target center to ADC and TDC information taped during the experiment
ST1(53 cm and 69 ciwere used. The target thickness waswere analyzed off line to extract the yields and perform sys-
measured by determining the difference in total thickness ofematic checks. Figure 2 shows a typical beam event histo-
aluminum absorbers necessary to adjust the pion beam egram used for incident particle identification. The histogram
ergy so as to stop the pions at the same depth in the stadkustrates the polygon TOF cut used to separate pion beam
under target full and target empty conditions. events from those produced by muons and electrons. In ad-

For these thickness measurements, data were taken withdition to the TOF cut, pulse-height cuts were placed on the
= beam of 51.1 MeV incident energy. The data were anasS1, S1.5, and S2 ADC data words. The upper-level pulse
lyzed off line, where pulse heighianalog-to-digital con- height cut on S1 eliminated all beam events from doubles
verter (ADC)] and time-of-flight[time-to-digital converter and higher-order multiples that missed SV but were part of
(TDC)] information from ST1-ST9 and the beam definingthe S1 and S2 trajectories. The pulse-height cuts on the S1.5
scintillators ensured that electrons and muons in the beamnd S2 ADC data words removed pulses of large amplitude
were eliminated. The average stopping position in the stackom both scintillators. This rejected events in which the in-
was determined from the distribution of number of stops incident pion underwent a hadronic reaction in either detector
each scintillator. For the 6 cm LHtarget, the equivalent and deposited a significant amount of energy.
thickness of aluminum was found to be 1.088 The S5 TDC spectrum was used to verify the beam pion
+0.025 g/cm. The target thickness was then calculated toidentification, as discussed earlier, and shown in Fig. 3. For
be 0.422-0.010 g/cm using the known ratia2.582 of = most of the experiment, S1 and S5 were separated by ap-
pion energy lossegl6] in Al and in LH,. Dividing by the  proximately 6.2 m. The upper and lower histograms display
density of LH, at the target temperature of 20.4 K data from the same run, but only particles that have passed
(0.0708 g/c) gives a target thickness of 5.88.14 cm, the TOF and pulse height cuts for pion identification such as
slightly less than the diameter of the target, as expected. Th&hown in Fig. 2 are included in the lower plot. The data in
same technique was employed to determine the thickness &ig. 3 were taken at 110 MeV incident pion energy. The
the 3.5 cm target, with similar results. length of the PW channel is such that pions at this energy,

The uncertainty in the final target thickness takes intoand at several others used in this experiment, arrive at S2 at
account a 0.5% uncertainty in the ratio of energy losses imearly the same time as electrons or muons from subsequent

IV. DATA ANALYSIS



PRC 59 PION-PROTON INTEGRAL CROSS SECTIONSTA . . 1483

2500 T T T T T T T T 2500 1 1 1 1
T, = 109.6 MeV /PK’N CUTS 1, = 144.3 MeV
Raw Time Spectrum . 8.0 cm Full Target
2000 | . =000 - ]
1500 | 1 1500 ]
e
AN — 1000 | .
1000 | - B
g
é’ 500 ]
500 i =
g
] g o
8 o 4 . f + g /PloN CUTS 1, = 144.3 MeV
° = 6.0 cm Empty Target
O T, = 109.6 MeV o 2000 F p
Time Spectrum tested on pion identification cuts a
2000 1 -
1500 .
1500 [ A
1000 [ 5
1000 m b,
N 500 | .
500 A 0 : .
400 450 500 550 600 850
S3 TDC [Channel Number]
1 1 "l 1 1 1 L

(¢}
840 660 680 700 720 740 760 78O0 800 820 FIG. 4. Recoil proton identification in the transmission counter.

§5 TDC [Channel Number] Sample histograms from a pair of full and empty data runsat a

FIG. 3. S5 TOF spectra used to verify beam particle identifica.ENeroy of 144.3 MeV. On both histograms, the vertical axis is the

. ; L S3 pulse height spectrum in units of ADC channel number, and the
tion. Sample TOF histograms are shown fof data at an incident horizontal axis is the time difference between S1 and S3 in units of

energy of 109.6 MeV. The horizontal axis on both histograms is thel_DC channel number. The time calibration of the TDC is 60 ps per

time difference between S1 and S5 in units of TDC channel num- . -
- S L ; channel. Polygon cuts of this type were used to remove pions that
ber. The time calibration of the TDC for this figure is 60 ps/channel. . : . . .
scattered into S3 from the integral cross sections without removing

A raw time spectrum, shown in the upper histogram, displays the = . . P
separation between the three particle groups that exitédhan- recoil protons from the target that scattered into S3. The variation in

nel. The time spectrum in the lower histogram is tested on the TOI'Ihe three_ pqugons shown '””5"".’“63 the technique “5?0.' _to examine
. the sensitivity of the cross sections to the exact definition of the
and pulse height cuts.

pion identification polygon.

rf cycles, requiring cuts much tighter than the example
shown in Fig. 2. At these energies, a large fraction of theS3. These pion events are shifted to apparent shorter flight
beam pions were eliminated by these very tight cuts, resulttimes by discriminator walk. The protons outside the poly-
ing in fewer pions in the lower histogram of Fig. 3. Such agons are ejected from the LHarget by backscattered pions
reduction in the number of effective beam pions is not athat are part of the integral cross section. In the lower histo-
disadvantage in a transmission experiment of this type, sincgram, the proton distribution is largely missing because the
statistical errors do not dominate the final uncertainties. Enhistogram is from an empty target run. Like all the other cuts
suring a pure pion beam, however, is crucial. applied in the analysis, the same polygon cuts were applied
Scattering events containing pions that scattered into then these S3 histograms for corresponding full and empty
solid angle defined by S3 are not part of the integral crossuns.
section and must be removed by the analysis process. Figure TOF information was used along with the 2280 cm flight
4 shows typical histograms used to remove these pions. Thaath from the production target to S1 to determine the inci-
histograms showr* data from a pair of full and empty runs dent beam energy. The flight path consisted of the measured
in the 30° geometry at an incident energy of 144.3 MeV.1875.3 cm channel lengtfil4] and the distance from the
Both histograms show the S3 pulse height spectrum plottedhannel exit to S1. This TOF information was available from
versus the particle TOF between S1 and S3. The upper hishe event data for each run. For center-of-target energies
togram displays the polygon cuts used to separate thodeom 39.8 to 119.4 MeV, the TOF difference between pions
events in which the pion scattered into S3 from those eventand electrons from the production target to S1 was used.
in which the recoil proton from the full target scattered into From 119.4 to 283.9 MeV, the TOF difference for pions and
S3. Pions inside the polygons are the sole contributors to thprotons was used. The energy losses in all materials along
number of pions that scattered into S3. The pion distributiorthe beam path were included in this analysis. These data
includes pulses of large amplitude due to pion absorption iprovided a+0.5% uncertainty in the energies. The calibra-
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FIG. 5. Monte Carlo beam corrections. Sampié beam cor- _FIG. 6. qute Carlo scattering corrections. Sample30° scat-
rections generated from the Monte Carlo program. The correction"ing corrections generated from the Monte Carlo program. These
indicate the decrease in beam coincidences due to contamination [5¢rections are for the 6.0 cm LHarget only. The corrections
muons from pion decay. The statistical uncertainty in most of thes@ccount for four different processédescribed in the texthat af-
corrections is less than 0.02% of the cross section, which is todect the scattered pion count. The statistical uncertainties are too

small to be seen on the scale of the plot. small to be seen on the scale of the plot.

tion was verified by S1 to S5 TOF at energies below 160cay. Some low-energy muons from pion decay, those travel-
MeV with =1.0% accuracy and at energies between 160ng backward in the pion center of mass frame, stop in the
and 250 MeV with accuracy decreasing+d&%. full target but not the empty target, thus artificially increas-
The Monte Carlo progranGEANT [17] was used to ac- ing the cross section. This occurs only for the lowest three
count for the effects of pion decay, multiple Coulomb scat-incident pion energies, and the correction was about 8% of
tering, and other physical processes that artificially increaséhe cross section at 40 MeV, 4% at 45 MeV, and 1% at 51
or decrease the number of beam and scattered pions. FiguréVgV.
shows two Monte Carlo—generated corrections to the beam
for decay of pions downstream from the last bending magnet
in the channel. One of these two corrections is for pion decay
upstream of S2; the other is for pion decay after S2. The A number of tests were performed to assess the system-
resulting muons form beam coincidences that cannot be distic uncertainties associated with various components of the
tinguished from pions via the polygon cut presented in Fig. Zexperiment. These were related to the beam energy and com-
because of the small TOF difference between the two parposition, the geometry of the experimental setup, and the
ticles. A second correction was made for pion decay betweedata analysis.

S2 and the center of the target. As mentioned above, the energy of the beam was deter-
Four Monte Carlo—generated corrections for scatterednined for each run by TOF techniques over multiple flight
particles are shown in Fig. 6. The delta-ray correction dealpaths, providing redundant results. In addition, beam rate
with knockout atomic electrons from the target that can hittests were performed in which the beam coincidence rate
S3 and appear to be pions in the S3 polygon cut. The protowaried from 100 to 3000 particles per second, and the size
correction accounts for the fact that backscattered pions caand location of the beam defining counters were varied. The
produce recoil protons in the target that travel through bothdiameter of S1 and S2 and the hole in SV were decreased
S3 and S4. These events should be part of the integral crof®m 1.3 to 1.0 cm, and S1 and SV were moved about 30 cm
section but they are removed from acquisition because theloser to the target. No significant effects on the cross sec-
signal in S4 vetoes the scattering event trigger logic agions were seen with these tests. Near 67 MeV, one other test
shown in Fig. 1. This correction is dependent on the incidentoncerning the beam energy was performed, in which the
pion energy and the S4 solid andkee Sec. Y. incident pion energy was adjusted for full and empty target

The remaining two corrections in Fig. 6 are for the effec-runs to match the center-of-target energies. This required
tive solid angle, and deal with processes such as multiplseparate Monte Carlo simulations for the two beam energies.
scattering and decay, which allow events in which pionsA 0.5% difference was observed in the cross sections, well
scattered outside the solid angle defined by the transmissiamithin the uncertainties.
counter to be vetoed by a hit in S3 or allow events in which  The solid angle subtended at the target by the S4 detector
pions scattered inside the defined solid angle to be added ttetermined the rate at which forward recoil protons vetoed
the scattered events by not producing a hit in S3. These twgood events at energies where these protons had sufficient
corrections tend to cancel each other. energy to pass through S3 and hit S4. The Monte Carlo—

A correction, not shown in the Monte Carlo correction generated correction to the cross sections for this effect was
figures, was made to the cross sections for the differenctested by changing the distance from the target to S4 at se-
between full and empty target loss of muons from pion dedected energies. Data were taken at 174.1 MeV with the S4

V. SYSTEMATIC CHECKS



PRC 59 PION-PROTON INTEGRAL CROSS SECTIONSTA . . 1485
detector moved 30 cm upstream from the nominal position. TABLE Il. The = 30° and7~ 30° integral cross sections.
This movement of S4 nearly quadrupled the proton correcThe uncertainties shown include statistical and systematic contribu-
tion, yet the corrected cross sections agreed within errordions. The=0.5% uncertainty in the beam energy has not been
Similar tests were performed at 99.2 MeV and 262.9 MeV included.

with similar results.

In software, pulse height and TOF cuts were placed on d = (MeV) m" 30° (mb) 7 30° (mb)

two-dimensional higtogram of S3.ADC vs TDC to separa.te39.8 8.5-0.7 _
forward scattered pions from recoil protons, as shown in Fig, 5 8315 .
4. The size and placement of these cuts were varied as showyn 92-0.8 .
to test the effect on the resulting cross sections. The thre 94-0.7 .
polygons shown in the figure gave cross sections differing b)él'l 12'&0'7 o
a maximum of 0.2%. This degree of stability in the extrac—51'7 11'8t0.8 B
tion of the yields was found at all energies. ' e

An independent method for removing the protons from54‘8 13.2:0.5 o
the forward scattered pions is to insert an absorber upstreaﬁ'?' 15.8-0.4 -
of the S3 counter. This was done as a check on the softwa@®-3 20.4:0.4 -
cuts, using an 8-mm-thick copper absorber of the same d%-8 21.0-3.2 —
ameter as the S3 counter. This absorber was less than 10030 29.20.7 14.6:0.6
efficient since a hole 10 cm in diameter was cut in it to allow89-3 39.12.0 —
the beam to pass through, but this region represents a negf9-2 52.¢0.7 23411
gible fraction of the proton solid angle compared to that 0f109.6 69.1-1.0 —
the absorber. The resulting cross sections, including thosEl9.4 87.661.4 34.6:1.1
from the variations in the software cuts, agreed within thel25.1 102.81.8 —
stated uncertainties with those from the nominal setup. 126.6 103.31.6 —

In addition to the systematic checks described above, a34.5 117.%22.6 —
limited data setfeight energies forr™, one energy forr ) 139.4 128.942.2 50.4-1.4
was taken with the S3 counter positioned so that it defined a44.3 139.92.9 —
forward cone of 20° half angle. The cross sections werg49.3 153.72.0 57.0-1.3
extracted as for the 30° data, and compared to phase shift4.4 159.3 3.3 —
calculations. These results were consistent with those obrgg 4 165.8 3.7 61.t1.4
tained at 30° and are not included in this paper. 166.4 166.1 2.2 —

169.5 173.33.5 67.2£1.6
174.1 169.51.9 66.9-2.0
VI RESULTS 174.5 167.99.8 —

The integral cross sections listed in Table Il were calcu-179.7 163.31.6 65.2£1.2

lated using the expression 184.7 162.63.4 —
189.9 155.32.1 61.2-1.6

A (R 195.2 149.8:3.1 —
T =N T |n(§) : 200.4 141.42.1 58.2-1.3

205.5 130.&43.0 —

Here A is the atomic mass of hydrogeN, is Avogadro’s 210.7 127.218 o
. . . 221.1 109.21.9 485-1.1

number,T is the target thickness in g/énandR andR, are 2314 99.8-18 _

the fractions of incident pions reaching the S3 counter for]” "~ o

full and empty targets, respectively, subject to the cuts ang*t9 85815 37.5:0.9

corrections discussed in Sec. IV. The uncertainties shown ifi°23 74313 —
Table Il include all statistical and systematic uncertainties262-2 65.6:0.7 32.8:0.8
52.61.2 27.3:0.7

added in quadrature, except the0.5% uncertainty in the
energy calibration.

Scattering data fotr~ p were not taken at all the incident
pion energies. There is the consideration that these data mayibtracted from the partial total to extract the elastic contri-
not be as useful as the" p data due to the inclusion of the bution, an uncertainty of about 40% is obtained.
charge exchangéCEX) reaction in ther ™ p data. In prin-
ciple, a simple subtraction of the known CEX cross sections
could yield thew ™ p elastic partial total cross section. But
the CEX cross sections form a large part of the quantity The «*p integral cross sections are shown in Fig. 7 as
measured here and the large uncertainties in the existingtios to the the VPI phase shift prediction of Arrettal,
CEX data would give uselessly large uncertainties in theSM95 [4]. Also shown are the previous measurements of
resulting cross sections. For example, near 100 MeV thé&riedmanet al. [13] and the Karlsruhe solution KA8H3].
CEX cross section makes up approximately-80% of the  The two experiments are in good agreement throughout most
integral 7w~ p cross section outside of 30°. If the CEX is of the energy range, with only the very lowest- and highest-

VIl. COMPARISONS AND DISCUSSION
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FIG. 7. Ratios of ther* 30° integral cross sections from the FIG. 8. Ratios of ther™ 30° integral cross sections from the
present work and from Refl13] to the SM95 predictions. The present work to the VPI SM95 predictions. The Karlsruhe solution
KA84 solution is also shown as a ratio to SM95. KA84 is also shown as a ratio to SM95.

energy points of Friedmaat al. differing by as much as a s js in agreement with the SM95 phase shift prediction. It
standard deviation from the present measurement. The daigoy|d be pointed out that the curves representing the phase
are described best by the SM9S phase shift solution, espgpift analyses in the figures contain contributions from the
cially in the region below 100 MeV. This is no surprise, gastic channel outside of 30° and also from the total charge
since this solution is based on more recent databases, Kchange reaction, while the data points do not include some

which KA84 did not have access. small fraction of the charge exchange reaction inside 30°.

Thus the present measurements tend to support the moigis js due to the nonzero efficiency of scintillators for de-
modern database, including the low-energy differential crosgaction of the neutral reaction products of the charge ex-
sections. While the general trend toward lower cross section@hange reaction. which would veto some CEX events inside
at energies below 100 MeV appears correct, there are sugse 300 cone as described above. While this effect is small, it
gestiong 18] that the present results and those of Frledmar}nay account for as much as 0.01—-0.02 of the observed dif-
et al. [13] may be higher than the integral from 30° to 180° tarences in the ratios shown in Fig. 8

of recently measured differential cross sectigdss, 7 at In conclusion, these new data add to the modern database
similar energies. The reasons for these apparent differencgs, . scattering at low incident pion energies, and rein-
are not understood. force earlier findings that pre-meson-factory phase shift

While SM95 provides the better fit to the full data set, it yna\yses suffer from deficiencies in the database of that time
falls about one standard deviation lower than the present dafg, ioq.

in the region between 100 and 170 MeV. It has been show
that SM95 provides a good fit to recent differential cross
section data in this regiofil].

The 7~ p results are compared with KA84 and SM95 in  The authors thank the LAMPF staff for assistance in the
Fig. 8. As with thew " p data, the trend is toward agreement design, construction, setup, and running of this experiment.
with both phase shift solutions near resonance, but with th&his work has been funded in part by the U.S. Department of
data dropping below the KA84 solution at lower energies.Energy.
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