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The asymmetry parameter 4 in 7~ p elastic scattering at incident pion laboratory kinetic
energies T’ of 98, 238, and 292 MeV and in 7~ p charge-exchange scattering 7~ p —7n at
T,=238, 292, and 310 MeV have been measured over a wide range of scattering angles
(typically from about 60° to 130° c.m.) with a polarized proton target. The data have been
used in an energy-independent phase-shift analysis to improve the precision of the pion-
nucleon phase shifts, to set new limits on violation of isospin conservation in the pion-
nucleon S wave, and to confirm significant charge dependence in the P;,, wave.

I. INTRODUCTION

The measurements of the asymmetry parameter A
(or analyzing power A) in 7w p elastic and charge-
exchange scattering to be discussed here are part of
an extensive experimental study'~* of pion-nucleon
polarization effects at the Swiss Institute for Nu-
clear Research (SIN) in the incident pion laboratory
energy range between 98 and 310 MeV. If parity in-
variance holds, the asymmetry parameter 4 is equal
to the polarization parameter P.

The main goal of the first part of the experiment,
concerning elastic 77 p scattering, was to improve
the precision of the pion-nucleon phase shifts, par-
ticularly the S;;, Py, P33, D13, and D5 phase shifts.
In their analysis Carter, Bugg, and Carter’ have
found that a strong correlation exists between the
best-fit values of the P3;(7~p), Py, and S|, phase
shifts above the resonance pion energy if only cross
sections are considered, and that a precise deter-
mination of these phase shifts requires the inclusion
of polarization data. The earlier SIN measurements
of the analyzing power 4 in 7tp—7tp and
7~ p—7_p (the latter at energies of 291 and 308
MeV) have already been included in the recent
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phase-shift analyses of Koch and Pietarinen® and of
Zidell, Arndt, and Roper.” This work improves the
precision and extends the energy range of these po-
larization measurements.

The second part of the experiment, consisting of
the first extensive measurements of 7~ p charge-
exchange asymmetry in this energy region, was
aimed mainly at improving the tests of isospin in-
variance in the pion-nucleon (7N) interaction. A
breakdown of isospin invariance would manifest it-
self either by nonzero transition matrix elements
(I',I; | T | 1,I;) where the total isospin I' of the fi-
nal 7N state differs from the total isospin I of the
initial 7N state or through a dependence of the ma-
trix element (1,15 | T'|I,I3) on the third component
I of the isospin. »

In their 1973 7N phase-shift analysis, Lauri-
kainen and Tdrnqvist® have expressed isospin non-
conservation by the mixing parameters w;+ (cf. Ap-
pendix A), which are zero if isospin is conserved. It
was found that w;; was not consistent with zero in
the S wave; at incident pion laboratory energies T,
of 300 and 581 MeV the parameter w, was found to
differ from zero by about five standard deviations.
Furthermore, simpler comparisons”!® checking the
triangle inequality
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deduced from V2a°=a*—a~ (assuming w;+=0
for all ; notation cf. Appendix A) indicated a viola-
tion of isospin conservation near 180° for some ex-
perimental data in the same energy region.

The results of Refs. 8 and 9 cannot, however, be
considered as good evidence for isospin nonconser-
vation: allowing @, and the phase-shift difference
Ay=58(S3;,mTp)—8(S3;,mp) (cf. Appendix A) to
differ from zero only improves the X? value in the
analysis of Ref. 8 from 294 to 265 for 160 degrees of
freedom at T, =300 MeV, and from 402 to 262 for
136 degrees of freedom at T, =581 MeV.

The observations of Refs. 8 and 9 prompted two
groups at UCLA (Refs. 11 and 12) and CERN (Ref.
13) to initiate new series of charge-exchange
differential-cross-section measurements. Their re-
sults appear consistent with the triangle inequality
[cf. Eq. (1)]. The CERN group has also analyzed
their data in terms of wg, using the Carter, Bugg,
and Carter phase shifts. Their results in the first
resonance region (120<T, <250 MeV) are con-
sistent with wo=0 within errors, typically +0.05.
At these energies, the P33 resonance dominates the
charge-exchange cross sections, so that they are not
very sensitive t0 wy. An improvement is expected
from measurements of the asymmetry parameter 4°
in 7~ p charge-exchange scattering. For instance, at
T,=310 MeV and 0, ,, =110° a change in &, from
0 to 0.1 rad leads to a change of 0.1 in the calculated
value of 4°.

Carter, Bugg, and Carter,” and later Pedroni
et al.', have looked for an effect of charge-
independence violation, namely for mass and width
differences between the doubly positive state A+ +
and the neutral state A° of the first P;; resonance.
The 7tp total-cross-section data of Refs. 5 and 14
indicate that both the mass and the width of the
A*7 are smaller than those of the A® by a few MeV
even after electromagnetic corrections have been ap-
plied to the experimental data. The order of magni-
tude of the observed (A% A**) mass and width
differences agree with various theoretical estimates.’
In some of the recent phase-shift analyses this
charge dependence has been taken into account by
allowing the phase shift 8+ *(P3;) for 77 p scatter-
ing to differ from 8°(Ps;) for the neutral channel,
i.e., for both 7 p elastic and 7~ p charge-exchange
scattering. In these analyses, “hadronic” phase
shifts are calculated, i.e., phase shifts describing the
strong interaction of the pion and the nucleon. In
the 1980 phase-shift analysis of Koch and Pietar-
inen,® based on differential cross sections and polari-
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zations including the SIN 7*p asymmetry data!—3
and some of the SIN 7~ p asymmetry data,* no sig-
nificant differences 8+ (P;;)—8%Ps3) were found.
However, in the 1973 analysis of Carter, Bugg, and
Carter,” despite the fact that only few A-parameter
data were available, the difference
8+ +(P;y;)—8%P;;) was found to be (2.5+1.1)° and
(1.86+0.64)° at T,=263.7 and 291.6 MeV, respec-
tively, by including total cross sections and using
theoretical values of the D phases.

The A-parameter measurements can contribute
significant additional evidence for the charge depen-
dence of the 8(P;3) phase. In the phase-shift analy-
ses without 4 parameters, there are strong correla-
tions between the resulting phase shifts, e.g.,’ be-
tween 8% P33) and other phase shifts. These correla-
tions are reduced by the inclusion of A4-parameter
data in the phase-shift analysis, and thus the pre-
cision of all involved phase shifts including that of
8%(P53) is improved.

II. EXPERIMENTAL METHOD

Elastic and charge-exchange asymmetry measure-
ments were carried out in the 7M3 pion channel®® at
SIN using a polarized proton target. The beam
momentum was determined from magnetic-field
maps of the bending magnets of the channel and
checked by measuring range curves for the protons
transmitted through the channel operating in
positive-particle mode; the mean beam momentum
was by this method known to a precision of 0.4%.

The apparatus used for the elastic-scattering mea-
surements is shown in Fig. 1. The polarized target
consisted of a 1-cm® volume of butanol pellets,
which were *He cooled at 0.5 K and placed in a 2.5-
T magnetic field generated by superconducting
Helmbholtz coils. By the dynamical method, polari-
zations of typically 60% were obtained. The target
polarization was measured continuously by a fast-
sweep NMR system with a total uncertainty
APy /Py of +4% (one standard deviation).!®

Incoming pions from the wM3 channel [typical
intensity 2.10° 7~ /sec at 310 MeV for a momentum
bite Ap,/p, of 4% full width at half maximum
(FWHM)] were detected in scintillation counters S
and S, and in a silicon surface barrier detector Si
(active area: 0.64 cm?) placed in front of the butanol
target (see Fig. 1). Scattered pions were detected in
counters 75 or 7 and in one of the set of counters
1 —14, While scattered protons were registered in P
or P,. The counters s, mg, P, and P, were identi-
cal 100X 10 5 cm?® plastic scintillator bars at 60 cm
from the target and viewed by 56 DVP photomulti-
plier tubes at both ends. The counters 7—m, were
4% 4x0.3 cm® plastic scintillators and were used in
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FIG. 1. Diagram of the apparatus used for the mea-
surement of the asymmetry parameter in 7~ p elastic
scattering (not to scale). S,S,,7;,P;: scintillators; centers
of s, me, Py, and P, are 0.6 m from target; the counter s
was placed on top of s, as was Py on P,. Si: silicon sur-
face barrier detector (active area: 0.8 X 0.8 cm?, thickness:
1.4 mm). T: polarized proton target. B: direction of the
magnetic field. MWPC: multiwire proportional chamber
(beam-profile monitor). Su: supports of the superconduct-
ing Helmholtz coils.

coincidence with the ws—mg scintillator bars. The
times of the two signals generated by a charged par-
ticle hitting a scintillator bar were registered; this al-
lowed a time-of-flight (TOF) resolution of 700 psec
FWHM and a spatial resolution along the scintilla-
tor bar of 3.5 cm FWHM. The start signal for the
TOF measurements for the pion and proton
counters was generated from the counter S, in the
pion beam. In addition to the TOF measurement
for each event, pulse-height information from the
scintillator bars was also recorded allowing clear
separation between pions and protons. Details of
the electronic configuration are contained in Ref. 15.

The experimental arrangement used for the
charge-exchange asymmetry measurements is shown
in Fig. 2. The volume of the polarized target in this
case was increased to 8 cm® and the Helmholtz coils
were modified accordingly. Except for the 310-MeV
runs, the silicon surface barrier detector shown in
Fig. 2 was not available and was replaced by a small
scintillator St (1.5X 1.5X0.2 cm?) 15 cm upstream

neutron
detector

X beam

A i
¥ T photor

detector

FIG. 2. Apparatus used for the measurement of the
asymmetry parameter in 7~p charge-exchange scattering
(top view) 4,, A,: charged-particles veto counters; S,S,:
see Fig. 1. Si: silicon surface barrier detector (active area:
1.5X 1.5 cm?. For the runs at 237 and 292 MeV, this sil-
icon detector was not available and was replaced by a
1.5X 1.5X0.2-cm? scintillator Sy located 15 cm upstream
of the target. Neutron detector is 3 m from target; pho-
ton detector is 0.6 m from target.

of the target and outside the target assembly.!” The
time of flight and the direction of the outgoing neu-
tron were measured with 20 scintillator bars similar
to those previously described. Coincident photons
from 7° decay were registered by a photon detector
array of 49 (7X7) lead glass blocks (5.5X5.1x 11
cm?, 7 radiation lengths, standard nuclear lead glass
from St. Gobain), viewed by Philips XP1010 pho-
tomultiplier tubes. This photon detector, located at
60 cm from the target, subtended a solid angle of
0.366 sr and was essential to reduce the quasielastic
background from protons bound in nuclei of the bu-
tanol target. Anticoincidence counters 4, and 4,
were used to veto charged particles entering the pho-
ton detector and the neutron counter array. The
electronics will be described in Ref. 17. In both ex-
periments, a PDP 11/34 on-line computer interfaced
via CAMAC was used for data collection and con-
trol.

For both experiments, the polarization of the tar-
get was in the vertical direction and the central
scattering plane was horizontal. For the idealized
geometry, in which the target polarization and the
scattering plane are exactly perpendicular to each
other, the counting rate n(6, , ,Pr) of good events
from polarized protons is given by the expression

n(oc.m.’PT)=n0(9c.m. )[1+A(Gcm )PT] ’ (2)

where 6. ,, is the scattering angle in the center-of-
mass system, 4(6. , ) is the asymmetry parameter
(4 parameter), and Pr is the polarization of the tar-
get; no(O.m.) is the counting rate for Pr=0. For



the charge-exchange experiment, where the neutron
detector covered a large azimuthal acceptance, an
average value of the effective target polarization had
to be used. The corresponding corrections to the
value of 4 amount to 2% in the worst cases.

The A parameter was measured by determining at
fixed incoming pion energy and scattering angle, the
counting rate for up and down polarization of the
target; the target polarization was reversed by slight-
ly changing the applied microwave frequency.!®

III. DETERMINATION OF THE 4 PARAMETER

According to Eq. (2), the rate of scattered pions
detected at a fixed angle depends linearly upon the
target polarization. Therefore, the 4 parameter is
obtained directly by a numerical fit of a straight line
to the relevant event rate measured at different
values of the target polarization Pr, i.e., typically
three data points near Pr=+0.6 and three points
near Pr=—0.6 at each setting of T, and 0., . As
Py was in all cases close to either +0.6 or —0.6,
our fit did not yield a restrictive test of the linear re-
lation predicted from Eq. (2). The relevant event
rates are those corresponding to elastic 7~ p and
charge-exchange 7 p scattering once backgrounds
have been subtracted from the data. The most sig-
nificant backgrounds in both experiments were
quasielastic and inelastic scattering of pions from
the carbon nuclei in the butanol, and also from other
materials of the target, such as the 3He coolant and
the windows.

A. Extraction of events from background
in the 7~p — 7~ p experiment

The method of extracting good events from back-
ground in the elastic-scattering experiment can be

65.0

Time of flight to
proton detector

[nsec) 8.0

[resnRREREEamER

50.0

T T 1 T 1
-40 -20 0 20 40

Xqr .position in pion counter [cm]
FIG. 3. Time of flight of the particle detected in one of
the proton bars versus the position of the coincident parti-

cle in the pion bar (x,). The zero of the ordinate is arbi-
trary.
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FIG. 4. As in Fig. 3, but showing the position of the
two outgoing particles of each event in the pion and pro-
ton bars, respectively.

understood by referring to Figs. 3 and 4. Figure 3
shows the time of flight of the particle detected in
the proton arm (counter P, or P,) plotted against
the position of the coincident particle detected in the
pion arm (75 or 7¢). The upper band is due to elas-
tic pion scattering from free protons and is separat-
ed from a band due to events in which fast particles
are detected in both arms. In Fig. 4 the position of
the “proton”, x,, is plotted against the position of
the “pion” x,. Projections (Fig. 5) on the x, axis
for 5-cm-wide x, slices of Fig. 4 show that the
background beneath the good events after TOF and
pulse-height cuts is quite small (ranging from 7 to
23%); it was evaluated by interpolation, assuming a
polynomial form of the background; this assump-
tion was verified by direct background measure-
ments.”* The uncertainty of the analyzing power A
due to this background subtraction was in all cases a
small contribution to the total uncertainty of A4,
which was mainly due to counting statistics and to
the uncertainty of the target polarization.

Xy =-45cm Xy =-35cm Xp=-25¢cm Xqp =-15¢cm
1200
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4 600 300 ey 800

=40 600 600 600

£ 400 200 400

¢ 200 200 200 20

)

-40 0 40 -40 0 40 -40 0 40 -40 0 40

Xp, position of proton [cm]

FIG. 5. Projections of Fig. 4 (raw data) onto the x,
(position of proton) axis for 5-cm-wide bins in x,, (position
of the pion). Time-of-flight and pulse-height cuts have
been applied to the raw data. The TOF cuts select the
kinematical locus of Fig. 3. Pulse-height cuts select a
pion and a proton in the counters msms and Py, P,, respec-
tively.
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FIG. 6. Time-of-flight spectra registered at T,=237
MeV and 6., =126.1° in the 7~ p charge-exchange exper-
iment for (a) the polarized butanol target and (b) the dum-
my carbon target. The peak at 51 nsec in (b) is attributed
to neutrons from charge exchange off free protons of the
scintillator Sy. Since this scintillator was placed in front
of the target assembly, the 7~ beam was not yet bent and
the laboratory neutron scattering angle was in this case
10° larger than the angle of the neutrons scattered from
the target, resulting in a larger time of flight. The nor-
malization factor, i.e., the ratio between the butanol-run
and the dummy-target-run beam fluxes, was 0.57 and was
not taken into account in (b).

B. Extraction of events from background
in the 7 ~p charge-exchange experiment

Charge-exchange scattering of the pions off free
protons of the polarized target is identified by the
TOF of the neutrons to the neutron detector. The
calibration of the time-to-digital converters (TDC’s)
associated with each neutron detector was checked
by placing the neutron detectors into the pion beam
at reduced intensity. An additional check of the
TDC calibration was done using events in which a
neutron detector registered one of the photons from
7° decay. An example of a TOF distribution for one
of the neutron counters is shown in Fig. 6(a), where
a narrow peak at 48 nsec, due to neutrons from
charge exchange with free protons, is superimposed
on a broader peak due to neutrons from charge ex-

400 |

300 4

200

Counts per bin

100 4

Lt i

T T T T
30 40 50 60 TOF(nsed

FIG. 7. As in Fig. 6, but with normalized dummy-
target data removed from the raw time-of-flight spec-
trum.

change with other target nuclei. The peak at 36 nsec
is attributed to photons from the decay of a 7° of an
event satisfying the trigger conditions. The peak at
57 nsec is due to photons created in or near the tar-
get from the subsequent beam burst, about 20 nsec
after the burst which produced the trigger. The
background, assumed to be polarization indepen-
dent, was measured substituting the butanol of the
polarized target with a dummy target consisting of a

Events per bin

20
c

0 :
00 0002 0004 00os 0008 0b10
1-cosT

FIG. 8. Extraction of radiative-pion-capture events
7 p—yn at T,=310 MeV. Abscissa: (1—cos7), where 7
is the c.m. angle between the measured neutron direction
and that calculated using 7~ p—yn kinematics and the
observed photon direction. Ordinate: number of events
per bin. Histogram a: events with —1.0<Ar< +0.8
nsec, where At is the difference between the measured
flight time and that expected for the 7~ p—yn reaction.
The peak at (1—cos7) <0.002 is attributed to radiative
capture on free protons. Histogram b: events with
0.8 <At < 1.7 nsec, i.e., charge-exchange events only.
Histogram c: events registered with the dummy target for
—1.0< At < 1.7 nsec.
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FIG. 9. Comparison of our measured values of the
analyzing power for 7~p—yn with predictions derived
from analyses of photoproduction data. Abscissa: c.m.
angle between pion and photon momenta. Ordinate:
analyzing power for m~p—yn. Points with error bars:
our measured values for T,=310 MeV (total c.m. energy
Vs =1320 MeV). Curves: predictions for the recoil-
nucleon polarization in yn—7"p at Vs =1315 MeV.
Curve a: Ref. 18; curve b: Ref. 19.

carbon block of the same thickness [Fig. 6(b)]. The
dummy-target TOF spectrum was normalized to the
beam fluxes of the butanol runs and subtracted from
the butanol TOF spectra. The TOF spectrum of
Fig. 6(a) after subtraction of the background is
shown in Fig. 7. The normalization of the dummy-
target data was allowed to vary in a 10% range in
order to account for the uncertainty of the filling
factor of the polarized target. We estimated the er-
ror introduced by this procedure using the two ex-
treme estimates of the dummy-target normalization
factor which still gave a spectrum consistent with
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FIG. 10. Asymmetry parameter 4 in 7 p elastic
scattering at an incident pion laboratory kinetic energy T,
of 98.0 MeV, versus center-of-mass scattering angle 6, .
Points with error bars: measured values (cf. Table I).
Dashed curve is derived from the phase shifts of Ref. 5.
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FIG. 11. As in Fig. 10, but for T,=237.9 MeV.
Curve a is derived from the phase shifts of Ref. 5. The
sensitivity of the predicted values of the asymmetry
parameter to the S, phase is indicated by the shaded
area, which shows the amount of variation of the predict-
ed P parameter as the S;; phase of Ref. 5 is allowed to
vary by its quoted uncertainty. Curve b is derived from
our new phase shifts; cf. Table III.

zero before and after the peak of neutrons scattered
off free protons. This error (+5% typically) was ad-
ded in quadrature to the statistical uncertainty of
the area of the good events peak.

For about half of the 310-MeV measurements,
dummy-target data were not available. In these
cases, the background was determined by a method
similar to that used for the elastic #~p measure-
ments, i.e., the quasielastic background was deter-
mined by polynomial fitting of the event distribu-
tions on either side of the good events peak.
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FIG. 12. As in Fig. 10, but for T,=291.6 MeV. Open
circles are the results of the present experiment; the full
circles are those of previous SIN work (Ref. 4). Curves a
and b: cf. Fig. 11.
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TABLE 1. The asymmetry parameter in 7 p elastic
scattering at incident pion laboratory kinetic energies of
(a) 98.0 MeV, (b) 237.9 MeV, and (c) 291.6 MeV. The
quoted errors are the total uncertainties excluding the un-
certainties on the target polarization.

c.m. angle Asymmetry
(degrees) parameter A
(a) Mean pion energy
98.0+0.6 MeV

88.3 0.046+0.096
96.6 0.104+0.079
106.2 0.062+0.065
118.4 —0.132+0.083
132.0 —0.274+0.059
144.1 —0.242+0.083

(b) Mean pion energy
237.9+1.3 MeV

65.8 —0.313+£0.024
73.2 —0.258+0.023
81.5 —0.211+0.026
90.4 —0.153+0.025
99.6 —0.097+0.024
108.6 —0.100+0.024
116.9 —0.017+0.024
124.3 —0.061+0.024
130.6 —0.008+0.023
135.9 —0.047+0.026

(c) Mean pion energy
291.6+£1.5 meV

58.4 —0.630+0.027
65.4 —0.587+0.022
73.3 —0.437+0.022
81.7 —0.363+0.025
90.1 —0.219+0.027
98.4 —0.011+0.029
106.0 0.134+0.034
113.0 0.197+0.032
119.0 0.202+0.044
124.3 0.182+0.055

TABLE II. The asymmetry parameter in 7~ p charge-
exchange scattering at incident pion laboratory kinetic en-
ergies of (a) 237.9 MeV, (b) 291.6 MeV, and (c) 310.0
MeV. The quoted errors include all statistical and sys-
temic uncertainties except the error on the target polariza-
tion.

c.m. angle
(degrees)

Asymmetry
parameter A

(a) Mean pion energy
237.9+1.3 MeV

99.3 0.588+0.055
102.8 0.534+0.048
106.6 0.455+0.049
110.6 0.314+0.046
114.3 0.295+0.046
118.3 0.136+0.040
122.1 0.102+0.041
126.1 0.137+0.040
130.0 0.119+0.044
133.5 0.020+0.047

(b) Mean pion energy
291.6+1.5 MeV

89.2 0.820+0.035

93.0 0.825+0.034

96.8 0.706+0.034
100.5 0.666+0.035
104.3 0.531+0.040
108.1 0.375+0.032
111.9 0.188+0.032
115.6 0.053+0.035
119.4 —0.134+0.036
123.2 —0.135+0.040
121.6 —0.2041+0.066
125.5 —0.205+0.056
129.5 —0.236+0.049
133.4 —0.330+0.050
137.4 —0.331+0.050
141.3 —0.208+0.051
145.3 —0.254+0.055
149.2 —0.284+0.062

C. Background due to
radiative pion capture m " p —vyn

Radiative-capture events 7~ p—yn represent the
only polarization-dependent background. Their ef-
fect on the charge-exchange asymmetry is of some
importance in regions where the asymmetries of the
two reactions have opposite sign. A careful removal
of these radiative-capture events prior to the deter-
mination of the charge-exchange asymmetry is need-
ed. In the kinematical conditions of the charge-
exchange experiment, the neutrons from radiative

pion capture cannot be distinguished from neutrons
due to charge exchange by TOF information alone.
However, because radiative capture is a two-body re-
action, it can be separated from charge exchange by
examination of the angular correlation and co-
planarity of the photon and the neutron. This is
possible with our apparatus, since both particle
directions can be determined with the photon detec-
tor array and the neutron detector.

For each event, we calculated, from the measured
photon direction, the expected c.m. radiative-capture
neutron direction and TOF. The deviation from the
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TABLE II. (Continued).

c.m. angle
(degrees)

Asymmetry
parameter A

(c) Mean pion energy
310.0£1.6 MeV

85.2 0.930+0.053

88.5 0.877+0.052

92.5 0.855+0.043

96.5 0.719+0.059

99.9 0.507+0.059
103.4 0.345+0.061
106.7 0.225+0.062
109.5 0.081+0.057
112.4 —0.049+0.047
114.9 —0.224+0.061
118.2 —0.320+0.055
121.8 —0.327+0.061
125.0 —0.404+0.058
128.3 —0.430+0.060
131.8 —0.419+0.058
135.2 —0.438+0.067
139.4 —0.400+0.053

7~ p—yn kinematics can be measured in terms of
1-cosT where 7 is the c.m. angle between the mea-
sured and calculated neutron directions specified
above. Events have been split in two groups accord-
ing to the difference At between the measured and
calculated neutron time of flight. The first group of
events, for which —1.0 < At <0.8 nsec, contains all
the 7~ p—yn events, and a part of the registered
charge exchange and background events, while in
the second group (0.8 < At < 1.7 nsec) no radiative-
capture event is expected. Figure 8 shows the func-
tion 1-cost for the two groups of events (T,=310
MeV). The peak at 7=0 is attribtued to radiative-
capture events and its content, once charge exchange
has been subtracted by straight-line extrapolation to
7=0, allowed the determination of the m~p—yn
rate (7% of the charge-exchange rate) and the es-
timation of the analyzing power for radiative cap-
ture. In Fig. 9, this analyzing power is compared to
predictions for the recoil nucleon polarization in the
inverse reaction yn—m~p derived from multipole
analyses of photoproduction data'®!® (f time-
reversal invariance holds, the above analyzing power
and recoil nucleon polarization are equal). At all
three energies, the capture rates were used to correct
the measured raw charge-exchange rates for the two
polarization states of the target; the corrections to
the event rate ranged from about 5 to 10%.

IV. EXPERIMENTAL RESULTS

A. Results for the 4 parameter
in elastic 7 p scattering

The measured values of the asymmetry parameter
in 77 p elastic scattering are shown in Figs. 10—12
and listed in Table I. The uncertainties of A4 given
in Table I, and also those in Table II, are due to
counting statistics and background subtraction; they
do not contain the contribution, due to the target-
polarization  uncertainty;  this  contribution,
AA=0.044 in all cases, scales all 4 values at the
same beam energy in the same way. The uncertainty
of the mean beam momentum in the center of the
polarized target was +0.4% in all cases.!* The cor-
responding uncertainties of the mean incident pion
laboratory Kkinetic energy T, are given in Tables I
and IL.

Our new results and the earlier SIN data at 291.5
and 308.0 MeV (cf. Ref. 4) appear to be consistent
with each other and with the data of Vasilevsky
et al.™® at 300 MeV and with those of Arens et al.?!
at 229 and 318 MeV. However, our data and those
of Ref. 4 differ significantly from those of Gorn?? at
243, 247, and 300 MeV, and of Rugge and Vik?* at
310 MeV. In these comparisons with other data we
have assumed a smooth variation of the 4 parameter
with energy.

B. Results for the 4 parameter
in 7~ p charge exchange

The results for the asymmetry parameter in 7 p
charge-exchange scattering are shown in. Figs.
13—15 and listed in Table II. The only previous
measurement of the 7~ p charge-exchange polariza-
tion in our energy region is that of Hill et al.?* at
T,=310 MeV and 6, =30°. Their data point is
outside the angular range of our measurements, so
no direct comparison is possible.

V. PHASE-SHIFT ANALYSIS

A. Data summary

We have carried out an energy-independent
phase-shift analysis (PSA) of our 7~p data together
with other pion-nucleon data in the same pion ener-
gy region. The laboratory pion energies T, selected
for our PSA were 237.9, 291.6, and 310.0 MeV; they
are among the energies chosen in the analysis of
Carter, Bugg, and Carter.” In addition to the new
SIN polarization parameters we used the measure-
ments listed in Table I of the recent PSA paper by
Zidell, Arndt, and Roper,’ i.e., data published since
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FIG. 13. Asymmetry parameter 4 in charge-exchange
scattering 7~p —7n at an incident pion laboratory kinet-
ic energy of 237.9 MeV, versus center-of-mass angle 0,
between 7~ and 7° momenta. Points with error bars:
measured values; cf. Table II. Curve a is derived from
phase shifts of Ref. 7 for an S-wave isospin-
nonconservation parameter wo=—0.1 rad (cf. Appendix
A; all other isospin-nonconservation parameters zero).
Curve b: same as curve a, but for wg= +0.1 rad. Curve c:
upper “isospin bound” for 4 (cf. Sec. VG and Appendix
B). Curve d: lower isospin bound.
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FIG. 14. As in Fig. 13, but for T,=291.6 MeV.
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FIG. 15. Asin Fig. 13; T,=310.0 MeV.

1971, with the following exceptions:

(a) We only used data published in journals.

(b) Data well outside our pion energy range were
not used.

(c) In one case (differential cross sections for 7*p
elastic scattering at 7,=310 MeV) we used also
pre-1971 data.

The 7*p total cross sections used are from Refs.
14, 25, and 26, the 7 p total cross sections from
Refs. 14 and 26, the integrated charge-exchange
(CE) cross sections from Ref. 27, the m*p elastic-
scattering (ES) differential cross sections from Refs.
28, 29, 30, and 31, the 7 —p ES differential cross sec-
tions from Refs. 30 and 31, the 7—p CE differential
cross sections from Refs. 11, 12, 13, and 32, the 7*p
ES A parameters from Refs. 1 and 3, the 7 p ES 4
parameters from Ref. 4 and from the present work,
the 7~p CE A parameters from Ref. 24 and from
the present work. For a large part of these data the
beam energy is not equal to one of the three energies
mentioned above; in these cases, we used values
determined by graphical or numerical interpolation
(this method is justified by the nearness of the in-
volved energies, for details, see Ref. 33). For all
data, interpolated or not, we included an uncertainty
due to the experimental error on T,.. This “energy
error” was estimated from the known energy depen-
dence of the data; it was in most cases not negligible
and was added in quadrature to the experimental er-
ror.
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All experimental values used in our PSA are listed
in Ref. 33, where also reasons for excluding or in-
cluding certain data are given. The errors of the to-
tal and the integrated cross sections used in the PSA
are total uncertainties (statistical and systematic er-
rors added in quadrature). The remaining data (dif-
ferential cross section and A parameters) depend on
the scattering angle; for these data we treated
separately errors which vary from one scattering an-
gle to the next, and errors which scale all measure-
ments of a given experiment at the same beam ener-
gy in the same way, i.e., normalization errors.>3

B. Inelasticities and electromagnetic corrections

In our PSA we used electromagnetic corrections
according to Tromborg, Waldenstrgm, and
Overbg.’* The values of the inelasticities, the
Coulomb phase shifts, and the “phase-shift correc-
tions,” which we calculated according to Ref. 34 for
the three beam energies of our PSA, are listed in
Ref. 33. The nonelectromagnetic (“strong”) inelasti-
cities in the P;,, wave for isospin I =% were taken
from Ref. 5. For the experimental uncertainties of
this inelasticity we used the values determined by
Bugg.’’

C. The X¥? minimization program

The pion-nucleon phase shifts were determined
with the minimization computer program MINUIT.3¢
The data input consisted of the cross sections and 4
parameters specified in section V A above, including
a normalization factor fom=1.0tAf,,m for each
set of differential cross sections or 4 parameters.
Here the quantity Af, ., is the experimental uncer-
tainty taken from the original papers; e.g.,
Afporm =0.04 for the present 4 data (cf. Sec. IV
above). The P, inelasticity for I =% and its un-
certainty also belonged to the data input.

As free parameters to be optimized, we used all
S-, P-, and D-wave phase shifts for both I =% and

= % The F5 phase shift was also treated as a free
parameter, as the optimized phase shifts 8(S;) and
8(P;,) strongly depend on the assumed value of
8(Fis). The phase shifts 8(P33,7mtp) and
8(P53,m p), for mp and 7~ p scattering, respective-
ly, were treated as two independent free parameters.
Finally all the normalization factors and the
P, (I =%) inelasticity mentioned above were free
parameters. The results of Ref. 5 were used as start-
ing values of the phase shifts and of the P ,(I = %)

TABLE III. “Pure hadronic” pion-nucleon phase shifts obtained by the analysis described

in Secs. VA—V D. All phases are in degrees.

Incident pion
laboratory kinetic

energy (MeV) 237.9 291.6 310.0
8(S11) 1098 +0.49 1095 +0.32 1294 +0.78
8(S31) —18.05 +0.32 —20.62 +0.24 —21.01 +0.32
8(Pyy) 6.01 +0.40 13.27 +0.39 17.92 +0.86
8(Py3) —2.92 +0.36 —3.81 +0.26 —2.39 +0.81
8(P3;) —6.22 +0.49 —8.26 +0.30 —8.25 +0.37
8(Py3;mtp) 118.19 +0.27 133.06 +0.20 135.86 +0.21
8(Py3;mp) 116.58 +0.48 131.11 +0.39 134.58 +0.99
8(Dy3) 1.83 +0.28 3.08 +0.23 470 +0.52
8(Ds) 1.37 +0.36 1.39 +0.20 2.64 +0.42
8(Ds3) 0.21 +0.30 0.47 +0.20 —0.03 +0.24
8(Dss) —0.74 +0.33 —0.39 +0.19 —1.28 +0.26
8(F,s) 043 +0.20 0.54 +0.14 0.87 +0.33
8(Fy7) 0.0 0.0 0.0
8(F3s) 0.0 0.0 0.0
8(F37) 0.30 0.53 0.58

m(Py,,) input 0.0043+0.0026

m(Py,,) output 0.0048+0.0025
X 62.2
Degrees of freedom 67

Confidence level 0.64

0.0330£0.0041 0.0434+0.0050

0.0354+0.0037 0.0456+0.0049
121.5 71.8
115 101

0.23 0.99
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inelasticity in the X? minimization program; the
starting value of each normalizatin factor was 1.0.
As our PSA was intended only as a preliminary
test of the improvement brought by our new data,
several important aspects, such as the uniqueness of
the solution found, or the consequences of the
dispersion relations, were not thoroughly studied.

D. The resulting phase shifts

The pion-nucleon phase shifts resulting from our
analysis are listed in Table III; the quoted phase

- S
— 16}
o B -
9_'110— /
g .. S i
k1 N\
&
w
T T N N N N A I O B A
200 250 300

Ty [ MeV ]

T
20—
- L
4 L
Y 15
o L
]
E -
o 10
Lo L
S
».
oL v oo by v v v bu s ay
200 250 300
TjT[MeVl

shifts are “hadronic,”’ i.e., they would result if the

pion and the nucleon interacted only through
the strong interaction. The Py /(I =—;-) inelasticity
quoted in the upper of the two corresponding lines
of Table III is the value of Refs. 5 and 35 used in
the data input of the X? minimization program (cf.
Sec. V C); the value in the lower line is the result of
the optimization. The errors quoted in Table III are
averages of the two MINOS errors determined by
MINUIT (Ref. 36); the MINOS errors are calculated by
the use of the hypersurface on which the X? function
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FIG. 16. “Pure hadronic” (Ref. 7) (I =-;—) phase shifts as a function of incoming pion laboratory kinetic energy T,
The full circles are the result of the present phase-shift analysis. Results of four earlier analyses (Refs. 5, 6, 7, and 37) are

shown for comparison.
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has the value X*(min)+ 1.0.

The minimal values of the X? function and the
numbers of degrees of freedom in the fits are also
quoted in Table III. The corresponding confidence
level is satisfactory at T,=237.9 and 291.6 MeV,
but is very large at 310.0 MeV. The small value of
X? at 310 MeV is mainly due to the charge-exchange
differential cross sections and 4 parameters and to
the w+p differential cross sections. At 310 MeV no
integrated charge-exchange cross section was avail-
able, and the errors caused by the interpolation be-
tween the charge-exchange differential-cross-section
data at nearby energies as well as the error of the
7+p cross sections due to the uncertainty on T, (cf.
Sec. V A) may have been overestimated in Ref. 33.

The optimized values of the normalization factors
for the differential cross sections and for the A4
parameters were satisfactory in all cases, i.e., they
differed from unity by typically one standard devia-
tion as expected from the original references.

Our new A-parameter data influence mainly the
phase shifts for isospin I =%. The corresponding
values from Table III are plotted in Fig. 16, together
with results of four recent phase-shift analyses
(PSA) by other groups.”~"37 Our §;; phases at 238
and 292 MeV are seen to have much smaller errors
than those of Carter et al.’; this improvement is
mainly due to the A-parameter data, which were not
available at the time of the latter analysis. Still at
238 and 292 MeV, our S;; phases agree well with
the values of Rowe et al.’” and with those of Zidell
et al.”; these two groups included a part of the SIN
A-parameter data; this is also the case for the
analysis of Koch and Pietarinen®; their S;; phase
below 300 MeV appear to be somewhat high, howev-
er. At 310 MeV our S;; phase is higher than that of
all other groups by about two standard deviations.
As discussed in Ref. 33 we excluded certain old
310-MeV data which were included by the other
groups.

Our P;; phases as shown in Fig. 16 agree fairly
well with those of the other groups; the Carter phase
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FIG. 17. The charge-dependence  parameter
Ay, =8(P33,m%p)—8(Py3,mp), discussed in Appendix A,
is illustrated for the results of the analysis of Carter et al.
(Ref. 5) (upper graph) and for those of the present
analysis (lower graph). For convenience, the difference
between &8(P33,7*p) or 8(P3;,m~p) and the charge-
independent P33 phase shift of Koch and Pietarinen (Ref.
6) (the uncertainties of which were neglected for this pur-
pose) is plotted versus the incoming pion laboratory kinet-
ic energy T,. At 238 and 292 MeV, the A,, parameter
found in our analysis differs from zero more significantly
than that obtained by Carter et al.

TABLE IV. Isospin-nonconservation parameters wo and A, (cf. Appendix A) determined by

the analysis described in Sec. VF.

Incident pion
laboratory kinetic

energy (MeV) 2379 291.6 310.0
o (radians) —0.054+332 —0.032%383 —0.0421343
Ao (degrees) —2.4%11 0.80113 0.70*%3
xX? 59.7 106.2 65.8
Degrees of 65 113 99
freedom
Confidence level 0.66 0.66 0.996
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FIG. 18. Values of the S-wave isospin-nonconservation
parameter w, (cf. Appendix A), versus the incoming pion
laboratory momentum p,. Crosses: values found by Lau-
rikanen et al. (Ref. 8); circles: Jenefsky et al. (Ref. 13);
triangles: present work. The comparatively large errors of
our points are discussed in Section VF. Our values for
(at 351, 408, and 427 MeV/c) are seen to be consistent
with zero, in contradiction to the results of Ref. 8.

at 310 MeV appears to be somewhat high; this
might be due to the use of the old differential-cross-
section data of Rugge and Vik.?> Our P;; phases at
238 and 292 MeV also agree well with those of the
other groups; our P,; phase at 310 MeV appears to
be high. In the case of the D3 phase there is good
agreement among all the groups. It should be noted
that in the analysis of Carter et al.> the D phases
were treated as fixed parameters, determined from
theoretical considerations. Our D;s phases agree
fairly well with those of Koch and Pietarinen® and
with those of Zidell et al.”; those of Carter et al.’
and those of Rowe et al.’” appear to be low.

In summary, our PSA has shown that the new
7~ p A-parameter data are useful for an improved
determination of the S, D3, and D5 phases. The
uncertainties of these phases can probably be re-
duced further by using dispersion relations.

E. Evidence for charge dependence in the P;,, wave

The Pj3; phases of Table III are shown in the
lower graph of Fig. 17. Here the differences be-
tween our P33 phases and those of Koch and Pietar-
inen® are plotted; in the latter analysis the P3;(7tp)
phase is constrained to be equal to the P33(m p)
phase. The P3; phases of Ref. 6 are seen to fall be-
tween our phases for m*p and 7 p scattering,
respectively. In the upper graph of Fig. 17, the P33

phases of Carter et al.’ are plotted in the same way.
Our P3; phases are seen to have smaller errors than
those of Carter et al. in most cases; it should be not-
ed that the points in Fig. 17 were plotted under the
hypothesis that the errors of the Koch-Pietarinen
phases are zero. Thus the inclusion of 4-parameter
data is seen to lead to a reduction of the errors of
the P3; phases, as expected (cf. Sec. I). The differ-
ence Ay, =8(P33,mtp)—8(P33,m p) is found to be
significant at 238 and 292 MeV in our PSA
[A;L=(1.61140.55)° and (1.95+0.44)°, respective-
ly]. As discussed in Sec. I above, these differences
can be attributed to differences between the masses
and widths of the doubly charged and neutral states
of the A resonance.

F. Test of isospin conservation in the S wave

The analysis described in Secs. VA to VE above
was redone with the same data, but including the
isospin-nonconservation parameters wy and Ag in the
list of free parameters (see Appendix A). The result-
ing parameters w, and A, are listed in Table IV; the
parameter o, is plotted in Fig. 18 together with re-
sults of earlier analyses. In contrast to Ref. 8 there
is no evidence in our PSA for isospin nonconserva-
tion in the pion-nucleon S wave.

The errors of our points in Fig. 18 are compara-
tively large because in our analysis, in addition to g
and A, all phase shifts and inelasticities specified in
Sec. VD were treated as free parameters. The
charge-exchange A parameter is quite sensitive to
the parameter wy; this is illustrated in Figs. 13 to 15.
If the charge-exchange 4 data are excluded from our
PSA, the errors of the resulting parameters o, and
A increase typically by a factor 1.5. If all 4 data
are excluded, the errors of wy and Ay are larger than
those in Table IV typically by a factor 2.

G. Isospin bounds for the A parameter
in charge exchange

Isospin bounds have been of some importance in
the history of pion-nucleon physics.'***3° Upper
and lower bounds, e.g. for the charge-exchange 4
parameter, are derived at a given incident pion ener-
gy and scattering angle not directly from phase
shifts, but from differential cross sections for 7+p
elastic and 7~ p elastic and charge-exchange scatter-
ing and from A parameters in 7+p and 7 p elastic
scattering. The relevant formulas are presented in
Appendix B.

For practicality, we have derived the quantities
appearing on the right-hand side of Eq. (A13) from
phase shifts which we obtained without using
charge-exchange A data. The resulting isospin
bounds for 4° are shown in Figs. 13 to 15; they are
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seen to be rather loose and not “saturated” by our
new experimental A° values.

VI. CONCLUSIONS

Our asymmetry-parameter data in 7~ p elastic and
charge-exchange scattering at incident pion labora-
tory kinetic energies 237.9, 291.6, and 310.0 MeV
have been shown to allow a significant improvement
in the precision of the S;; and P;; phase shifts at
these energies, and in addition an experimental
determination of the D3 and D5 phase shifts. The
new data are consistent with isospin conservation in
the pion-nucleon S wave but lead to a more signifi-
cant evidence for the charge dependence of the Ps;
phase shift at 237.9 and 291.6 MeV.
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APPENDIX A: ISOSPIN-NONCONSERVATION
PARAMETERS

In the following a summary of formulas® relevant
for the definition of the isospin-nonconservation
parameters o;_, oy, A;_, and A is given. Here l
is the orbital angular momentum of the 7N state.
The subscript /+ indicates that the total angular
momentum j of the 7N state is j=l+%; I — indi-
cates that j=I— % In Secs. I and V the parameter
w;+ is used for the S wave, i.e., /=0 and j=%; in
this case one has g =wo_=wo.

Following Laurikainen and Tornqvist® we adopt
the hypothesis that small nonzero transition matrix
elements (I',1;| T |1,I;) exist (I is the isospin of
the initial wN state , I' the same for the final 7N
state, and I is the third component of the isospin
for both the initial and the final state). We define
two new orthogonal isospin base states |¢;) and
| ¢3) such that the transition matrix {¢; | T'| §,) is
diagonal. Here we assume elastic unitarity, i.e., the
final state is assumed to be always a 7N state. For a
given partial wave (/,j) the transformation from the
two base states with well defined isospin I, i.e.,
[%,13) and | %,13 ), to the new base states is de-
fined by the equations

|¢1)=COS(01i | %,h)—sinw,i I %,I3> s (A1)

|¢3) =sinwys | 3,03 +cosops | 5.13) . (A1)
Dropping the subscripts / + for clarity, we define

Ty=(i/2,I3|T |k/2,I3) , (A2)

aj ={¢: | T ;) . (A3)

From the condition that the matrix (¢; | T | ¢z ) be
diagonal one obtains, setting sino~w and cosw~1,

Ty T3 ay wlay—al)
Ty T3 |~ |olas—al) a
(A4)
For the neutral channels (I; = — 5) we define |
a~=(r"p|T |7 p), (A5)
a’=(7' |T |7 p). (AS")

Using Clebsch-Gordan coefficients, one obtains
from Egs. (A4) and (AS5)

V2 ,
a—z%aaﬁaa—%—zw(as—an, (A6)
v2 o, o, ) ,
aozT(a.z ay) I_T/‘E : (A6)

Equations (A6) and (A6’) have been used in the
analysis described in Sec. VF.
If one defines

at=(xtp|T|n*p) (A7)

and makes the additional assumption that the ampli-
tudes do not depend significantly on the third iso-
spin component I 3, one finds, still for sino~w and
cosw~1,

at~aj . (A8)

From (A6) and (A8) one obtains the equation

V& (R)

FIG. 19. Illustration of triangle relations involving dif-
ferential cross sections off polarized protons (cf. Appen-
dix B).
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at—a " ~(V2+3w)a®. (A9)

Setting @ =0 one obtains from Eq. (A9) the familiar
triangle inequalities for |a*|, |a~|, and |a°|
[cf. Eq. (1) in section IJ.

In order to introduce a significant dependence of
the matrix elements on I (i.e., a significant charge
dependence), one abandons Eq. (A8) and allows the
phase shifts for a * and a; to differ from each other
(a3 is then applied for the neutral channels only);
this has been done in our analysis for the P;,, wave
and, in the calculations described in section V F, also
for the S wave. Still omitting the subscript [+
which specifies the angular-momentum state, we de-
fine the phase-shift difference A to be

A=8%-8;3 . (A10)

Here 8; is the phase shift for the (I;=— %) ampli-
tude a’ defined in Eq. (A3), and &' is the phase shift
for the amplitude a * [Eq. (A7)].

APPENDIX B: ISOSPIN BOUNDS

Isospin bounds are derived for a given measurable
quantity from other measured quantities, under the
assumption of isospin invariance. For the parameter
A° (4 parameter in 7~ p—>m"n) isospin bounds at a
given pion beam energy and a given scattering angle
can be derived® from the triangular relations illus-
trated in Fig. 19; the quantity o,(Pr), where s
stands for +, —, or O, is the differential scattering
cross section for a proton target with the polariza-
tion Py. The indices +, —, and O indicate the reac-

tions 7tp—mtp, 7 p—mp, and 7 p—n°n,
respectively. The cross section o, (P) is related to
the cross section ¢* of unpolarized protons by Eq.
(2), i.e.,

o3 (Pr)=0*(1+A4°Pr) . (B1)
From Fig. 19 one finds
20p(Pr)= o} (Pr)+0, (Pr)
—2cos@(Pp)ot(Pr)o~(Pp)]V2 . (B2)

Combining Eqgs. (A11) and (A12) and solving for the
parameter 4° one finds

ot +o~

tAt 4o A~ 1
oAt +oTA” | 1 |0t
20

A°=
20° Pr

—1

1
—_— A+
PT+

ot

—cos@(Pr) | —
o

172

o
X 0
o

Lia-

P (B3)

It is supposed that the quantities 0%, o~, 0%, 47,
and A~ are known from previous measurements.
The region of allowed A° values is found by allow-
ing the phase ¢(Pr) to vary from zero to . This is
done first for Pr=+1 to give the allowed region
R(+1) of A° values, then for Pr=—1 to give the
region R(—1). The final allowed region of A4°
values is the overlap of the two regions R(41) and
R(—-1).
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