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mass,”? all three events have a K* produced at the
production vertex and furthermore, the invariant mass
recoiling off the K+ is approximately the same in all
three events. For Events I, II, and III, the mass
recoiling off the K+ is 2.73, 2.70, and 2.76 GeV/c,
respectively. We have also observed that the first O~
reported by Brookhaven and the @~ reported by the
British-Munich collaboration were both produced in
thereaction K—4p — @+ K++4KO. The invariant mass
recoiling off the K+ for these events is 2.69 and 2.68

12 The =" interpretation requires two missing K%s in order to
conserve strangeness and the available invariant mass of 1.023
+0.056 GeV/c? for this interpretation indicates the two K%s are
produced with approximately the same momentum and direction.
This would seem to be an improbable situation. On the other
hand, if track 2 is assumed to be a K*, the missing mass at the
production vertex is 0.898 GeV/c?, close to the mass of the
K*(890) resonance. Hence we expect the correct interpretation
of track 2 to be a K* rather than a «+,
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GeV/¢2, respectively. This suggests that perhaps @~
hyperons are produced in the decay of an S=-—2
particle of mass ~2720 MeV/c®.. We hasten to point
out, however, that at 5.5-GeV/¢ K~ beam momentum,
phase space has its maximum at 2.50 GeV/¢? for the
Q~K° combination and at 2.70 GeV/¢ for the Q—K*
combination. Thus, it would be interesting to look at
the invariant mass combinations in O~ events produced
with higher K~ beam momenta.
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Small-angle differential cross sections are presented here for 7~+p — #%4-n charge-exchange scattering
between 2.4 and 3.8 GeV/c. The differential cross section near /=0 displays two minima and one maximum
in this momentum interval, reflecting the presence of the Ny/*(2420), N;/* (2850), and Ny/*(2650) reso-
nances; at larger ¢ values, the cross sections fall off exponentially as a function of #, just as has been previ-
ously observed for charge-exchange scattering above 6 GeV/c. The pion—charge-exchange data reported
here at 6 and 10 GeV/c extend out to large angles, showing a maximum near ¢ = 0, followed by an exponential
falloff as €', a minimum near —¢=0.6 (GeV/c)?, and then a second maximum near —¢=1.0 (GeV/c)2.
The 7=+p — n°+n differential cross section shows a maximum near t=0, followed by an exponential
falloff as ¢*, much less steep than the = slope. These data are compared to our previously published data
and to those of the Saclay-Orsay group.

I. INTRODUCTION

N an experiment at the AGS at Brookhaven National
Laboratory, we studied the interaction 7=+p— #
plus 4’s in several experimental setups, resulting in
measurements of the following final states: (A) n-42y
in a low-momentum #~ beam covering the range of
2.4 to 3.8 GeV/c in steps of 0.1 GeV/c, plus one point
1 Work supported in part through funds provided by the U. S.
Atomic Energy Commission under Contract AT (30-1)-2098.
This research was performed, using the alternating gradient
synchrotron at Brookhaven National Laboratory.

* Present address: Lawrence Radiation Laboratory, University
of California, Berkeley, California.

at 6.0 GeV/c; (B) n+2y in a high-momentum =—
beam covering the range of 6 to 16 GeV/c, with a
“good-geometry” measurement (spark chamber far
downstream from hydrogen target) ; (C) n+2vy, n+3y,
n+4y in the same high-momentum 7~ beam, at 10
GeV/c only, with a “poor-geometry” measurement
(spark chamber close to hydrogen target).

We report here the results of measurement (A), in
which we observe the charge-exchange #-+n? final state
only, and the n-42y results of measurement (C), in
which we observe both the #+#° and n-+7° final
states. Preliminary results of the forward charge-
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exchange scattering from (A) have already been re-
ported,! as have some of the #+2y results from (C).23
The final results of (B)* and the final results of the
3y 5 and 4y %2 final states of (C) have been reported
previously.

These 13 measurements in the momentum region
between 2.4 and 3.8 GeV/c represent a systematic
extension of the charge-exchange scattering measured
by Bulos et al.” up to 1.1 GeV, by Chiu et al.® up to
1.3 GeV, and by Borgeaud ef al.® up to 1.9 GeV. Stirling
et al® and Sonderegger ef al.' published charge-
exchange scattering in the 5.9- to 18.2-GeV/c momen-
tum range; their results and ours of Refs. 4 and 2 are
in excellent agreement with each other. This same
group will soon publish charge-exchange results for
the momentum range 2.6 to 5.8 GeV/c. Additional
data in the momentum range 1.3 to 4.0 GeV/c have
also been taken by the group of Ref. 7.2 In addition,
Carroll e/ al.® have measured the charge-exchange
reaction at five momenta between 1.72 and 2.46 GeV/c.
In Refs. 7, 8, 12, and 13, differential measurements
have been made over the complete angular range,
whereas our data and those of the Saclay-Orsay group
in Refs. 9-11 have been limited to scattering angles
near the forward direction. Charge-exchange distribu-
tions have also been measured by Faissner ef al.'* at
4.0 GeV/c, by Barmin ef al.'5 at 2.8 GeV/c, and by
Backenstoss ef al.1® at 10 GeV/c.

1 M. A. Wahlig, I. Mannelli, L. Sodickson, O. Fackler, C. Ward,
T. Kan, and E. Shibata, Phys Rev. Letters 13, 103 (1964)
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7 production in the reaction 7 p — 7°+» has been
measured between 3 and 18 GeV/c¢ by the Saclay-
Orsay group, Guisan et al.,'” and it has been interpreted
in the framework of a single Regge-pole exchange by
Phillips and Rarita.?

The type of interpretation of charge-exchange scat-
tering varies as a function of the incident pion momen-
tum in much the same way as does elastic scattering.
At low momenta, X1.5 GeV/c, the angular distribu-
tions are expanded in partial waves™® in order to
obtain additional information on the pion-nucleon
phase shifts and on the quantum numbers of the pion-
nucleon resonances. At high momenta, the differential
distributions, in terms of the square of the four-momen-
tum transfer ¢, are compared with the predictions of
peripheral-type production models, in particular, the
Regge-pole theory,>2 the absorption model,?? and the
Byers-Yang ‘“coherent-droplet” model.® The single
Regge-pole exchange model adequately explains the
energy dependence of these distributions and provides
an adequate parametrization (although not an explana-
tion) of the ¢ dependence. The coherent-droplet model
explains the ¢ dependence of the charge-exchange dis-
tributions [for [£] 0.5 (GeV/c)*] and inserts the
energy dependence in the form of a normalization
parameter.

At intermediate momenta, ~1.5 to 6 GeV/c, a com-
bination of the effects of direct-channel resonances and
of a cross-channel exchange interaction is necessary to
explain the data, but the high spin values of the reso-
nances in this energy region make it difficult to obtain
unique fits to the data. However, it appears that, with
reasonable choices of the spins of the resonances, the
parities of the resonances may be determined. This
type of analysis, using direct-channel resonance plus
Regge-pole exchange amplitudes, has been carried out,
using charge-exchange data, by Carroll ef al.’® near 2
GeV/c and by Baacke and Yvert* between 2.6 and
5.8 GeV/c. Barger and Olsson?® have applied the same
type of analysis to the 0° charge-exchange data be-
tween 0.7 and 6.0 GeV/c.
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On the other hand, the 0° values of the differential
cross section are very useful throughout all momentum
regions as an experimental check on dispersion-relation
calculations.?®:#” This can be seen using the relationship
between the complex charge-exchange amplitude Fex
and the amplitudes for #*p and 7~ elastic scattering
F +

V2F oy = (Fy—F-), (1)
together with the optical theorem
47 ImF 1 (0°)=ko=, 2

where o+ are the #7p and 7—p total cross sections, and
k is the pion momentum. Combining these,

V2Fex(0°) = (Dy—D_)+ik(ot—07)/4m,  (3)

where D, are the real parts of the n%p scattering
amplitudes at 0°. By measuring doex/d2(0°) = | Fex(0°) |2
and the n%p total cross sections, (D,—D_) can be
determined experimentally, and then compared with
the dispersion-relation calculation of (D,—D_).

In intermediate momentum regions, the pion-nucleon
resonances produce only small increases in the total
cross sections, but the n*p total cross sections are
nearly equal, so that the resonances produce relatively
large effects on their difference. Structure in the energy
dependence of doex/d2(0°) can therefore be a much
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more sensitive indication of the presence of pion-
nucleon resonances than total cross-section measure-
ments. This was indicated in our preliminary results,!
which showed the effects of two additional resonances
above the Nj9*(2420) resonance. These were subse-
quently confirmed by precision total cross-section
measurements? as the Ny»*(2650) and Nj.*(2850)
resonances. However, these amplitudes have non-
negligible real parts, and so, in general, the maximum
or minimum in the charge-exchange forward cross
section does not occur at exactly the same energy as
does the peak in the =%p total cross section.

II. EXPERIMENT

A. Low-Energy Run

The experimental apparatus is shown in Fig. 1. The
2.4- to 6.0-GeV/c =~ beam enters from the left. The
spread in momentum was =0.49%. No Cerenkov
counter was used, so corrections are made for g and
K—-beam contamination. The incident beam was de-
fined by three scintillation counters not shown in Fig.
1 plus the $-in.-thick scintillator immediately in front
of the hydrogen target.

The 2-in.-long hydrogen target was surrounded by
alternate layers of scintillating plastic and lead (Pb),
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Ha, and S. D. Warshaw, Phys. Letters 10, 138 (1964).

¥ G. Hohler, J. Baacke, and R. Strauss, Phys. Letters 21, 223 (1966).
% W. Galbraith, Proc. Roy. Soc. (London) A289, 521 (1966); A. Citron, W. Galbraith, T. F. Kycia, B. A. Leontic, R. H. Phillips,

A. Rousset, and P. H. Sharp, Phys. Rev. 144, 1101 (1966).
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except for the upstream and downstream directions
and a small hole to admit the liquid hydrogen. There
were three layers of £-in. scintillator and two layers of
2-in. lead. These scintillator-lead sandwiches were in
anticoincidence with the incident beam and vetoed
both charged particles and 4’s, except those in the
downstream direction (at these momenta, the upstream
hole in this counter system was neglected).

The square opening in the downstream direction,
subtending approximately 12°)X12° in the lab, was
covered only by a %-in.-thick scintillator, which vetoed
only charged particles. v rays passed through this
scintillator and were converted in a 14-plate brass
spark chamber 5 radiation lengths thick. The detection
of one or more charged particles in a large scintillation
counter directly downstream from the spark chamber
completed the trigger; this shower detector had a 4-in.-
square hole in its center to avoid overloading by beam
particles. The spark chamber had an additional three
plates of thin aluminum foil on the upstream side to
provide a visual veto of any charged particles which
escaped our veto system. The spark-chamber plates
were 25X 25X} in. thick, and the first brass plate was
601 in. from the center of the hydrogen target.

The incident beam intensity was typically (1.0 to 1.5)
X10* particles per 100-msec-long pulse. A dead-time
circuit was used to turn off the electronics for 0.8 usec
each time a charged particle traversed the spark
chamber to lower the probability of a charged-particle
track accompanying the charge-exchange event. The
fraction of the incident beam intensity eliminated by
this dead-time protection varied between 1 and 2,
usually closer to the latter. With this dead-time
circuitry, 289, of the 2y events were accompanied by
a single charged track and 69, by two charged tracks.
Those events with three or more charged tracks were not
measured, but were corrected for in the normalization.

The spark-chamber trigger rate was typically about
1.1X10~* trigger per incident particle with the target
full and about 0.55X10~* with the target empty. Be-
tween 5000 and 10 000 pictures were taken at each of
the 14 momenta, and about one half of these contained
2y events.

B. Poor-Geometry High-Energy Run

The 10-GeV/c data reported here were taken in a
beam originally set up by Galbraith et al.? and included
a differential Cerenkov counter to discriminate against
K~ and p. The momentum spread was £29%, at half-
height of a triangular distribution, and the angular
divergence was smaller than 2 mrad.

The experimental arrangement was the same as that
used in the low-energy beam, with three exceptions:
The length of the hydrogen target was increased to 6

¥ W. Galbraith, E. W. Jenkins, T. F. Kycia, B. A. Leontic,
R. H. Phillips, A. L. Read, and R. Rubinstein, Phys. Rev. 138,
B913 (1965).
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in., the large scintillation counter downstream from
the spark chamber was not used, and the hydrogen-
target-to-spark-chamber distance was decreased to 47
in. (This should not be confused with the good-geometry
high-energy data at 10 GeV/c reported in Ref. 4, in
which this distance varied between 120 and 180 in.)

The target-full and target-empty trigger rates were
1.0X10~* and 0.16XX10~* trigger per incident pion, re-
spectively. There were 33000 target-full and 2000
target-empty pictures taken; 379, of these contained
2y events.

III. ANALYSIS
A. Scanning, Measuring, and Fiducial Region

All of the pictures were scanned twice for 2y events,
and any discrepancies between the two scans were
resolved by a third look at the events in question. The
first spark of each shower was encoded in each of the
90° stereo views. The v angles were calculated, using
the approximation that each event originated at the
center of the hydrogen target. This set the maximum
error in the y-y opening angle as = (half-length of
hydrogen target)/(distance from hydrogen target to
spark chamber), i.e., £1.79, for the low-energy run
and 36.49, for the 10-GeV/c run.

Events were accepted only if both 4’s originated in
the brass plates of the spark chamber within =11 in.
from the beam axis, converted before the last four
plates, and had a minimum of three gaps firing per
v ray.

B. Opening-Angle Distributions
1. Experimental Distributions

Several y-y opening-angle distributions in the 7
cm. system are shown in Fig. 2. The 2.9-GeV/c dis-
tribution is typical of all momenta in the 2.4- to 3.8-
GeV/c range. The opening angle 6 between two 7’s
has a minimum allowed value 6,,i, determined by

tangbmin=mc/p, 4)

where 7 and p are the mass and momentum of the
particle decaying into two «’s (either #° or %°). The
opening-angle distributions are plotted normalized to
Omin, and should peak sharply at the minimum value
of 6/6min=1.0. The smoothing out of the leading edge
of these distributions is due to the uncertainty in the
-y opening-angle measurement and to the spread in
incident beam momentum.

The opening-angle spectra have been corrected for
the target-empty background. Over essentially the full
range of 6/6min values 0.5 to 6.0, this amounts typically
to a 409, subtraction in the low-energy region and
139, at 10 GeV/e.

2. Cut in Distributions

Only those events in the interval 0.965<6/0m;n
<1.165, which includes about half of the good events,
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are used in determining the differential charge-exchange
cross sections. This narrow cut is made for three
reasons: (1) The target-empty subtraction in this
narrow interval is much lower: typically 209, in the
lower-energy region and 89, at 10 GeV/c. (2) The
inelastic contamination from my events (m>3), where
only two out of the m 4’s have appeared in the spark
chamber, is reduced to a negligible level (except for
7° events at 10 GeV/¢). (3) The third and most im-
portant reason is that this narrow cut improves the
resolution in the measurement of the #° angular dis-
tributions. The observed variable is the bisector of the
v’s; the narrower the opening-angle interval selected,
the closer the bisector is to the true #° direction and
the smaller the uncertainty in the #° direction. Good
angular resolution is essential for a reasonable estima-
tion of the forward differential cross section.

To give an absolute measure of this cut in 6/6min at
an incident 7~ momentum of 3 GeV/¢, the c.m. mo-
mentum of the 7~ is 1.10 GeV/¢, and this is the same
as the 7° momentum for the charge-exchange reaction.

= CHARGE-EXCHANGE SCATTERING AND » PRODUCTION
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Using Eq. (4), min=14.0° in the 7~p c.m. system, and
the cut in 4 is from 13.5° to 16.3°. Thus the cut includes
only 2.8° out of the total of 166.5° in the allowed
13.5°<6<180° range.

To determine exactly what fraction of the charge-
exchange events are included within this opening-angle
cut, a Monte Carlo calculation is made to predict the
expected 6/0min distribution. These Monte Carlo results
are shown as solid curves in Fig. 2; the agreement in
shape with the experimental histograms is good.

3. Check on Beam Momentum

Besides being necessary for the normalization deter-
mination, the comparisons of these Monte Carlo open-
ing-angle distributions with the experimental distribu-
tions provide a check on the incident beam momentum
and point out the presence of inelastic backgrounds.
The incident-beam-momentum check is accomplished
by comparing the positions of the peaks of the 6/0min
distributions. The location of this peak depends upon
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F1c. 2. Distributions of the 2y opening angles 6 in the =~p c.m. system, normalized to the minimum allowed opening angle iin for
each momentum. Note that the sharpness in the opening-angle distribution is masked here by the expanded scale and buried zero in
0/0min (see text for absolute angular scale). The solid lines are the Monte Carlo predicted distributions, normalized to the number of
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for the % in the reaction =~ +p — N*0(1236)+=°, and are arbitrarily normalized. (a) The 2.9-GeV/¢ distribution is typical of all those
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the beam momentum via the calculation of fyin, using
Eq. (4). We observed a 1.59, displacement of the
Monte Carlo peaks relative to the experimental peaks
for all of the 2.4-3.8-GeV/c¢ distributions, a 19}, dis-
placement at 6 GeV/¢, and no displacement at 10
GeV/c. The Monte Carlo curves in Fig. 2 have been
shifted by these amounts. There are two other possible
sources of this shift: an error in the measurement of the
distance between the hydrogen target and the spark
chamber, or an error in the measurement of the dis-
tance between the reference marks in the spark-chamber
pictures. Either of these would produce an error in 6.

Upon rechecking, an error of 0.99, was discovered in
the hydrogen-target-to-spark-chamber distance in the
low-energy run, which accounts for a 0.99 shift in the
experimental determination of 6. This leaves only a
0.6%, shift. Instead of reanalyzing all the data after
this 0.9%, error was discovered, the Monte Carlo curves
were simply shifted over as stated above, allowing the
correct calculation of the number of events surviving
the opening-angle cut.

Our best estimate for the experimental uncertainty
in 6 because of errors in distance measurements is
£0.6%. The best estimate for the experimental un-
certainty in 6/6min because of errors in the beam-
momentum measurement is =#0.69%. The combined
error in 6/6min is £0.8%,. Thus the 0.6, shift is within
our experimental uncertainty, and the value of the
momentum of the incident beam is verified to this
accuracy.

4. Isobar Contamination

The most likely source of contamination in our
charge-exchange data is nucleon-isobar production:

7 p— N¥4a0, N¥— ntnd, 5)

with the fairly low-energy 7’s from the isobar’s =°
failing to trigger the anticoincidence system. The
opening-angle distributions for this reaction have been
calculated with a similar Monte Carlo program, which
simulates N* production and decay according to the
isobaric model and takes into account the energy
dependence of the vy-detection efficiency of the anti-
coincidence system. The dashed lines in Figs. 2(a) and
2(b) show these distributions for the N*(1238) isobar.
All higher-mass isobars would produce an opening-
angle peak shifted considerably farther to the right
and have a negligible contribution to the data.

The comparison of the Monte Carlo curves with the
experimental histograms in Figs. 2(a) and 2(b) shows
that the isobar contamination is small, especially within
the 6/0min interval from 0.965 to 1.165. A least-squares
fit of the experimental data to the Monte Carlo elastic
and isobar distributions gives an average isobar con-
tamination of 49, in the 2.4-3.8-GeV/c data. How-
ever, since the X2 value for zero isobar contamination
is almost as low as the minimum X2 value corresponding

M. A. WAHLIG AND 1I.
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to the 49, contamination, the data are consistent with
zero isobar contamination, and we have not corrected
for it in our normalizations.

C. Bisector-to-=? Conversion

The experimentally observed differential-scattering
variable is the direction of the bisector of the two ¥’s
which is not the same as the true #° direction. But
because of the narrow cut accepted in the opening-
angle distributions, 0.965<6/0nin<1.165, the bisector
direction is usually a good approximation to the =°
direction, and the ¢ dependence (¢ is the square of the
four-momentum transfer to the nucleon) of the #° and
bisector distributions are quite similar.

If the #° distribution in ¢ were known, it would be
possible to predict the bisector distribution (statisti-
cally), knowing that the spinless pion decays iso-
tropically in its rest system. Denoting the #° distribu-
tion by P(#) and the bisector distribution by B(z), we
can express their relationship for any ¢ interval #; as

B(t:)=e(t:)P(t;), (6)

where €(Z;) is the efficiency factor for the ith ¢ interval.
Ideally, then, the #° distribution can be determined by
inverting this equation:

P(t)=w(t)B(t), )

where w(#;)=1/¢(%;) is the weight for the th interval.

Unfortunately, such a method requires an a priori
knowledge of the true #° distribution, because the
values of the weights depend upon the shape of the #°
distribution. Accordingly, the weights used here were
determined by finding a #° distribution which produces
a bisector distribution in reasonable agreement with
the observed bisector distribution. This was done in
the following way.

Let the probability of a #° in #-interval j producing
a bisector in t-interval ¢ be denoted by 4;;. These 4;;
are determined by using a Monte Carlo calculation,
and will be discussed further below. Then

B(l)=2 AP (t). ®)

Expanding the 7° distribution in powersof}z,

Tmax

P@)=2 anr, &)

gives

B(t)= 2 an 2, Aijti. (10)
=0 J

Using a least-squares fit of these B(#;) to the experi-
mental bisector distribution, the values of @, (and thus
the best-fit #° distribution) were calculated for #ax=2
through #m.x=38. The weights w(s;)=P(¢;)/B(t;) were
also calculated for each value of #max. In general, the
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best value of #max was chosen as that which produced
the lowest value of X2/f, where f is the number of
degrees of freedom in the least-squares fit. The weights
for this best value of #max were inserted into Eq. (7),
giving the best estimate of the #° distribution. Even
though the values of the @, varied considerably as a
function of the value of #max, the values of the weights
were relatively insensitive to the value of #max. This
procedure was used independently for each value of
the incident momentum, and also for s at 10 GeV/c.

The A.; matrix as calculated with the Monte Carlo
program includes the effects of (a) the finite beam size,
(b) the momentum spread of the beam, (c) the length
of the hydrogen target, and (d) the conversion dis-
tribution by gaps of the 4’s converting in the spark
chamber. It also includes corrections for (a) fraction
of events outside of the 0.965<6/6,in<1.165 opening-
angle cut (about %), (b) events lost because of con-
version of recoil neutrons in the scintillators surround-
ing the hydrogen target (~39, average effect), (c)
events lost because of conversion of 9’s in the stainless-
steel side walls of the hydrogen target and its vacuum
jacket (19, average effect), (d) events lost because
of passage of 7’s through the beam hole in the large
scintillator downstream from the spark chamber (neg-
ligible at and below 6 GeV/c; not applicable at 10
GeV/c), (e) events lost because of passage of 7’s
through the spark chamber without converting (3.8%,
per v ray), and (f) events lost because of scattering
of v’s outside the region defined by the spark chamber
(causes cutoff of ¢ distribution except at 6 and 10
GeV/c). Corrections (b), (c), (d), and (f) are included
here in the 4,; calculation because they are ¢-dependent
and must properly be applied to the #° (or 4°) distribu-
tion rather than the bisector distribution. Corrections
(a) and (e) are included here for convenience, although
they could just as properly be included in the over-all
normalization factors.

The only correction applied to the raw bisector
distribution was the target-empty subtraction, which
has been described above. This subtraction was made,
using the ¢ distribution of the empty-target events.

D. Over-All Normalization Corrections

These corrections are called “over-all” to distinguish
them from the {-dependent corrections just discussed
above. They include (a) u contamination of beam
(typically ~5%), (b) K contamination of beam
(typically ~29, except none at 10 GeV/c), (c) ab-
sorption of beam in hydrogen target (<19%), (d) &
rays in hydrogen target (~19%), (e) Dalitz pairs
(~19%,), (f) v conversion before spark chamber (3.19,
per v ray), (g) scanning inefficiency (~1%), (h) mis-
measured events (typically ~49,), and (i) pictures
with events accompanied by three or more unassociated
charged tracks (~19%).

In addition, there are two corrections applied only
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to the 5° distribution at 10 GeV/c. The first is caused
by a background of ° events. This is evident from the
0/8min distribution shown in Fig. 2(d), where the tail
of the #° distribution is seen to extend into the region
of the #° peak. This #° background is estimated to be
~89%,. It is subtracted bin by bin in the »° ¢ distribu-
tion, using the ¢ distribution of the #° events. The
necessity for a second correction can also be seen from
Fig. 2(d). After the #° events have been subtracted,
there is still a background under the 7° 6/6imin peak.
This background is essentially flat in 6/6nin. It is
presumably because of events in which three or more y’s
were produced, but only two v’s were observed. This
amounts to a background of ~109, and is corrected
for in the over-all normalization factor.

E. Systematic Errors

The systematic uncertainties in the over-all cross-
section measurements are estimated to be 4109, for
the 2.4-6.0-GeV/c data, 489, for the =° data at 10
GeV/e, and 119, for the »° data at 10 GeV/¢c. For
any given momentum, the systematic errors from point
to point in the ¢ distributions are negligible compared
to the statistical errors. Also, for the 2.4-3.8-GeV/c¢
data, the systematic errors from momentum to mo-
mentum are negligible compared to the statistical
errors. The major contributions to the systematic
errors arise from the uncertainties in the number of
protons/cm? in the hydrogen target and the u con-
tamination of the beam. The presence of a possible
small isobar contamination is not included in the
systematic error; as described above, the data are con-
sistent with zero contamination. As a precaution
against introducing systematic errors between the data
at different momenta, during the 2.4-3.8-GeV/c¢ run
most of the data were taken in sets of 500 pictures at
each momentum, running back and forth many times
over the whole momentum interval.

IV. RESULTS AND CONCLUSIONS

A. 2.4- to 3.8-GeV/c Data

The differential #° distributions between 2.4 and 3.8
GeV/c are summarized in Table I and plotted in Figs.
3 and 4. Only statistical errors are included in these
data; the systematic errors are described in Sec. III.
These values for do/dt near t=0 differ from those
given in the preliminary results! by somewhat more
than would be expected on the basis of statistics alone.
The reasons for these differences were studied and
found to be twofold: (i) an overestimated initial
scanning efficiency for the once-scanned preliminary
data and (ii) fluctuations in the small numbers of
empty-target events.

The maximum observable scattering angle is set by
the size of the spark chamber and its distance from the
hydrogen target. These were fixed during the 2.4-6.0-



1522 M.

A. WAHLIG AND I.

MANNELLI 168

TasLE L. Values of the differential cross section do/dt in ub/(GeV/c)? for the charge-exchange reaction 7=+ p — #0+-#n.

—t¢ interval Incident pion lab momentum (GeV/c)
[(GeV/c)?] 24 2.5 2.6 2.8 2.9 3.0
0.00-0.01 6904180 2704170 700140 780170 12504180 12804-210
0.01-0.03 8704200 6304200 11004130 11704110 10704130 850150
0.03-0.06 12304150 1000150 11504110 1040110 11104110 10504110
0.06-0.09 990160 8204170 11404120 10904100 11304100 11204120
0.09-0.13 11604150 9804130 10004 90 860+ 90 770+ 80 790+ 90
0.13-0.18 670-£130 600+ 90 570+ 70 620+ 60 600+ 70
0.18-0.23 490+ 70 4604 60
0.23-0.29
Number of events 319 380 1504 1779 1179 781
3.1 3.2 3.3 3.4 3.5 3.6 3.8
0.00-0.01 13404190 1110190 6304160 4204150 2604140 2004170 8004190
0.01-0.03 1020140 860140 7904140 5204120 570140 4404150 790130
0.03-0.06 10504110 930110 10604100 8304110 890110 700110 500120
0.06-0.09 9804100 730100 9304110 9404120 900100 810100 600110
0.09-0.13 770+ 80 700+ 90 650+ 80 710+ 90 880+ 90 750+ 90 660+ 90
0.13-0.18 5904 60 560 70 510+ 60 520 70 490+ 60 520+ 70 360+ 60
0.18-0.23 430+ 60 390+ 60 310+ 50 310+ 60 3204 60 490+ 50 260+ 50
0.23-0.29 2404 40 170+ 40
Number of events 924 694 888 447 687 674 471

GeV/c run, and hence the maximum ¢ value increases
with the incident momentum. The total numbers of
events given in Tables I and II are the numbers re-
maining after the target-empty subtraction and the
0.965-t0-1.165 cut in 6/0min.

The resolution in # decreases as a function of £. The
data are plotted in  intervals which closely approximate
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Fic. 3. Thedifferential #=+p — n%4-n charge-exchange cross
sections between 2.4 and 3.8 GeV/c plotted versus the square of
the four-momentum transfer to the nucleon ¢. The errors shown
are statistical only. The systematic uncertainty for the data as
a whole is #2109, but does not affect the relative normalizations
for the different momenta.

the average resolution in ¢ over the 2.4-3.8-GeV/¢
momentum range. This can be expressed quantita-
tively in the following way. If #”s were produced
isotropically across one of the ¢ intervals, approxi-
mately £ of the resulting bisectors of the y’s would fall
into the same ¢ interval.

These ¢ distributions in Fig. 3 appear to consist of
two qualitatively distinct regions. The first consists of
the data for |£]20.08 (GeV/c)?, where the differential
cross section falls off roughly exponentially, and the
shape is nearly the same for all momenta ; such behavior
is quite similar to the higher-energy charge-exchange
scattering.#® The second region, for [¢| $0.08(GeV/c)?,
shows a rapidly varying shape as a function of momen-
tum, sometimes dipping and sometimes peaking at ¢=0.

These momentum-dependent effects can be seen
clearly in Fig. 4, where do/di¢ is plotted as a function
of the incident pion lab momentum p. Because of the
fairly narrow momentum interval covered by these
data, the appearance of Fig. 4 would be essentially
unchanged whether presented as a semilog or log-log
plot; a semilog scale is used for convenience. Nearest
the forward direction, at —¢=0.005 (GeV/c)?, do/dt
shows sharp minima at 2.5 and 3.6 GeV/c and a
maximum at 3.0 GeV/c. At larger values of |{|, the
distributions become much smoother, in general de-
creasing gradually as a function of p.

Approximate values of the real part of the forward
charge-exchange amplitude 4 can be calculated using
do/dt (t=0) and the differences in the 7v%p total cross
sections Ac=0"—0":

[Redex (1=0)P=do/dt (1=0)—[Imd e (=0)], (11)

where
Arh ImA o ((=0)= Ao (3m)12. (12)

Using the value of do/dt for the first ¢ interval 0< |¢]



168 T

CHARGE-EXCHANGE SCATTERING AND 5 PRODUCTION

1523

2000 —'1=0_o(;5 (Gevr/c)2 1 1—t=0.0120(Gel\//c)2 I—t=O.O'45 (Ge\I//c)2 S = O.Or75(Ge‘\//c)2
335 ié i ¥ 3t
1000} 4 4 + peEg ! 435 i -
E gl g
& 500} { [ H} i ]
< 300} 1 ]
>
& 200f E
F1c. 4. The (lilifferential a+p— a0 > | ) |
+n charge-exchange cross section at L a0 T Y ' 25 30 35
fed 7 plottod wersus the mcident pion L 2000f 10110 (Gev /c) t=0.155 (GeV/c) 120.205 (Gev/c) 1
lab momentum p. - 3
o 1000|-*§% iiii II + T -
~ o 3
b C Bty ]
S s00f t st By b
300} H} { 1
200} 4 :
1 1 1 1 1 1 1 1 1
25 30 35 25 30 35 25 30 35
p (GeV/c)
<0.01 (GeV/c)? as an approximation to do/dt (1=0), and J
Tex

and the total cross sections of Citron ef al.,?® the real
parts of the forward amplitude are calculated in Table
11

A plot of the complex charge-exchange amplitude as
a function of incident momentum is a convenient
method of displaying resonant structure. Following the
method and terminology of Hohler ef al.,2-® and using
natural units (A=m,+=c=1),

Do 0= L % (1 0) = | Fua09) 2= 2 By
)= — (1=0)= | Fox(0°) |2=2| F, 2, (13
dQo.mn. T dt ! ’ l ( )

ImF ) =gAc/8, (14)

[ReFy =3 (15)

(0°)—[ImF,F,

c.m,

where ¢ is the pion momentum in the c.m. system.
The values of ¢ ImF,™ and ¢|ReF,| are given
in Table II and plotted in Fig. 5. The variable ¢F3)
should execute a counterclockwise circle when passing
through an elastic resonance. Distortions of these
circles can be the results of overlapping resonances or
of energy-dependent inelasticity or background fac-
tors. The counterclockwise excursions of the amplitude
in Fig. 5 are quite similar to those demonstrated by
the lower-energy resonances below 2.5 GeV/c.2'% The
error in do/dt (1=0) gives rise to an error in the dis-

TasLe IL. Calculated values of the real part of the forward charge-exchange amplitude, using the measured values of do/dt near
the forward direction 0< |#] <0.01 (GeV/c)? and the total-cross-section values of Citron et al.® Systematic as well as statistical errors

are included.

g Fo| ¢ImFy)  g|ReFy )|
P Ag® ImAex (¢=0) |Redex (t=0)) d0ex/dQe.m. (0°) (natural (natural (natural
(GeV/e) (mb) (1078 cm/(GeV/c)) (107 cm/(GeV/c)) (ub/sr) units)b units)b units)®
2.5 3.2940.22 16.6+1.1 0 86154 0.33+0.10 0.3440.02 0
2.6 2.64+0.22 13.3%+1.1 234 232453 0.5640.07 0.28+40.02 0.484-0.08
2.8 2.6140.22 13.2+1.1 25+4 279468 0.64+0.08 0.304:0.03 0.564-0.09
29 2.89-4+0.22 14.64+1.1 3244 464482 0.834-0.08 0.3540.03 0.7640.09
3.0 3.24+4-0.22 16.441.1 3244 493496 0.88+0.08 0.4040.03 0.78+0.09
3.1 3.4740.22 17.5£1.1 3244 535492 0.9340.08 0.4540.03 0.8140.09
3.2 3.58+0.22 18.141.1 2844 4594-91 0.88+0.09 0.4840.03 0.7440.11
3.3 3.57+£0.22 18.0+1.1 1745 270473 0.6840.09 0.4940.03 0.4840.14
3.4 3.43+0.22 17.3+£1.1 117 18671 0.58+0.11 0.494-0.03 0.314+0.22
3.5 3.35+£0.22 16.94+1.1 0 119464 0.4730.13 0.494-0.03 0
3.6 3.15+0.22 15.9+1.1 0 95481 0.4340.18 0.48-+0.03 0
3.8 2.91+0.22 14.74+1.1 2444 4044106 0.9140.12 0.4730.04 0.78+0.14

a Reference 28.
b (fi=my =c=1).

% G. Hohler, J. Baacke, J. Giesecke, and N. Zovko, Proc. Roy. Soc. (London) A289, 500 (1966).
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Fic. 5. Complex diagram of the forward charge-exchange
amplitude ¢F;™ where ¢ is the pion c.m. momentum and doex/
dQ0.m. (0°) =2|F,|% Each point is labeled by the corresponding
incident pion lab momentum in GeV/c. Natural units are used
for gFy©) (A=my+=c=1). The curve is drawn free-hand as a
guide.

tance from the origin ¢|F»"’|, and the error in As
gives the error in ¢ ImFy; all errors include sys-
tematic as well as statistical errors.

Figure 5 shows a qualitative similarity to the mo-
mentum dependence of the forward charge-exchange
amplitude as calculated by Hoéhler et @l in this
energy region, using the optical theorem and dispersion
relations. Quantitatively, the variations in the real part
of the amplitude are considerably greater than those
calculated by Hohler et al. However, it should be
reiterated that these values of the real parts are only
approximate, owing to the poor statistics on do/dt at
—$=0.005 (GeV/c)?, as well as the uncertainty in
extrapolating do/dt from —{=0.005 (GeV/c)? to 1=0.

It seems apparent that whether or not a Regge-type
mechanism is used to explain the exponential falloff
for |¢|20.08 (GeV/c)?, the small-£ behavior of the
differential cross section in this energy region is still
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dominated by the N* resonances. As pointed out in
Ref. 1 and mentioned above in the Introduction, the
2.5-GeV/¢ minimum, the 3.0-GeV/¢ maximum, and
the 3.6-GeV/¢ minimum in do/dt (~0) are conse-
quences of the presence of the N3»*(2420), the Nyo*
(2650), and the N32*(2850) resonances, respectively.

The only other experiment with comparable # resolu-
tion is that of the Saclay-Orsay group between 2.6 and
5.8 GeV/c. A sample of their data appears in Ref. 24,
in particular, a plot of do/d¢ versus p for the fixed-t
interval 0<|#] <0.01 (GeV/c)?, which may be com-
pared to the data shown in Table I and Fig. 4 for the
same ¢ interval. The average value of do/dt and the
qualitative shape of the do/dt-versus-p curve (in the
sense of locations of minima and maxima of do/dt)
are in good agreement for the two sets of data, but the
data presented here show a much higher maximum
and much lower minima than those of Ref. 24. Even
allowing for the poorer statistics of our data, we believe
that the sharpness of our maximum and minima is
due to a better resolution in ¢ near {=0; this increased
resolution is due to the physical fact that the hydrogen-
target-to-spark-chamber distance was considerably
greater in our experimental setup than was the corre-
sponding distance for the experimental arrangement
of the Saclay-Orsay group.

A further comparison can be made between the
differential cross section at 3.9 GeV/c shown in Ref.
24 and that at 3.8 GeV/c given here in Table I and
Fig. 3. There is good agreement, within statistics, over
the common range in £ The Saclay-Orsay data have
the advantage of better statistics and a much wider
range in /.

B. 6- and 10-GeV/c Data

The differential-scattering distributions for the 6-
and 10-GeV/c data are summarized in Table III and
plotted in Figs. 6-8. The #° cross sections refer to the

TaBiLE I11. Values of the differential cross section do/dt in ub/(GeV/c)? for the pion charge-ethange reaction 77+p — 7%+# at 6 and
10 GeV/c, and for the 5 production reaction =~ — 7%+ at 10 GeV/c. The 7° cross sections are for the 2y decay mode only.

w0 at 6 GeV/c 9 at 10 GeV/c 7° at 10 GeV/c
—t interval do/dt —t interval do/dt —t interval do/dt
[(GeV/e)*]  [wb/(GeV/o)*] [(GeV/o)*] [ub/ (GeV/c)*] [(GeV/e)%] [ub/ (GeV/c)¥]
0.00-0.04 382464 0.00-0.08 230 x7 0.00-0.12 17.9 +1.8
0.04-0.08 402459 0.08-0.16 163 +6 0.12-0.24 20.6 +1.8
0.08-0.14 252446 0.16-0.24 89 +4 0.24-0.36 18.2 +1.6
0.14-0.20 194439 0.24-0.36 37 +3 0.36-0.56 10.3 +0.9
0.20-0.28 124426 0.36-0.52 9 +2 0.56-0.84 3.8 £0.5
0.28-0.38 40£16 0.52-0.72 0.6+0.6 0.84-1.20 0.9140.23
0.38-0.50 1748 0.72-0.96 2.6£0.5 1.20-1.68 0.234-0.12
0.50-0.62 244 0.96-1.24 3.3%0.5 1.68-2.28 0.2440.12
0.62-0.76 107 1.24-1.56 1.04:0.3
0.76-0.90 106 1.56-1.92 0.420.2
1.92-2.32 0.240.2
0.9 dg 232 J ~2.28
—dt (ub) 77410 —dt (ub) 46.643.8 —dt (ub) 10.5 +1.2
o di 0 dt 0 di
Number of events 440 Number of events 3685 Number of events 869
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2~ decay mode only, and so they must be divided by
the 2y branching ratio if the total ° cross sections are
desired. The differential cross sections include statistical
errors only, whereas the integrated cross sections in-
clude systematic as well as statistical errors. These
systematic errors are described above.

The resolution in ¢ at 6 GeV/c is approximately the
same as the interval widths used in plotting the data,
just as described above for the 2.4-3.8-GeV/c data.
At 10 GeV/e, this criterion is relaxed somewhat, the
plotted interval widths being a little narrower than
the resolution in £ This is justified to some extent by
the large statistics in the intervals near the forward
direction. For the 10-GeV/¢c 7¥s, the resolution in ¢
varies from Af=0.04 at —¢{=0.02, to A¢=0.20 at —¢
=0.50, to A{=0.40 at —¢=1.60; all units are in

1000 —
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Fi1G. 6. The differential #~+p — #%+n charge-exchange
cross section at 6 GeV/c.

(GeV/c)2 For the 10-GeV/c 7%s, the resolution in ¢
varies from A{=0.12 at —¢{=0.06, to Af=0.40 at —¢
=0.50, to At=0.68 at —¢=1.60.

Both the 6- and 10-GeV/c #° distributions show the
same features, which by now are well established?.4:10.11;
the slight turnover at small values of 4, the exponential
falloff with a slope of ~10 (GeV/¢)~2, the minimum
near —¢=0.6 (GeV/c)?, and a second maximum near
—1=1.0 (GeV/c)2 Our data at 6 and 10 GeV/c reported
in Ref. 4 are more accurate at small ¢ values than the
data presented here; these data serve the purpose of
an extension of the distributions out to larger ¢ values.

The 10-GeV/¢ 7° distribution is similar to the #°
distributions as far as having a slight turnover near
t=0 and an exponential falloff at larger values of ¢,
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F1G. 7. The differential #~+p — n%+n charge-exchange cross
section at 10 GeV/c. The straight line is a fit-by-eye to the
exponential slope.

but the exponential slope is only ~4 (GeV/¢)~2, much
flatter than the #° slope. ‘

A detailed comparison is given in Table IV of these
m° and 7° results with those of the Saclay-Orsay
group!®:17 and with those of our previously reported
high-energy run[see Sec. I, item (B) above ; these early
data are completely independent of the data reported
here]]. These values include systematic as well as statisti-
cal errors. In general, these three sets of data are in good
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Fie. 8. The differential n-production cross section 7=4-p — »°
“+n at 10 GeV[c. Th.e 7° cross sections are for the 2y decay mode
only. The straight line is a fit-by-eye to the exponential slope.
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TaBLE IV. Comparison of the values of do/dt near t=0 and the integrated cross sections with the results of our high-energy small-
angle run (Ref. 4) and with the results of the Saclay-Orsay collaboration (Refs. 10, 11, and 17). The 7° cross sections are for the 2y

decay mode only.

Our previous data

Saclay-Orsay

at small angles collaboration Present data
6 GeV/e, n°
d
o (—¢=0 to 0.04) 33341 ub/(GeV/c)? 402422 ub/(GeV/c)? 382475 ub/(GeV/c)?
dt
—0.4 do-
—dt 747 ub 834 ub 7249 ub
o di
—0.9 dlf
/ —dt 8744 ub 7710 ub
o di
10 GeV/e, n°
d
z (—t=0 to0 0.08) 2224-23 ub/(GeV/c)? 237413 ub/(GeV/c)? 230420 ub/ (GeV/c)?
dt
0.4 dﬂ'
/ —dt 48.6+4.3 ub 454+2.5 ub 43+3.6 ub
[} dt
10 GeV/e, n°
iit_r (—¢=0 to0 0.12) 25.143.5 ub/(GeV/c)? 17.942.7 ub/ (GeV/c)?
di

9.7+1.2 ub 9.441.1 b

agreement. In addition, the best by-eye fits to our
exponential slopes are €%t and e*% for the 10-GeV/c
7 and 7° distributions, respectively. These agree very
well with the corresponding best-fit slopes of the Saclay-
Orsay group,'®!” namely, ¢(0-520-9¢ and ¢#.0+1.0¢,
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