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mass, " all three events have a E+ produced at the
production vertex and furthermore, the invariant mass
recoiling oG the E+ is approximately the same in all
three events. For Events I, II, and III, the mass
recoiling off the E+ is 2.73, 2.70, and 2.76 GeV/cs,
respectively. We have also observed that the first 0
reported by Brookhaven and the 0 reported by the
British-Munich collaboration were both produced in
the reaction E +p —+ Q +E++E'.The invariant mass
recoiling off the E+ for these events is 2.69 and 2.68

"The m+ interpretation requires two missing E0's in order to
conserve strangeness and the available invariant mass of 1.023
&0.056 GeV/c' for this interpretation indicates the two IP'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 E+, the missing mass at the
production vertex is 0.898 GeV/c', close to the mass of the
E*I'890) resonance. Hence we expect the correct interpretation
of track 2 to be a X+ rather than a ~+.

GeV/c', respectively. This suggests that perhaps Q

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/c E beam momentum,
phase space has its maximum at 2.50 GeV/c' for the
Q E combination and at 2.70 GeV/c' for the Q E*'
combination. Thus, it would be interesting to look at
the invariant mass combinations in 0 events produced
with higher K beam momenta.

ACKNOWLEDGMENTS

We wish to express our appreciaticm and gratitude
to the members of the ZGS and MURA bubble-chamber
crews for their cooperation and patience in obtaining
the 61m for this experiment. We also gratefully
acknowledge the eEorts of many others in the scanning,
measuring, and analysis of these events.

P HYSICAL REVIEW VOLUME 168, NUMBER 5 25 AP R IL 1968

Differential Pion Charge-Exchange Scattering and rl Production:~-+p ~ et'+ n from 2.4 to 3.8 GeV/c, at 6 GeV/c, and at
10 GeV/c', es +p ~ sf'+n at 10 GeV/cf

M. A. WAHLIGQ

Laboratory for nuclear Science, Massachusetts Institute of Technology, Cantbridge, Massachusetts

I. MANN ELLI

Istitlto di Fisica, dell University di Pisa,
and

lstituIo Nationale di Fisica Eucleare, Sesione di Pisa, Pisa, Italy
(Received 13 October 1967)

Small-angle differential cross sections are presented here for 7i- +p —+ ~0+n charge-exchange scattering
between 2.4 and 3.8 GeV/c. The differential cross section near t =0 displays two minima and one maximum
in this momentum interval, reflecting the presence of the X3/s~(2420), It'sts*(2850), and N&ts*(2650) reso-
nances; at larger t values, the cross sections fall oG exponentially as a function of t, 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 t =0, followed by an exponential
fallotf as e'e', a minimum near t 0 6(—GeV=/c.)', and then a second maximum near t=1.0 (GeV/c)'. —
The m +p —+ q'+n differential cross section shows a maximum near t=0, followed by an exponential
fallo8 as e ', much less steep than the m 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 sr +p —+ rt

p1us y's in several experimental setups, resulting in
measurements of the following final states: (A) n+2y
in a low-momentum m beam covering the range of
2.4 to 3.8 GeV/c in steps of 0.1 GeV/c, plus one point

$ 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; (8) I+2y in a high-momentum 7r

beam covering the range of 6 to 16 GeV/c, with a
"good-geometry" measurement (spark chamber far
downstream from hydrogen target); (C) st+2', rt+3y,
st+4' in the same high-momentum sr beam, at 10
GeV/c only, with a "poor-geometry" measureinent
(spark chamber close to hydrogen target).

We report here the results of measurement (A), in
which we observe the charge-exchange st+we final state
only, and the I+2y results of measurement (C), in
which we observe both the st+sr' and rt+rts 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 rt+2y results from (C)."
The final results of (B)' an.d the final results of the
3p ' and 4y ' ' anal states of (C) have been reported
previously.

These 13 measurements in the momentum region
between 2.4 and 3.8 GeV/a represent a systematic
extension of the charge-exchange scattering measured

by Bulos ef a/. ' up to 1.1 GeV, by Chiu et u/. ' up to
1.3 GeV, and by Borgeaud et u/. ' up to 1.9 GeV. Stirling
et a/. ' and Sonderegger et a/. " 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 tak.en by the group of Ref. 7." In addition,
Carroll et a/. " 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 et a/. '4 at
4.0 GeV/c, by Barinin el al." at 2.8 GeV/c, and by
Backenstoss et al."at 10 GeV/c.
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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
~-in. lead. These scintillator-lead sandwiches were in
anticoincidence with the incident beam and vetoed
both charged particles and y'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')(12' in the lab, was
covered only by a 2-in. -thick scintillator, which vetoed
only charged particles. p 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 25)&25&(~ in. thick, and the first brass plate was
60&4 in. from the center of the hydrogen target.

The incident beam intensity was typically (1.0 to 1.5)
X104 particles per 100-msec-long pulse. A dead-time
circuit was used to turn oG the electronics for 0.8 psec
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 4 and 4,
usually closer to the latter. With this dead-time
circuitry, 28% of the 2y events were accompanied by
a single charged track and 6% 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 4 trigger per incident particle with the target
full and about 0.55)(10 4 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 originall set up by Galbraith et al."and included
a differential erenkov counter to discriminate against
E and p. The momentum spread was &2% 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

~9W. Galbraith, E. W. Jenkins, T. F. Kycia, B. A. Leontic,
R. H. Phillips, A. L. Read, and R. Rubinstein, Phys. Rev. 138,
3913 (1965).

tan28min= mc/p q (4)

where m and p are the mass and momentum of the
particle decaying into two y's (either 7ro or g'). The
opening-angle distributions are plotted normalized to
0;„,and should peak sharply at the minimum value
of 8/8;„=1.0. The smoothing out of the leading edge
of these distributions is due to the uncertainty in the
y-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 8/8; values 0.5 to 6.0, this amounts typically
to a 40% subtraction in the low-energy region and
13'%%uo at 10 GeV/c.

Z. CNt As Distribltioes

Only those events in the interval 0.965(8/8;
&1.165, which includes about half of the good events,

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 GeU/c reported in Ref. 4, in
which this distance varied between 120 and 180 in. )

The target-full and target-empty trigger rates were
1.0&&10 ' and 0.16)&10 ' trigger per incident pion, re-
spectively. There were 33000 target-full and 2000
target-empty pictures taken; 37% 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 y 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., &1.7% for the low-energy run
and +6.4%%uo for the 10-GeV/c run.

Events were accepted only if both y'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
p ray.

B. Opening-Angle Distributions

1.ExperinMntal Distributions

Several y-y opening-angle distributions in the n. p
c.m. 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 0 between two y's
has a minimum allowed value 0;„determined by
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vr +p ~ 1V*'+m', 1V*'~m+7r', (5)

with the fairly low-energy p's from the isobar's m

failing to trigger the anticoincidence system. The
opening-angle distributions for this reaction have been
calculated with a similar Monte Carlo program, which
simulates S* production and decay according to the
isobaric model and takes into account the energy
dependence of the y-detection eKciency of the anti-
coincidence system. The dashed lines in Figs. 2(a) and
2(b) show these distributions for the X*(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 8/9;„ 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 4% in the 2.4-3.8-GeV/c data. How-
ever, since the X.' value for zero isobar contamination
is almost as low as the minimum X' valise corresponding

the beam momentum via the calculation of 0;„,using
Eq. (4). We observed a 1.5% displacement of the
Monte Carlo peaks relative to the experimental peaks
for all of the 2.4—3.8-GeV/c distributions, a 1% dis-
placement at 6 GeV/c, 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 0.

Upon rechecking, an error of 0.9% was discovered in
the hydrogen-target-to-spark-chamber distance in the
low-energy run, which accounts for a 0.9% shift in the
experimental determination of 8. 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 0 because of errors in distance measurements is
&0.6%. The best estimate for the experimental un-
certainty in 0/8; because of errors in the beam-
momentum measurement is +0.6%. The combined
error in 8/8;„ 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 Cow/amimatioe

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

to the 4% 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 diGerential-scattering
variable is the direction of the bisector of the two y's
which is not the same as the true x direction. But
because of the narrow cut accepted in the opening-
angle distributions, 0.965&8/0; &1.165, the bisector
direction is usually a good approximation to the z'
direction, and the t dependence (t is the square of the
four-momentum transfer to the nucleon) of the ~ and
bisector distributions are quite similar.

If the z' distribution in t 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 m' distribu-
tion by P(t) and the bisector distribution by B(t), we
can express their relationship for any t interval t; as

(6)

where e(t,) is the efficiency factor for the ith t interval.
Ideally, then, the z distribution can be determined by
inverting this equation:

where w(t, )= 1/e(t;) is the weight for the ith interval.
Unfortunately, such a method requires an a prion

knowledge of the true x' distribution, because the
values of the weights depend upon the shape of the z'
distribution. Accordingly, the weights used here were
determined by finding a m' 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 z in t-interval j producing
a bisector in ]-interval i be denoted by A;;. These A;;
are determined by using a Monte Carlo calculation,
and will be discussed further below. Then

Expanding the ~' distribution in powers, ofJt,

(9)

gives
&max

Using a least-squares fit of these B(t~) to the experi-
mental bisector distribution, the values of a„(and thus
the best-6t vr' distribution) were calculated for n =2
through m, =8. The weights w(tr)=P(t;)/B(t;) were
also calculated for each value of e, . In general, the
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best value of m 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 6t. The weights
for this best value of e „„were inserted into Eq. (7),
giving the best estimate of the x' distribution. Even
though the values of the a„varied considerably as a
function of the value of m,„, the values of the weights
were relatively insensitive to the value of e, . This
procedure was used independently for each value of
the incident momentum, and also for q"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 y's converting in the spark
chamber. It also includes corrections for (a) fraction
of events outside of the 0.965&8/8; (1.165 opening-
angle cut (about —,'), (b) events lost because of con-
version of recoil neutrons in the scintillators surround-
ing the hydrogen target ( 3% average eRect), (c)
events lost because of conversion of y's in the stainless-
steel side walls of the hydrogen target and its vacuum
jacket (&1% average effect), (d) events lost because
of passage of y'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) even. ts lost because of passage of 7's
through the spark chamber without converting (3.8%
per y ray), and (f) events lost because of scattering
of p's outside the region defined by the spark chamber
(causes cutoff of t distribution except at 6 and 10
GeV/c). Corrections (b), (c), (d), and (f) are included
here in the A;; calculation because they are t-dependent
and must properly be applied to the ~0 (or vf) 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 t distribution of the empty-target events.

D. Over-A11 Normalization Corrections

These corrections are called "over-all" to distinguish
them from the t-dependent corrections just discussed
above. They include (a) p contamination of beam
(typically 5%%uo), (b) E contamination of beam
(typically 2%, except none at 10 GeV/c), (c) ab-
sorption of beam in hydrogen target ((1%), (d) 8

rays in hydrogen target ( 1%%uo), (e) Dalitz pairs
( 1%%uq), (f) y conversion before spark chamber (3.1%%uo

per p ray), (g) scanning inefficiency ( 1%%uo), (h) mis-
measured events (typically 4%), and (i) pictures
with events accompanied by three or more unassociated
charged tracks ( 1%%uo).

In addition, there are two corrections applied only

to the q' distribution at 10 GeV/c. The first is caused
by a background of m events. This is evident from the
8/8;„distribution shown in Fig. 2(d), where the tail
of the z distribution is seen to extend into the region
of the g' peak. . This m' background is estimated to be

8'%%uo. It is subtracted bin by bin in the rP t distribu-
tion, using the t distribution of the m events. The
necessity for a second correction can also be seen from
Fig. 2(d). After the vr' events have been subtracted,
there is still a background under the rP 8/8; peak.
This background is essentially fiat in 8/8;„. It is
presumably because of events in which three or more y's
were produced, but only two p's were observed. This
amounts to a background of 10%%uo, 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 &10% for
the 2.4-6.0-GeV/c data, &8% for the w' data at 10
GeV/c, and +11% for the vP data at 10 GeV/c. For
any given momentum, the systematic errors from point
to point in the t 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 p 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 3.8-6eV/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/Ct 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 eS.ciency 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-
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TABLE I. Values of the differential cross section do/dt in pb/(GeV/c)' for the charge-exchange reaction e' +p ~ e'8+tt.

—t interval
L(GeV/c) g 2.4

Incident pion lab momentum (GeV/c)
2.6 2.8 3.0

0.00—0.01
0.01—0.03
0.03—0.06
0.06-0.09
0.09—0.13
0.13-0.18
0.18—0.23
0.23—0.29
Number of events

690+180
870+200

1230&150
990+160

1160ai50

319

3.1 3.2

380

270~170
630&200

1000+150
820+170
980+130
670+130

3.3

1504

700+140
1100+130
1150+110
1140+120
1000& 90
600& 90

780+170
1170+110
1040~110
1090+100
860+ 90
570m 70

1779

3.5

1250~180
1070+130
1110~110
1130~100
770& 80
620& 60
490& 70

1179

3.6

1280+210
850+150

1050+110
1120+120
790+ 90
600+ 70
460+ 60

3.8

0.00—0.01
0.01—0.03
0.03—0.06
0.06-0.09
0.09—0.13
0.13-0.18
0.18—0.23
0.23-0.29
Number of events

1340&190
1020+140
1050+110
980+100
770+ 80
590& 60
430& 60

924

1110+190
860+140
930+110
730+100
700& 90
560+ 70
390& 60

694

630&160
790&140

1060&100
930~110
650m 80
510m 60
310' 50

420+150
520~120
830+110
940+120
710m 90
520~ 70
310+ 60

260+140
570a140
890+110
900~100
880' 90
490m 60
320~ 60

687

200+170
440~150
700+110
810~100
750m 90
520& 70
490& 50
240+ 40

674

800+190
790~130
500+120
600+110
660& 90
360m 60
260m 50
170+ 40

471

Gev/c run, and hence the maximum t 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-to-1.165 cut in 0/fl;„.

The resolution in t decreases as a function of t. The
data are plotted in t intervals which closely approximate

2000—
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300-
200-

2000-

oooo ~g&
800-
500-Oi

O
300-

2000-

oooo- 0
800-E

1

500:

I t 1 I

2.4 GeV /c

I 1

I I 1 I

2.9 GeV/c

~ I
I I I

3.3 GeV/c

1 1 I I

2.5 GeV/c

I s I I
g I I I

3.0 GeV/c

I I I I
I 1 $ I

3.4 GeV/c--

1 1 1

2.6 GeV/c

I I I I
I I I I

3, I GeV/c

I I I I
I I l I

3.5 GeV/c

I I 1

2.8 GeV/c

3.2 GeV/c

3.6 GeV/c

b
Xo-
200-

1000-
800 '

500-

300-
200-

~ I ~

3.8 GeV/c

1 1 1 I I 1 I 1 I 1 I I I I 1

O.I 0.2 0.) 0.2 O.I 0.2

—t ( GeV/c )

ioo 1 1 1 t

O. I 0,2

Fio. 3. The)differential tr +p ~ tre+tt charge-exchange cross
sections between 2.4 and 3.8 GeV/c plotted versus the square of
the four-momentum transfer to the nucleon I,. The errors shown
are statistical only. The systematic uncertainty for the data as
a whole is &10%, but does not acct the relative normalizations
for the different momenta,

the average resolution in t over the 2.4—3.8-GeU/c
momentum range. This can be expressed quantita-
tively in the following way. If x 's were produced
isotropically across one of the t intervals, approxi-
mately —,

' of the resulting bisectors of the p's would fall
into the same t interval.

These t distributions in Fig. 3 appear to consist of
two qualitatively distinct regions. The first consists of
the data for

E
tE &0.08 (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

~
t

E

&0.08(GeV/c)',
shows a rapidly varying shape as a function of momen-
tum, sometimes dipping and sometimes peaking at t=0.

These momentum-dependent eBects can be seen
clearly in Fig. 4, where do/dt 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 —f=0.005 (GeV/c)', drr/df
shows sharp minima at 2.5 and 3.6 GeV/c and a
maximum at 3.0 Gev/c. At larger values of Et~E, 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 A, can be calculated using
drr/dt (t=0) and the differences in the tr+p total cross
sections Ao- =o=—o-+:

)Re/l, „(t=o)j'=dtr/df (t=o) —LImd, „(t=o))', (1&)

where

4xh Imd..(f=o)=a~(-', ~)t&&. (I2)

Using the value of drr/dt for the first t interval 0&
~

]E
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I I

2000- - t =0.005 (Gev/c)'
I I I

—t =0.020 ( Gev/c)
I I I I I I
-t= 0.045 (GeV/c) -- - t = 0.075(GeV/c)

IOOO-

FIG. 4. The differential m +p ~ m-'

+n charge-exchange cross section at
axed t plotted versus the incident pion
lab momentum p.

500-"
Ot

CJ 300-0 Il "Sl

200- Il
C9

C) I I

2000 —t = 0. I l0 ( GeV /c )

1 000 — $$

500-

300-
200-

I
I l I

—t= O. I55 (GeV/c)

I I

—t= 0.205 (GeV/c)

I l 1

2.5 3.0 3.5
l l I

2.5 3 0 3.5
I 1 I

2.5 3.0 3,5

p ( GeV/c)

d~e.m.

q' do-,
(0') =— (t=0) = I"-(o') I'=2IFb' 'I', (13)

dI,

ImF b
& & = qt),o/8»,

(0.01 (GeV/c)' as an approximation to do/dt (t=0),
and the total cross sections of Citron et ul. ,

" the real
parts of the forward amplitude are calculated in Table
II.

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 et ul. ,""and using
natural units (tt=ttt +=c=1),

do'ex

IReF,&-Ijs=-' (0')—IImFb&-Ij', (15)
dO.

where q is the pion momentum in the c.m. system.
The values of q ImFb& & and qlReFb& I

I
are given

in Table II and plotted in Fig. 5. The variable qF&(
—)

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. ""The
error in do/dt (t=0) gives rise to an error in the dis-

TABLE 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&

I
I I

&0.01 (GeV/c) and the total-cross-section values of Citron et ot.' Systematic as well as statistical errors
are included.

p
(GeV/c) (mb}

ImA, (t=0)
I
ReA,„(I=0) do,„/dft, (0')

(10 "cm/(GeV/c)) (10 "cm/(GeV c)) Qb/sr)
(natural
units)b

qImPy( )

(natural
units)b

qIReFb& &I

(natural
units)b

2.5
2.6
2.8
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6
3.8

3.29&0.22
2.64~0.22
2.61+0.22
2.89&0.22
3.24&0.22
3.47&0.22
3.58~0.22
3.57~0.22
3.43~0.22
3.35&0.22
3.15&0.22
2.91&0.22

16.6+1.1
13.3+1.1
13.2&1.1
14.6&1.1
16.4~1.1
17.5&1.1
18.1~1.1
18.0+1.1
17.3+1.1
16.9+1.1
15.9a1.1
14.7%1.1

0
23+4
25+4
32W4
32~4
32~4
28~4
17&5
11&7
0
0

24~4

86+54
232&53
279&68
464&82
493&96
535&92
459W91
270&73
186~71
119&64
95W81

404' 106

0.33+0.10
0.56+0.07
0.64+0.08
0.83&0.08
0.88&0.08
0.93+0.08
0.88&0.09
0.68&0.09
0.58&0.11
0.47~0.13
0.43~0.18
0.91~0.12

034+0.02
0.28+0.02
0.30a0.03
0.35+0.03
0.40&0.03
0.45w0.03
0.48%0.03
0.49&0.03
0.49&0.03
0.49&0.03
0.48&0.03
0.47&0.04

0
0.48+0.08
0.56+0.09
0.76+0.09
0.78&0.09
0.81+0.09
0.74~0.11
0.48~0.14
0.31a0.22
0
0
0.78~0.14

Reference 28.
b (5 =m„=c=1).

"G. Hohler, J. Baacke, J. Giesecke, and N. Zovko, Proc. Roy. Soc. (London) A289, 500 (1966}.
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0.6-
5.5

.P.
'

"j 25

0.0 I I I I I I I I I

0.0 0.2 0.4 0.6 0.8 l.O

q )Re Fb

Fxo. 5. Complex diagram of the forward charge-exchange
amplitude qE&i & where q is the pion c.m. momentum and doex/
dQ, ~.(0') =2 (Pst i ('. Each point is labeled by the corresponding
incident pion lab momentum in GeV/c. Natural units are used
for qts& & (ti=m +c=1). The curve is drawn free-hand as a
guide.

tance from the origin q~Fst &~, and the error in 5g
gives the error in q Imz &' ~.

, 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 Hohler et al."'0 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 a/. However, it should be
reiterated that these values of the real parts are only
approximate, owing to the poor statistics on do/dt at

t=0.00—5 (GeV/c)', as well as the uncertainty in
extrapolating do/dt from —1=0.005 (GeV/c)' to t=0

It seems apparent that whether or not a Regge-type
mechanism is used to explain the exponential falloff
for ~f~ &0.08 (GeV/c)', the small-f behavior of the
differential cross section in this energy region is still

dominated by the E* resonances. As pointed out in
Ref. 1 and mentioned above in the Introduction, the
2.5-GeV/c minimum, the 3.0-GeV/c maximum, and
the 3.6-GeV/c minimum in drr/Ck (t=0) are conse-
quences of the presence of the 1Vsts*(2420), the Xtt&*
(2650), and the inst&*(2850) resonances, respectively.

The only other experiment with comparable f 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/dh versus p for the fixed-t
interval 0& It~ &0.01 (GeV/c)', which may be com-
pared to the data shown in Table I and Fig. 4 for the
same t 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 t near t= 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 t. The Saclay-Orsay data have
the advantage of better statistics and a much wider
range in t.

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 y cross sections refer to the

Thy'. E ggT. Values of the differential cross section do/dt in pb//(GeV/c)~ for the pion charge-exchange reaction x +p ~ 7f +n at 6 and
10 GeV/c, and for the p production reaction s. +p ~ rto+ts at 10 GeV/c. The vp cross sections are for the 2& decay mode only.

~0 at 6—t interval
E(Gev/c) &g

0.00—0.04
0.04-0.08
0.08-0,14
0.14—0.20
0.20-0.28
0.28-0.38
0.38-0.50
0.50—0.62
0.62-0.76
0.76-0.90

GeV/c
d~/dt

Qb/(GeV/c) '$

382&64
402+59
252&46
194&39
124&26
40&16
17&8
2~4

10&7
10&6

x at—t interval
L(GeV/c)'j

0.00—0.08
0.08-0.16
0.16-0.24
0.24-0.36
0.36-0.52
0.52—0.72
0.72—0.96
0.96-1.24
1.24—1.56
1.56-1.92
1.92—2.32

10 GeV/c
der/dt

Eyb/(Gev/c)')

230 &7
163 &6
89 &4
37 &3
9 +2
0.6a0.6
2.6&0.5
3.3&0.5
3.0+0.3
0.4~0.2
0.2&0.2

gp at—t interval
L(GeV/c)')

0,00—0.12
0.12—0.24
0.24-0.36
0.36-0.56
0.56—0.84
0.84-1.20
1.20—1.68
1.68—2.28

10 GeV/c
do/dt

G b/(«V/c)'j
17.9 +1.8
20.6 a1.8
18.2 ~1.6
10.3 a0.9
3.8 &0.5
0.91&0.23
0.23&0.12
0.24a0.12

M.9 ~—dt (pb)
dt

Number of events

77&10

440

23Rd—dt (pb)
p dt

Number of events

46.6+3.8

3685

2.28 d~
dt (pb)—

p dt

Number of events

10.5 &1.2
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2p decay mode only, and so they must be divided by
the 2y branching ratio if the total g' 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 t 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/c, this criterion is relaxed somewhat, the
plotted interval widths being a little narrower than
the resolution in t. This is justified to some extent by
the large statistics in the intervals near the forward
direction. For the 10-GeV/c ~"s, the resolution in t

varies from At=0.04 at —t=0.02, to At=0.20 at —t
=0.50, to 63=0.40 at —t=1.60; all units are in

1000

100
C3

50

C9

10

5

b

io. i t

10 GeV/c

1000

6 GeV/c TT'

0.1 I I 1 i I i

0.0 04 0.8 1.2 1.6 20 24
—t ( GeV/c)

FIG. 7. The differential m +p —+ no+I charge-exchange cross
section at 10 GeV/c. The straight line is a fit-by-eye to the
exponential slope.

o 100

)
50

but the exponential slope is only 4 (GeV/c) —', much
Ratter than the ~ slope.

A detailed comparison is given in Table IV of these
71-' and g' results with those of the Saclay-Orsay
group" ""and with those of our previously reported
high-energy runs [see Sec. I, item (B) above; these early
data are completely independent of the data reported
here j.These values include systematic as well as statisti-
cal errors. In general, these three sets of data are in good

I I I

0.0 0.2 0.4 0.6 0.8 1.0
(GeV/c)

Fn. 6. The differential m +p —+ H+e charge-exchange
cross section at 6 GeV/c.

100

50-
10 GeV/c

(GeV/c)'. For the 10-GeV/c rP's, the resolution in 1

varies from At=0. 12 at —t=0.06, to At=0.40 at —t
=0.50, to At=0.68 at —t=1.60.

Both the 6- and 10-GeV/c s' distributions show the
same features, which by now are well established'4 "":
the slight turnover at small values of t, the exponential
falloff with a slope of 10 (GeV/c) ', the minimum
near —1=0.6 (GeV/c)', and a second maximum near

t= 1.0 (GeV/c—)'. Our data at 6 and 10 GeV/c reported
in Ref. 4 are more accurate at small t values than the
data presented here; these data serve the purpose of
an extension of the distributions out to larger t values.

The 10-GeV/c ri distribution is similar to the s'
distributions as far as having a slight turnover near
(=0 and an exponential falloff at larger values of I,,

Io—

0.5—

O. l

00 04
t I I 1

0.8 1.2 1.6 2.0 2.4
( GeV/c)

Fzo. 8. The diff'erential q-production cross section w +p —+ y0+e at 10 GeV/c. The p cross sections are for the 2y decay mode
only. The straight line is a Gt-by-eye to the exponential slope.
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Y~z,E IV. Comparison of the values of dr/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 q' cross sections are for the 2y
decay mode only.

6 GeV/c, ~o

d0'—(—&=0 to 0.04)
dt

Our previous data
at small angles

333+41 pb/(GeV/c) s

Saclay-Orsay
collaboration

402 +22 pb/ (GeV/c) '

Present data

382+75 pb/(GeV/c)'

74+7 pb 83+4 ft4b 72+9 pb

M.9 do—dt
o

10 GeV/c, ss

—(—&=0 to 0.08)
dt

) 4d0.—dt
o dt

10 GeV/c, qo

do—( f Ot—o 0=. 12)
dt

M.7 d0.—dt
o dt

222 +23 pb/ (GeV/c) s

48.6+4.3 pb

237+13 pb/(GeV/c)2

45+2.$ pb

25.1&3.5 pb/(GeV/c)~

9.7+1.2 pb

77+10pb

230+20 pb/ (GeV/c) s

43&3.6 pb

17.9+2 7 pb/(GeV/c)s

9.4+1.1 pb

agreement. In addition, the best by-eye fits to our
exponential slopes are e"" and e'" for the 10-GeV/c
~' and qo distributions, respectively. These agree very
well with the corresponding best-fit slopes of the Saclay-
Qrsay group, ' ' namely, e'"'+" ' and e "+"&'.

ACKNOWLEDGMENTS

A large number of people have contributed to various
parts of this experiment. We would like to thank
especially L. Sodickson, who contributed in great
measure to both the running of the experiment and the
early stages of the data analysis, and also 0. Fackler,
E. Shibata, L. Stinson, and C. Ward, who were indis-
pensible in the running of the experiment. A. BufFing-

ton, T. Kan, J. Kasper, P. Kirk, T. Lyons, M. Poe,
S. Smith, L. Sompayrac, and C. Strumski also assisted
during the experimental run. A. Bigi, R. Carrara, R.
Casali, and especially F. Sergiampietri contributed to
the analysis calculations. We thank E. Bonis for
organizing and keeping track of the large amount of

data scanning, measuring, and handling, and the MIT
scanning group for their diligent work. We are espe-
cially indebted to Professor D. Frisch for his advice and
support throughout the experiment. Many interesting
discussions with P. Mockett proved to be very helpful.
In particular, it was his suggestion to study the pion-
nucleon resonant structure between 2 and 4 GeV/c,
using the forward charge-exchange scattering as a
measure of o-—o+ (the difference between the m p
and s.+p total cross sections), which largely initiated
the low-energy run in this experiment. We would like
to acknowledge the hospitality and assistance of the
Ilrookhaven National Laboratory and its staff during
the experimental run at the AGS. One of us (IM)
would also like to acknowledge greatly the hospitality
and financial assistance of the MIT Laboratory for
Nuclear Science and the Brookhaven National Labora-
tory. Computer calculations have been carried out using
the 7044 of the MIT Laboratory for Nuclear Science
and the CNUCE 7090 at Pisa.


