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We present results of an experiment to measure the differential cross section of the
reaction 7I p —~ n between the forward and backward peaks. The measurements were
made at incident w momenta of 8.67 and 4.88 GeV/c. The t range 1.7- jtj-4.9 (GeV/
c) was covered at the lower momentum and 1.8- j t j

~ 7 (GeV/c)2 at the higher momen-
tum. At the lower momentum the cross section is essentially constant between j tj =2.4
and 4.8 (GeV/c) while at the higher momentum the angular distribution exhibits a broad
minimum centered at jt j =4.4 (GeV/c) .

We report a measurement of the differential
cross section for charge-exchange scattering
a P - a'n in the region of high momentum trans-
fer. Incident pions of momenta 3.67 and 4.83
GeV/c were obtained in the 17' beam of the zero-
gradient synchrotron (ZGS) at Argonne National
Laboratory. Previous experiments' had already
measured the forward and backward peaks and
the present experiment was designed to be sensi-
tive in the high-momentum-transfer region in
between. Regge-pole models have predicted a
dip in the cross section at t = -2. 5 (GeV/c)', and
recent data' in the elastic channels of the n P and
a'P interactions show a pronounced dip in the re-
gion of f= 2.8-3.0 (GeV—/c)'.

The apparatus is shown in Fig. 1. The Yt beam
was momentum analyzed to +0.75% and focused
on a 10-cm-long liquid-hydrogen target. The
beam-defining counters consisted of a quadruple
scintillator telescope, &, through B4, together
with an array of beam-halo veto counters A)7 A2Q.
The threshold Cherenkov counter between B, and
B, was used to veto higher-mass particles. The
output of this telescope was vetoed by any beam
particle which preceded it by less than 1 p, sec.
The final result was a signal, designated 8,
which typically ran at 10'/sec. Thin-plate spark
chambers, S, and 84, in the beam located the tra-
jectory of the incident particle.

The basic left-right symmetry of the apparatus
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Flo. 1. Plan view of the apparatus. The beam telescope consisted of B& through B4. C is a gas Cherenkov count-
er. All counters designated A were used as vetos. A~, A5, A6 ~ Ape and A2p were simple scintillation counters;
all other veto counters consisted of lead-scintillator sandwiches. The counters A7 through A&p formed an enclosure
around the target and in turn were surrounded by a rectangular structure consisting of counters A&& through Af6.
Counters T& through T4 were scintillation counters embedded in the chamber arrays (g and S2) which produced the"T" signal. Q and S4 were thin-plate spark chambers.
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arises because the momentum-transfer region
under investigation is centered around the case
where the & and neutron have equal angles in the
lab system. The arrays, S, and S„of alternat-
ing converter plates and spark chambers on ei-
ther side of the beam were designed to detect ei-
ther photons (from m -2y) or neutrons. Each of
the first five converter plates consisted of 3.75
g/cm' of lead, a total of 2.25 photon conversion
lengths. The remaining twenty plates were each
15 g/cm' of lead, a total of 1.5 interaction mean
free paths for neutrons in this energy range.
Since the neutron conversion length is about 25
times the photon conversion length, a typical
event would have two y showers near the front,
for example, of the array S, with a neutron con-
version deep in the array S',. The spark cham-
bers were two-gap modules having a sensitive
area 36 in. square.

The target was surrounded by an arrangement
of veto counters which (a) ensured that no charged
particle entered the sensitive regions S, or S„
and (b) strongly suppressed events in which

strongly or electromagnetically interacting par-
ticles entered the remaining solid angle. The
veto counters providing this latter function con-
sisted of a group of counters directly downstream
of the target (A, -A, ), a group of shower counters
arranged in a boxlike structure close to and sur-
rounding the target (A, -A„), and a third group of
shower counters (A»-A, 6) arranged in a rectangu-
lar structure midway between the target and the

'chamber arrays. This last group served to de-
fine the solid angle subtended by the neutral-
particle veto system more cleanly than could

have been done by the A, -A„group alone, owing

to the nonzero target length. This entire system
delivered a signal A —A. ] + +Ay6 The veto
signal was the subject of much care and was fi-
nally made to yield ratios (BA)/& between 10 '
and 5&&10 '. The real event rate was typically
two orders of magnitude less than this.

The chambers could be triggered either in the
neutral trigger mode, BA. , or in a y-trigger
mode, BAT. The latter mode made use of the
two large sheets of scintillator embedded in the
y-shower region in each of the spark-chamber
arrays S, and S which gave a signal T =T, +T,
+T, +T4. The probability of detection of at least
one of the two showers in at least one of the two

counters was nearly 100%. When the experiment
was triggered in the BAT mode one or more of

A, -A„was usually removed from the triggering
logic and its state displayed on lights photographed

with the chambers. This permitted us to study
systematically the accidental suppression of true
events by occasional leakage of electromagnetic
showers into anticoincidence counters.

The film was scanned for the characteristic
"topology" consisting of a pair of electromagnetic
showers in one array and a neutron conversion in
the other. The latter was required to produce
charged secondaries which passed through at
least one of the 15-g/cm' lead plates. The show-
ers were required to originate within the first
five chambers of the array, while the neutron
conversion was required to occur after this re-
gion. The location of the apparent conversion
points of the photon and neutron and the beam-
chamber tracks were measured for those events
which satisfied the topology criterion. A kine-
matics reconstruction program adjusted these
measured positions such as to minimize X' sub-
ject to energy-momentum conservation constraints.
No information about the location of the hydrogen
target was used in this fitting procedure. The
hypothesis that the measured vertices corre-
sponded to an elastic charge exchange and sub-
sequent ~' decay imposed one constraint on the
fitting procedure. The g' distribution of the re-
constructed events and the distribution of the
computed target vertex positions were consistent
with negligible background. The reconstructed
events were rejected if their y' exceeded 3.0 or
if the computed position of the reaction vertex
lay more than 1 in. outside the target. A number
of checks such as the calculation of the m open-
ing-angle distribution and neutron vertex-posi-
tion distribution showed that our sample con-
tained very little background, but these quantities
were not used in the selection of events.

The overall detection efficiency of the system
(geometric and conversion probability) was com-
puted by means of a Monte Carlo program. The
detection efficiency varied smoothly, reaching a
maximum of slightly over 20% and always ex-
ceeding 10 /0 in the t interval for which we pre-
sent data. The raw cross section, that is, the
counts per unit t interval divided by the efficiency
at that value of t, was corrected by a number of
~ -independent factors. The largest corrections
were for (a) events rejected in scanning because
of the presence of more than one beam-chamber
track; (b) events lost as a result of neutron con-
versions resulting in charged secondaries of in-
sufficient energy to be observed as such; and

(c) valid events lost because of a. large y' or oth-
er restrictions imposed by the reconstruction
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FIG. 2. Measured differential cross section for x p
vox with an incident v momentum of 3.67 GeV/c.

Results of this experiment are shown as circles. Tri-
angles are used to plot the data from Bef. 1 at 8.67
GeV/c; squares are used to plot the results of Ref. 2

at 4.0 GeV/c but are plotted at the same u values. The
indicated statistical errors in our experiment do not
include an overall normalization uncertainty of +20 Vo.

The inset shows the t-dependent corrections made to
these data.

program. The correction for short neutron sec-
ondaries was calculated by extrapolating the ob-
served prong-length distribution to zero length.
This correction amounted to a factor of 1.29 at
the lower beam momentum and 1.38 at the higher
momentum. The overall correction factor amount-
ed to 2.0+0.4 at 3.67 GeV/c and 2.2+0.4 at 4.83
GeV/c. In addition there was a t-dependent cor-
rection for low-momentum-transfer events which
were vetoed by the leakage of showers into the
anticoincidence counters. This correction is
shown in Fig. 2 for the 3.67-GeV/c data. It
amounted to a factor of 1.5 for the lowest-t bin
of the higher-momentum data and was unneces-
sary for other points.

The results of this experiment are presented
in Figs. 2 and 3. They agree well with the data of
Sonderegger et a/. ' in the forward direction.
They also agree with the results of Chase et al. '
in the backward hemisphere when one takes into
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FIG. S. Measured differential cross section for ~ p
mon with an incident v momentum of 4.88 GeV/c.

Triangles are used to plot the data from Bef. 1 at 4.88
GeV/c; squares are used to plot the results of Ref. 2
at 5.0 GeV/c but are plotted at the same u values. The
indicated statistical errors in this experiment do not
include an overall normalization error of +18%.

account that their data were not taken at precise-
ly the same beam momentum as ours. No signi-
ficant dip is observed in der/dt in the region of
—2. 5 to —3.0 (GeV/c)'. The t resolution in this
experiment was computed in the reconstruction
program and amounted to 0.1 (GeV/c)' and 0.2
(GeV/c)' (full width at half-maximum) at the low-
er and higher beam momentum, respectively.
A dip of the shape predicted in Ref. 4 or observed
by Rust et aL' in m'P elastic scattering at 5 GeV/
c would be evident even with a t resolution of 0.4
(GeV/c)'. Thus we conclude that no dips of this
nature exist in the charge-exchange channel for
the region studied by this experiment.

The authors wish to thank the staff of the ZGS
for their support. We also acknowledge the con-
tributions of F. F. Iiu, W. A. Blanpied, W. M.
Smith, and A. G. Strelzoff to various aspects of
the experiment.

*Work supported by the National Science Foundation



VOLUME 26» NUMBER 9 PHYSICAL REVIEW LETTERS 1 MwmcH 1971

and the U. S. Atomic Energy Commission.
)Now at International Business Machines Corpora-

tion, Endicott, N. Y.
P. Sonderegger, J. Kirz, O. Guisan, P. Falk-Vair-

ant, C. Bruneton, P. Borgeaud, A. V. Stirling, C. Ca-
verzasio, J. P. Guillaud, M, Yvert, and B. Amblard,
Phys. Lett. 20, 75 (1966).

B. C. Chase, E. Coleman, H. W. J. Courant, E. Mar-
quit, E. W. Petraske, H. F. Romer, and K. Ruddick,
Phys. Rev. D 2, 2566 (1970)

H. R. Crouch et aE., Phys. Bev. Lett. 21, 849 (1968);

M. A. Wahlig and I. Manelli, Phys. Bev. 168, 1515
(1968).

V. Barger and B. J. N. Phillips, Phys. Rev. Lett.
22, 116 (1969).

D. R. Bust, P, ¹ Kirk, R, A. Lundy, C. E. W.
Ward, D. D. Yovanovitch, S. M. Pruss, C. W. Aker-
lof, K. S. Han, D. I. Meyer, and P. Schmueser, Phys.
Bev. Lett. 24, 1861 (1970); B. B. Brabson, R. B. Crit-
tenden, R. M. Heinz, R. C. Kammerud, H. A. Neal,
H. W. Paik, and B. A. Sidwell, Phys. Bev. Lett. 25,,
558 (1970).

High-Energy Bounds on Scattering Amplitudes and Oscillations in the Diffraction-Peak Region

Virendra Singh
Tata Institute of Pundamental Research, Bombay, India

(Received 30 December 1970)

Rigorous bounds are established on the absorptive part of the scattering amplitude,
A(s, t), for t real and within the Lehman-Martin ellipse, This result is used to prove an
upper bound on [d 1nA( st) /dt]g-p and 'to show that A(s, t) cannot have a zero in the region
0 &t &-4t0/(lns) 2 for s-~ (gt 0= 2m „for em, wiV, KiV, and NIV scattering). No assumption
is made about the high-energy behavior of the total cross sections.

The Serpukhov data on particle and antiparticle total cross sections' o„,(s) has pointed to a possible
failure of the Pomeranchuk theorem. ' This has led to a reanalysis of the "proofs" and to the deriva-
tion of new Pomeranchuk-like theorems. ' In trying to understand this possible failure in terms of a
Regge picture, Finkelstein produced an interesting model involving Regge cuts. This model amplitude
turns out to have infinite number of oscillations in the physical region for the scattering. It has been
suggested that this feature may be general, provided the particle and antiparticle total cross sections
tend to different finite limits. '

The purpose of the present investigation is to derive restrictions on high-energy behavior of the
scattering amplitudes and, in particular, on the location of the zeros in the physical region, using on-
ly general considerations. We make use of only (i) unitarity, (ii) analyticity within the Lehman-Mar-
tin ellipse, and (iii) the Jin-Martin upper bound

A(s, to) ( S,

where A(s, t) is the absorptive part of the scattering amplitude and s and t are, respectively, the

squared c.m. energy and momentum transfer variables. ' The major axis of the Lehman-Martin el-
lipse is given by 2(l+t, /2k'), where k is the c.m. momentum. We have Kt, =2m, for nm, rN, nK, &N,
and NN scattering. We shall not make any assumptions about the high energy -behavior of the total
n"oss sections.

The basic theorem. —The absorptive part of the scattering amplitude, A(s, t), has the partial-wave
expansion (for t, &t)

A(s, t) = Q (2l+1)lma, P, (z), (2 1)

where t = -2k'(1-z) and Ima, & 0 from unitarity. All the results discussed in this paper are derived
from the following basic result:

Theorem 2.

max{2„~ (t, t,)~M&I. &NI & ' &min(J„„(t, t, )~M&L&Nj (M, N=0, 1, 2, ),
A s, t
A s, to

(2.2)
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