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There is a well-known forward peak in the np forward charge-exchange cross section, for momentum
transfers )t~ &nt s. We have performed an experiment to look for analogous behavior in the reaction
pp ~ ftn The d.ata cover the kinematical region 0& )t ) &1.5m, at an incident antiproton momentum of
1.80 GeV/c. A forward peak is observed, which is estimated (from results of other experiments) to be
considerably smaller than that for np charge exchange. This result can be understood in terms of interference
between one-pion exchange and exchange of a particle with even G parity.

I. INTRODUCTION

~ 'HE reaction p+p +n+rt, pp char—ge-exchange
scattering, can be related to np charge-exchange

scattering by arguments based on crossing syxrUnetry'
and G-parity invariance. ' The Feynman diagrams in
Figs. 1(a) and 1(b) represent the charge-exchange am-
plitudes, assuming some arbitrary t;channel exchange
labeled X. With G invariance, if the left-hand side of
the rtp diagram is operated on with the G-parity op-
erator, the result is the pp amplitude multiplied by—(Gx), where Gx is the G parity of the exchanged
object. Therefore, the amplitudes for ep and Pp charge
exchange are identical for X exchange of odd G parity
and opposite in sign for X exchange of even G parity.
The difference of the cross sections is therefore sensitive
to the interference terms between odd and even G-

parity exchanges.
In rtP charge-exchange experiments a sharp forward
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peak has been observed for —t&ns '.' ' This experi-
ment is an exploratory look at pp charge exchange for
this interesting region of momentum transfer, per-
formed as a byproduct of an experiment primarily
intended to study pp elastic scattering and two-meson
annihilations. The idea of the experiment is 6rst to
select events in which an antiproton enters a hydrogen
target and neither charged particles nor y rays emerge.
For these events, antineutrons which emerge from the
target in the forward direction are detected by their
interactions in a brass converter. Charged particles
resulting from these interactions are observed with
wire chambers. Antineutron annihilations are selected
by requiring a high multiplicity of charged particles
from the converter, including at least one backward
particle, and the response of the system to the anti-
neutrons is calibrated with antiprotons.

A bubble-chamber experiment by Hinrichs et ul. ,
with antiprotons at a momentum of 1.61 GeV/c, pro-

s R. R. Larsen, Nuovo Cimento 18, 1039 (1960).
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Phys. Rev. Letters 15, 38 (1965).
'G. Manning and A. G. Parham, Nuovo Cimento 41, 167

(1966).' R. E. Mischke, P. F. Shepard, and T. J. Devlin, Phys. Rev.
Letters 23, 542 (1969).' C. K. Hinrichs, B. J. Moyer, J. A. Poirier, and P. M. Ogden,
Phys. Rev. 127, 617 (1962).

2519
Copyright 1970 by The American Physical Society.



2520 ATWOOD et al.

-n

(b)

FIG. 1. Feynman diagrams for ep and pp charge-exchange
scattering, with a particle exchange "X."

vides data on the relative cross sections of various
processes which can produce forward antineutrons. At
this energy, the only significant process, in addition to
charge exchange, is single-pion production leading to
nps and nns' final states. Considering the size of the
single-pion cross sections and the effectiveness of the
veto counters in this experiment, we estimate less than
5% background from reactions other than simple charge
exchange. In Sec. II the experimental details are dis-
cussed more fully, and the results and interpretation
are presented in Sec. III.

II. EXPERIMENTAL METHOD

A. General

The layout of the apparatus, which was originally
designed for measuring charged two-body final states
with one forward particle and one backward particle, '
is shown in Fig. 2. A partially separated antiproton
beam with momentum 1.80 GeV/c and momentum
spread &2—,"% was used. Antiprotons were identified
with a focusing Cerenkov counter, and in tests made
with a threshold gas Cerenkov counter, the contamina-
tion of pions and muons was found to be less than 1%.

The beam was incident on a 35-cm-long liquid-
hydrogen target. As described above, the idea of the
experiment was to select events in which neither
charged particles nor y rays emerged from the target,
and in which there was an interaction in a converter
downstream of the target. Twelve spark chambers were
triggered when there was a coincidence between the
beam-defining counters upstream of the target and a
counter behind the converter, with a number of counters
surrounding the target in anticoincidence. The most
important of these veto counters are shown in Fig. 2,

SA. S. Carroll, J. Fischer, A. Lundby, R, H. Phillips, C. L.
Wang, F. Lobkowicz, A. C. Melissinos, Y. Nagashima, C. A.
Smith, and S. Tewksbury, Phys. Rev. Letters 21, 1282 (1968l.

and each veto counter was preceded by ~~ in. of lead to
convert p rays. There was, however, no lead in a small
solid angle directly downstream of the target, where it
would be traversed by antineutrons headed toward the
converter.

The incident antiproton trajectory was measured
with wire chambers 1—4, upstream and to the right of
the target. For an interaction in the converter which
was ascribed to an antineutron originating in the
hydrogen target, the angle of the antineutron was
determined by comparing the location of the interac-
tion with the extrapolated location and direction of the
incident antiproton at the target center. It was required
that no particles be observed in chambers 5—8.

The converter. was made of brass, 2~ in. thick, in
order to provide a high probability for antineutron
annihilations and for conversion of +' p rays from the
annihilations. The location of an interaction in the
converter was inferred from the mean values of the x
and y (horizontal and vertical) coordinates of the
sparks in wire chamber 1j., immediately downstream
of the converter. Chamber 10, upstream of the con-
verter, was used to detect backward-going particles.
The converter could detect antineutrons making angles
between zero and 6' with the beam direction, resulting
in a range of four-momentum transfer squared from
zero to about 1.5m '.

A field of 20 ko in the magnet served to bend beam
particles away from the converter and its associated
spark chambers. The probability of the veto counters
being struck by a backward particle from an anti-
neutron annihilation was negligible because of the
small solid angle and the intervening magnetic field.

B. Calibrations

The assumption underlying the calibrations is that
antiproton and antineutron annihilations in the con-
verter occur with equal probabilities and produce
identical types of spark distributions in the spark.
chambers near the converter. Antiproton calibration
data were used for three purposes:

(1) to establish criteria which select antiproton or
antineutron annihilations and reject y rays,

(2) to determine for a given criterion an absolute
detection efficiency for antiprotons or antineutrons,

(3) to determine for a given criterion the precision
with which the coordinates of an annihilation can be
determined, and thus to determine the angular resolu-
tion for the charge-exchange experiment.

The nuclei in brass are about 45% protons and 55%
neutrons, so that about 10% of the total number of
annihilations are possibly different for calibrations and
data, being pn for antiprotons incident a.nd nn for a,nti-
neutrons. These annihilation cross sections are very
similar, and the small eftect of the net charge difference
for the two types of annihilation is minimized by the
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reasonable detection eKciency can be obtained by
requiring three or more tracks for a bona fide event.

Calibration runs were also taken with a m beam
incident and the normal charge-exchange trigger. These
data select p rays converting in the converter, largely
from ~ —p charge-exchange scattering. The multi-
plicity was seen to be high, but only in the forward
spark chamber, as might be expected for electromag-
netic showers. As a result, events with no backward
tracks were ruled. out for pp charge-exchange data.

The 6nal criterion for an antiparticle annihilation
was chosen to correspond to the shaded area shown in
Fig. 3. Events with a single forward track were rejected,
as well as those with no back track. This criterion
includes (41&1)% of all antiproton calibration inter-
actions, and interactions occurred for (44&1)% of the
antiprotons incident on the converter. The over-all
efKi.ciency for antiproton detection, taken to be the
same for antineutrons, was therefore (18.0&0.7)%.

The calibration data also yieM a measure of the error
in determining the coordinates of an annihilation, which
leads to an error in antineutron angle. For each calibra-
tion interaction the true x and y coordinates (in the
plane perpendicular to the beam direction) are accu-
rately known from the antiproton tracks in chambers
9 and 10. These may be compared with the estimated
location of the interaction from the average of the

spark coordinates in chamber 11. The di6erence is
found to approximately exhibit a Gaussian distribu-
tion, with a standard deviation of ~3.5 cm for either
the horizontal or vertical coordinate.

The angular measurement for a charge-exchange
event also has an uncertainty because of the error in
the incident antiproton angle at the target. This was
studied with the calibration data by comparing mea-
sured trajectories in chambers 9 and 10 with extrap-
olated trajectories from the chambers preceding the
target. The eRect of this uncertainty was found to be
small compared with the positional uncertainty in the
converter. The net uncertainty in laboratory angle
varies from about &0.8' at 0=0' to +0.5' for 0 greater
than 2'. (For the larger angles, only the uncertainty in
one coordinate influences the angular uncertainty. ) The
data have been collected in 1' bins and, considering
the way in which the cross section varies, this angular
inaccuracy introduces negligible error.

C. Corrections

Figure 4 shows the distribution of events among the
various converter topologies for antiproton calibrations
and for the events recorded during the pp charge-
exchange runs. The antiproton calibrations were inter-
spersed among the data runs to guard against sys-
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FIG. 4. Data and calibration rates for
various topologies. Statistical errors,
shown only for the small-angle data, are
also appropriate for the large-angle data
and calibration runs. Vertical arrows in-
dicate background inferred for the small-
angle data. Large-angle data are shown
with this background subtracted.
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tematic shifts with time. The solid circles are the cali-
bration data, in percent of antiproton interactions,
while the open circles are the topology distribution for
the charge-exchange events which occurred near 0',
in the region where the calibration antiprotons hit the
converter. Statistical errors are shown for the open
circles, and the errors for the calibration data and for
the large-angle charge-exchange data are not very
diferent and have been left oB the figure for clarity.

The small-angle charge-exchange data shown in Fig. 4
have been normalized so that the integrated rate for
the criterion corresponding to the shaded region of the
matrix in Fig. 3 is the same for the data and for the
antiproton calibrations. When this is done, the relative
rates for most of the diGerent topologies agree with the
antiproton calibration, except for topologies (0,1), (0,2),
(0,3), (0,4), and (1,1).The excess in these topologies is
indicated with arrows in Fig. 4, and is interpreted as
background from p rays L(0,1), (0,2), (0,3), and (0.4)],
and from stray charged particles, (1,1).

The topology comparison between the calibrations
and the data represents our only check that solely
antineutron interactions are being detected in the data
runs. A background, consisting of the excess noted
above for topologies not used for data collection, was
assumed to be constant over the small solid angle of
the converter. For the larger-angle data, the points
labeled x on Fig. 4 show that after this background is
subtracted the topologies are also in good agreement
with the antiproton calibration.

We have been particularly interested in checking
whether there is an angle-dependent bias introduced in
the data by a variation in spark-chamber performance
over the area of the converter. Calibration data were
not used to check this, and the only check we have is
the comparison between the large-angle data and the
calibrations, shown in Fig. 4. After background sub-
traction, the fraction of the total events which is en-
compassed by the data criterion is (37~1.5)% com-
pared to (41+1.5)% for calibrations. Most of this
diGerence can be ascribed to a low rate for high-
multiplicity events.

In view of the comparison above, and some other
evidence for deterioration of the multispark efaciencies
of the spark chamber in the large-angle region, the
data have been corrected for a net bias of up to 10%,
taken to be linearly increasing at 2% per degree. The
uncertainty in this correction is estimated at about
half of itself, &5% at the large angles.

A further source of error is the possibility that the
slow recoil neutron is counted by a veto counter. The
report by Kurz' has been used to estimate the counter
e@.ciency. Neutrons with energy below about 2 MeV
would not be counted, while recoils with energy )2
MeV would have to be counted in one particular veto
counter, to the left of the target, made of —„'-in.-thick

' R. J. Kurz, LRL Report No. UCRL-10564 (unpublished).

III. RESULTS AND DISCUSSION

Table I lists the differential cross sections measured
in this experiment, with the purely statistical errors.
In addition, an estimated systematic error is given,
which is correlated from point to point, and represents
the uncertainty in angle-dependent corrections for spark—
chamber inefficiencies and neutron detection in the veto
counters. We also estimate an over-all normalization
error of about &5%%uo, dominated by uncertainty in the
antineutron detection e%ciency.

The data are plotted in Fig. 5, with statistical errors
only, and compared with extrapolations from ep charge-
exchange experiments at 1.36 and 3.0 GeV/c. '4 These
ep data have been scaled to 1.80 GeV/c by assuming
that the t dependence is unchanged and that the total
cross section varies as (1/pt. b)'. The two sets of np
data extrapolated in this way are seen to be in good

TABLE I, Measured cross sections.

(deg)

0.7
1.5
2.5
3.5
4.5
5.5

t
(GeV/c)'

0.0005
0.0022
0.0061
0.012
0.020
0.030

do/dt
Lmb/(GeV/c)'j

27.7~2.0
26.9~1.7
24.3~1.7
23.4~1.6
18.3+1.5
16.7~1.5

Systematic
error
[mb/

(GeV/c)'7

~0.1
~0.3
~O.S
w0.7
~0.8
&0.9

"R.J. Abrams, R. L. Cool, G. Giacomelli, T. F. Kycia, 3. A.
Leontic, K. K. Li, and D. N. Michael, Phys. Rev. Letters 18,
1209 (1967).

plastic scintillator. The neutron efBciency of this
counter is estimated to rise with increasing gati to a
maximum of 2s% at

i
t l about 0.012 (GeV/c)s and to

then fall slowly to 1.6%%uo at i/i =0.03 (GeV/c)s which
corresponds to the largest valg. e of tIt for this experiment.
The data have been corrected for this eGect, estimated
to be known with an accuracy equal to the correction.

Data were accepted in which the x and y averages of
spark coordinates in chamber 11 fell within a region
2—,
' cm inside the top and bottom edges of the converter,

8 cm in from the left edge, and 5 cm in from the right
edge. As a result of the 3.5-cm standard error in co-
ordinate estimates there was a net event loss because
of the Rnite converter size. The correction was calcu-
lated and applied to the data for each of the 1 bins,
and was about 9% in all cases.

Finally, the data were corrected for losses resulting
from interactions of the beam antiprotons and the
produced antineutrons. A total cross section of 95 mb,
taken from the data of Abrams et a/. ,' was used for
both antiprotons and antineutrons. Interactions in the
hydrogen target and in the other material along the
beam line were considered (taken proportional to Asls),

and a net correction factor of 1.25 was determined.
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4I
-&) 4l

20—
4l ()

4l
FIG. 5. Results of this experiment and

of Np charge-exchange experiments. The
errors shown are purely statistical, and
the mp data are scaled as (1/pl, b)'.
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a,greement, and these data are also consistent with the
results of Mischke et al. ' at 1.74 Gev/c.

The pp charge-exchange cross sections shown in
Fig. 5 are quite similar to the mp cross sections. How-
ever, the total pp charge-exchange cross section, deter-
mined a.t 1.61 GeV/c by Hinrichs et a/. ,

' is about 1.5
times the total np cha, rge-excha, nge cross section. Thus,
for

I
t

I
)m, ', the pp charge-exchange cross section must

be considerably larger than the np cross section, as has

TABLE II. Differential cross sections at zero degrees for charge-
exchange scattering. The three columns give, successively, the
observed cross sections (do/dt) g p, estimates of extrapolated cross
sections without sharp forward peaking, (der/dt), t, and the con-
tribution of the forward peak, (do./dt) .

(do/dt) t p (do-/dt), „t (do./dt)
t mb/(GeV/c) j Lmb/(GeV/c) ] Lmb/(GeV/c) j

32 ~3 12 ~2 20 ~3.5
28~2 22.5~3.5 5.5w4

been directly observed at higher energies. ""The quali-
tative result of this experiment, when combined with
the total-cross-section data, is thus that there is a
forward peak in the pp charge-exchange cross section,
but tha, t it is relatively less important than the similar
peak in the np cross section.

To express the result more quantitatively, Table II
shows the observed cross sections (do/dh)~=0 and esti-
mates of the contributions to these cross sections,
(do/dt), from a, sharp forward peak at

I tI &m '. The
contribution (do/dt) has been found by subtracting
from the measured cross section an amount (do./dh), t,
extrapolated from a fit of the form Ae ~I 'I to the cross
section for

I
t

I
larger. than P.1 (GeV/c)'. For the eP data

"O. Czyzewski, B. Escoubes, Y. Goldschmidt-Clermont, M.
Guinea-Moorhead, D. R. O. Morrison, and S. De Unamuno-Es-
coubes, Phys. Letters 20, 554 (1966)."P. Astbury, G. Brautti, G. j."inocchiaro, A. Michelini, D.
Websdale, C. H. West, E. Polgar, W. Beusch, W. E. Fischer, 8.
Gobbi, and M. Pepin, Phys. Letters 22, 537 (1966);23, 160 (1966).
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a fit of this form for data4 at 3.0 GeV/c was extrapolated
to oul momentum, assuming that the parameter 8
remains unchanged.

In order to find (do/dt). „r, for pp charge exchange,
the parameter 8 in the exponential Qt has been taken
to be 4.5&0.5 (GeV/c) s, from data at higher mo-
menta. ""From the data of Hinrichs et al. ,

' the total
cross section, scaled to 1.80 GeV/c, has been estimated
to be 5.0&0.6 mb. Scaling according to (1/p~, b)' has
been used, consistent with the data collected in Ref. 12.
The parameter A has been estimated to be 22.5~3.5
mb/(GeV/c)' by requiring that the total cross section
be given by the Ae ~' fit.

If we interpret the incremental cross sections (2o/df)
as the result of pion exchange, there must be interfer-
ence with an exchange of opposite G parity. Such an
interference must contribute half the di6erence of the
two incremental cross sections, or about 7 mb/(GeV/c)'.
Since the pion can only interfere with t-channel ex-
changes which have the product PG=+1,"an obvious
candidate for the needed interference is the B meson.
Interference with odd G-parity exchanges, plus the
square of the pion exchange amplitude, must add up
to half the sum of the two incremental cross sections,

"K.Huang and I. J. Muzinich, Phys. Rev. 164, 1726 (1967).

or about 13 mb/(GeV/c)'. From the available data, it
is not possible to separate these two contributions. "

There have been numerous theoretical papers dis-
cussing the forward np charge exchange, some of which
also have made predictions for the pp charge exchange.
Geicke and Mutter have 6t the data with three Regge
poles, including m and 8 mesons, " and their results
appear to be in fair agreement with the data of this
experiment. Other theoretical papers have predicted

pp charge-exchange cross sections inconsistent with
our results. "' The forward pp charge-exchange data
add important constraints to fits involving pion ex-

change, and better data, covering more angles and a
wider range of energies, will be helpful in evaluating
the theoretical pictures which have been suggested.
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Although they are not unique, we 6nd that interference be-
tween exchange amplitudes which vary as e " and e "' give a
good representation of the cross sections. The Qts to the pp —+ nrl,
and op ~ pn cross section are 19e "+15e '"—6e "' and 11e "
+15e '0'+6e "' respectively."J.Geicke and K. H. Miitter, Phys. Rev. 184, 1551 (1969)."P.R. Graves-Morris, Phys. Rev. 181, 1940 (1969).
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Search for Doubly Charged Mesons in Pp Annihilations into
Pions near 1.9 GeV/c*
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We have searched for evidence of doubly charged mesons in 45 000 events of the type pp —+ m+2r+~ ~
+m', n&0, at incident antiproton momenta 1.6-2.2 GeV/c. We find no evidence for such mesons, and
give upper limits for production cross sections.

INTRODUCTION

A STRIKING feature of resonance spectroscopy in
high-energy physics is the apparent absence of

meson resonances with isospin greater than one. ' Such
meson resonances cannot be formed by a quark-
antiquark (I7g) pair in the quark model, and hence be-
long to that class of states generally referred to as
exotic. A recent review of some of the theoretical
implications of the absence of exotic resonances has been
given by Lipkin. ' It is clearly important to get experi-

* Work supported by the U.S. Atomic Energy Commission.' Particle Data Group, Rev. Mod. Phys. 42, 87 (1970).
2 H. J. Lipkin, in Proceedings of the Boulder Conference orl, Hi gh-

ErIergy Physics (Colorado Associated U. P., Boulder, Colo. , 1970),
p. 386.

mental upper limits on production cross sections for
possible exotic resonances in various reactions.

There is an additional reason for looking for exotic
mesons in an antiproton-proton experiment. It has been
pointed out' that a strict application of the concept of
duality to baryon-antibaryon scattering requires the
existence of certain exotic mesons. In terms of quarks
and antiquarks, if the t-channel exchanges involve
single qg pairs, then the s-channel states that build these
exchanges must be qqqg. A selection rule, inspired by the
quark model, has been suggested4 which reduces to well-
known rules for the couplings of nonexotic mesons and

g J. Rosner, Phys. Rev. Letters 21, 950 (1968).
4 P. I'reund, R. Waltz, J. Rosner, Nucl. Phys. B13,237 (1969).


