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Partial cross sections for 7t and g production are measured at 12 energies. Pion
multiplicities up to five are considered.

This paper reports the preliminary results of
a study of m p interactions, in the momentum
range 1.4-4.0 GeV/c, leading to final states in-
volving only neutral particles. This is the first
experiment at these mornenta in which it has
been possible to determine the cross sections
separately for the final states involving multiple
~' production with multiplicities as high as five
as well as single m and q' production. A total of
20 energies were studied, and this report gives
preliminary results on 12 of these.

The negative pion beam was produced at the al-
ternating-gradient synchrotron by 30-BeV pro-
tons incident on an internal beryllium target.
Particles coming out at 15 deg inside the ring
were momentum analyzed and focused on the liq-
uid-hydrogen target by a system of magnets.
This system of magnets also raised the level of
the beam so as to enter the equipment. The beam
momentum at each magnet setting was calculated
both from a Hall-probe measurement and from
the magnet current. The beam composition was
measured with a gas Cherenkov counter. The hy-
drogen target was surrounded by a system of
counters and spark chambers. The trigger logic
required a m to enter the region of the hydrogen

target with no charged particle leaving the re-
gion.

The spark chamber arrays have been described
in detail by Calvelli et al. ' and Bulos et al. pre-
viously. They consisted of four high-Z spark
chambers arranged in a cubical array around a
small liquid hydrogen target. Each chamber con-
sisted of 50 2-mm-thick iron plates separated by
3-mm gaps. Effectively all y's passing through
the sides of the cube were detected while those
passing out the top and bottom escaped undetect-
ed. The chambers cover approximately & of the
total solid angle. In addition to the large spark
chambers, there were two thin-foil spark cham-
bers in the beam which were used to define the
beam direction and one after the target which
was used to check the trigger. The liquid hydro-
gen was contained in a roughly spherical 4-cm-
diarn Mylar bulb. The bottom of the array was
photographed directly together with mirrored
side views by one camera. Since no energy esti-
mates on the y's were made in these chambers,
the only information that was derived from the
film was the direction of each y relative to the
incoming beam. Depending upon the event type
and the beam energy, this direction was known
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to about 5 deg in the center of mass. The pri-
mary data basically consist of the number of y's
in each event and the direction of these y's. The
number of y's seen in each event is not necessar-
ily the true number of y's in that event. There
are two reasons for this. The first is that y's,
as mentioned above, can escape from the top and
bottom of the system. The second is that the m" s
involved in the interaction can have a large open-
ing angle which implies that one of the y's in the
decay of the m' can have a low energy. From the
information contained in the film itself, we have
determined that the chambers have a low-energy
cutoff, which is 60+10 MeV on the average.
Therefore, any y that has an energy less than
this value will, in general, be undetected in our
system even if it enters the center of one of the
chambers. As a result of this, a major problem
in the experiment is the disentangling of events
with unobserved y's and the subsequent placing
of all events into the following reaction catego-
ries:

m +P-n+m'

-n+ q'

n+(2, 3—, 4, 5)w'.

(2)

(3)-(6)

We have been able to achieve this disentangle-
ment using the data in the film itself. The funda-
mental knowledge with which we start is the num-
ber of events at each energy that have multipli-
cities ranging from three to ten gamma rays. We
also know the number in the sample that have two
y's, one y, and zero y's. In addition, we have
events that contain neutron stars, but since the
cross section of iron for the energy neutron in-
volved in this experiment is low, the number of
such events is quite small. However, these few
events enable us to make internal consistency
checks of the data. In order to take the total neu-
tral cross section as measured by the electronic
counting rate and break it down into its compo-
nent parts, one must have an angular and mo-
mentum distribution for parent events of each m'

multiplicity from 2m' to 57t'. We explicitly note
that the contributions to our sample from sourc-
es that create three y's or sources other than
n 's are small. The neutral decay of the (d' is
such a small fraction of the total cross section
that it can safely be neglected. This is also true
of the rare electromagnetic decays such as the
~'yy mode of the q'. We consider later in the pa-
per the possible presence of a large, unknown,
3y source.

If one has for each multiple-m final state known

angular and energy distributions for each m', one
can by Monte Carlo techniques use the known ge-
ometry of the experiment and predict the mea-
sured y distribution. These distributions of par-
ent m 's also predict opening-angle distributions
and single-y's distributions.

The technique applied to this experiment uses
the angular distribution of the y's of the observed
events themselves. We pair these y's into m 's,
and then by Monte Carlo techniques take these
n" s and the chamber geometry and produce the
parent samples of 5n', 4m', 3m', and 2m' distribu-
tions. One can do this since, given a 7t' that de-
cays into two y's and the knowledge of the direc-
tion of these two gammas, one can reconstruct
statistically both the direction of the parent m'

and the momentum of that m . A detailed descrip-
tion of the Monte Carlo techniques that perform
this separation will be given in a later paper. As
an example of the power of this technique, we
show in Fig. 1 an opening-angle distribution de-
rived from taking our three-y events two gammas
at a time and plotting their opening-angle distri-
bution. This opening-angle distribution was not
used anywhere in the analysis that produced our
multiple-n. distributions. The multiple-m' distri-
bution makes an absolute prediction as to magni-
tude and shape of the opening-angle distribution
of our experimental three-y sample taken two
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FIG. 1. Opening angle distribution of gamma-ray
pairs from the observed three-y sample (solid line)
and that from Monte Carlo predictions based on the
angular distributions and relative cross sections for
27I' through 57I channels (points). The confidence of
the fit is 90%.

846



VQLUME 21, NUMBER 12 PHYSICAL REVIEW LETTERS 16 SEPTEMBER 1968

gammas at a time. That prediction is plotted
with the actual measured distribution. The prob-
ability of the measured distribution being the
same as the predicted distribution is 90%%uo, for
the 12 energies presented in this paper similar
fits were obtained for this distribution. These
distributions varied greatly both in magnitude and
in shape as one went from energy to energy, but
in all 12 cases this distribution was faithfully re-
produced by the prediction of our parent m' fami-
ly.

With respect to a possible unknown three-y
source, it would likely contribute gamma-ray
pairings which populate the broad right-hand
maximum of Fig. 1. The left-hand peak is due to
the gamma pairs from the high-momentum m' in
2m production. The difference between the ob-
served sample and the cascaded-down prediction
represents the extent that this unknown source
may contribute. As can be seen, this possible
source must be small.

From the found parent multiple-m sample, the
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contamination into the two-y sample (which con-
tains mostly 1II' and IIo) is calculated. The solid
lines in Fig. 2 show the opening angle distribu-
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FIG. 2. Opening angle distributions for two~ sam-
ple. Solid lines show original data. Dashed lines show
data after subtraction of background from multiple ~
production. Points show the values predicted for the

and g. The values predicted for the m fit the sub-
tracted sample with a confidence level of 78% and for
the q, 94%.
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FIG. 3. Total neutral cross section as a function of
n momentum and partial cross sections as a function
of n momentum. The q cross section is for the two-y
decay mode only.
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tion of our two-y events while the dashed lines
show the same distribution after subtraction of
the background predicted from the multiple-m
sample. On the same figure is also plotted the
theoretical opening -angle distribution that would
be obtained for the m' and the g as detected by our
spark chambers taking into account their efficien-
cies and angular acceptances. The probabilities
for the fits are 78 and 94%. Similar probabili-
ties are found for all energies in this paper.
This is again an excellent confirmation that the
magnitude of the multiple-m' events and their an-
gle and energy distributions are reasonably ap-
proximated by our calculations.

Figure 3 is our total neutral cross section.
The basic information for the total neutral cross
section came from our electronic counting rates.
Our counting rate was corrected for the loss of
events due to gamma rays converting in the anti-
coincidence counters, neutrons, Dalitz pairs,
and for the electron and muon contamination in
the beam. The correction for all sources to the
neutral cross section is approximately 17%.
Figure 3 contains all of the partial cross sections
for w' and g' (two-gamma mode only) production.

The errors on the curve represent not only the
statistical errors but also our estimate of the
systematic errors. In particular, scanning for
zero-y events and one-y events is difficult.
Hence, the numbers of zero-y and one-y events
have a large systematic error. This error is es-
timated from a rescan which determined the
scanning systematics and was included in the er-
rors in Fig. 3. The number of zero-y events in-
cluded here is consistent, within our errors,
with the known strange-particle production, ~ the
major component detectable in this experiment
being those reactions with two Kl 's in the final
state.

The general features of Fig. 3 can be summed
up as follows: The total cross section drops rap-
idly as a function of bombarding momentum in
the 1-4 GeVjc region. The lm total cross sec-
tion in the region 1-3 BeV drops much more rap-
idly than the total cross section and thereafter
seems to drop more slowly. The g cross sec-
tion, although starting out at smaller values than
the 1m, does not seem to drop as rapidly. The

2n' cross section seems to drop in about the
same manner as the total cross section itself.
The 3w' cross section seems to have a more or
less constant value, perhaps decreasing very
slowly from a maximum of 500 pb in the interval
2-4 BeV/c. It should be noted that the q decays
into 3m' with about the same rate as it decays in-
to 2y; hence the 3m cross section must contain
also a number of events equivalent to that of the
two-y mode of decay of the q. The uncertainties
of the 5m' and the 4m' cross sections are large,
but the data suggest for the 5n" s a more or less
uniform cross section in the neighborhood of 25

jest, b in the region 2-4 BeV, while those for the
4m" s suggest a slightly larger cross section that
increases to as much as 100 p.b in this interval.
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