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Single Neutral Pion Production by Pions at 1100 Mev*
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Well-identified events of the type =~ +p — p+n~+° were obtained by requiring, in addition to satisfac-
tion of kinematic criteria, that the production of the neutral pion be verified by observation of either a
y-ray conversion electron pair or a Dalitz-decay pair associated with the interaction. In a scan of 100 000
Bevatron photographs 70 acceptable events were found. The kinematic behavior of the selected events did
not agree with the predictions of the isobar model, but was consistent with the assumption that the events
were initiated by a strong pion-pion interaction, with subsequent rescattering of pions by the nucleon.
There is some indication that two 7T'=1 dipion states with total energies of 565 and 750 Mev are involved

in the interactions.

I. INTRODUCTION

TTEMPTS to understand the mechanism by
which pions are produced in pion-nucleon scat-
tering may be characterized phenomenologically in two
ways. The primary pion may be regarded as interacting
with the nucleon as a whole, or the detailed structure
of the nucleon may be considered. In the latter case,
processes involving the nucleon ‘“core” may be dis-
tinguished from those which involve the “pion cloud”
of the physical nucleon.

The isobar model of Lindenbaum and Sternheimer!
describes phenomenologically a mechanism in which an
incident pion excites the physical nucleon to a meta-
stable “isobaric state” of rather well-defined energy,
which decays by pion emission to the ground state. This
model has recently been extended? to describe interac-
tions which proceed either through the isospin-§ state,
with excitation energy (Q value) 146 Mev, or through
one of two isospin-i states, with excitation energies
434 Mev and 593 Mev, respectively. The “statistical
model’”® in which the relative probabilities of final states
are calculated from the available phase space has been
applied with considerable success to multi-Bev reac-
tions by Hagedorn,* who includes the effect of final-state
7—N interactions. Pion production may also be con-
sidered in terms of interaction between the incident
pion and an individual pion in the “pion cloud” of the
nucleon with or without rescattering of the final-state
pions by the nucleon.>1
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One might hope that in a given energy range only
one of these phenomenological mechanisms would be
important and that the importance of a given mechan-
ism might be determined by the extent to which the
wave function describing the incident pion overlaps
that of the physical nucleon. Unfortunately such a
well-defined separation does not seem possible. Evidence
for the importance of the pion-pion interaction at the
pion production threshold!* and at energies well
above the threshold for strange particle production,
a characteristic “core” interaction, would indicate that
the task of distinguishing the pion production mechan-
ism may be very difficult. Recent experimental
studies*™!8 of the reactions

rbp o pbrtet [“(orm)”] (1)

7 +p— ntrttr: [“(wrta)?], (2)

near 1 Bev, have indicated that while reaction (2)
appears reasonably consistent with the kinematic pre-
dictions of the isobar model, the character of reaction
(1) is open to some doubt. The results of Derado and
Schmitz!* indicate that in reaction (1) the 7~ mesons
have appreciably lower momentum than the #°, and
that the reaction kinematics can be interpreted®—2 as
primarily due to a resonant pion-pion interaction.
Results from other groups,'~'8 however, would seem to
show that the momentum distribution of the 7~ mesons
peaks at higher values than that of the 7% as would be
expected if the reaction proceeds predominantly through
excitation of the 7’=J=3$ isobar.

The significance of a possible difference in the
mechanisms of reactions (1) and (2) is evident from the
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SINGLE NEUTRAL PION
discussions of the one-pion exchange process for pion
production by Peierls®® and by Carruthers.?® The ques-
tion of whether the experimental evidence does or does
not support such a difference is, then, a most interesting
one, and provides the motivation for the investigation
of single neutral pion production which is described here.

II. IDENTIFICATION OF SINGLE NEUTRAL
PION PRODUCTION EVENTS

One of the most difficult experimental problems is
the establishment of procedures by means of which
two-prong events which do not satisfy elastic-scattering
kinematic tests may be identified as belonging to one
of the inelastic-scattering reactions (1) or (2).
McCormick and Baggett® have pointed out that the
usual x? separation criteria based on interaction kine-
matics become less useful as the momenta of the positive
and neutral particles approach the same value. No
kinematic separation at all is possible in the limiting
case where the positive and neutral momenta are equal,
even with infinite measurement precision. Since meas-
urements are made with finite precision, the ambiguity
may extend to an appreciable fraction of single-pion
production events at these energies. This question has
been explored in detail by Derado, Lutjens, and
Schmitz,” who found that, in the pion production ex-
periment referred to previously," the kinematic separa-
tion of reactions (1) and (2) was not possible in some
259, of the events.?

One might still hope to distinguish these reactions by
means of the characteristics of the positive particle
track in each case. The velocity dependence of the
bubble density for tracks in hydrogen is known,*
and it is in principle possible to distinguish between
protons and positive pions having the same momenta
by the appearance of the tracks. In practice, such a
separation depends very much on the operating condi-
tions of the bubble chamber.

Track density depends not only on the particle veloc-
ity, but on the temperature and pressure at which the
bubble chamber is run, and a chamber can be operated so
that even “minimum density’’ tracks are essentially con-
tinuous. In most pion experiments to date, pion produc-
tion has been studied in bubble chamber photographs
primarily intended for the study of strange particle pro-
duction. Consequently, in these photographs it was de-
sirable to keep the tracks of the fast beam particles
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quite dense to reduce the end-point uncertainty in the
neutral “V”’ production.

This presents a serious problem for the separation of
the inelastic-scattering reactions. In the region of maxi-
mum kinematic ambiguity, ~600 Mev/c, pion and
proton track densities differ at most by a factor of 2.
In the bubble chamber photographs available for this
experiment the beam tracks themselves were compara-
tively dense. Dip angle foreshortening of the bubble
gaps and temperature variations in the chamber further
reduce the reliability of reaction identifications based
on the relative track densities. Derado and Schmitz,?
for example, found that in the region of kinematic
ambiguity all tracks had bubble densities in the range
20 cm™ to 25 cm™, and that no momentum dependence
whatsoever could be established. They developed, con-
sequently, a §-ray measurement technique for the identi-
fication of pions and protons, which was comparatively
independent of the operating conditions of the bubble
chamber. The selection criteria adopted by other groups
who have been faced with this problem are not well
known, and may vary widely.

In the present experiment the problem of kinematic
ambiguity was avoided by selecting a restricted sample
of (pr—x°) events, in which the identification was made
by requiring the observation of a conversion electron
pair correlated with the interaction in addition to the
satisfaction of conventional kinematic and track density
criteria. Since the radiation length of liquid hydrogen
is 9.9 m and the radius of the bubble chamber only 5 in.,
this selection procedure severely limits the statistics
possible in such an experiment. Inasmuch as the
characteristics of reaction (1) have already been re-
ported with moderately good statistics by several
authors,*!8 and since the present purpose is to investi-
gate only the most obvious differences among these
reports, the statistical limitations do not present serious
difficulties.

The possibility of bias in the selection criterion based
on observation of a conversion electron pair is a more
serious problem. A group of ‘“four prong” events involv-
ing Dalitz-decay of the #%, in which the pair is produced
directly at the interaction vertex, has been included
in the study. This group of events should be free of any
scanning bias and can be compared with the group of
events involving conversion pairs. The “four-prong”
events, which also helped to improve the statistics of
the experiment, were selected in a companion study
of multiple pion production by pions.?

III. SCANNING AND MEASUREMENT
PROCEDURE

Approximately 100 000 stereo pairs of photographs
of the Alvarez 10-in. hydrogen bubble chamber, set up
in a 1.24-Bev/c negative pion beam at the Bevatron,
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Fic. 1. A typical configuration of tracks in two stereo views when
the central fiducial mark in each view is superimposed.

were scanned for 2-prong events with correlated con-
version pairs. Each frame was independently scanned
in both views by two observers, and each possible event
was measured independently by four observers whose
results were monitored for consistency.

A two-lens stereo projector, with which the views
could be presented singly or superimposed on a ground
glass screen, was used to facilitate scanning and measur-
ing. The projector optics were similar to the original
camera optics. The right-hand lens was continuously
movable in a plane perpendicular to the stereo axis
so that corresponding points in the two views could be
brought into coincidence on the screen. The observer
could visually reconstruct spatial relationships between
events in the chamber by placing appropriately oriented
Polaroid disks in front of the projector lenses and wear-
ing spectacles with similarly oriented Polaroid lenses.
By varying the position of the movable lens, the scanner
could examine different planes in the chamber such as
the planes of the front and back windows or the plane
containing the interaction vertex and could readily
determine whether an electron pair appeared sufficiently
correlated with an interaction to warrant detailed
measurements. The geometrical orientations of the
events selected were checked subsequently in the de-
tailed analysis.

The selected events were measured according to the
following procedure:

(a) The chord length of each track was measured.

(b) The radius of curvature of each track was inde-
pendently measured in two ways; (1) using templates
of transparent plastic inscribed with standard railroad
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curves and tangent marks, and (2) using a magnifying
glass mounted with a reticle with 0.1-mm scale divisions
to measure the sagitta of the curve.

(c) The views were superimposed so that the center
fiducial mark of the front glass plane coincided in the
two views.

(d) A tangent line was drawn to each track using the
template marks.

(e) The coordinates of the interaction point and refer-
ence points 15-cm distant along the track tangents
were measured in each view, as shown in Fig. 1.

From the original lens separation, the distance of the
lenses from the front glass of the chamber, and the
refractive index of hydrogen, the coordinates of each
reference point with respect to the center fiducial mark
may then be calculated. When a coordinate rotation
to the reference frame of the incoming track is effected,
the space angles of the initial direction of each outgoing
track may then be calculated in first-order optics. The
momenta were calculated from the measured radii of
curvature and the magnetic field at the depth of the
center of the track. An IBM-650 computer was used
to carry out these calculations.

The accuracy of the momentum measurement de-
pends on the length of the track. Four independent
measurements of the radius of curvature of a track
10-cm long in the chamber typically agreed within
~109%,. Coordinate measurements agreed within ~0.05
cm (chamber dimensions). Since turbulence in the small
10-in. chamber limits measurement accuracy, the sup-
pression of systematic error was emphasized. The meas-
urement accuracy achieved was considered adequate
for the purpose of the experiment.

IV. ANALYSIS

A total of 62 possible single neutral pion production
events were initially selected on the basis of the as-
sociated electron pair criterion in the scan of 105 bubble
chamber photographs. To these were added 33 events
which would not be identified as

7 +p— ptattr o [“(prtrn)”],

in the companion study of multiple pion production,
and which had tracks which appeared consistent with
electron pairs from Dalitz-decay. The two groups are
referred to as “type A” events and ‘“‘type B” events,
respectively, in the discussion which follows.

These 95 events were tested for consistence with
single pion production kinematics, and events were
eliminated in which the positive particle scattering
angle exceeded the maximum proton recoil angle for
this energy, or in which the calculated neutral particle
mass was not consistent with the known #° mass within
the limits determined from measurement uncertainties.

Tentative identifications were assigned to the 25
events which were not (pn—n°) cases by calculating
kinematic limits on the value of the missing neutral
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TasLE I. Event classification in the present experiment.

Event Total
classification Type 4 Type B events
pra0 45 25 70
nr 't 2 0 2
w70 5 0 5
w0 7 7 14
Other 3 1 4

Total 62 33 95

mass, by identifying #* tracks for which the scattering
angle exceeded the maximum proton recoil angle, and
by considering relative track densities and momenta.
The resulting classifications are summarized in Table I.
The “other” category in this table includes two elastic
7, p scatterings, one (#7'r®) event with an electron
pair at the vertex and a related conversion pair, and
one previously unidentified four-prong event of the
type (pr—ant).

Of the 25 events which were not (pr—=°), the identi-
fication was relatively certain in 15 cases and somewhat
ambiguous in 10. In the two elastic events and the two
single positive pion production events, the selected
“correlated conversion electron pairs” were found to be
low-energy background pairs in two cases, and acci-
dental directional correlation of presumably good #°-
decay conversion pairs in the two others.

In any comparison of single pion production and
multiple pion production from the data of Table I, it
should be emphasized that the 62 “type A” events, and
the 33 “type B” events were selected from different
samples of data at different times by different people,
and that no direct comparison between them should be
made.

Although the number of events selected in this ex-
periment is small, the results are of interest since com-
parisons may be made with other pion production
experiments in which differing conclusions have been
reached. The results also provide information on the
characteristics of events obtained by requiring the pres-
ence of a correlated electron pair and evidence about
the advantage and/or limitations of this selection
technique.

V. EXPERIMENTAL RESULTS

The quantities of interest calculated in this study
include the scattering angle and momentum of each
final-state particle, including the neutral particle, in
the pion-proton center-of-mass system (c.m.s.); the
c.m.s. space angles between two particles for various
pairs of emitted particles; and values of Q= (E*2— p*2)}
— (my+ms), the sum of the kinetic energies of two
particles in the c.m.s. of the two particles, for various
possible two-body intermediate states.

The angle distribution of the protons from the neutral
pion production events is shown in Fig. 2, and the angle
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F16. 2. Scattering-angle distribution for the proton from
the (pn~#?) production reaction in the c.m.s.

distributions for the two pions are shown in Fig. 3.
Some 809, of the nucleons emerge from the reaction
in the backward c.m. hemisphere. The #° angle dis-
tribution is peaked sharply forward, while the =~
distribution is more or less isotropic.

The distributions of angles between particles in pion-
proton and pion-pion pairs are shown in Fig. 4 and Fig. 5,
respectively. The angle between the #° and proton is
generally large; except for a decided excess in the in-
terval —0.8 <cos¥*<—1.0, the distribution in angles
between the 7~ and proton is nearly isotropic. The dis-
tribution of the angles between the pions is not sharply
peaked, but favors angles greater than 90°.

The proton c.m. momentum distribution, Fig. 6,
shows a broad peak between 300-550 Mev/c. The =~
and 7° momentum distributions are both shown in Fig.
7,along with the predictions of the statistical model. The
neutral pion momentum distribution peaks at ~3500
Mev/c, well above the peak of the 7~ momentum dis-
tribution which is at ~250 Mev/c. The distributions for
the 25 “type B’ events, selected on the basis of a
Dalitz-decay pair at the event vertex, are plotted with
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F1c. 3. Scattering-angle distributions for the pions from the
(p7~=°) production reaction in the c.m.s.
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Fic. 4. Distributions of angles between the pions and the nucleon
from the (p7~#%) production reaction in the c.m.s.

dashed lines, and these seem to show the same features
as the total distributions.

The pion-proton Q-value distributions in Fig. 8§,
show that the (z—,p) Q values have a peak below
150 Mev, while the (#°p) Q values rise to a peak near
450 Mev.

VI. NUCLEON ISOBAR ANALYSIS

Single-pion production experiments have been widely
interpreted'*~*7 in terms of an isobar model, as indicated
schematically in Fig. 9 in the c.m.s. of the original pion

No. of
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. *
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Fic. 5. Distributions of angles between pions from the
(px—=®) production reaction in the c.m.s.

and proton. The production of a three-body final state
is treated in terms of two-body processes; the initial
pion-proton interaction yields a “recoil” pion and an
isobar which subsequently decays into a final-state
nucleon and a “decay” pion.

The kinematic behavior expected of the reaction
products depends sensitively on the mass of the isobar.
If, for example, the isobar is identified with the T=J=%
resonant state observed in low-energy pion-nucleon
scattering, it may be assigned an effective mass

SHEPHARD, AND GALL

My*=1225 Mev, corresponding to a Q value of 145 Mev
for decay into a pion-proton pair. The following charac-
teristics would be consistent with production of the
T=J=3% isobar at the energy of this experiment:
(1) The comparatively small excitation energy of the
isobar requires relatively little momentum transfer

No.of
events

T

100 200 300 400

Mev/c

500 600 700

F16. 6. Proton momentum distribution in the c.m.s. The smooth
curve is the phase-space distribution plotted for comparison.

from the incoming pion, so the recoil pion might be
predominantly fast and forward-scattered in the pion-
proton cm.s.; (2) the final nucleon from the isobar
decay would carry off most of the isobar momentum,
and would tend to go backward in the pion-proton
c.m.s. at large angles with respect to the recoil pion;

No. of
events:

15

‘Mev/c

100 200 300 400 500 Mev/c

F16. 7. Momentum distributions for the neutral (top) and nega-
tive (bottom) pions in the c.m.s. Distributions for the type-B
events only, in which the neutral pion decayed with Dalitz internal
conversion, are shown by the dotted histograms. The curve ob-

tained from phase-space dependence alone is plotted for comparison.
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Fic. 8. Pion-proton Q values for the (p=~#?) production reaction.

(3) the decay pion from the isobar would be left with a
much lower momentum than the recoil pion, and would
tend to emerge at large angles with respect to the recoil
pion. The distribution of angles between decay pion
and nucleon would be more nearly symmetrical about
90° with some predominance of angles less than 90°.
If it is assumed that the peak in the =, p total cross
section observed at 600 Mev 2"28 is associated with a
more highly excited T'=3 isobar with mass M*=1510
Mev, corresponding to a Q value of 435 Mev, and that
this isobar is excited in pion production interactions
near 1 Bev, a rather different type of kinematic behavior
would be expected. Since production of this more highly
excited isobar would require a considerable momentum
transfer from the incoming pion: (1) The recoil pion

recoil =

< * -
> ¥ <

Isobar

rd //
’:k g | 4 decay =
F16. 9. Center-of-mass schematic drawing of
isobar production and decay.

would now be relatively low in momentum and would
not necessarily be strongly forward-scattered; (2) the
more massive isobar would tend to be slow and to decay
near the pion-proton interaction point, so the final
nucleon would come off more or less isotropically with
respect to the slow recoil pion, but probably would
tend to go in the backward hemisphere; (3) the decay
pion from the more highly excited isobar would be

#T. J. Devlin, B. C. Barish, W. N. Hess, V. Perez-Mendez,
and J. Solomon, Phys. Rev. Letters 4, 242 (1960).

28 J. C. Brisson, J. Detoef, P. Falk-Vairant, and L. Van Rossum,
Phys. Rev. Letters 3, 561 (1959); P. Falk-Vairant and G. Val-
ladas, Proceedings of the 1960 Annual International Conference on
High-Energy Physics at Rochester (Interscience Publishers, Inc.,
New York, 1960), p. 38: Revs. Modern Phys. 33, 362 (1961).
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considerably faster than, and more or less isotropic in
direction with respect to the recoil pion; its direction
would, however, tend to be opposite to that of the
final nucleon, so that, if the nucleon is back-scattered,
the recoil pion would be scattered forward.

The kinematics of isobar formation and decay have
been studied in detail by Lindenbaum and Stern-
heimer.!=2 Figure 10 shows the momentum spectra for
the decay and recoil pions from both T'=% and T'=3
isobar formation, as predicted by the Lindenbaum-
Sternheimer model for an incoming pion energy of 1100
Mev. It is clear that the spectrum for the “slow” decay
pion from T=% isobar formation (J.,1) peaks at very
nearly the same momentum value, ~250 Mev/c, as
the spectrum for the “slow” recoil pion from T=3%
isobar formation (J, ;). Similarly the spectrum of the

Jrr
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20|

100 200 300 400 500 Mev/c

F16. 10. Center-of-mass momentum spectra of pions from the
1100-Mev pion production reaction, obtained on the isobar
model by neglecting the low-energy T'=1% cross section.

““fast” recoil pion from 7T'=$% isobar formation (J,,2) and
the spectrum of the “fast” decay pion from T'=% isobar
formation (J,4) peak at the same momentum value,
~450 Mev/c. This is very largely due to the values
which are assumed for M* and M;*. The same discus-
sion applies to Fig. 11, which shows momentum spectra
for the same pions as in Fig. 10, but includes effects of
the T'=1% cross section at low energies.

It follows that although the principal kinematic

Jr

40
30

20

100 200

300 Mev/c

F1c. 11. Center-of-mass momentum spectra of pions from the
1100-Mev pion production reaction, obtained for the isobar
model by including the contribution of the low-energy T'=3%
cross section.



742 KENNEY,

No. of
events

19]

CMS.,
MOMENTUM
OF T°

1 .
100 200 300 400 500
Mev/c

F16. 12. Momentum distributions for the neutral and negative
pions from the (pz~n°) production reaction in the c.m.s. The
dashed histogram includes only the type-B Dalitz decay events.
The smooth curve is obtained from a preliminary calculation for
the isobar model by setting o1/ (s11+012)=0.7.

features observed in the present experiment are qualita-
tively consistent with an isobar model, no conclusions
may be drawn from this agreement about the mixture
of isotopic spin § and } states which must be assumed.
The distribution of momenta, scattering angles, and
correlation angles between pairs of particles observed
here could be explained equally well from the point of
view of isobar kinematics (neglecting, for the moment,
the charge preferences determined by the isotopic spins
of the isobars), by assuming that the 7° was predomi-
nantly the fast recoil and the =~ the slow decay pion
from T'=3% isobar formation, or by assuming that the
«° was predominantly the fast decay and the =~ the
slow recoil pion from the 7'=3 isobar. The same
ambiguity exists in the interpretation of Q-value dis-
tributions: The fact that the (z—,p) distribution shows
a peak below 150 Mev could perhaps be attributed to
formation of the T'=J=4% state; the fact that the dis-
tribution for (w%p) pairs shows at least as marked a
peak in the vicinity of 450 Mev cannot, however, be
simultaneously interpreted as an effect of the lower
T=1% state. One can conclude only that each interaction
tends to produce a fast and a slow pion with momentum
distributions which peak as shown in Figs. 9-10.% One

2 A somewhat different interpretation of Q-value information
seems to be given by E. Pickup, F. Ayer, and E. O. Salant, Phys.
Rev. Letters 5, 161 (1960). These appear to be to some extent
modified by the same authors in Proceedings of the 1960 Annual
International Conference on High-Energy Physics at Rochester
(Interscience Publishers, Inc., New York, 1960), p. 69.
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finds, in fact, that the events whose computed (7—,p)
Q values fall in the low-energy peak are the same events
whose computed (7%,p) Q values fall in the high-energy
peak.

Detailed analysis of the kinematic data in terms of
the isobar model must, then, take into account the fact
that the isotopic spins of the two isobars energetically
possible at this energy should effectively determine the
preferences for the high- and low-momentum pions of
different charges. It is of interest that the results of
the present experiment indicate that the #° meson is
predominantly the faster of the two.

The manner in which detailed calculations may be
carried out for the extended isobar model, which con-
siders formation of both T=% and T=% isobars in pion
production by pions at these energies, has been discussed
by Sternheimer and Lindenbaum.? The calculations
performed for this experiment will be summarized. As
a first approximation, the expected momentum dis-
tributions for the #° and #~ from (pr—=°) production
were calculated from: (1) the known total cross sections
for® 7—,p and® =*,p inelastic scattering; (2) the
ratio of the charge states (p7~n°): (nwtr™) as measured
at 1.0 Bev, assumed to be the same at 1.1 Bev; and
(3) the experimental cross section for (nwtr™) produc-
tion, modified from the 1.0-Bev value by an amount
proportional to the change in the total inelastic cross
section. The values which were used for these quantities
are listed in Table II. [The notation used for cross
sections is that of Sternheimer and Lindenbaum?: oop
and o7+, when 7' is the isotopic spin of the initial
(m,p) system and « is 1 for the T'=% isobar, and 2 for
the T'=% isobar. Additional subscripts s or d refer to
single or double pion production, respectively.] In
this preliminary calculation the fraction of the cross
section involving formation of the 7'=1 isobar,
k=013/ (011} 012) =032/ (031F032), was used as a variable
parameter to be determined by fitting the theoretical
spectra to the experimental momentum distributions
from this experiment. The best fit, as shown in Fig. 12,
obtained with the values of Table IT was given by £=0.7.

TasLE II. Cross-section values used in the preliminary
isobar model calculation.

Cross section Value Source

0r7,p inel=301F %03 21mb  (Brisson et al.)?

Ot pinel =03 17.6mb (Stonehill ez al.)P
R=o¢(pnn)/o(nr*z")at 1 Bev 0.50 (Derado and Schmitz)e
o(nrn~)at 1.0 Bev 10.4mb (Derado and Schmitz)e
o(nrtr™)at 1.1 Bev=0.9(104) 9.5mb (from gis ratio)
k=012/ (011} 012) =032/ (031 032) : retained as variable parameter

a See reference 28.
b See reference 30.
° See reference 14.

30 D. Stonehill, C. Baltay, H. Courant, W. Fickinger, E. C.
Fowler, H. Kraybill, J. Sandweiss, J. Stanford, and H. Taft,
Phys. Rev. Letters 6, 624 (1961).
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TaBLE III. Cross-section values used in the detailed
isobar model calculation.

Cross section Value Source
o p (total) 35.64+2.0 mb  (Brisson et al.)*
or~p (charged elastic)  12.0.1.0 mb  (Brisson ef al.)*
7+~ p (neutral) 5.3+0.5 mb  (Brisson et al.)P
o, p (neutral inelastic) 341 mb (Falk-Vairant and
Valladas)®
o(rtp — pnta®) 11.01.0 mb  (Stonehill ez al.)
o(ztp — nrta™) 2.64+0.5 mb  (Stonehill et al.)®
o (zwrp — charged 4.00.6 mb  (Stonehill et al.)
mult. prod.)
o(wp — prtar~a™) 0.6+0.3 mb- (Derado and Schmitz)d
R=o(prn)/o(nata=) 0.50+0.14 (Derado and Schmitz)d

a See reference 28.
b See reference 31.
° See reference 30.
d See reference 14.

This result implies a strong preference (709%) for the
formation of the 7'=% isobars in order to explain the
preponderence of high-momentum #° and low-momen-
tum 7~ observed in the (pr—=") events of the present
experiment, if the proposed T'=% isobaric states are
assumed to occur.

Although a reasonably good qualitative fit to the
momentum data was obtained by setting £=0.7, it is
difficult to defend this choice in view of the values of the
ratio which may be calculated from the measured cross
sections for the individual single- and double-pion pro-
duction charge states. Although these experimental
cross sections are subject to appreciable error, it is
nevertheless of interest to carry out a detailed isobar
model calculation, with propagation of the relevant
experimental errors, to determine the limits placed on
the #° and =~ momentum spectra and on the ratio %
by the best available experimental information for this
energy. The input information for this more detailed
isobar calculation is presented in Table III, together
with the sources.

Consider first the Yale data on the #*, p interaction®;
taking oV=c(ztp — prta®)=(13/15)o51+ (1/3)0s2,s
=11.0+1.0 mb, and ¢V=o(xtp — nrtart)=(2/5)ou
+(2/3)032,,=2.64=0.5 mb, one obtains for a3; the value
12.14+1.3 mb and for o3, the value 1.540.9 mb.
Combining this latter value with ¢32,4=4.040.6 mb,
one obtains o33=5.54-1.0 mb, the total contribution
to T=% scattering from the 7'=3% isobar. The ratio
k=032/(031+032), which is assumed to equal the ratio
012/ (o11+012) in 7,p interactions, is then found to be
0.3140.10. It is clear that the value 0.7 for this ratio,
which gives satisfactory agreement with the measured
momentum distributions, is not in good agreement with
the value from cross sections measured for =tp
interactions.

By subtracting the charged-elastic®® and charge-
exchange?® cross sections listed in Table ITI from the

3t J. C. Brisson, P. Falk-Vairant, J. P. Merlo, P. Sonderegger,
R. Turlay, and G. Valladas, Proceedings of the 1960 Annual Inter-
national Conference on High-Energy Physics at Rochester (Inter-
science Publishers, Inc., New York, 1960), p. 191.
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total 7—,p cross section, one obtains a value of 21.34-2.5
mb for o(z~, p inelastic)=2o,+40;. With the use of
g3= (031+032) = 176:!:17 mb, one ﬁnds o1= (O’11+0’12)
=23.143.8 mb, the total 7'=1 inelastic cross section at
this energy. Assuming that the Lindenbaum-Stern-
heimer constant p, where p=03+/2014, is the same for the
T=% and T=3% states [the same assumption as
019/ (0114 019) =039/ (631 032) ], one obtains for o1 the
value 15.94-4.3 mb, and for oy2 the value 7.241.9 mb.
The value of the constant p is then 0.384-0.11.

In order to determine the fractions of o1 which are
associated with single- and with double-pion production,
one must make use of the available information on
multiple pion production in 7,p interactions in this
energy region. Unfortunately few determinations of
these cross sections near 1 Bev are available, and the
published values have large statistical errors. A number
of assumptions must be made. It is assumed that the
cross section for charged double-meson production at
1100 Mev is the same as that at 1000 Mev where a
value of 3.14-0.8 mb was obtained by Derado and
Schmitz.* Also it is assumed that the neutral inelastic
cross section is divided between single- and double-pion
production in the same ratio as the charged inelastic
cross section. Using the Derado and Schmitz! value for
this ratio, one obtains a value of 3.64=0.9 mb for the
total double-pion production cross section in 7, p
interactions, gsq=2(14p2)o12,¢. By multiplying 12 by
the ratio ¢24/ (2012+3032) one obtains a value for oi2,4.
A value for o5, of 3.31.5 mb is then calculated.

The remaining parameters necessary for calculation
of the pion momentum distributions may be obtained
from the cross section for the readily identified reaction

7~ p — prta—n~) and the ratio R of the cross sections
for the charged single-pion production reactions (Table
III). These are assumed to be approximately the same
at 1100 Mev as at 1000 Mev. The constants in the rela-
tion for the momentum spectrum of the #~ in (p,7~=°)
production,

do/dp=C1J w1+ CoJ o+ CsJ 5 5+CoJ 7 4,

where the J.,; spectra are those shown in Figs. 10-11,
may then be calculated from the relations published
by Sternheimer and Lindenbaum.? The values obtained
for the weighting factors C; are: C1=1.134:0.38,
Cy=2.061.12, C3=0.3040.24, and C4=1.42:0.78.
The spectrum for the #° from the same reaction is ob-
tained by interchanging C; with C; and Cs with Ci.

The relatively large values of Cy and C4 compared to
C; and Cj3, even when the sizable uncertainties are con-
sidered, require a peak in the 7~ momentum spectrum
at higher momentum than the peak for the #°. This pre-
diction of the isobar model is in disagreement with the
results of this experiment.

In order to investgate the limits placed on the mo-
mentum distributions for 7~ and #° by the initial meas-
urement errors propagated in this detailed isobar calcu-
lation, one must consider that the error limits on the
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F16. 13. Momentum distributions for the neutral and negative
pions in the c.m.s. The smooth curve (a) is calculated from the
extended isobar model using the best available data for all cross
sections. Curves (b) and (c) indicate the highest and lowest limits
on the 7~ momentum peak permitted by the measurement errors
in the cross-section information. The isobar model calculations
assume that the low-energy T'=1% cross section may be neglected.

C; factors are not independent. Sets of momentum
spectra were computed with the upper and lower limits
for each of the following: o (x~, p inelastic), o3, o1,
032, 024, 0(7p— prtrn), and R. The extremes in
the resulting do/dp distributions were then selected.
The C; factors which gave maximum and minimum
momentum peaks for the 7~ mesons are listed in rows
(b) and (¢), respectively, in Table IV, and the C; factors
obtained with the nominal values of the input param-
eters are listed in row (e¢). The momentum distribu-
tions, do/dp=>_ CiJ r s, for the #° and = are shown in
Fig. 13, as calculated from the J,,; spectra of Fig. 10
in which the low-energy T'=1% cross section contribution
is neglected, and in Fig. 14 for the J, ; spectra of Fig. 11
where this contribution is included. In neither case
does the isobar model provide a good fit to the experi-
mental distributions within the limits of error deter-
mined by the available cross-section values, in spite of
the apparent qualitative agreement noted above.

VII. DISCUSSION

Although the predictions of the isobar model as ex-
tended to include excitation of both 7=% and T'=%
states seem to be in qualitative agreement with the
kinematical features of single neutral pion production
observed in this experiment, the apparent agreement
does not seem to be confirmed by detailed calculations.
Cross-section values available for elastic and inelastic
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TasiE IV. C; factors calculated for pion momentum distribu-
tions from the error limits on the input cross sections.

Distribution C1 Cz Cs C4
a 1.131 2.056 0.304 1.418
b 1.293 3.145 0.007 0.105
c 0.946 0.997 1.252 1.669

%, p interactions lead to an isobar model prediction
for the ratio of T=% to T'=% isobar formation which
would require a peak in the 7~ momentum spectrum
at a higher momentum than the peak in the 7 spectrum.
The quantitative disagreement between the model and
the results of this experiment might be interpreted
either as a failure of the model or as the result of biases
in the experimental distributions.

The results of this experiment may be compared with
results of several experiments at comparable energies.
The results reported here agree well with those described
by Derado and Schmitz,* who also find predominantly
fast, forward-scattered #° mesons, and slower 7~ mesons
distributed more or less isotropically in the pion-proton
c.m.s. These differ somewhat from the results of Alles-
Borelli et al.'® for a somewhat lower energy at which
predominantly fast =~ mesons, largely forward-scat-
tered, and #° mesons which are slower and quite iso-
tropic in the c.m.s. have been observed. The results of
Salant and his co-workers, both below!® and above'” 1
Bev, seem to agree better with the Alles-Borelli data
than with the data of Derado and Schmitz and the
present experiment.

No. of
events
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F1c. 14. Distributions showing the same information as Fig. 13,
except that the isobar model calculation includes the low-energy
T =14 cross-section contribution.



SINGLE NEUTRAL PION PRODUCTION BY PIONS

The question immediately arises as to whether the
somewhat stringent identification procedure for the
neutral pions used in the present experiment might
introduce a selection bias favoring identification of
fast neutral pions and/or slow negative pions in the
reaction.

The possibility that scanning for conversion electron
pairs which follow #° decay might introduce such a
selection bias should not be great, inasmuch as each
70 decay produces two photons moving in opposite
directions in the decay c.m.s., so that in the laboratory
system the energy partition between the two photons
will be quite asymmetric. The effect of this energy asym-
metry should be more than enough to smear out the
energy difference between decay photons from =°
mesons whose momenta differ by only ~250 Mev/c.
Furthermore, 25 of the 70 events used in this sample
were selected independently by identifying Dalitz-decay
electron pairs, for which the scanning bias would be
absent, and the momentum distributions for these
events agree well with the entire sample (Fig. 7).

The large number of high-energy °’s observed in this
experiment could also be explained by assuming that an
appreciable contamination of double-pion production
events is present in the sample. Since the available
energy in double-pion production is distributed among
a larger number of particles, the average 7~ momentum
in these events should be lower than in single-pion
production events and in general the computed neutral
particle momentum should be higher. Double produc-
tion events of the types (pr—7'r%) and (nrtr—x°) may
have associated electron pairs and can be eliminated
only by kinematic analysis. Definite identification
of such double production events is difficult since
two neutral particles are present. One may, how-
ever, compare the single to double production ratio
o (prn%) /Lo (pr—n'7%) 4o (nata—n°) ], observed in this
experiment with the ratio found in other experiments.
This ratio is 3.75 for type-A events; if the independently
selected type-B events are included, the ratio becomes
3.68 (see Table I). In the experiment of Alles-Borelli
et al. the ratio was 190/(8+443)=3.72. The excellent
agreement here may be somewhat fortuitous; the value
obtained by Derado and Schmitz is 2.1. If the latter
ratio were taken to be correct, then the number of
(pr—=°) events expected in the present experiment
would be 0.68(89) =60, compared to the 70 events now
included. The indicated contamination of double pro-
duction events in this experiment is 149}, probably not
sufficient to explain the differences in this experiment
and the isobar model. The number of high-momentum
7 cannot be increased by removing a contamination of
this type. However, it should be noted that in each of
the experiments discussed, and particularly in the pres-
ent experiment, the statistical uncertainties are ap-
preciable, and the possibility of such contamination
cannot be ruled out.

One must turn then to the possibility that there is a
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F1c. 15. Laboratory momentum distribution of the proton
from the (pa~=?) production reaction. The smooth curve is plotted
from an equation of Chew and Low assuming constant == cross
section.

real difference between the results of the different ex-
periments carried out in the range 960-1100 Mev. One
conceivable explanation would be that the mechanism
responsible for single-pion production is quite energy
sensitive in this range; some support for this point of
view may be found in the findings of Salant and his
colleagues'” that the neutron angular distribution from
the (nwtn) reaction shifts from near isotropy in the
c.m.s. at 960 Mev to a predominant backward scattering
at 1100 Mev. An alternative explanation might be that
the differences lie in the selection procedures used to
identify the single production charge states in the dif-
ferent experiments. As noted above, both Derado and
Schmitz and the present experiment were designed to
minimize the problems of event identification in the
momentum region of kinematic ambiguity, where track
density separation of the positive particles is also
difficult. The ratio of (nwtz™)/ (pr—=°) single production
events found by Derado and Schmitz was 2.0+£0.5;
the same ratio measured by Alles-Borelli e al. was
1.2540.16, which is only consistent with the first at
the 159, confidence level. There is evidence? that the
number of kinematically ambiguous identifications can
be quite appreciable, and it may perhaps be possible
that some events could have been identified as(nxtnr™)
in one experiment and as (pm~#°) in another; this could
affect the neutral particle distributions appreciably.

In any case, each of the experiments in this energy
range presents features which are not predicted by the
isobar model. For example, the differences between the
nucleon laboratory kinetic energy spectra observed for
single-pion production and the isobar model predictions
have been discussed in some detail,®7 and the con-
clusion has been drawn that this feature of the data
may be explained by assuming that a strong pion-pion
interaction initiates the reaction process. A number of
features of pion-nucleon interactions near 1 Bev are
indicative of the importance of interactions at large
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Fic. 16. Distributions of «?, the square of the total energy of
the (r=°) in their barycentric system, in units of u?, the square
of the pion rest mass energy. Curves are plotted from Chew-Low
theory for constant ¢,,. The solid curves and histograms include
all events, while the dashed curves are restricted to events in
which the square of the momentum transfer was <15 u2

impact parameters. Among the relevant features in
single-pion production at 1100 Mev is the backward
peaking of the nucleon angular distribution. The effects
can be explained most easily by assuming an interaction
between the incoming pion and the pion cloud of the
nucleon. One striking result of such an interaction is a
low-energy peak in the laboratory kinetic-energy spec-
trum of the nucleons, first predicted by Goebel.?* The
laboratory kinetic-energy spectrum for the protons from
the present experiment is peaked at considerably lower
than the ~185-Mev value predicted by the isobar
model and, as shown in Fig. 15, agrees reasonably well
with the distribution computed by integrating the
Chew-Low equation,

9o 2AY
AA2Qw? A% 2gr (A2H4-p?)?

o (=)

) Uﬂ#(w)y
Qin

over the energy variable w under the assumption that
the pion-pion cross section is independent of w in this
region. Here A is the four-momentum transfer from the
target pion to the nucleon, u is the pion rest mass, w
the total energy of the two-pion state in the pion-pion
c.m.s., f2 the renormalized pion-nucleon coupling con-
stant, ¢;, the momentum of the incident pion in the
laboratory frame of reference, and oxr(w) the 7= cross
section.

Evidently the same equation may be used to calcu-
late the w? spectrum by integrating over values of A%
The pion-pion total energy w is the sum (Qrr+2u);
the experimental spectrum of «? in units of u?, the square
of the pion rest mass, is shown in Fig. 16 together with

# C. Goebel, Phys. Rev. Letters 1, 337 (1958).
# G. F. Chew and I. E. Low, Phys. Rev. 113, 1640 (1959).
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the Chew-Low curve calculated for constant ... The
agreement is if anything, somewhat better than in the
experiment of Rushbrooke and Radojicic,'® and reflects
the fact that momentum transfer is low and hence con-
sistent with a “peripheral’’ collision in the great
majority of cases.

The apparent peaking of the w? distribution above the
constant pion-pion cross section curve in the intervals
15 w2 <w?<17.5 u? and 27.5 p? <w? <30 u?is of particular
interest. This peaking seems most pronounced for the
events which correspond to low-momentum transfers
with A2<15 w2, as would be expected for an effect as-
sociated primarily with peripheral collisions. It is
known33 that the T=1 “p’’ dipion state with w?=29 u?
is excited in single-pion production, and there has been a
recent report from Saclay® of a T=1 “{’’ dipion state
with w?=17 u? observed for the #*#° system. Although
the limited statistics of the present experiment call for
considerable caution in the interpretation of pion-pion
effects, the evidence presented here at least suggests
strongly that both reported dipion resonances are excited
with comparable probability in the #—7° system at the
energy of this experiment.

A comparison of the «? distribution with the statistical
model prediction, Fig. 17, illustrates the rather poor
agreement bhetween experiment and theory. The spec-
trum predicted by the isobar model is expected to be
similar to that for the statistical model. This disagree-
ment also appears in the c.m.s. momentum distribu-
tion of the proton, Fig. 6. The presence of evidence for the
pion-pion interaction and of the (w,N) Q-value peaks
associated with the T'=J=3% isobaric state observed
at this energy does not indicate a contradiction. As
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Fic. 17. Distribution of «?, the square of the total energy of the
(#=%) in their barycentric system, with the statistical model
predictions plotted for comparison. Solid curves and histograms
include all events, while the dashed curves are restricted to events
in which the square of the momentum transfer was <15 u%

3¢ R. Barloutaud, J. Heughebaert, A. Levique, J. Meyer, and
R. Omnes, Phys. Rev. Letters 8, 32 (1902).
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Selleri® has pointed out, the c.m. energy of the secondary
pions from the w— interaction would be such that in
many cases a rescattering in the (,3) state of one of
these pions from the nucleon might occur. This might
lead to the observed (w,N) Q-value peaks and the cor-
responding peaks in pion momentum spectra.

The principal kinematic features (momenta and Q
values) observed in this and in other experiments'
at this energy are not necessarily indicative of the exci-
tation of the T'=% resonance pion-nucleon states,
since the momentum spectra of the recoil pion from
T'=% isobar production and the decay pion from 7'=3%
isobar production are expected to be similar. It thus
appears unnecessary on the basis of the present evi-
dence to invoke the postulated 7'=4% isobaric states
to explain the observed effects, although excitation
of these states is not ruled out. In view of increasing
interest in theories involving #*, K* and Y* resonant
systems® the experimental evidence for assuming more
than one N* state should be carefully examined.

It would seem that the kinematics of single neutral
pion production in a limited sample, selected so as to
avoid misidentification of the neutral particle, are in
rather serious disagreement with the detailed predic-
tions of charge states obtained from a simple isobar
model which assumes the importance of 7'=% nucleon
isobars. On the other hand, the recoil nucleon energies

( 3 H) P. Diirr and W. Heisenberg, Z. Naturforsch. 16A, 726
1961).
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and the pion-pion energy distribution are consistent
with the assumption that a strong pion-pion interaction
initiates the reaction. The features of the angle and
momentum distributions which suggest a strong pion-
nucleon interaction might be qualitatively explained in
terms of rescattering of the pions by the recoil nucleon
in the 7'=3% pion-nucleon state. In view of the limited
statistics of the experiment, no attempt has been made
to calculate the pion-pion interaction cross section.
The selection technique for (pr—n°) events which was
used in this experiment appears to be a useful method
for checking the results of pion-production studies in
which other selection criteria are used. The number of
events obtained with this method might be increased
considerably if a larger bubble chamber could be used.
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Multiple Meson Production in Proton-Proton Collisions at 2.85 Bev*

E. L. Harr, R. I. Lourtit, D. Luers,f T. W. Morris, W. J. WiLLss, aNp S. S. YamamoTo
Brookhaven National Laboratory, U pton, New York

(Received December 1, 1961)

Measurements have been made on 753 four-prong events obtained by exposing the Brookhaven National
Laboratory 20-in. liquid hydrogen bubble chamber to 2.85-Bev protons. The partial cross sections observed
for multiple meson production reactions are: pp+—(p+p — p+p+at+n7), 2.6740.13; pnt++4—,
1.1540.09; pp+—0,0.7424-0.07 ; d+ -+ —, 0.06£0.02 ; four or more meson production, 0.04+0.02, all in mb.
Production of two mesons appears to occur mainly in peripheral collisions with relatively little momentum
transfer. In cases of three-meson production, however, the protons are typically deflected at large angles and
are more strongly degraded in energy. The £, § pion-nucleon resonance dominates the interaction; there is
some indication that one or both of the T'=4%, pion-nucleon resonances also play a part. The recently dis-
covered resonance in a T'=0, three-pion state appears to be present in the pp-+ —0 reaction. Results are
compared with the predictions of the isobaric nucleon model of Sternheimer and Lindenbaum, and with the
statistical model of Cerulus and Hagedorn. The cross section for the reaction x%+p — xt+x—+p is derived
using an expression from the one-pion exchange model of Drell.

I. INTRODUCTION

HE scattering of nucleons by nucleons at high
energies has been studied extensively in recent
years. Such features of the interaction as the total and
elastic cross sections have been investigated by experi-

* Work performed under contract with the U. S. Atomic Energy
Commission.
1 Max Planck Institute, Munich, West Germany.

mental groups using electronic counters.! However, this
technique is of limited utility in its application to inter-

1F. F. Chen, C. P. Leavitt, and A. M. Shapiro, Phys. Rev. 103,
211 (1956); B. Cork, W. A. Wenzel, and C. W. Causey, Phys. Rev.
107, 859 (1957); M. J. Longo, J. A. Helland, W. N. Hess, B. J.
Moyer, and V. Perez-Mendez, Phys. Rev. Letters 3, 568 (1959);
M. J. Longo, thesis, University of California Radiation Laboratory
Report UCRL-9497, 1961 (unpublished); G. Von Dardel, D. H.
Frisch, R. Mermod, R. H. Milburn, P. A. Piroué, M. Vivergent,
G. Weber, and K. Winter, Phys. Rev. Letters 5, 333 (1960).



