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Pion Production in H and Be by 1.0- and 2.3-Bev Protons*
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(Received February 29, 1956)

The energy spectra of positive and negative pions produced in H and Be by 1.0- and 2.3-Bev protons have
been observed at 32' in the laboratory system. A fast scintillation counter telescope, including a magnet to
select momenta, was used to analyze the direct 32' beam of particles proceeding from a straight section of
the Brookhaven Cosmotron. The pion spectra were transformed to the nucleon-nucleon center-of-mass
system and were observed to be essentially similar in shape to the m.++p interaction cross section as a function
of energy in the center-of-mass system. It was concluded that this interaction, which is believed to be due
to the formation of a nucleon isobar with angular momentum and isotopic spin=-„dominates the meson
production process in the 1.0- to 2.3-Bev range. The assumption of a model, whereby meson production
proceeds through excitation of one or both of the colliding nucleons to this isobar which subsequently decays
by pion emission, resulted in a general qualitative explanation of the results, and also gave quantitative
s.+/s ratios in agreement with these experiments. The Fermi statistical theory was found, in general, to be
contradicted by these results.

I. INTRODUCTION

HE production of pions in nucleon-nucleon and
nucleon-nucleus collisions is one of the most

fundamental of interactions and has been extensively
studied in the past. After the discovery of the pion, '
a considerable amount of generally qualitative in-
formation has been obtained by many cosmic-ray
research workers. '

The production of pions at high cosmic-ray energies
seemed to be generally consistent with the Fermi
statistical theory. ' However, the most definitive meson
experiments (scattering and production) were performed
using the artificial sources of high-energy nucleons and
photons (&440 Mev). The major conclusions drawn
from these earlier scattering and production experiments
were that the pion is a pseudoscalar particle and is
coupled to the nucleon field through gradient coupling.

The pion-hydrogen scattering results of Anderson
and Fermi et a/. 4 suggested the possibility of a resonance
interaction through the intermediate state of a doubly
charged nucleon isobar of isotopic spin 2.'

An earlier preliminary investigation' by the present
authors of the interaction of positive and negative
pions with hydrogen from 150—750 Mev revealed a
sharp peak in the cross section for positive pions on
hydrogen at about 180—200 Mev and a sharp. drop
thereafter. The results for negative pions were essen-
tially similar. These results were consistent with the
original resonance parameters' with which we extended
the calculations to beyond 500 Mev.

*Work performed under the auspices of the U. S. Atomic
Energy Commission.

~ C. M. G. Lattes et al. , Nature 159, 694 (1947).
~ Bruno Rossi, High-Energy Particles (Prentice Ha11, Inc. , New

York, 1952), Chap. VIII.
3 E. Fermi, Progr. Theoret. Phys. 5, 570 (1951).' H. L. Anderson et al. , Phys. Rev. 85, 934 (1952) and 86, 793

(1952).' K. A. Brueckner, Phys. Rev. 86, 106 (1952).' S. J. Lindenbaum and Luke C. L. Yuan, Phys. Rev. 92, 1578
(1953) and 95, 917 (1954). The final and much more accurate
results of this work are reported in Phys. Rev. 100, 306 (1955).

It then appeared plausible to us that the existence
of a nucleon isobar which could decay to the ground
state with pion emission would greatly inhuence, if
indeed not completely dominate, the nucleon-nucleon
meson production process. It was thus of interest to
see whether meson production in the Bev range could
be explained by the simple Fermi statistical theory.
Therefore, we began an extensive investigation with
counter techniques of pion production, first in Be and
later in hydrogen, by protons of energies from 0.5 to
3.0 Bev.

Some preliminary results of these investigations have
already been reported' and have established the
apparent dominance in the production process of a
nucleon isobaric state with isotopic spin —, and with a
peak excitation energy of ~300 Mev.

Other meson production results have been obtained
by cloud chamber techniques' and will be discussed.

In this paper, we shall describe the preliminary
results obtained for 1.0- and 2.3-Bev incident protons.
A more detailed report will be published later.

II. EXPERIMENTAL ARRANGEMENT

A. Meson Beam and Counter Geometry

The Brookhaven 3.0-Bev Cosmotron' was used for
this investigation. The proton beam and counter
geometry are illustrated in Fig. 1.

A target (Be or C or CHs) was placed near the inside
wall in the middle of a straight section. The beam was
caused to spiral into the target at any desired energy by
turning the rf oG at the appropriate time and allowing
the magnetic field to continue to rise. Practically all

7 S. J. Lindenbaum and L. C. L. Yuan, Phys. Rev. 93, 917(A),
1431 (1954); Proceedings of the Fourth Rochester Conference on
High-Energy Nuclear Physics (University of Rochester Press,
Rochester, 1954), p. 140; Proceedings of the Fifth Rochester Con-
ference on High-Energy Nuclear Physics (Interscience Publishers,
Inc. , New York, 1955), p. 53.

Fowler, Shutt, Thorndike, and Whittemore, Phys. Rev. 91,
758 (1953).' L. J. Haworth et al. , Rev. Sci. Instr. 24, 723 (1953).
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of the beam traversed the entire target length because
of the use of a lip (thin foil) pla. ced on the outside of
the target. The lip thickness mas such that the energy
loss in the narrow lip was sufficient to cause the protons
to spiral in sufficiently to strike the interior section of
the target on the next revolution.

A 3-in. diameter Pb collimator was aligned with the
target at an angle of 32' from the beam forward
direction. The beam particles defined by the collimator
passed diagonally through a straight section in an
essentially field-free region" of the Cosmotron.

The charged particle beam" was defined and
monitored by a fast double-coincidence (2—3 millimicro-
seconds resolution) scintillation counter telescope (Xi
and X2 in Fig. 1) which consisted of two 2-, -in. diam-
eter diphenylacetylene crystals. The monitored beam
was then passed through an analyzing magnet.

Behind the magnet mere placed two counters along
a true magnetic trajectory found by wire calibration.
The analyzing magnet, 18 in. wide and 36 in. long, was
such that the momentum interval of major interest
(i.e., 100 Mev/c to 1 Bev/c) could be obtained along
one magnetic trajectory of 30' deflection. The magnet
was used at currents well below the saturation values,
and it was found experimentally (by wire measure-
ments) that the magnetic trajectory and its relation to
neighboring magnetic trajectories remained constant
through this entire range.

The two counters behind the magnet were placed
in fast coincidence with the first two defining counters
to form a momentum-selective quadruple telescope.
Positive or negative particles could be selected by
reversing the polarity of the current feed leads to
the magnet. By varying the current any desired mean
momentum could be selected for counting. The third
plastic scintillation counter was 6 in. vertically by
1—,
' in. horizontally. The purpose of this rectangular

shaped counter mas to accept all Aux in the vertical
direction passing through the first two defining counters

(preceding the magnet) which after analysis passes

MAGNET

INJE

PICK-UP ELECTRODES

FIG. 1. Experimental arrangement. A =3.0 8ev. Beam
intensity =10"protons per pulse.

"The eRects of the Cosmotron field were negligible.
"Conversion counts of photons and neutrons were negligible

compared to the charged particle Aux.

through its horizontal limits. This procedure eliminates
any sensitivity of the results to small geometrical
vertical misalignment errors, and perhaps more im-
portant, also eliminates any dependence of the relative
counting rate on vertical defocusing or focusing
eGects of the magnet as the current is varied. The
horizontal dimension was chosen to limit the resolution
effect essentially to the shadow width of the front
counters.

The fourth scintillation counter was a circular
counter of 6-in. diameter, and was placed 1 foot behind
the third counter. its purpose was only to reduce
background. The real vertical limit in the system was
the fourth counter, although this makes no practical
difference, as a beam probe analysis using a small
counter demonstrated that all the Aux passing through
the first two counters (before the magnet) was accepted
in the vertical direction by both the third and fourth
counters.

B. Measurement of Momentum Spectrum of
Pions Produced in Beryllium

Protons and other heavy particles emanating from
the target were rejected by time-of-Qight discrimination.
Hence, the counting rates observed were composed of
pion, muon, electron, and positron counts.

A momentum spectrum of the light particles produced
in beryllium was obtained by simply varying the sign
and magnitude of the current on the analyzing magnet
and noting the front double monitor and the quadruple
counts. The monitor counts are directly proportional
to the beam actually converted in the target, and the
quadruple counts are a measure of the number of light
particles in a particular momentum interval. The
monitor is not a6ected by the variation of analyzing
magnet current since it precedes the magnet. The
quadruple coincidence contained the monitor double
coincidence as one of its requirements, so that any
possible changes of monitor eK,ciency would auto-
matically be corrected for in the ratio of quadruple
coincidences to monitor counts, which determines the
momentum spectrum.

The electronics system was gated so that only
particles emanating from the target at the correct
time (i.e., the correct incident energy) were counted.
This procedure completely assured that the incident
energy was determined to &2.5%.

The beam was analyzed by range curve techniques
previously described" and the relative number of pions
present in each momentum interval was determined.
Then a correction for m.-p decay from the target was
applied using ~=2.65&&10 .' as the mean life. This
then yielded the relative pion momentum spectrum.

"S.J. Lindenbaum and L. C. L. Yuan, Phys. Rev. 100, 306
(&95s).
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electrons are formed from the conversion of gammas
emanating from the target (mostly from ~"s), and
since less negative pions are produced there is a richer
electron mixture. Because of the similarity of positive-
and negative-pion spectra shapes, the p, contamination
is expected to be the same percentage of the pions in
both cases and indeed is observed to be.

Preliminary results for the relative momentum
spectrum of positive and negative pions produced in
beryllium by 1.0-8ev protons and observed at a
32 lab angle are plotted in Fig. 4.

The 1.0-Bev positive pion spectrum shape is generally
similar to the 2.3-Bev data, exhibiting a peak at

300 Mev/c, but the peak is sharper and drops
considerably faster on the high-momentum side.

The results for the negative spectrum are at present
of a preliminary nature, and in particular the ~+/m
ratio shouM only be considered at this time as an
approximate result. The ~+/m ratio varies from 4
at the low-momentum end to 5 at the peak and
increases to 8 at the high-momentum end. Additional
work will have to be done to obtain accurate sr+/m.

ratio values; however, it is clear that they are large
compared to the 2.3-8ev result and increase consider-
ably toward the high-momentum end.

The background in the quadruple coincidence
measurements was only about 1 percent and had a
negligible effect on these results. The background in
the front double monitor was about 5%. However, the

5.0—
I I I I

4.0—

I-

D
Q O
g N
Q &

tLj 30—ZX
c2
I- gO tLj

cn
4J Q

cn ~
cn ~o~
Qr Z

2.0—
~ 0
I

0
~ cn

UJ

I.O-

& POSITIVE PION FROM H

I I I I I I I I

100 200 300 400 500 600 700 800 900
PION MOMENTUM IN MEV/C

FIG. 3. Relative momentum spectrum of pions produced in
hydrogen and beryllium by 2.3-8ev protons, observed at 32 in the
lab system. The errors are rms errors compounded of statistical
and relative systematic errors.
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data runs were taken under very steady beam conditions
and it is probable that the variation in this background
rate is quite small, and hence the background errors
are small ( 1%).

A major source of possible systematic error is the
change in time of flight of the pions as the momentum
accepted is changed. The necessary corrections (at low
momenta) for the change in time of Right of pions were
of the order of the resolution in our high-resolution
system. Although these corrections were carefully made
and checked by taking complete delay curves at one of
the points to find the center value for each channel,
systematic errors of the order of 3—5% cannot be
ruled out, as a result of the cumulative effect of the
four high-resolution double coincidences.

Another major source of systematic errors in the
spectra is the uncertainty in the beam contaminations
(muons and electrons) which became quite high

( 30—40%) at the low end of the spectra.
The beam dynamics were such that the lip deposited

practically all of the beam within about 4 in. from the
edge of the target facing the counter system. Therefore,
the eGects of secondary interactions or scattering of
the produced mesons and other particles proceeding
in the direction of the counter telescope were negligible.

However, the interaction of secondaries proceeding
toward the forward direction and away from the
counter telescope could be appreciable. Assuming a
reasonable cross section for secondary interaction, it is
estimated that for 2.3 Bev a small percentage of the
secondaries resulting from incident protons which

interacted inelastically once could produce a second
meson. This would tend to include an admixture of
mesons produced by lower energy protons. The effect
on the observed spectra is not expected to be important
due to similarity of the 1.0- and 2.3-8ev spectra and

0 IOO 200 300 400 500 600 700
LAB MOMENTUM IN MEV/ C

Fxo. 4. Relative momentum spectrum cf pions produced in
hydrogen and beryllium by 1.0-8ev protons observed at 32' in the
lab system. The errors are rms errors compounded of statistical
and relative systematic errors.
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the small percentage involved. In the 1.0-8ev case this
effect is entirely negligible. The ~+/~ ratios might be
somewhat more aRected in the 2.3-8ev case, but not
very much in the 1.0-8ev case. The elastically scattered
primaries which subsequently create mesons and the
elastically scattered mesons lead to some errors which
are less important than the previously mentioned eRects.

Another source of systematic error is due to the
possibility of both elastic and inelastic scattering from
the collimator walls.

The collimator consists of the two sections, one at
each end of the concrete shield wall. Each section is
20 in. long with a hole in a 5 in. )&5 in. lead block
embedded in the 15-foot thick concrete shield wall.
The hole diameter of the collimator section nearest our
telescope was always 3 in. The diameter of the other
section was varied in tests from 3 in. to 1-, in. Kith
the back section at 1~ in. , all beam passing through
the erst section automatically clears the second section.
The beam scattered at the first section contributes a
negligible amount to the telescope counting rate due
to the small solid angle subtended by the telescope.
In fact, even with both sections the same size the
foregoing is true. In any event we observed no differ-
ences in the results due to the varying of the collimator
size.

In addition, we replaced the front 2-,'-in. telescope
counters with 1-in. counters. In this arrangement the
front collimator is not seen by the counter system and
much less of the back collimator is seen. Within the
errors, this also had no observable eRect on the results.
Hence, it appears safe to assume that the collimator
eRects are small.

It is our conclusion that near relative points should
be considered to have possible systematic errors of

5'Po and far relative points could have systematic
errors 10%%u~.

B. Meson Production in Hydrogen

Some preliminary results have been obtained for
the production of positive pions in hydrogen by 1.0- and
2.3-8ev protons, using the C—CH2 diRerence method
described in Sec. (II,C) on p. 9. The resulting
momentum spectra are plotted in Figs. 3 and 4. It is
quite evident that within the errors the hydrogen
results agree with the beryllium data.

IV. ANALYSIS OF RESULTS

The agreement of the hydrogen and beryllium
results for the positive pion spectrum is what one would
expect if the following were true.

(1) Beryllium is a light enough nucleus so that one is
essentially observing single nucleon-nucleon meson
production, and that the eRect on the positive pion
momentum spectrum shape of subsequent interactions
of the pions and secondaries leaving the beryllium
is small.
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Fro. 5. Relative energy spectrum in the c.m. system of pions
produced in hydrogen and beryllium by 2.3- and 1.0-Bev protons.

(2) The momentum spectrum shape of positive
pions produced in e-P and p-p collisions is generally
similar.

(3) The effects of Fermi motion of the nucleons in
beryllium on the shape of the produced pion momentum
spectrum is small.

An analysis of these effects (1), (2), and (3) generally
supports the above assumptions. However, the best
evidence for their probable validity is the observed
agreement of the hydrogen and beryllium positive
pion shape. Therefore, we will assume (1), (2), and
(3) above in analyzing the Be data.

Following the above assumptions, the observed pion
momentum spectra from Be were transformed to the
corresponding energy spectra in the nucleon-nucleon
center-of-mass system. The hydrogen pion spectra
were also transformed to the corresponding energy
spectrum in the p-p center-of-mass system. These
results are given in Fig. 5. The scales at the top of the
graphs list the corresponding angle of emission in the
center-of-mass system for the 1.0- and 2.3-8ev incident
proton production.

The angular range in the center-of-mass (c.m. )
system is 61' to 73' for 1.0-8ev production, and 74 to
106' for the 2.3-8ev production. Of course, for the Be
results, the Fermi motion spreads this angular range a
few degrees in either direction. In general, these results
can be considered characteristic of rather large-angle

( 60—106') meson production in the c.m. system.
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For comparison purposes the a+—p total interaction
cross section (determined by the present authors and
others) as a function of energy in the c.m. system is
also plotted on the same graph. The observed a++p
curve has been transformed to correspond to that which
would be observed with an energy resolution approxi-
mately that of the present experiment.

The general similarity of the positive and negative
pion energy spectra in the c.m. system produced by
1.0- and 2.3-8ev protons to each other and to the
m.+—p total interaction cross section is the most
striking feature of these results, and definitely suggests
a very intimate relationship between the production
and scattering processes.

The strong-coupling theory of the meson-nucleon
system predicts a possible series of nucleon isobaric
levels above the nucleon ground state. In such a picture
one would expect the pion-nucleon scattering cross
section to exhibit resonant energy level characteristics.
Similarly the production of mesons would be expected
to proceed by the excitation of one or both nucleons
to a resonant level as a result of their mutual interaction.
This level would then decay by meson emission to the
ground state. Hence, the produced meson spectrum
characteristics would intimately reflect the properties
of the isobaric level involved, provided of course that
its lifetime were long enough to separate the isobars
«om the other particle in the collision before its decay.
In particular, if the same or levels of similar charac-
teristics were involved as intermediate states in the
scattering and production one would expect similarities
of the type observed.

An analysis of the pion-hydrogen scattering inter-
action cross sections"" support the view that such an
isobar exists in the T=J=—', state. Furthermore, it
appears that for pion kinetic energies in the c.m.

system of ~&200—300 Mev the T=J=—,
' state isobar

essentially predominates in the pion-nucleon interaction.
The presently reported observed pion spectra are
mostly concentrated in this energy region in the c.m.
system. Therefore, one can perhaps expect to explain
the major features of these pion-producing interactions
by assuming that in a nucleon-nucleon collision one or
both nucleons are excited to the T=J=

~ isobar
previously observed in the pion-nucleon scattering
experiments. Furthermore, one can assume that these
isobars are su%, ciently long-lived to separate before
decaying. This latter assumption is rather questionable
since a calculation of the order of magnitude of the
observed lifetime" gives 10 " sec, which means that
the isobar could still be within the interaction volume

( 10 " cm) at the time of decay. Obviously the
agreement or lack of agreement of the model with

"De HoGman, Metropolis, Alei, and Bethe, Phys. Rev. 95,
&586 (1954)."This is based on application of the uncertainty principle to the
observed width.

experiment will be a test of the usefulness of this
concept.

In order to compare the expected characteristics of
nucleon-nucleon pion production and pion-nucleon
scattering assuming that both proceed through the
same intermediate state of isotopic spin and angular
momentum= ~3, we must investigate the details of the
process in each case,

One can now consider that the ~++p interaction cross
section as a function of pion energy in the c.m. system
phenomenologically gives us the square of the over-all
matrix element for formation of the isobar ~M;„b„~',
multiplied by the density of final states per unit total
isobar energy (E~), where E~——p~+p~+KE„+KE~, p~
and p, being the rest mass of a proton and a meson
respectively and KE„and KE being their respective
kinetic energies. Therefore, o (a.++p) = const~ M;„b„~'
(density of final statesjunit energy). Of course, there
is an exact one-to-One correspondence between E& and
KE .

In a nucleon-nucleon collision process which leads to
meson production we can then postulate that there is a
mechanism for transfer of a variable excitation energy
E*=o.(E~—p~), where ot(1, to one or both nucleons.
Obviously, E must be &~ p, and is limited at the high-
energy end by requirements of conservation of energy
and momentum. The exact detailed mechanism for
transferring this energy is obviously quite complicated
and will depend on phase space factors for the 6nal
two-body problem, and perhaps on many other factors.

A proposed detailed model for these processes will
be published at a later date. However, one can consider
that if the available range of E* is large enough to
essentially cover the large peak region of o(~++p),
that the most important contributions to the production
will come from this region. Furthermore, over this
region one can assume that the relative probability of
transferring an excitation energy to a nucleon which
is in the range between E* and E*+dE* is approxi-
mately proportional to o (~++p)dE*,"and that all the
other factors involved are slowly varying compared to
the rapid variation of o(~++p) with Eg. Hence the
dominant features of the interaction will be controlled
primarily by this latter factor.

Therefore, if the nucleon isobaric states were formed
in the production process at rest" in the nucleon-
nucleon c.m. system, and decayed separately without
mutual interaction, we would expect all the pion energy
spectrum curves in Fig. 6 to be exactly identical to

rs Note that 0(~++p) =const ~M;, b„~ XdQ/dE* and hence
0 (s++p)dE~= const

~
M, ,„b„~'dQ. The right-hand side oi the iast

equation is the square of the matrix element for isobar formation
multiplied by dQ, the number of 6nal states available in the energy
range dZ*. Therefore, it is dimensionally of a form which is
proportional to the fractional probability for formation of the
isobar over the interval of 6nal states dQ or equivalently the range
of excitation energy dB*.

"One is also implicitly assuming here that the decay is essen-
tially isotropic and unpolarized.
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FEG. 6. Comparison of the experimental results for production
of pions in Be and H (positive-pion spectrum only) with the
statistical theory predictions.

the s.++p interaction cross section as a function of
energy in the c.m. system. The general similarity of
all the pion spectra to the n.++P interaction curve is a
rather encouraging indication of the probable validity
of this line of reasoning.

However, it is obvious that our assumptions are a
drastic oversimplification of the processes involved.
Hence, it is fruitful to investigate the probable
differences of the actual situation from these assump-
tions and to try and account for the observed differences
in this way.

In the 2.3-Bev production the major difference of
the pion production spectra from the s-++p interaction
cross section curve is a broadening of the production
curves. In this case E, is 940 Mev, and hence 8* can
be as large as 800 Mev and can adequately cover the
necessary energy interval ( 400-Mev total energy) for
one or even two excited isobars. However, the assumed
creation of the isobars at rest is not justified since the
nucleon isobars can be and probably are" created with
appreciable velocity in the c.m. system. This velocity
effect would tend to broaden the curve. An estimate
of the expected order of magnitude of this effect yielded
results not too different from those observed.

In the 1.0-Bev production E. . =440 Mev. In this
case, it is obvious that the total available excitation
energy is rather low, and therefore the assumption of
the availability of a sufficiently large range of excitation
energy E* is not justified. Hence, as a result one would
expect a discrimination against the high-energy end of
the spectrum and a general shift toward lower energies.
On the other hand, the assumption of isobars created
near rest should be much better, and hence one would
expect a sharper curve more closely related to the

vr++p cross section. These two effects were indeed
observed.

The agreement of the results within these crude
considerations is, if anything, much better than one
couM reasonably expect, and therefore it appears that
this general picture is a useful model for these
interactions.

From the observed pion spectra, the mean pion total
energy can be computed in each case. In order to do
this, the low-momentum ends were extrapolated to
zero, and the high-momentum ends were extrapolated
to cuto8. The results for the mean total pion energy are
300 Mev and 260 Mev for the 2.3-Bev and 1.0-Bev
cases, respectively.

A crude estimate of the mean nucleon energies was
made using cloud chamber data. ' In the 2.3-Bev case,
the average kinetic energy of each of the nucleon
recoils in the c.m. system was estimated to be 100
Mev which is much less than the available energy
(940 Mev). In the 1.0-8ev case, the average kinetic
energies of the nucleon recoils is estimated to be

50 Mev, which is also considerably less than the
available energy of 440 Mev in the c.m. system.

Applying the conservation of energy to these results,
one can make a crude estimate of the multiplicity.
For the 1.0-8ev production it appears that single
production is predominant. For the 2.3-Bev production
double production appears to be predominant.

The assumption of the isobar with isotopic spin and
angular momentum= —,

' as the only one which is im-
portant, . together with the consequences of isotopic
spin conservation, allows an estimation of the m+/m

ratio for Be which depends mainly on whether single
or double production is dominant. An estimate of the
expected ratios for our results was recently published, "
and gives s.+/~ ratio 1.0—1.8 for double production
and 9 for single production. The range of ratios
depends upon the amount of T=0 state assumed in the
e-P production.

The observed ratio for 2.3-Bev production, which we
find is mostly double, varies from 1.8&0.2 to 2.2&0.2
from the low- to the high-momentum end and clearly
is in reasonable agreement with the expected low ratio
for mostly double production. It should be noted that
any single production present tends to raise this ratio
considerably.

In the 1.0-8ev production the preliminary values
for the m+/m ratio vary from 4 at the low-momentum
end to &6—8 at the high-momentum end. This is
generally in agreement with the prediction for mostly
single production, although some double production
would be indicated at the low-momentum end. The
predicted ratios for the state with isotopic spin —, and
for other states are quite different; hence, this result
represents additional confirming evidence for the

' Cloud-chamber data of reference 8 as well as theoretical
estimates were used.

"D. C. Peaslee, Phys. Rev. 94, 1085 (1954} and 95, 1580
(1954).
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dominance of the isobaric state of isotopic spin —, in
these reactions.

It should be further noted that these nucleon-nucleon
production reactions tend to be highly inelastic and
utilize practically all the available energy in meson
production. For example, in the production by 2.3-Bev
protons, the available energy in the c.m. system is
940 Mev. The evidence indicates that two mesons are
produced on the average. The average mean total
energy per meson is estimated to be about 300 Mev.
Hence 600 Mev out of a total of 940 Mev available
is inelastically dissipated in meson production.

In the meson production by 1.0-Bev protons, the
available energy in the c.m. system is 440 Mev. The
mean meson total energy in the c.m. system is ~260
Mev, and hence in this case also most of the available
energy is utilized in meson production.
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V. COMPARISONS WITH THE PREDICTIONS OF
THE FERMI STATISTICAL THEORY

It is obvious that the compatibility of the observed
meson production with the idea of the excitation of an
isobaric nucleon level as the intermediate state strongly
implies a contradiction of the predictions of the simple
statistical theory. This is indeed the case, However,
it is perhaps instructive to compare the experimental
results with the predictions of the statistical theory in
order to determine the exact nature of the disagreement.

Christian and Vang20 and also recently Block"- have
calculated the predictions of the Fermi statistical
theory for these processes. Their results for the 2.3-8ev
production in beryllium are compared to our experi-
mental results in Fig. 6. The x+ momentum spectrum
produced in hydrogen would also be similar to that
shown but the x would be different. It is evident that
the experimental results are quite different from the
predictions of the statistical theory. However, the
statistical theory prediction is composed of the weighted
results for single, double, and higher meson multi-
plicities, The spectrum shape predicted for each
multiplicity depends only on the phase space factors
and not on the radius of the interaction volume assumed.
The multiplicity, on the other hand, depends on the
interaction volume radius assumed, and hence can
perhaps be arbitrarily adjusted.

The results shown in Fig. 6 are for an interaction
volume radius of 5/pc. The spectrum shape for each
multiplicity in 2.3-8ev production is compared to the
experimental result in Fig. 7. It is clear that, by
assuming a mixture of mostly double and some triple
meson production, a reasonable Gt to the experimental
spectrum shape could be obtained.

The predicted ratio of m+/m computed from Fermi's
branching ratios would be 3.5 for single production and

'0 C. N. Yang and R. H. Christian, Brookhaven Cosmotron
Department Report, December 29, 1954 (unpublished).

"M. M. Block, Phys. Rev. 101, 796 {1956).

FIG. 7. The pion momentum spectrum predicted by the statis-
tical theory for 2.3-Bev incident energy is shown for single,
double, and triple production. The experimental results are also
plotted. The predicted single-production pion spectrum for 1.0-Bev
incident energy is shown. Double production is expected and
observed to be quite small at 1.0 Bev.

1.7 for double production. This latter value is in
reasonable agreement with the observed ratio of
~2.0~0.2.

Hence, it follows that the 2.3-Bev production could
be explained by the Fermi statistical theory if one
arbitrarily adjusted the interaction volume to give
mostly double production instead of the calculated
mostly single production corresponding to the usual
assumption for the interaction radius of R=A/pc.

However, in the 1.0-8ev production it is clear from
requirements of conservation of energy (see Sec. IV)
that the production must be mostly single. Hence, there
is no longer much freedom left in adjusting the multi-
plicity. The theoretical prediction for single meson
production at 1.0 Bev is also shown in Fig. 7. It is
evident that the experimental 1.0-IIev spectra (see
Fig. 5) which are generally similar to the 2.3-Bev
spectra shown in this figure are quite different from
the statistical theory predictions. Hence, it is probable
that the arbitrary adjustment of the multiplicity for
the 2.3-Bev production leads to a coincidental agree-
ment good only for that particular energy. Therefore,
we conclude that the Fermi statistical theory, is in
general, contradicted by these results.

Of course, one might argue that at the higher energy
of 2.3 Bev the statistical theory might work better,
and that, perhaps, the lower energy of 1.0 Bev is not
so favorable for its application. However, the large
compilation of evidence for the usefulness of the
alternate explanation of an excited nucleon isobaric
level which seems to explain most of the characteristics
of the nucleon-nucleon meson production and the
meson-nucleon scattering previously discussed makes
it the most attractive explanation.

This concept of an excited nucleon isobaric level is
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entirely alien to the basic assumptions of the Fermi
statistical theory that all possible final states have
relative probabilities directly proportional to their
phase space factor.

One can, of course, consider a statistical theory
modified" to take into account the observed variation
of the cross section for interaction of pions and nucleons
as a weighing factor for the relative probabilities of
various final states. This procedure would, of course,
tend to considerably improve the statistical theory
predictions in the right direction since it would essen-
tially include the resonance interaction in the final
state. However, there would still be a considerable
difference in the dynamical correlations predicted for
particular meson-nucleon pairs which together might
form the isobar.

Secondly, the angular distributions and energy
spectra of both pions and nucleons would be expected
to vary differently as a function of energy than one
would expect from the isobar model.

A complete program for investigation of these
meson production processes is in progress and should

yield sufficient results to test these Inodels critically.

VI. COMPARISON WITH OTHER RESULTS OF
A SIMILAR NATURE

A study of meson production by neutrons of 1.7-Bev
median energy incident on a hydrogen-filled diBusion
cloud chamber has been made by Fowler, Shutt,

2' J. S. Kovacs, thesis, Indiana University, June, 1955
(unpublished).

Thorndike, and Whittemore. ' Their results are also
not consistent with the Fermi statistical theory, and
where comparisons have been made the results are
consistent with the results here reported, within
reasonable limits of experimental error. Furthermore,
their results are also explainable at least qualitatively
by the assumption of excited nucleon isobars, with
T=J=-,' as the intermediate state in production. A
recent calculation by Kovacs" of a modified statistical
theory to take into account final-state interactions has
yielded some results on the ratio of various modes of
meson production which agrees with these experiments.

Meson production by n. +P interactions at 1.4 Bev
has been studied by the same cloud chamber group"
and an emulsion group. '4 In both cases, it is not at
present clear whether the data are or are not consistent
with the excited nucleon isobar model.
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