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MASTER 
Measurements have been made on 753 four-prong events 

obtained by exposing the Brookhaven National Laboratory 20" 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+n++n-), 2.67 ± 0.13; pn++-, 1.15 ± 0.09; pp+-o, 

0. 74 ± 0. C17 .: d++-, 0. 06 ± 0. 02; four or more meson production, 

0.04 ± 0.02, all in millibarns. 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 3/2, 3/2 pion-nucleon resonance 

dominates the interaction; there is some indication that one or both 

of the T=l/2, pion-nucleon resonances also play a part. The 

recently discovered resonance in a T=09 three-pion state appears to 

be present in the pp+-o reaction. 

Results are compared with the predictions of the isobaric 

nucleon model of Sternheimer and Lindenbaum, and with the statistic-

al model of Cerulus and Hagedorn. The cross section for the 

reaction n°+p~n++n-+ p is derived using an expression from the one-

pion exchange model of Drell 
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I • INTRO DUCT ION 

The scattering of nucleons by nucleons at high energies has 

been studied extensively in recent years. Such features of the inter­

action as the total and elastic ·cross .sections have been investigated 

by experimental groups using electronic counters. 1 However, ·this 

technique is of limited utility in its application to interactions 

resulting in more than two outgoing particles. Several proton-proton 

scattering experiments have been carried out- in H2 diffusion cloud 

chambers at energies sufficiently high (greater than 1.5 Bev) that 

the probability of producing two or more mesons is not small. 2- 4 

These experiments obtained multiple meson production cross sections 

of 5 mb at 1.5 Bev, 17 mb at 2.75 Bev and 17 mb at 5.3 Bev. However, 

the number of events available in each case was under 100 and the 

relatively low accuracy of measurement in these chambers caused con-

siderable difficulty in identifying the reactions involved. Several 

measurements have also been carried out in emulsions. 5 

The advent of liquid hydrogen bubble chambers has made pos­

sible the detailed investigation of proton-proton interactions in the 

energy range above 1 Bev where the multiplicity of possible final 

states increases rapidly. The present paper reports on multiple 

meson production in p-p scattering at 2.85 Bev. In addition, experi­

ments at 1.5 Bev6 and 2.0 Bev7 done with the Brookhaven 2on liquid 

hydrogen bubble chamber are in the process of analysis. 

Much recent theoretical work has been concerned with 

multiple meson production in ·nucleon-.nucleon collisions over a 

wide range of energies. Sternheimer and Lindenbaum8 have extended 
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the isobaric nucleon model 9 to include both the isotopic spin states 

T=l/2 (isobar masses m=l.51 and 1.68 Bev) and T=3/2 (m=l.23 Bev) of 

the pion-nucleon system. In this model it is assumed that in the 

primary interaction the nucleon is exc~ted to an isobaric state which 

subsequently decays into a .nucleon and one or two pions. 

Cerulus and Hagedorn.10 have calculated multiplicities, 

charge state ratios» and pion spectra fo.r multiple meson production 

using a generalized Fermi-type11· statistical theory which includes 

the 3/2, 3/2 isobar channelo The phase~space integrals are evaluated 

by a Monte-Carlo method. The interaction ·volume is an adjustable 

parameter, which is taken to be independent of multiplicity. An 

assumption is made in this calculation that the matrix elements 

involved are all equal. 

Drelli 2 has extended the work of Chew and Low13 to obtain 

the one-real-pion exchange cont.ribution to the inelastic nucleon-~ 

nucleon interaction from the principle that the transition amplitude 

has a pole close to the physical region for small scattering angles 

of the nucleon. From the diagram (Figure 1), ~formula is derived 

for the differential cross section for multiple meson production a~ 

a function of the energy loss and scattering angle of the recoil 

nucleon.» the pion-nucleon coupling constant, and the total 1T 0 -p 

scattering cross section. 

In this experiment~ a study was made of proton-proton 

interactions involving four or more outgoing prongso A list of the 

final states involved appears in Table Io Results on strange particle 
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. 14 . 15 
production. Qnd on two prong proton-proton scattering are 

reported separately. Multiple meson production involving two or 

more neutral outgoing particles can be separated as a group from the 

other events but cannot be analyzed because the number of constraints 

is insufficient. 

IIo EXPERIMENTAL PROCEDURE 

During the winter 19~9-60, approximately 90,000 pictures 

were taken of 2.85 Bev protons passing through the Brookhaven 2on 

liquid hydrogen bubble chamber'.._ The beam14 scattered from a carbon 

target in the_Cosmotron and p~ssed through a Hevimet Collimator 

and two 36 91 deflecting magnets, to yield about 20 protons/pulse 

in the chamber. The momentum spread was calculated from the beam 

geometry to be 1.63 full width at half height~ The mean measured 

proton momentum in the chamber was within 13 of the Cosmotron 

energy calibration. 

The bubble chamber was operated with a 0. ff/o volume. expan­

sion at 25.2°K. A light delay of 150 µsec was used to take advantag~ 

of the short (10 µsec) beam spill of the 17 rapid beam ejectoru16 • 

The chamber17 uses piston expansion and dark field illumination, 

and has a· magnetic field of 17,000 gauss. Good temperature uniform­

ity results in little turbulence and permits separation of pions 

from protons by bubble density measurement for momenta as high as. 

~ 1.3 Bev/o. 

A sample of 8669 of the best quality pictures was scanned 

twice for events with four or six outgoing prongso A restricted 

acceptance region was chosen that included only about half the 

chamber volume in order that almost all outgoing prongs 
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would be at least 15 cm. long. The incoming protons were required 

to have a projected entrance angle within ±2 degrees of the beam 

average and to have a curvature not visibly differing from the 

other beam tracks. The initial momentum of all interacting protons 

was then taken to be the mean peam momentumo With the above 

restrictions~ an average of -one useful event per 10 pictures was 

obtained. TwD independent scans e~qh yielded 993 of the events 

observed in the other. The fo~r and six prong events are probably 

the ·easiest ones to find in the pictures and the pictures used 

were of good quality. The scanning efficiency is estimated to be 

9 8-99%. 

Measurements were made on a six times life size projected 

image with an automatic digitized measuring machine having an x-y 

stage motion with a least count of lµ. An effective setting error 

of about 4µ on film was deduced from actual track measurements 

resulting in an error of 40µ in space. Measurements of field free 

pictures indicate no serious turbulence or distortion in the 

chamber. Taking all effects into accounti results indicate that a 

1 Bev/c track 20 cm long can usually be measured with an errorr..d:l.4%. 

A series of programs for the IBM 704 was.used to analyze 

the events a nTRED" determines spatial coordinates and calculates 

angles and curvatures of tracks. A kinematic analysis was done by 

nGUTSn18 which makes a least squares fit and obtains a <t·2 value 

from the amount by which the various track angles and momenta must 

be adjusted in order to obtain an energy and momentum balance for 

the type of event proposed. The four-prong events were fitted to 
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the possibilities p+p~+p+n++n-j p+p~+n+n++n++n-, and 

p+p-+p+p+n++n-+n°~ hereafter designated {pp+-),(pn++-)» and {pp+-o) 

respectively. If these interpretations failed, trials were made 

for {d++-) and the events were inspected for Dalitz decay of a n°~ 

Events with x2 values representing less than 0.04 probability 

were considered rejected from that particular category. The 

experimental x2 distribution for ~ach interpretation then closely 

approximated the theoretical distribution for the appropriate 

number of constraintso The observed track bubble density of all 

events was required to be in agreement with that predicte4 by "GUTS" 

for the fit. This criterion made it possible in about 90% of the 

cases to remove the ambiguity of more than one possible fit for an 

event. In the remaining ambiguous cases, the interpretation with 

the smaller x2 was accepted, 

Center of mass angles and momenta calculated by nGUTS 91 

were punched by the program on cards for sorting. A third program 

punched information on Q-values and angular correlations. 

III. RESULTS AND DISCUSSION 

A. Cross Section 

In 8669 pictures scanned a total of 753 four-prong events 

were found. Eleven of the events could not be measured for 

various reasons. The others are distributed among the charge states 

showIL iu Table I. 

In addition, five six-prong events.were found within the 

restricted region, These events are cases of four or more meson 

production, probably {pp++--), with about a 25% calculated admixture 

of {pp+-o) events in which the n° decays by the Dalitz Mode. 
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TABLE I 

Event T~e 

(pp+-) 

(pn++-) 

(pp+-o) 

(d++-) 
- - - - - - - - - - - - - - -

2 neutrals (4 or more meson 
production) 

{ ppo ) , ( TT 0 -..,. e + +e - ) l 
(pn+o), ( TT 0 ... ~ e + +e - ) J 
6 prong (4 or more meson pro­

duction plus (pp+-o)~ 

( TT 0 .,. :.. e + +e - ) 
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Number (mb) 

414 2.67±0.13 

178 1015±0.09 

115 Oo74±0o07 

10 0.064±0.020 
- - - - - - - - - - - - - - -

2 .0 .013±0 .009 

:23 0 ol5.±0 .03 

5 (0.024+0.008)±0.014 

Total 4 or more meson production Oo013+0.024=D.037±0 0 020 

Not measurable 11 

The errors indicated are statistical. 

The total· interaction cross section at 2.85 Bev~ combin-

ing the results of this experiment with references 14 and 15, has 

been measured to be 42.1±1.2 mb, in good agreement with the value 

of 43.2±.4 found by Longo1 • No reactions of the type 

p+p --"> p+p+K+ +K- were found in a sample of 6400 four-prong events14 • 

In Figure 2 the cross sections for various final states 

drawn from this and the two-prong experiment15 are plotted together 

with the theoretical predictions of Cerulus and Hagedorn10 • Since 

the theory predicts only relative cross sections~ the theoretical 

points have been adjusted to force agreement with the measured 

{pp+-) cross section~ the best determined multiple meson process. 
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The large discrepancy for one-meson production may be in part due to 

the implicit assumption in the theory of a central rather than 

peripheral interaction. 

Sternheimer and Lindenbaum8 predict a value of 1.79 for the 

ratio (pn++-) . 
p+p .... (pp+.-oP in agreement w:i,th the experimentally 

determined 1. 59±0. 27. They expect a. zero· cross sect ion for 4 or 

more meson production at 2.85 Bev kinetic energy; only 30µb 

is observed. 

B. Kinematics of the Reactions p+p--(pp+-), (pn++-), (pp+-o) 

One of the most prominent features in inelastic nucleon­

nucleon and nucleon~pion interactions at high energies is the T=3/2, 

J=3/2 pion-nucleon isobar. There is considerable evidence19 that 

the n--p system has two additional resonances that may be interpreted 

as a pair of T=l/2 isobars with masses centered about 1.51 and 

1.68 Bev. We shall consider in this section the possibility that 

multiple meson production in proton-proton interactions proceeds, 

at least in part, through the formation of such intermediate 

state isobars. 



Threshold 
Channel Bev 

(a) p+p-+2N1 * 1.32 

(b) p+p-+N2 *+pr 1.32 

{c) p+p--N 1*+N2 * 2oll 

(d) p+p-+N 1 *+N 2 * 2.11 

(e) p+p-+N 1 *+N 2 * 2.11 

( f) p+p-+2N 2 * >2. 85 Bev 
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TABLE II 

Mode of 

Nl *-+p+TT-

N * .... N *+TT 2 1 
•,' 

N2 *-+p+TT-

N2 *~Nl *+TT 

" 

N2 * ... Nl *+TT 

Isobar Decav Final· State 

Nl *-+p+TT + pp+-

Nl *--p+TT pp+-

N l .*-+p +TT+ pp+-. 

2 (N *-+p+TT) . 1 pp+-o 

2 (N *-N+TT) 1 pn++-

' 

According to the isobar model developed by Sternheimer and 

Lindenbaum8, the proton-proton interaction can proceed via any of 

a number of channels. The ones which can give rise to four-prong 

events are listed in Table II, together with the isobar decay modes 

and final state for each channel. The channel thresholds are 

calculated from the central mass of each isobar. In Table II, N1* 

represents the familiar T=3/2, J=3/2 pion-proton isobar, with mass 

m1=1.225±0.05 Bev; N 2~ can be either of the pair of T=l/2, J=? 

isobars with m2=1.51 or.l.68 Bev2 ~ and Pr is the recoil proton in 

the two body reaction of channel (b). 

Under the simplest assumption of zero resonance width and 

no final state interaction, Pr has center of mass momentum of 

either 680 or 830 Mev/c, depending on which N2* isobar is excited. 

It follows from the isobar model.that the cross section for 

the (pp+-) reaction can be expressed as 

a (pp+-) = .§. cr a + ~ crb + .j a c ( 1) 
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where a ll ab and a are the cross a c 
sections for production in channels (a)ll (b)~ and (c) respectively; 

and the numerical coefficients are the statistical weights within 

each channel for the (pp+-) mode of decay. 

The presence of intermediate state isobars should be 

observable in the momentunh angles and Q value distributions of the 

final state particles. The measur~d (~+p) and (~-p) Q-va~ue 

distributions for (pp+-) events are plotted in Figure 3ll 'along with 

the predictions of the Fermi statistical model normalized to the 

same area. The Q-value is defined as the sum of the kinetic 

energies of the two particles in their own center of mass system. 

The deviation from the statistical model due to the N1* resonance 

is clear in the Qp+ distribution) but the ~- histogram makes a 

reasonable fit to phase space. It does not show the peak at 

C/"150 Mev that would be expected if the reaction p+p ... {pp+-.)' 

proceeds principally by the formation and decay of two T~3/2 isobarsll 

i.e.~ through channel {a). 

On the other hand if channel (b) is excitedll the decay 

of the N2* resonance should lead to a broad peak around 500 Mev in 

the(~-p) Q-value distribution. Such a deviation from phase space 

is not convincingly indicated either. 

In Figure 41 the c.m. angular distribution of the protons 

from the reaction (pp+-) is. plotted on the left, and from (pp+-o) 

and (pn++-) on the right. The histograms of Figure 5 give the c.m. 

momentum distributions of the protons from these reactions. Each 

(pp+-) and (pp+-o)event contributes two protons. The kinematic 

maximum proton c.m. momenta for two-and three-meson production are 
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10020 and 0.932 Bev respectively. The smooth curves are the 

theoretical spectra predicted by the isobar model for channels (a) 

and (b) above. If there is no final state interaction» the momentum 

of the recoil protonj p , in channel (b) is uniquely determined by . r 

the mass of the isobar. Under the assumptions of zero wicith and no 

final state interactionj the ~wo higher· r.esonances result in momenta 

for Pr of 830 and 680 Mev/c» as indicated.by arrows in Figure S. 

Channel (c) makes a poor fit to. the {pp+-:) experimental curve and is 

not included. 

From Figures 4 and s~ there appears to be considerable 

difference in the kinematics of the protons from the two-and three-
. 

meson production events. The protons from the (pp+-) reaction are 

strongly peaked forward and backwa~d in the c.m. systemp over half 

having cos 9 less than -.8 or greater than +.8. By comparison the 

three-meson production events are only mildly peaked. In the region 

-.8 <cos 9 <+.8 the nucleons of all three reactions appear similar 

in both angle and momentum distribution. Outside this region the 

protons from (pp+-) tend to have considerably higher c.m. momenta 

than the (pp+-o) or (pn++~) nucleons. The energy taken up by the 

extra n produced in the latter cases could explain in part the 

momentum shiftp but the change in the angular distribution and the 

large magnitude of the momentum shift suggest that in two-meson 

production the protons are involved in a more peripheral collision» 

and that the dominant channels in two-meson production are different 

from those in triple production. 

Relatively good agreement is obtained in Figure 5 between 

the proton spectrum for {pp+-) and the theoretical spectra for 
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both channels (a) and (b). Unfortunately the theoretical curves are 

too si.milar to permit, with the present experimental statistics» a 

reliable quantitative estimate of the relative importance of cra 

and ob. In an attempt to resolve this question, all the spectra 

were replotted separately for ev~nts having 2, 1, or 0 protons in 

the wings of the angular distribut.ion, i.e.; I cos 8 >O. 8 The 

number of such events are in the ratio of 1.1:0.95:100 .respectively. 

Results were inconclusive and indicated that either the c.m. angle 

of the protons is not strongly ·qorrelated with the channel taken by 

the event or that other processes than those of the isobar model are 

also involved. 

The pion c.m. angle and momentum spectra from the (pp+-), 

(pn++-), and (pp+-o) reactions are given in Figures 6, 7, and 8 

respectively. The angular distributions should all be symmetric 

about 90° in the c.m. system since the incident and target protons 

are identical. Within statistics the angular distributions satisfy 

this requirement1 indicating the absence of significant bias in the 

identification of individual particles. 

In Figure 6. the theoretical pion spectra for channels 

{a) and (b) of the isobar model are compared with the measured 

n+ and n- spectra for the reaction (pp+-). The dashed curve· Id 

is the predicted c.m. momentum spectrum for both the n+ and n­

mesons produced via channel (a). I 1 and I 2 are the pion spectra 

predicted for channel (b). r
1 

represents the 90% n+, 10% n-

mixture from the decay of the N1*j while r 2 is the reverse combination 
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from the N2 *. 
If channel (a) is dominant1 the TT+ and TT- distributions 

should be identicalo Howeveri the statistical weights favor (b) by 

the ratio 25:9 (equation 1). The experimental momentum spectra 

do not look alike; the .TT- being broader and tending to higher 

energy. Furthermore the TT+ and TT- measured distributions each appear 

to fall about halfway between the two-theoretical spectra proposed 

for the respective mesonsjand do not·agree well with either. The 

spectra from channel (c) again· make a poorer fit and are not plotted. 

All this could suggest a mixture of ~tat~s·or perhaps a final state 

interaction. 

For a reaction such as N 2 *~N1 *+ TT- where two close 

broad resonances plus the non-unique mass of the N1 * would result in 

a confused (n-p) Q-value distribution? it is possible to look for 

an interaction between a pion and nucleon by examining the distribu­

tion of the angley 8Dj formed by the direction of motion of the 

pion in the c.m. system of the pion-nucleon pair~ relative to the 

direction of motion of the c.m. of the pair in the event c.m. 

system (see Figure 9). The distribution of 8D will be symmetric 

about 90° if the pion and nucleon chosen are the products of the 

decay of some coupled system. This property is independent of the 

Q of the decay. The shape of this distribution is a more sensitive 

test of the existence of an interaction between the two particles than 

the distribution of the angle between their c.m. system momentum 

vectors. For Figure 10~ one proton from each (pp+-) event is chosen 

by its having a (TT+p) Q-value close to 150 Mev1 to be the 0 isobar 

protonnj ·i.e., the decay proton from .the T=3/2 resonance. On the left 

hand side of Figure 10 the e0 distribution for the TT +-"isobar proton'1 
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pair is plotted below the distribution of the 7T+_ "other proton" 

pair. Since the proton was already selected by Q-value~ the lower 

curve is symmetric about cos 9n=O while the upper one is strongly 

backwards:t indicating only that the correct "isobar proton" was 

chosen. On the right hand side, ·the distribution of 0n formed by 

the same 11 isobar protonn and_ the 1T-. is ·seen to be isotropic while 

the 1T - nother proto'n91 combination is again peaked backwards, 

indicating that the 7T- is frequ~ntly associated with the same 

proton as the 7T+. This is to-he expected with the channel (b) 

reaction in which both 7T•s are emitted by the same proton. 

From the above results~ there is no doubt that isobars, 
. ' 

at least the T=3/2 isobar, play an important role in multiple 

meson production. It also seems that there are considerable 

differences between the two and three meson production processes. 

The contributions to (pp+-) production from channel (c) appears to 

be small. Beyond that, it is not clear which of the first two 

terms in Equation(l)dominates, in spite of the 25/9 weight factor 

in favor of the second. It would appear to be some mixture of 

the two. It is also possible that other processes~ such as Fermi 

model production and final state n~ninteraction may be present. 

C. Q-Value Distributions 

The. results of the kinematic analysis of the four-prong 

events permit examination of a large number of possible combina­

tions of two and three body final states. However~ the final 

state configuration includes two nucleons and at least two pions. 

and the interactions may be quite complex. 
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The nucleon-pion Q-value distributions from the reaction 

p+p ... · p+p+7r+ +11"- have been discussed in Section B. The distribu-

tions from three-meson production events are shown in the histo­

grams of Figure 11 • All the curves except the one at the far left 

are combined plots for a nucleon with each of two indistinguishable 

pions or a pion with each of two like nucleons. The 3/2» 3/2 

resonance at Q=l50 Mev dominates them all~ and is sharpest for the 
I 

pure n- 11"- state. The maximum Q-value allowed by the kinematics 

is 677 Mev. 

In Figure 12 the pion-pio~ Q-value distributions from 

the four-prong reactions are plotted. The smooth curve on the 

figure in the upper left hand corner represents the phase space 
' 21 

Q-value distribution for the 11"+ ·11"-pair from the reaction (pp+-) • 

The maximum Q-value allowed in this reaction is 817 Mev. For the 

others the maximum value is 677 Mev. 

observed by Erwin et al~ 2 and Pickup 

The pion-pion resonance peak 

et al. 23 in n-p scattering and 
' 24 + by Stonehill et. al. in 11" p scattering, at a Q of about 470 Mev, 

is not observed here. This can be explained if the interaction 

proceeds by a one-pion exchange with low momentum transfer, since 

in that case, the virtual pion can have energy only up to -1 Bev, 

not enough to excite the TT nresonance. The Q distributions peak 

at low values and cut off well below the maximum allowed values, 

suggesting that most of the energy in the c.m. system is carried 

off by the two nucleons~ and that perhaps the pion-pion resonance 

is not excited. 

The lower three distributions of Figure 12 appear to have 

a large number qf events with Q less than 50 Mev. This cannot be 
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explained merely as a result of the production of three rather "than 

two mesons~ since the two upper right curves are also three-meson 

production and do not show the effeqt. 25 Booth et al. have reported 

what appears to be a strong s-wave TT-TT interaction in the T=O state 

with- an equivalent Q of about 20 Mev. If the deviations from phase 

space in Figure 12 are real, the Q++'curve would indicate that the 

interaction al so takes place in- the· state T::;::2. Clearly improved 

statistics are required here. 

The three-pion final. states from the reactions (pn++-) 

and (pp+-o) have, in general~ a larger net kinetic energy in their 

c.m~ systemp i.e., a larger Q, than do the two~pion combinations 

from these reactions. The three-pion, T=O, resonance observed by 

M 1 , t 1 26 d x t 1 27 . - h'l t' h Q . 1 f ag ic e a • an uong e a • in pp an i a ion as a ~va ue o 

about 360 Mev., which is 110 Mev lower than that observed for the 

two-pion resonance. Thus the three-pion state falls well within the 

range of Q-values observed here, and some further evidence of its 

existance is shown in Figure 13. The Q-values of 169 TT+TT+TT- events 

(dashed line) and 106 TT+n-n° events (solid line) are plotted in 

intervals of 20 Mev. The areas under l:>oth histograms have been set 

equal. A narrow spike is observed at a Q of 350 ± 10 Mev for the 

TT+TT-TT 0 cases. Once again the statistic's are poor but the probability 

of such a deviation occurring by chance at the appropriate energy is 

less than one in five hundred. The n+n+n- distribution appears flat, 

confirming that the resonance·does not occur in the state T=l. 

Several of the three-body Q distributions obtainable 

from the three-meson production events are of interest from the point 

of view of the isobar model. ·If these reactions proceed through an 
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intermediate state as a T=3/2 isobar (N1*) and a T=l/2 isobar 

(N2*), as in channels (d), and (e), then in most cases 

N 2 *~p+TT-+TT 0 and N 2 *~n+rr-+TT+ for the final states (pp+-o) and 

(pn++-) respectively. The Q.,.values for these combinations should 

then peak at Q=290 or 460 Mev depending on which of the higher 

isobars is excited. The histograms of Figure 14A indicate rather 

broad distributions which have their maxima about halfway between 

these two points. As in the case of the nucleon-pion Q-value 

plots, an additional indistingu~shable pion or nucleon is present, 

so two values are obtained for ·each event. This increases the 

width of the distributions. Figure 14B is a piot of ~++ from the 

(pn++-) events, a T=S/2 state which cannot come from N2*o The 

bump in this curve, at -300 Mev, could result if, in some of the 

events~ the two TT+ mesons are both associated with the same proton 

in the 3/2, 3/2 state, with each contributing -150 Mev to the Q. 

D. One Pion Exchange Model 

The one-pion exchange model proposed by Dre1112 

(Figure 1) leads to an expression for the differential cross section 

of the (pp+-) reaction: 

d
2

a 2I dEqdSL (Ep,Eq' 0L)=cf (Ep,Eq' 0L) crTT 0 

which is valid for small energy loss E -E , and small scattering p q 

angle 0L' of the incident nucleon. f 2 is the pion-nucleon coupling 

constant and crno (ETT 0 ) is the total cross section for the reaction 

n°+p-TT++TT-+p as a function of energy ETT 0 = Ep-Eq. Since the incident 
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and target protons are indistinguishable in the final state, all 

the protons from (pp+-) events satisfying .8 <I cos 9 I <l (the 

protons in the 99wings 11 of Figure 4) are included in the calculation 

of on 0 +p. However~ perhaps 1/3 of them are protons from the lower 

rather than the upper vertex.of Fi~re r:8 The final cross sections 

are multiplied by 2/3 to correc~ fqr this contamination. An 

additional background from other produ<J.tion processes is estimated 

to be about equal to the number of protons in the 17wings 99 of the 

three-meson production proton anglJ.lar.distributions and is 

subtracted. The remaining events are averaged over 50 Mev/c inter-
. 2 

vals and the differential cross sections, {ig0 a8 , are obtained. 
2f q L 

The expression cf (Ep,Eq,9L) is transformed to the c.m. sy~tem 

and averaged over the same 50 Mev/c intervals for .8 <I cos 9 I <l. 

A division of the measured ca"oss sections by the 

corresponding values of the expression thus obtained yields an 0 +p 

as a function of energy (Figure 15). The dip in cross section 

at ~850 Mev is generated by the dip in the proton momentum spectrum, 

and is no more significant statistically than the latter (see 

Figure 5)o As En 0 (i.e., Ep-Eq) approaches 1 Bev, the requirement of 

a small energy transfer is not satisfied and the significance of 

the cross section curve in that region becomes questionable. 

In the above discussion the n° p cross section was 

ubtained from the proton momentum distribution after averaging over 
-

the proton angular distribution between • 8 and 1 in I cos 9 I. 
Conversely the detailed proton angular distribution, averaged over 
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proton momenta between 600 and 900 Mev/c may now be derived from 

the n°-p cross section and compared with the measured distribution. 

This result is presented in Figure 16. Since on 0 +o has been 
- -

obtained from the cos 9 I >.8 data» the curve and the histogram 

will7 if integrated over that region» "give,the same area. Once 

again, as the angle increasesj the requirements of the theory are 

not satisfied and the agreement is- poorer. However» .even in the 
-

region where the conditions are sa~isfied» near I cos 9 I = 1, the 

slopes of the curves differ. 

IV. CONCLUSIONS 

There is no doubt that the 3/2~ 3/2 resonance plays a 

strong part in nucleon-nucleon interactions. It shows up in all the 

react"ions observed in this experiment and constitutes a striking 

departure from a purely statistical interaction. There is some 

indication that the higher pion-nucleon resonances may contribute 

to the interaction but it is not clear which of the possible modes 

of the multiple isobar model dominates~ two and three meson produc­

tion. It appears unlikely that this model gives a full description 

of the process. 

It is also possible that the T=O three-pion resonance, 

(the w0
) and perhaps some pion-pion interaction at a Q < 50 Mev are 

present. However, they are not strong and improved statistics are 

required to establish them with certainty. 

Smith et a1. 15 have shown that p-p interactions producing 

a single meson are mostly peripheral collisions wit~ little 

momentum transfer. This is also true for the production of two 

mesons, but three-meson production appears to involve more central 
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interactions in which the nucleons typically give up a large part of 

their energy to the pions. 

Th f + e cross section or n°+p~rr +~-+ p obtained from the 

Drell formula appears reasonable~ at least at low incident pion 

energiesj but to obtain the necessary $~atistic~ his limits on the 

energy loss and scattering angle of the· incident proton have not been 

strictly satisfied~ which may ·explain the difficulties in attempting 

to predict the detailed proton angular·,distribution. 
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FIGURE CAPTIONS 

Fig. 1. Diagram for one-pion contri~ution to the reaction 

p+p"°1)+p+rr++rr-. The quantities p, q, and e1 are the initial 

and final momenta and the .-angle of scattering of the 

incident proton in the laboratory system. 

Figo 2. Cross sections for:(, 2~ ·and 3 meson production. The· 

dashed lines are the.theoretical predictions of Cerulus 

and Hagedorn. The two -curves are normalized for the 

reaction (pp+-). Th~ ,(pn+) + (ppo) point is from the 

results of Smith et al~ 5 

Fig. 3. Nucleon-pion Q value distributions for the (pp+-) events. 

The smooth curves are the predictions of the Fermi 

statistical model, normalized to the areas under the experi-

mental curves. 

Fig. 4. Center-of-mass angular distribution of the pro·tons from the 

reactions (pp+-), (pp+-o) and the sum of (pp+-o) +(pn++-). 

Two protons are contributed by each (pp+-) and (pp+-o) event. 

Fig. 5. Center-of-mass momentum distributions of the protons from 

the reactions (pp+-),(pp+-o) and the sum of (pp+-o)+(pn++-). 

The smooth curves ori the upper figure are the isobar model 

predictions for the proton spectra for 2~1 * (channel (a)) 

and N2* +Pr (channel (b)). The two arrows are the 

thecretical spectrum peaks produced if channel (b) involves 

only one of the T=l/2. higher isobars. The arrow on the 

lower figure represents the maximum kinematically allowed 

momentum for three meson production. The two meson limit 

is 1020 Mev/c. 



Figures (2) 

Fig. 6. Center-of-mass angular (A and B) and momentum (C and D) 

distributions of the pions from the reaction (pp+-). The 

smooth curves are the momentum spectra predicted by the 

isobar model. Id represents both n+ and n- in channel 

(a) while I 1 and r 2 :are the theoretical n+ and TT- spectra 

from channel (b). The k~nematically allowed maximum 

momentum is 790 Mev/co 

Fig. 7. Center-of..,.mass angular (A, B,_. and C) and momentum (D, E, 

and F) spectra of the piohs and neutrons from the reaction 

(pn++-). Each event contributes two pions to (B) and (E). 

Fig. 8. Center-of-mass angular (A, B, and C) and momentum (D, E, 

and F) spectra of the pions from the reaction (pp+-o). 

Fig. 9. Illustration of .the angle, 9D' formed by the direction of 

motion of the pion in the c.mo system of the pion-nucleon 

pair, relative to the direction of motion (X) of the c.m. 

of the pair in the event c.m. system. 

Fig. 10 SD distributions of the (pp+-) events. In (A) the histo­

+ gram represents the angular correlation between the n 

and the proton not in the 3/2, 3/2 isobar state. (B) is 

the + 
TT ' isobar proton pair. (C) and (D) represent the n-

angular correlations with the nother 91 and the isobar proton. 

Fig. 11 Nucleon-pion Q value distributions from the (pn++-) and 

(pp+-o) events. All histograms but the Q are combined . n-
plots of a pion with each of two nucleons or a nucleon with 

each of two pions. 



Figures (3) 

Fig. 12. Pion-Pion Q value distributions. The smooth curve super-

imposed on the Q+_ curve represents the phase-space 

distribution for the reaction (pp+-). 

Fig. 13. Three-pion Q-value distributions from the reactions 

(pp+-o) and (pn++-). 

Fig. 14. Three body Q-value distr~b~tions from the reactions 

( pp+-o) and (-pn++-). ~ach. event contributes twice to1 

the ~-o and Qn-+ histograms~ 

Fig. 15. The TT 0 p cross sections a:s ·a function of pion energy 

obtained from the Drell analysis of the (pp+-) events .. 

Corrections indicated in section D are made for background 

due to other processes. 

Fig. 16. Differential cross section for recoil protons with c.m. 

momenta between 600 and 900 Mev/c. The solid curve 

represents the experimental distribution for (pp+-) events 

with 0.050 mb/str. subtracted for ~ackground. The smooth 

curve is derived from the TT 0 p cross section of Fig. 15. 
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