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ABSTRACT 

The reaction ir+d - (p)prrr °  has been studied in a bubble chamber 

experiment with pion beam momentum between Li and 2.4 GeV/c; the ex- 

posure size was 14 events/i.ib. 
The most significant features of the final state are production of ri 

and u mesons in the reactions 

+ 
IT 	fl up. 

The n-production characteristics are well described by a Reggeized A 2 - 

exchange model using Veneziano-type residue functions. 	The u produc- 

tion and decay characteristics are presented, and it.is found that a 

p-exchange model with absorptive corrections is inadequate to describe 

these data. 

I. INTRODUCTION 

The experiment reported here was per- This procedure, as well as a more detailed 

formed in 1966 using a beam of ii 	mesons exposition of the work discussed in this report, 

from the Bevatrbn incident on the deuterium- is given elsewhere. 

filled 72-inch Alvarez •bubbl.e chamber of the. The main purpose of the experiment was 

Lawrence Radiation Laboratory. 	The incident to analyze reactions of the type 

pion momentum covered the range from 1.1 irn 	pM ° , 
/ 	

i to 2.4 GeV/c n eight settings. 	The beam M 0 	
ii it 	, neutrals 	 (Ia) 

used for this experiment has been described or 	M° - 	iririrn, 	neutrals. 	(Ib) 
elsewhere. 1 	A total of 264 000 pictures was Here M °  is a neutral meson, and 'neu- 

taken; the incident momentum settings and trals" means any number of it 	s or y'  s. 	The 

the exposure size at each setting are given in neutron target is obtained by filling the bubble 

Table I. 	The path-length numbers given in chamber with deuterium. 

Table I were obtained by dividing the total This report deals primarily with the re- 

number of events estimated to be on the film action 

at each momentum 	 + setting by the total it d _ 
it 

+ d 	. 	ppir 	it 	it 	, 	 (2) 

cross section as measured by other workers. 2  and in particular with the production and decay 

t 
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of and w mesons via the reactions 

Tr +d 	pp, 
T7+r+7rirO 	 (3) 

Tr +d ppu, 

c-ir irr 0 - 	 ( 4) 

'Reaction (1.4) is explored beginning at thresh-

old for w production. 
• 	Section II discusses the scanning and 

measuring of the bubble chamber photographs 

and the fitting of the events. Section III is de-

voted to some of the complications arising 

from the use of a deuteron target. In Section 

IV we display various mass spectra for re-

action (2) and give the cross sections for v 

and u production in reactions (3) and (4). 

Section V gives the r7 production and decay 

characteristics in reaction (3), and Section 

VI presents production and decay information 

for w mesons in reaction (4). Section VII is 

a compilation of literature on ir+d  experiments 

erformed with bubble chambers. 

II. SCANNING, MEASURING, AND FITTING 

The entire sample of film was scanned 

once for all three-and four-pronged events. 

A total of 128 000 four-pronged and 93 000 

three-pronged eventswas found. A check 

scan of a small sample of the film revealed 

that the overall single-scan efficiency for 

finding three- and four-pronged events was 

95%. 

Of the events found, all but the three-

pronged events at the beam momentum set-

tings 1.70 and 1.86 GeV/c were measured, on 
4 Spiral Reader measuring machines I and II 

of the Lawrence Radiation Laboratory. The 

average measuring rate for the events de-

scribed here was 80 events per hour. 

The track coordinates produced from the 

measurements by the program POOH were 

reconstructed in space and fitted to the hy -

potheses listed below by the standard Alvarez-

Group program package TVGP-SQUAW. 5  

Bubble density information for the tracks was 

provided by the Spiral Reader in the form of 

pilse heights; this information was used for 

each kinematic hypothesis to do a separate fit 

to the expected bubble density of all tracks. 

This procedure was incorporated into SQUAW 

with the program BUBBLE. 

The three- and four-pronged events were 

fitted to the following reaction hypotheses: 

ird -'-pplTTr, 	 (5). 

ppTTTTIr 0 , 	 ( 6) 

(7) 
• 	 (8) 

ppK+K_, 	 (9) 
• 	npii 1T 71 , 	 ( 10) 

• 	p71+71+71(mm) 	(11) 

irrriiii(mm), 	(12) 

thr 71 77 , 	 (13) 
d77r+1r_irO. 	(14) 

After completion of the fitting process, 

most events were found to have a successful 

fit to more than one hypothesis. The selection 

of the correct hypothesis was performed by 

the program CREE, '' a version of the program 

ARROW. The details of the separation pro-

cedure are set forth in Ref. 3. 

At this point we restrict our interest to 

those examples of reaction (6) which appear 

as four-pronged event topologies, i. e., those 

for which both the final-state protons had suf -

ficient laboratory-frame momentum to be 

visible in the bubble chamber. (The lower 

cutoff on proton lab momentum was found to 

be approximately 85 MeV/c; this momentum 

yields a track 0.15 cm long in space, which is 

the practical lower limit of visibility. In the 

physics data that follow in this report, we use 

only those events which are assigned to reac-

tion (6) and in addition fulfill the following 

criteria: 

(a) the confidence level for the kinematic 

fit is greater than 17o, 

S 

I 
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I 

the confidence level for the ionization 

fit is greater than 1 016, 

all track measurements were avail-

able for the kinematic fit (i. e. , "constraint-

reduced" events were-not used), 

the event occurred within a pre' 

selected fiducial volume of the bubble cham 

ber, and the dip and azimuth of the beam 

track for the event lay within preselected 

limits for each momentum setting. 

Events fulfilling these criteria will be 

referred to as "good" events; there are about 

15500 such events. 	 - 

Examination of the results of hypothesis 

separation shows that: 3  - 

events assignedto reaction (6) are 

neither contaminated, by nor lost into the four-

constraint final state ppir+,i_; 

about 4% of the events assigned to 

reaction (6) are actually from the final state 

PpTr 	but no events from reaction (6) 

are assigned to this zero-constraint channel; 

the events assigned to reaction (6) 
+ contain about half the ri events from ir d-pp, 

and almost all the j '  events from 

the analogous decay; these events actually be-

long to the channel (8). The total number of 

these events is less than 100, and account has 

been taken of them in calculating the 7-pro-

duction cross section. Furthermore, no 

events from reaction (6) are assigned to chan-

nel(8); 	 - 

about 416 of the events assigned to re-

action (6) (at all energies) are actually events 

from the one-constraint reaction (10); no 

events from reaction (6) are lost into channel 

(10). Furthermore, when the "spectator" 

lab momentum restriction p spec < 300 MeV/c 

(see below) is placed on the events assigned 

to reaction (6), the contamination of this 

sample by events from reaction (10) is only 

2%, independent of energy. 

Since the cross sectionsfor r and 	pro- 

duction are found by comparing the number of 

resonant (Yj or ) events in channel (6) with 

the total number of events in channels (5) 

through (8), it is important that no events from 

reaction (6) are assigned to other channels. 	- - 

In addition, the determination of the resonant 

cross sections is unaffected by the contamina-

tion mentioned in point (b) above, since the 

contaminating events should not lie preferen-

tially inside the resonant three-pion mass 

bands. Furthermore, any cross -mixing 

among the events from channels (5), (7), and 

(8) does not affect the cross-section determina-

tion; hence, for instance, it is unimportant 

that most of the events assigned to reaction 

(8) probably are misassigned examples of re-

action (5). However, the contamination of the 

ppiT 	events mentioned in point (d) must 

be considered in calculating the 77 and 

cross sections. 

- 	Figure 1 shows the missing -mass -squared 

distribution for "good" p +rrrO four-pronged 

events. In Fig. 2 are shown the confidence 

level distributions for the kinematic and ioni-

zation fits separately. At this point we re-

mark again that events in the leftmost bin in 

Fig. 2a and in Fig. 2b are not included in the 

sample of good  events. 

III. THE DEUTERON TARGET 	 - 

The use of deuterium in the bubble cham-

ber in this experiment is, of course, neces-

sitated by the need for a neutrontarget. The 

deuteron is a bound composite of a proton and 

a neutron, and although the binding energy is 

only 2.2 MeV, a number of important effects 

must be taken into account when the neutron 

in the deuteron is used as the.target particle. 
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A. The Hulthn Wave Function and Spectator 
Momentum Distributions 

A wave function commonly used to de-

scribe the separation r of the nucleons in the 

deuteron is that proposed by Huithen. It is 

(r) = C(e 	- e1)/r. 

Here C is a normalization constant, and 

a =45.5 MeV = (4.33 fermi) = (2B)/2, 

with 

= reduced mass = 

B deuteron binding energy = 2.2 MeV; 

p is often taken to be 1 = 7a (Ref. 9) or 

p = 5.18a (Ref. 10). In all applications of the 

Hulthé'n wave function, in this report, the aver-

age value 3 = 6.09 a is used. 

The Fourier transform of 44r) gives the 

distribution 4(p)  of the momentum of the two 

nucleons in the deuteron; it is 

	

p 24 2 (p) = C'p 2  [1/(p 2  + a2) - 1/(p 2  + 	
2 

Experimentally p 24 2 (p) can be measured 

when the impulse approximation for the ird 

collisions is assumed. This means that the 

iT is assumed to interact with only one of the 

nucleons in the deuteron, the other nucleon 

going off after the collision with the same 

momentum it had before the collision. 

For the reaction ?r +n( p)_I ( p) pr+rw O the 

notation (p) means that one final-state proton 

is assumed to be a "spectator" to the colli-

sion between the 	and the neutron. The 

final-state proton with the lower lab momen-

tum is taken to be the spectator. Figure 3 

shows the experimental distribution of spec-

tator momentum; the steep cutoff in the distri-

bution around 85 MeV/c is due to the fact that 

only events with two visible protons (four-

pronged events) are used. The curve is the 

Hulthn distribution p 24 2 (p) normalized to 

have the same area as the histogram between 

HO atid. 160 MeV/c. A deviation from the 

Hulthn wave function is exhibited as an ex-

cess of events with high momentum, that is, 

with momentum greater than 300 MeV/c,  

which is the practical upper cutoff of the 

Hulthn distribution. Forty-four per cent of 

the four-pronged events in Fig. 3 have mo-

mentum greater than 300 MeV/c. Reference 

3 contains a discussion of some possible 

causes for the excess of high-momentum spec-

tators. 	' 

B. The Flux Factor, Spectator-Beam Angle, 
- and c. m. Energy Smearing 

The internal motion of the two nucleons 

bound in the deuteron gives rise to two inter-

esting effects. We discuss first the effect of 

this motion on the experimentally measured 

angle between the spectator nucleon and the in-

coming pion beam. 

The proton and neutron bound in the deu 

teron move at random in opposite directions 

with momentum given by a function like the 

Hulthn distribution. Because of the random 

nature of the motion, some authors11' 12 have 

stated incorrectly that the experimentally meas -. 

ured angle between the beam and the spectator 

nucleon should have an isotropic distribution. 

This statement, however, fails to take into 

account the fact that when the target particle 

is moving toward the beam, there is a greater 

particle flux and hence a higher reaction rate 

than when the target particle is receding from 

the beam. Let 0 be the angle between the 

spectator and the beam. Since the target nu-

cleon and the spectator nucleon in the deuteron 

move in opposite directions to conserve mo-

mentum, there will be more events for which 

cos 0 is greater than 0 for cos 0 less than 0 

provided the cross section is constant. 

The experimental distribution can be pre-

dicted by using the invariant flux factor of 

Mller 13  to account for the variation of par-

ticle flux with the relative motion of the beam 

and the target particle; it is 
221/2 

f [(p 	p1) - mbmt J •/(mbint) 

Here the momenta Pb  and  Pt are four-vectors, 

C' 
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16 

f. 

and the subscripts b and t refer to the bean-i 

and the target particle, respectively. The 

four-vector of the target particle is taken to 

be that of the deuteron minus that of the spec-

tator nucleon. 

In order to see what sort of distribution is 

predicted for the cosine of the angle between 

the spectator and the beam. Monte Carlo cal-

culations were performed and 'cos 6 histogram-

med for incoming pion momenta of 1.0, 1.5, 

and 2.0 GeV/c separately, assuming the nu-

cleons in the deuteron are moving in a random 

direction with equal and opposite momenta de-

sc ribed by the Hulth6n distribution.  Figure 

4 shows the results of'the Monte Carlo experi-

ment performed for a beam momentum of 

2.0 GeV/c. Figure 4a is the histogram of 

cos 6 for all events, and Fig. 4b is that for 

proton spectator lab momentum greater than 

85 MeV/c, corresponding to the four-pronged 

events of this report. The nonisotropy of the 

distributions is evident. In fact, very similar 

histograms are obtained for all three Monte 

Carlo experiments. The histograms for in-

cident momentum between 1.0 and 2.0 GeV/c 

are well approximated by a linear dependence 

on cos 6; it is f(cos 6) = L+ 0.10 cos U for all 

events, and for only those events with spec-

tator momentum greater than 85 MeV/c 

f(cos6) = 1+0.16 cos6 	 (15) 
Figure .5 displays the comparison between 

the experimental distribution in cos U (the angle 

between the spectator and the beam) and the 

distribution given by the flux factor. Figure 

5a shows the distribution in cos U for all 
II 	II 	 + 	0 good events of the final state ppn it it ; the 

straight line  is Eq. (15) normalized to have 

the same area as the histogram. In Fig. Sb 

only the events with spectator momentum less 

than 300 MeV/c are included, and here it is 

seen that the agreement between the data and 

the flux-factor prediction is good. The spec-

tator distribution of Fig. 3 and the cos 0  

distribution of Fig. 5b indicate that events with 

spectator momentum less than 300 MeV/c 

conform well, to the expectations of the impulse 

model. 

It should be emphasized that the above 

prediction for the distribution of cos 6 holds 

only if the cross section is assumed to be con-

stant over the range of c. m. energies produced 

in the collisions. This is because the number 

of evnts is proportional to.the particle flux 

times the cross section. However, the as-

sumption of roughly constant cross section is 

valid for the ppitirir.0  channel, as is discussed 

inRef. 3. 

Another important effect arising from the 

motion of the nucleons in the deuteron is the 

smearing of the center-of-mass energy distri-

bution. In a collision of a beam with a station-

ary target nucleon, there is a unique c. m. 

energy corresponding to the beam momentum. 

When one of the nucleons. in the deuteron is 

the target, however, there results a broad 

spectrum of c. m. energies due to the fact that 

the target nucleon has a range of momentum 

and is moving in a random direction with re-

spect to the beam. The c. m. energy for the 

collision is 

Ec.m. = I(pb + d - PS) 2 I 1/2 
 

The momenta here are four-vectors, and the 

subscripts b, d, and s refer to the beam, 

deuteron, and spectator, respectively. The 

motion of the target nucleon results in a c. m. 

energy spectrum with a total width of 300 MeV 

from a monoenergetic beam with a momentum 

typical for this experiment (p= 1.5 GeV/c).. 

Figure 6 shows the c. m. energy spectrum 

for all 'good four-pronged events in the final 

state ppir+Tr  ir 0  with spectator momentum less 

than 300 MeV/c. It is seen that the eight in-

cident momenta between 1.1 and 2.4 GeV/c 

yield a continuous coverage of the c. m. energy 

range from 1.7 to 2.3 GeV. 



C. Glauber Screening 

In a very intuitive sense one can under-

stand that the cross section for a beam col-

liding with a deuteron is less than the sum of 

the cross sections for a collision with each of 

the two nucleons in the deuteron separately. 

If the target deuteron is imagined to be two 

hard spheres close together, clearly part of 

the time one of the spheres occludes the other, 

reducing the effective cross section. Glauber 14  

has derived the expression 

c(Trd) = CT(Trn) + (irp) -r(in)(rp)/4it ( r),(16) 

where r ) is the average squared separation 

between the two nucleons. Wilkin 15  has since 

derived a modified formula which exhibits 

charge independence; he shows that the or-

rection term should be 

[r(Trn) c(vp) - (1/4)[(vp) - (irn)] 9,(4r( r2)) 
(17) 

for a charged-pion beam. 

Recently accurate cross sections have 
• been published2  for iT + and iT

-  incident on pro-

tons and deuterium over a wide range of ener-

gies. From Ref. 2 it is seen that over the 

range of incident momenta of this report, we 

have the total cross sections 

cr(1T + - p)n 30 mb, 

a(irp) 35 mb = oi iT +n) by charge sym 

me try. 

Since { ff ( iT+p ) _,.( 1,.+ n)1 2  n(5 mb) 2  is small 

compared with u(Tr+p) j(+fl) 
the correction 

factor of Wilkin (Eq. 1 7) is almost the same 

as the non-charge-independent correction 

factor of Eq. (16). From Ref. 2 it is also 

seen that over our range of incident momen-

tum, (r 2) = 0.02 mb. The typical value of 

the cross-section defect in this experiment 

due to Glauber screening is, from Eq. (16), 

approximately 1.7 mb; that is, the sum of the 

+ and Tr + cross sections is more than the 

lTd cross section by about 1.7 mb, or 2.416 

of the total Tr +d cross section. 

How this cross-section defect is to be 

applied to the various final-state channels is 

unknown. The method of Section IV for ob-

taining cross section for Yj and w production 
+ in the final state ppir iT

- 
 iT

o  is valid if the final 

states (5) through (8) are each depleted by the 

same fraction. But even if these channels are 

not all depleted due to Glai.zber screening in 

the same proportion, the difference in frac-

tional depletion should not be more than the 

total depletion itself. Since a difference in 

depletion among channels (5) through (8) of 

2.4% is much smaller than the statistical 

cross-section errors obtained, the Glauber 

screening correction has no effect on the r 

and w cross - section determination. 

D. The Pauli Exclusion Principle and Final 
States With Two Protons 	 -- 

One can easily see that the Pauli exculsion 

principle has an effect on final states contain-

ing two protons. In particular, imagine a 

very glancing (t = 0) charge-exchange collision 

of the 7r beam with the neutron in the deuteron 

in which the neutrOn spin is not flipped. After 

this hypothetical charge -exchange collision 

there are two protons close together in a 

spatially symmetric spin-I configuration. 

Since this configuration of two identical ferm-

ions is symmetric, it is forbidden by the Pauli 

exclusion principle. Thus it is seen that in the 

limit of no momentum transfer, such a charge-

exchange collision cannot occur in the absence 

of nucleon spin flip. 

The effect of the Pauli exclusion principle 

on charge-exchange scattering on the neutron 

in the deuteron has been calculated for K + d 

scattering. 16, 17 The expression for the 

measured cross section when there are two 

final-state protons is 17  

thr/dc2 = [1 - H(q)] (d7/dc2)+ [I -H(q)/3] 

(da/dc2) f . 	 (18) 
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Here the subscripts nf and sf denote the 

non-spin-flip and spin-flip cross sections re-

spectively, q = (_t)'2is the momentum trans-

fer in the collision, and H(q) is the deuteron 

form factor, defined as 

H(q) = li (r)e' Zdr. 

Equation (18) applies to.the final state 
+0 discussed here; it tells us how to 

correct the production angular distribution of 

the three pions for the suppression due to the 

Pauli principle. Let us restrict our attention 

to the specific, reactions 

Tr +d_.. ppri (or u), 

v (o.r ) - 

since it is the production angular distributions 

for only the resonance events whose exact form 

form we are interested in. 

Figure 7 shows the deuteron form factor 

H(q), calculatedusing the Hulthn wave func-

tion; it has the functional form16  

H(q) = [2c(a)/(p -a) 2q] 

X[tan 1  q/Za + tan 1  q/2.2 tan q/(a+Ø)]. 

From the figure it is seen that H(q) is appre-

ciably different from zero only for -t<0t 

GeV 2 , and it is only for this range of momen-

turn transfer squared that the effects of the 

Pauli exclusion principle are important. In 

Sections V and VI of this report, where r 

and u production are discussed, the produc-

tion angular distributions  are presented as 

distributions of 20 bins in production cosine; 

in all the production angular distribution 

histograms, the two forwardmost of the 20 

bins, (0.8 < cos 0<0.9) and (0.9 <cos 0<1.0), 

cover the momentum -transfer - squared range' 

out to at least 0.1GeV 2. Thus it is only the 

forwar.dmost two bins that are affected notice-

ably by the Pauli principle, and the calcula-

tion of the effect is, for simplicity, restricted 

to this angular region. We define the sup-

pression factors ffr  I - H(q), f= I - H(q)/3 

taken from Eq.. (18). Table II gives the 

values of these factors averaged over the  

production cosines of the forwardmost two 

bins (each bin is 0.1 wide in production cosine) 

separately for the reactions rr+d0.ppfl  and 

1T+d_. pp. It is seen that f f  is significantly 

less than unity in theproduction cosine in- 

terval (0.9, 1.0) for the energies encountered 

in this experiment, and thus implies a large 

correction. The suppression factors are to 

be treated.as detection efficiencies .in the 

production cosine interval indicated, the events 

in that interval being divided by the appro-

priate factor (or combination of factors) to 

get the number of events that would be found 

if the beam had collided with a free neqtron. 

To make the correction, however, one must 

know the relative sizes of the spin-flip and 

non-spin-flip cross sections. For this reason 

the application of Table II in correcting the 1 

and u production angular distributions is de-

ferred until Sections V and VI, where we infer 

from the shapes of the production angular dis-

tributions the relative importance of the spin-

flip and non-spin-flip contributions. 

The upward corrections obtained above 

are not expected to increase the Yj and u 

cross sections obtained in Section IV, however. 

This is because in Section IV these resonance 

cross sections are obtained by normalizing to 

the sum of the known cross sections for the 

charge-symmetric counterparts to reactions 

(5) through (8). All these reactions have two 

protons in the final state, however, and de-

pending upon the particular form of the pro-

duction angular' distribution in each final 

state, all should be corrected upward to ac-

count for the Pauli principle. The forward-

most two production bins, which contain not 

more than 20% of the events for any of re-

actions (5) thr9ugh (8), would be corrected 

upward typically by about 15%,  so that there 

would be in general a correction of less than 

about 3% to the total number of events in any 

channel. This percentage probably does not 

vary much for the four final states used for 
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normalization, so the cross section obtained 

for the .resonantpart of reaction (6) would not 

be significantly affected by the Pauli principle. 

IV. THE FINAL STATE 
GENERAL CHARACTERISTICS 

In this section attention is focused on res-

onance production inthe final state (p)p1+1T0,  ir 

in which it is explicitly assumed that one of 

the final-state protons, designated as (p), is 

a spectator to the reaction 
+ 	+ Trn-prr7r -7T 

o . 	(19) 

In order to help assure that this is the case, 

only those 'good" examples of final state (6) 

which have at least one proton with lab mo-

mentum less than 300 MeV/c are used in the 

discussion of this Section and the two follow-

ing sections on r and u production. Spectator 

protons with momentum less than 300 MeV/c 

do indeed conform well to the predictions of 

the impulse model, as .was seen in the preced-

ing section, particularly from Fig. 3 and 5b. 

There are 8710 events satisfying the above 

criteria. 

A. Mass Spectra 

Figure 8 shows the most important fea-

tures of reaction (19). Figure 8a is a scatter 

plot of c. m. energy vs the three-pion mass; 

a prominent ri band at mass 549 MeV/c 2  and 

a very strong w band at about 785 MeV/c 2  

characterize the data. The resonant signals 

show up as large peaks in the three-pion mass 

spectrum of Fig. 8b, the lower histogram of 

which shows the spectrum for events in which 

-t (from the beam to the three pions) is less 

than 0.6 GeV 2 . It will be seen below that this 

mass spectrum and all others are well de-

scribedby a fit which includes Yj and w pro-

duction in the three-pion mass spectrum as 

the only resonances present. 

The three-pion mass spectrum is now 

investigated more closely. In order to find 

the amounts of rl and u as a function of c. m.  

energy, the data were divided into six c. m. 

energy intervals, each of which is 100 MeV 

wide, centered at the values E 
C. 	

.1.8,: 1.9 m.. 
2.0, 2.1, 2.2, and 2.3 GeV. For each interval 

a separate maximum-likelihood fit to the data 

was performed using the program 

MURTLEBERT. 18  The amount, mass, and 

width of the two resonances were determined 

by the fit; the values obtained are given in 

Table III. Because the 77 and w widths are 

larger than the established values of the widths 

of these resonances, 19  the line shape used in 

the fits was Gaussian, and the widths in Table 

III are full width at half maximum. Inclusion 

of A ++(1236) in the maximum-likelihood fitting 

procedure was found to indicate production of 

only a few per cent of this resonance, with 

large errors on its amount and width; in addi-

tion, the rl and u parameters were the same 

whether or not i (1236) was included in the 

fit, so for simplicity this resonance is ignored 

in Table III. 

Each of Fig. 9 through 18 shows a mass 

spectrum from reaction (19) at the six c. m. 

energy intervals; the.curves are the Monte 

Carlo predictions of the maximum-likelihood 

fits summarized in Table III. With the ex-

ception of the pTr spectrum, all the mass 

distributions are well described by a fit in-

volving only n  and w signals in the three-

pion mass spectrum. 

The momentum transfer squared between 

the beam and the three pions in reaction (19) 

is plotted vs three-pion mass in Fig. 19. All 

c. m. energies are combined in the plot, so 

that there is not a well-defined boundary, as 

there would be if the c. m. energy had a single 

value. Therefore the distribution of points in 

the vertical direction is not equivalent to the 

production angular distribution. However, it 

is apparent from the figure that .w's are pro-

duced out to -t of more than 1.5 GeV 2 , whereas 
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Yj production occurs only out to about 

-t=IQeV 2 . 

Although there is no obvious structure in 

the three-pion mass spectra of Fig. 8 and 9 

above the w mass, we have examined the pos-

sibility of the presence of the H(990), 4(1019), 
- and A mesons, all of which have ir + 	o ir r modes 

reported. However,, it was found that whether 

or not the mass of any two of the pions was 

constrained to lie in the p band, no evidence 

for any of these me'sons was found. In the case 

of the three-pion decay of the , limited stat-

istic s prevented a conclusive .dete rmination. 

See Ref. 3 for a description of this analysis. 

B. Cross Section's for the Reactions 
Trnpn, ,+n-*pu 

The cross sections for rl and u produc-

tion were obtained by calculating the ratio 

R res  of the number of resonance (n or 
' 

events to the number of events fitting reactions 

(5) through (.8), the sum of whose cross sec-

tions is required.by charge symmetry to be 

equal to the sum of the cross sections (call 

this sum a Sum ) for the processes  
ir p - rr + r n, 	 (ZOa) 

+- ii (mm). 	(ZOb) 

The resonance cross section is then R 	a r e s s,-tim.  
The cross sections for reactions (20) have 

been measured elsewhere 2°  over the energy 

range of this experiment; the values of a sum 
used here are given in Table IV. Identical 

"event goodness" and spectator momentum 

cuts were made on all of reactions  (5) through 

(8), and the fraction of Yj and u events in re-

action (6) was determined in 13 different c. m. 

energy intervals, each 50 MeV wide, centered 

at the values 1.75, 1.80, 1.85,... , 23GeV. 

The maximum-likelihood method was applied 

to find the fraction of r and u events; in this 

series of fits the resonance masses were set 

at the average values seen from Table III 

(m = 549 MeV/c 2 , rn = 785 MeV/c 2), and  

the widths as a function of c. m. energy were 

also obtained from Table III (interpolating 

where necessary). The cross section a 
S urn 

was calculated by interpolating from Table IV. 

To find cross sections for the processes 

	

+n*pfl 	 (21a) 

	

- Pu, 	' 	(Zib) 

the data were corrected for the branching 

ratios 19  

YJ [_* 	 -TT 	v)1 /( 	all) = 0.29, . 	(ZZa) 

all) = 0.90. 	(22b) 

In the calculation: account was taken of the fact 

that most but not all of the events with a 

decay of the Yj were included in the events as-

signed to reaction (6). In fact, from the 

mass spectrum of the "good' events with 

p ' 	< 300 MeV/c assigned to reaction (8) we 

estimated that 26 rj -* ir + Tr --y events are assigned 

to this 'reaction. The maximum-likelihood fits 

described above showed that there are about 

318 rl events in reaction (6), so a correction 

factor of 344/3 18 = 1.08 must be applied to the 

rj cross section, since the branching ratio 

(22a) is used in the calculation. Furthermore, 

an examination of the irr mass spectrum as 

a function of c. m. energy shows that the cor-

rection factor of 1.08 is independent of E 
C. M. 

and so it has been applied at each c. m. energy 

value. 

As is discussed in Section III, the Glauber 

screening of the target neutron by the spectator 

proton and the effect of the Pauli exclusion 

principle in suppressing low -momentum -trans - 

fer processes should affect the cross section 

determination only insignificantly. The reason 

for this is basically that all the reactions (5) 

through (8), which serve as the normalization 

cross section, are affected in similar propor-

tions, so that the ratio of the number of res - 

onant events to the number of normalization 

events is unaffected to a first approximation; 

in Section III a more complete discussion is 

presented. 
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The main uncertainty in the method arises 

from the spectator momentum cut (p 	<300 
spec 

MeV/c) applied to all the events used in the 

cross-section determination. Each.of reac-

tions (5) through (8) has a somewhat different 

fraction of events with spectator momentum 

above 300 MeV/c, so that a different fraction 

of events is excluded from each reaction. 

However, as was stressed.at the beginning of 

this section, events with spectator momentum 

less than 300 MeV/c conform well to the ex-

pectations of the impulse model, so that for 

each of the normalization reactions only those 

events are used for which it is likely that the 

target particle isa neutron rather than the 

entire deuteron. Still, if scattering of the 

final-state pions on the spectator nucleon in 

reactions (5)—(8) is the cause of most of the 

high-momentum spectators, . then differences 

in the amount of this scattering among the 

normalization reactions will lead to a system-

atic error caused by excluding different frac-

tions of events for the different reactions (5)-. 

(8). This systematic error could not be large, 

however, since the normalization reactions 

all have similar fractions of high-momentum 

spectators. 

It was noted in Section Il that about 2 1/o of 

reaction (6) is actually contamination from 

reaction (10), independent of energy. Reac-

tion (6) accounts for about 4010 of the normal-

ization reactions (5)—(8), so that this contami-

nation is about 0.8 010 of the normalization 

events. Therefore the cross sections for ri 

and w production have been increased by this 

percentage. 

Table V shows the cross sections obtained 

as described above for reactions (21). The 

errors take into account the uncertainty in the 

resonance fractions and the errors in the 

normalization cross section of Table IV. As 

stated above, the cross sections are corrected 

for unseen rj and w decay modes. 

The cross section for r production has 

been measured elsewhere, both for reaction 

(21a) itself (by Bacon et al. 21  and by 

Litchfield 22 ) and for its charge-symmetric 

counterpart, 1Tp-. rn (by Jones etal. , 23 
24 

Bulos et al. , 	Richards et al. , 	Deinet 

eta.i. , 26 Crouch et al. , 27 Wahlig and 

Mannelli, 28  and Guisan etal. 29), which should 

have the same cross section. Likewise the 

cross section for reaction (Zlb) has been 

measured at other energies, although much 

less extensively, both for process (21b) itself 

(by Kraemer et al. , 30 Bacon et al. , 21 Miller 

etal. ,11  and Benson 12) and for its charge-

symmetric version (by Boyd etal. 
31)• 

 Figure 

20a is a logarithmic plot of the ri  cross section 

measured in this experiment, along with the 

data points of Bulos etal., Bacon etal., and 

Guisan et al. For the sake of clarity, the 

other measurements listed above are not in-

cluded.in the figure.. In general all the experi-

ments listed, including the one described here, 

agree as to the ttal cross section where they 

overlap with one another; an exception is the 

discrepancy between the total cross -section 

values reported by Crouch etal. and Guisan 

etal. Figure 20b shows the w cross-section 

points of this experiment along with the data 

of Kraemer et al. , Bacon et al. , Boyd et al. 

Miller etal. , and Benson, which for the most 

part do not overlap with those of this report. 

V. r PRODUCTION AND DECAY IN THE 
REACTION r+n - rip 

The discussion of ri production and decay 

presented in this section is based on 349 low-

background events in the rj mass band that de-

cay as r -. Tr+1Tr0 (or Tr+1ry).  (About 10% are 

estimated to be ir+lr_y  decays; see Section IV.) 

The mass cut for the ri  selection is 

530 MeV/c2 < m(Tr+lrTr0) < 570 MeV/c 2 . These 

events also satisfy the h!goodnessH  criteria 

defined in Section II and have spectator proton 

(1 
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41  

momentum less than 300 MeV/c. The cross 

section for ij production as a function of c. m 

energy is given in the preceding section. 

A. The n-Decay Dalitz Plot 

Figure 21 is the Dalitz plot for the three-

pion decay of 349 n-band events. The x axis 

is sf(T+ - TJ/Q, and the y axis is (3T 0 /Q) i-i, 

where T+, T_, and T 0  are, respectively, the 

kinetic energies (in the three-pion rest fran) 

of the ir k , ir, and,r 0 , and Q = m n  _mIT + -m,T _ _ mIT o 
A topic of current interest is the viola-

tion of Cconjugation invariance in Yj decay 

i 	+ - 	+ - 32-.2nto ir IT IT and IT IT 	
4 

;. 	an excess of 

events on either side of the vertical bisettor 

of the n-decay Dalitzplot.of the form of Fig. 

21 is an indication of C violation. The frac-

tional right-left asymmetry, 

A = .(R - L)/(R + L), 

of the n — 	Dalitz plot has been meas- 

ured by many groups. 35-39  The asymmetry 

for the 	r' decay of the n has also been. 

measured (although with less precision than 

for the Tr+Ir  II decay). 40-43 

The right-left asymmetry in the decay 

Dalitz plot of the n  events in this report is 

A = +0.032±0.054. . 

The variation along the vertical direction 

in the density of points in the n 

Dalitz plot of Fig. 21 is a well-known feature 

of this decay, and it has been discussed as 

evidence for the existence of an intermediate 

resonance in the decay. 44  

When the n decay. into iT +  ir -  IT o  is fitted 

with a matrix element of the form 

M(n - +
O) = I + b(3T 0 /Q - 1), 	(23) 

Price and Crawford 45  find b= -0.45± 0.05, 

and Cnops et al 46  find b= -0.55±0.02. 

Figure 22 shows the variation of density 

of points with the y coordinate 3T 0 / Q - I for 

the Dalitz plot of Fig. 21.. The y axis of Fig. 

22 is the density of points relative to that ex-

pected for uniform population of the Dalitz 

plot. The density was calculated under the 

assumption that.of the events in the n-mass 

cut, 86% are true n events, and the rest are 

background uniformly distributed over the 

Dalitz plot. The background estimate is ex-

plained below in the discussion of the n-pro-

duction angular distributions. No account has 

been taken of the estimated 10% of the n  events 

which are really Tr+Tr 	decays. The straight 

line is a good fit to the points in the figure and 

has a slope of -1. Since, from Eq. (23), 

we have IM( n . ir+iir 0 )tZn 1+2b(3T 0 /Q-1) 

(assuming that b is real), this gives roughly 

b =.-0.50± 0.05 for the density variation factor 

for the n  events in this experiment. 

B. Production Angular Distributions for 
.Ir+n - r)p 

The production angle in this reaction is 

defined in the 1T+n  rest frame the rest frame 

of the four-vector p + 	- P (p) I as the angle 

between the incoming ir beam and the outgoing 
IT+irIr O  momentum vector. 

Appreciable numbers of events in the n 

band are found in the six 100-MeV-wide c.m. 

energy intervals centered at Ec M. = 1.7, 1.8, 

., 2.2 GeV; the first interval has 19 events, 

and the rest contain between 40 and 80 events 

apiece. From the assumed Gaussian line 

shape of the irnir 0  mass spectrum in the 

n-mass region it is possible to estimate the 

fraction ofbackground events in the n-mass 

cut in each c. m. energy interval, using the 

widths for the n  signal given in Table Ill. The 

background fraction estimates are 0.15, 0.07, 

0.13, 0.17, 0.11, and 0.19, for the c. m. 

energy intervals centered at 1.7, 1.8, 1.9, 

2.0, 2.1 and 2.2 GeV, respectively. The over-

all background fraction for all the events in 

the n  mass cut is 0.14. The three-pion pro-

duction cosine distributions for three-pion 

masses somewhat above the n  mass cut (there 

are very few events with three-pion mass below 
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the Yj band) are fairly flat at all c. m. energies. 

Assuming that the production angular distribu-

tions in this control region are the same as 

those of the background events in-the Yj mass 

region, the background events (whose frac-

tions are given above) were subtracted iso-

tropically in production cosine from the pro-

duction distributions for all events in the ij 

band. 

Figure 23 shows the production cosine 

distributions in the c. m. energy intervals 

mentioned above for events in the ri band, with 

isotropic background subtracted in the amounts 

given above. The variable in the distributions 

is production cosine and not momentum trans. - 

fer squared (-t), because the 100-MeV range 

of c. m. energies:in each plot means that the 

maximum value of -t varies by typically 25 010 

over the plot. As an aid in estimating the 

t distributions, Table-VI shows (-t) mm . and 
+  

(_t)max for the reaction r n- rjp at a series 

of c.m. energy values. In Fig. 23 the shaded 

areas in the forwardmost two bins are the 

estimated correction for the loss of events due 

to the Pauli exclusion principle. Section III 

contains a discussion of this effect; in particu-

lar, see Table lIb. From the presence of the 

forward dip in the ri production cosine distri-

butions, and from the fact that the nucleon 

spin-flip amplitude must vanish in the forward 

direction, whereas the non-spin-flip amplitude 

need not, it is assumed that the Pauli principle 

correction factOrs to be used for the rl produc-

tiOn cosine distributions are those for the 

spin -flip amplitude. 

The sharpness of the forward dip in the 

n production cosine distributions suggests 

that the dip may be due to an experimental 

bias in the sample of events. 	Because only 

four-pronged events (events with two visible 

final-state protons) are used for this report, 

it is plausible that events with low momentum 

transfer may be lost into the sample of three- 

pronged events in the following way: Since 

the target neutrOn, when it c011ides with an 

incoming Tr+ and becomes a proton, is moving 

with a Fermi momentum of around 1.00 MeV/c - 

in the laboratory system, it is possible that 

for low-momentum-transfer collisions many 

target neutrons are - given just enough three-

momentum to make the lab momentum of the 

final-state proton below 85 MeV/c. Such a 

proton does not produce a visible track, and 

the event, which would normally appear as a 

four-pronged event, is a three-pronged event 

and does not appear in the sample of s 

shown here. A Monte Carlo experiment was 

programmed to investigate this effect over a 

few values of c. m. energies covering the c. m. 

energy range of this experiment. It was found 

that this bias affects only the forwardmost bin 

of any of the ri production cosine distributions 

presented, and that the correction for events 

lost from this ben into the three-pronged 

events and into other production cosine bins 

due to identification -  of the wrong proton as 

spectator was at most 4%,  and typically 21b. 

This correction cannot account for the sharp-

nessof the forward- dips seen in Fig. 23, and 

it is -ignored because of its smallness. It is 

thus felt that the sharp forward dips seen in 

the figure are a real attribute of the data. 

C. A Regge Description of the Reaction 
1T+n - flp Using Veneziano-Type Residue 
Functions 

A briefer account of the work in this sec-

tion has appeared elsewhere. 48 The concen-

tration of events near the forward direction 

(cos 6 = 1) in Fig. 23 suggests a description of 

the production process in terms of a t-channel 

pole, that is, in terms of particle orRegge-

pole exchange. The only known particle which 

can be exchanged in this reaction is the 

A2 (1300) meson with spin-parity of 2+ 
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The differential cross section for this re-

action, in terms of the invariant amplitudes 

A and B, 49 is 

du 	 0.3895 M2 qf 	 2 
d(cos 6) (mb) = 	87rs 	 Al 

+ [! - 2  + J4]lBl2jReA*BI. 

Here s, t, and u are the usual Mandeistam 

variables, and 

q. = initial-state c. m. three-momentum, 

qf  = final-state c. n-i. three-momentum, 

k = t-channel meson momentum 

- (m+ m) 2] [t - (m - rn ) Z ]}2 /2(t) 2  

p = t-channel baryon momentum 	- 

= (M -t/4), 

M = nucleon mass. 

All masses and momenta are in GeV. The 

Regge form of the invariant amplitudes A and 

B is the leading term in s of a Veneziano pa-

rameterization: 49  

A (GeV) = a 0 r[1- a(t)1 [1+e_t)} (b' 5)a(t) 

(24a) 

B (GeV 2)= b0r[i - a(t)] [1+e7 a(t)1 (bs)t)  •1 

(24b) 

a(t) is the A 2  trajectory function, which is 

takento be the straight-line form 

•a(t) = 2 + b (t - m )= 
2 	

2 + b (t-1.69). This 

parameterization is similar to the standard 

Regge treatment of t.-channel helicity ampli-

tudes, 50  but the Veneziano model demands .  

that b" = b' = b be the universal slope of the 

linear trajectories. Hence, when the univer-

sal slope b is taken from experiment to be 

I GeV 2, A and B are prescribed up to the 

real constants a 0  and b 0 , the only parameters 

of our fit. 

A least-squares fit to the 	 of 

the rl production angular distributions results 

in the choice 

b/a 0  = 2.4 	 (25) 

as the ratio of magnitudes giving the best fit, 

which is displayed upon the six production 

cosine distributions in Fig. 23. The curves 

on the production distributions all satisfy Eq. 

(25), but they are normalized separately to 

have the same area as the respective histogram 

in Fig. 23. It will be seen below, however, 

that a single choice of scale factor, i. e. , a 

unique choice of a 0  and b 0 , fits both the shape 

and absolute scale of all distributions. The 

zero in the curves at.t = -1.3 GeV 2  occurs be-

cause the signature factors in amplitudes (24) 

go to zero when a(t) passes through -1. 

The energy dependence of the total cross 

section for this reaction and its charge-

symmetric counterpart has also been compared 

with the model. The cross sections of Ref. 21, 

24, and 29, as well as the data points of this 

experiment, were used to test the validity of 

the energy dependence of the total cross sec-

tion predicted by the model; these data points 

span the c. m. energy interval from threshold 

for the reaction upto almost 6 GeV, the highest 

energy at which it has been studied. Figure 24 

is a plot of the total cross section for reaction 

(ZIa) and its chargé-symmetric equivalent vs 

c. m. energy, along with the prediction of the 

Reggeized A 2 -exchange model. With 

b/a = 2.4, and the value of a 0  chosen so that 

the curve passes through the arbitrarily se-

lected data point at E 	3.46 GeV, the fit 
C. M. 

is seen to be very good over the entire range 

of energies. The energy dependence of the 

curves is seen to be quite sensitive to the 

value of b 0 /a 0 ; agreement with the total-

cross-section data is obtained only for the 

ratio b 0 /a 0  within ± 516 of the value 2.4, which 

is the same ratio needed, within ± 10%, in 

order to fit the shape of the production angular 

distributions! Furthermore an A 2  trajectory 

slope of I GeV 2 10% is necessary to fit the 

width of the experimental production cosine 

distributions, and this is in accordance with 

a universal trajectory slope of I GeV2. 
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The parameter values used to obtain the 

fit to the shape of our production angular dis-

tributions and to the total cross section over 

a wide range of energies are a 0  = 28.7, 

b 0  = 68.8. 
Figure 25 shows the differential cross 

section dcr/dt for 

irp -'nfl, n-'yy 	 (26) 

from Ref. 29 at c. m. energies above 2.50 

0eV, along with the predictions of the Reg-

geized A2 -exchange model; the curves are 

normalized to have the same area as the 

histograms. The agreement between most 

of the experimental distributions and the model 

is seen to be satisfactory; the total-cross-

section points of this reference are in excellent 

agreement with the model, as is seen from 

Fig. 24. Figure 26 shows differential cross 

section measurements from two more experi-

ments. In Fig. 26a the differential cross 

section measured by Benson 12 ' is compared 

with the model. Here the agreement is quite 

good except for the greater number of events 

at large values of -t than is predicted by the 

model. However, it should be noted that the 

experimental distribution of Fig. 26a includes 

events from reaction (6) with spectator proton 

momentum greater than 300 MeV/c. These 

are events which are suspected not to arise 

from ir collisions with only one of the nucleons 

in the deuteron, and they are at the same time 

events which are likely to have large momen-

turn transfer values, since both final-state 

protons have -lab momentum greater than 300 

MeV/c. It is further, noted that the sharp 

forward dip in Fig. 26a is in disagreement 

with the equivalent distribution of Ref. 29 

shown in Fig. 25b. Figure 26b is the differ-

ential cross sectiOn for reaction (26) deter- 
28 

mined by Wahlig and Mannelli at 

E 	= 4.43 GeV. The distribution is 
C. M. 

broader than the model predicts; in this con-

nection it is noted that the equivalent distribu- 

tion of Ref. 29 seen in Fig. 25d is narrower 

than that of Wahlig and Mannelli and more in 

agree.ment with the model, although both these 

sources obtain the same total cross section. 

At the lower end of the energy spectrum 

Richards etal. 25 have measured differential 

cross sections for reaction (26) which are in 

excellent agreement with those of this report 

at the energy values where they overlap. Only 

in the differential cross section measurements 

of this reference around E 	= 
C. m 	1.55 0eV, 

. 

the mass value of the N 1 1 2 (1550) resonance , 1 9 

do the data differ markedly from the predic-

tions of the Reggeized A 2 -exchange model. 

• 	The simple two-parameter Regge exchange 

model described here is thus sufficient to de-

scribe both the production angular distribu-

tions and the total cross section for reaction 

(.2 Ia) over a wide range of energies; this in-

dicates that the t-charmnel process of A 2  ex-

change dominates the reaction from near 

threshold up to the highest energy for which 

data are available. 

Reference 52 is a list of other Regge fits 

to this reaction, using different parameteriza-

tions. 

VI. w PRODUCTION AND DECAY IN THE 
REACTION r n -'Pup 

The Tr +11Tr0 decay mode of the o. is the only 

one considered in this report, and an w event 

is defined as one for which 	. 

750 MeV/c2 <m(r+r_r0) < 820 MeV/c 2 . Only 

those events are used which satisfy the 'good-

ness" requirements of Section II and have 

proton spectator momentum less than 300 

MeV/c. About 3100 such events lie in the w 

mass band defined above; the background 

fraction in this cut is estimated to be 171o. 

The reader is reminded that the cross section 

for w production as a function of c. m. energy 

is given in Section IV. 

Q 

0 
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The ce-Decay Dalitz Plot 

The Dalitz plot for the three-pion decay 

of 3116 -band events is shown in Fig. 27. 

T+, T_, and T 0  are the kinetic energies in 

the w rest frame of the Tr+,  ir, and ir e , re-

spectively. The prominent feature of this 

Dalitz plot is the concentration of events near 

the center and the paucity of events near the 

boundary. This characte ris tic distribution of 

events in the Dalitz plot was used to determine 

the spin-parity of the w as 1 in the analysis 

of the experiment in which this meson was 

discovered and all its quantum numbers deter-

mined. 	Since then Flatt4 et al. 	have made 

a thorough analysis of more than 4600 three-

pion w decays and also conclude that the spin-. 

parity of the w is1. The simplest matrix 

element for the decay of a 1 particle into 

is p+ Xp , where 	and p  are the mo- 

mentum vectors of the 	and the r in the 

three-pion rest frame. 	The prediction of 

this matrix element is displayed on the Dalitz 

plot of Fig. 27. The contours are lines of 

constant intensity; the center of the Dalitz plot 

has maximum probability, and the boundary 

is the contour of zero probability. 

The fractional left-right asymmetry of 

the events on the w Dalitz plot in this report is 

A = (R -L)/(R+L) = -0.024±0.018. 

Production Angular Distributions for 

The production angle is the angle between 

the 	beam and the final-state 	mo- 

mentum vector, in the initial-state +n  rest 

frame. 

Production cosine distributions were ob-

tained for six 100-MeV-wide c. m. energy 

intervals centered at E 	= 1.8, 1.9,., c.m. 
2.3 GeV; the intervals contain between ZOO 

and 750 events each. Using the Gaussian 

widths of the w signals in these intervals (see 

Table III), we have estimated the background 

fraction in the w mass cut for each interval of 

c. m. energy. The background estimates for 

the intervals centered at E 	= 1.8, 1.9, 2.0, c. m. 
2. 1, 2.2, and 2.3 GeV are 0.18, 0.17, 0.20, 

0.16, 0.11, and 0.14, respectively. The shape 

of the background production cosine distribu-

tion was presumed to be the same as that for 

three-pion combinations with masses above 

and below the o mass. The sum of production 

cosine distributions for three-pion masses 

above (830 MeV/c 2  < m(3) < 930 MeV/c 2) and 

below (640 MeV/c 2  <m(3ff) < 740 MeV/c 2 ) the 

mass was found to be forward-peaked at all 

c. m. energies except 1.8 GeV. The shape of 

the production cosine distribution for these 

three-pion mass cuts is well approximated by 

the empirical function 

b(cos 6) = I +he_(Ic05 6)/0.25, where h varied 

between I and 5 (except h= 0 at 1.8 GeV). A 

background with this shape was subtracted 

from each production cosine distribution in the 

amount given by the fractions stated above. 

Figure 28 gives the w production distri-

butions for six 100-MeV-wide c.m. energy 

intervals after subtraction of the estimated 

background. We note that the energy interval 

of Fig. 28a lies just above threshold for w pro-

duction. The shaded area in the forwardmost 

two bins is the estimated number of events 

suppressed at low momentum transfer by the 

Pauli exclusion principle. This effect is dis-

cussed in Section III. The fact that the pro-

duction cosine distributions at the three 

highest energies have a somewhat flat forward 

peak suggests that the spin-flip as well as the 

non-spin-flip amplitude contributes. It was 

thus decided to take the average of the spin-

flip and non-spin-flip Pauli suppression fac-

tors of Table ha in making an upward correc-

tion to the two forwardmost production cosine 

bins at each energy. Table VII shows (t)min 

and (-t) max  for this reaction at a number of 

c. m. energy values so that the t-distributions 

can be estimated. 
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C. Decay Angular Distributions for 

The decay of w me sons from the reaction 
+fl_.p is described in the rest frame of the 

u. The decay direction is the direction of the 

normal to the plane of the three decay pions. 

Correlation data for u decay are given for two 

reference frames. 
a.. Jackson frame:' 

Here the axes in the w rest frame are de-

fined as follows: 	. 

z = direction of incoming beam, 

y = normal to production plane, .. 

xyXz. 

b. Helicity frame: 

The axes in the .w rest frame are 

z = direction of flight of the .  

y = normal to the production plane, 

x = yXz. 
In both definitions the normal to the production 

plane is taken to be bX.<, where b is the three-

momentum of the incident beam and w is that 

of the outgoing w meson. 

The distribution of the normal to the 

three-pion plane in these two frames is given 
5 by 7  

	

W(O,4) 	_[p0 0 cos 2 6+ -(1 - p 0 0 )sin2 9 

	

- p 1 	sin2Oco.s2 - 4 TRe(p 1, 0)sin2Ocos4] 

(27) 

Here p 1 j  are the elements of the w spin den-

sity matrix. . 

The method of moments was used to de-

termine the values of the density matrix ele-

ments. If the fraction of w events in the 

mass cut is f, then under the assumption that 

the background events in the cut produce no 

decay correlations of the form given in Eq. 

(27), the density matrix elements are given 

by 	 1/2 
1 	1\ 

P 0,o =+(
5

7 ) 	a20/f, 

I-n (407 ) 
1/2 

l -1 = - 	
a22/f, 

I (15 - 1/2 
Re(p10) = rz) 	a21/f. 

Here 	
-13 

2 	(:N \T 4)) 
a 21  = 2(Re[Y(6,]) 

2( 
 _(

151/2 

__) 
' sin6cos6cos() 

a22 - 2 (Re [Y(6,)]) = 

I '(I5\I/ 	2 sin 0cos24) 

where the (Y) are the averages of the spher-

ical harmonics over the decay distribution. 

At each c. m. energy the events were 

divided into production cosine intervals such 

that each interval contained about 100 reso-

nance events. In each production cosine inter-

val the maximum-likelihood fitting program 

MURTLEBERT 18  was used to estimate the 

fraction of w events; the fit was performed 

leaving the o mass and width to be found as 

well as its fraction. The assumption that only 

the w events (and not the background) contrib-

ute to the moments of Y, Re(Y), and Re(Y) 

was strengthened by taking moments in the 

nonresonant mass band 830 MeV/c 2  < m(37r) 

< 930 MeV/c 2  for each c. m. energy interval 

and noting that these, moments are consistent 

with zero. Since, only u events and background 

events, whose .three-pion "decay" should be 

isotropic, are assumed to be present in the 

u mass cut, only the three moments listed 

above should be nonvanishing. To check this 

prediction, all the moments of, Y 0 , Re(Ym 
 ), 

and Im(Y) for f = 1, 2, 3 were calculated, 

and it was seen that all moments, except the 

allowed ones, are consistent with zero in the 

u band. 

An independent check on the method was 

supplied by a series of maximum-likelihood 

fits, in which the decay correlation ceoffi-

cients a 20 , a21 , and a 22  were included in 

addition to the w amount, mass, and width. 

In a few production cosine intervals no solu-

tion could be obtained, since a few events 
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yielded negative likelihoods, but in all cases 

in which a solution was found, the coefficients 

were in excellent agreement with those de-

termined from the moments analysis. 

The density matrix elements quoted in 

this report are the ones found from the mo-

ments analysis. 

Table VIII gives the density matrix ele-

ments in the Jackson frame found as described 

above, and Table IX gives those in the helicity 

frame. The errors take into account the un-

certainty in the coefficients a 20, a, and a22  

as well as that in the w fraction. Figures 29, 

30, and 31 show the density matrix elements 

p00' 	
andRe(p 1 ), respectively, in 

the Jackson frame. The curves in these fig -

ures are discussed below. Figures 32 through 

34 display these density matrix elements in 

the helicity frame. 

It is noted that the density-matrix values 

in the Jackson frame for E 	= c.m. 2.0 GeV 

agree well with the values given by Bacon 

etat. 21 averaged over all production cosine. 

The Jackson frame values of p 0 0  are also 

similar to those found by Miller et al., 11 

Cohn etal. , 58 and Benson 12 ' 51 at higher 

energies: typically p00 n 0.5, which implies 

a I + cos 2 O decay distribution. 

D. An Attempt to Describe the Reaction 
Tr+n- p Using a p-Exchange Model 
With Aisorption 

The forward peaking of the production 

cosine distributions of Fig. 28 at the higher 

c.m. energies suggests that in this energy 

region, say forE 	>1.9 GeV, adescrip- 

tion of the production process might be ob-

tained in terms of particle or Regge -pole ex-

change. An exchanged meson must have I = 1, 

and of the four I = I possibilities (ir, p , A 2 , B), 

and A2  have the incorrect G parity. The 

p meson has a lower mass than the B meson 

and might at first consideration be expected 

to contribute more than the B. 

The postulate of p exchange leads to the 

conclusion that p 0  = Re(p1 ) = 0. 

in the Jacks on frame. 
It is clear from the nonvanishing values of 

Po,o in the Jackson frame in this and other ex-

periments that the simple p-exchange process 

discussed above does not agree with the data. 

A way around the difficulty is the inclusion of 

absorptive corrections, that is, the inclusion 

of diffractive scattering of the initial- and 

final-state particles along with the p exchange. 

J. D. Jacks on and his co-workers have de-

veloped a theory of particle exchange, includ-

ing the effects of absorption; Ref. 56 is a list 

of papers •expounding the theory and summariz-

ing its comparisons with many experiments. 

The initial- and final-state absorption (dif-

fractive scattering) not only change the value 

of p 0,0  from that expected according to simple 

p exchange, but also predict production angular 

distributions narrower than those predicted by 

the p propagator factor alone. 

In essence, the initial- and final-state 

diffraction scattering processes each contrib-

ute to the overall process with a phase shift 

6(1) given by e 2i8(1)= I - C e 	, where, by 

analogy with diffraction scattering on a *Igraytt 

disk, C gives the hldar kness ! of the disk (C = I 

gives an opaque, disk, . C = 0 means no disk at 

all); and ' = 2/k2R 2 , where k is the particle 

momentum, R is the radius of the diffracting 

disk, and I is the angular momentum. The 

parameters y and C are known for the initial-

state scattering ( Tr +n  scattering in our ex - 

ample), and for the final-state scattering the 

usual choice 5  of parameters is C = 1, and 

= 0.75 y. 
final 	initial 

A fit to the reaction ir+n - up at our c. m. 

energies using a p-exchange model with ab-

sorption has been attempted. 59  With the ab-

sorption parameters 'i and C fixed as stated in 

the above paragraph, fits were tried for three 

values of the ratio GT/GVP the ratio of tensor 
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to vector coupling at the pnp vertex. 56  The 

model was compared with the data of this re-

port for GT/GV = 1,2, and 3; at all these 

values the agreement is in general poor, so 

that no more detailed fitting was.attexnpted. 

Although vector-meson dominance of the 

nucleon form factor predicts GT/GV = 
37, 56 

this value was not tried, since the agreement 

between the model and the data, where present, 

occurred for a ratio of 1. 

The total cross section for this reaction 

cannot be described by the model, since the 

experimental cross section drops after reach-

ing a peak near threshold (see Fig. 20), where-

as the model predicts a cross section rising 

uniformly with energy from threshold. In 

order to ignore this basic discrepancy between 

experiment and the theory, the differential 

cross-section curves .predicted by the model 

have been normalized to have the same area 

as the histograms of Fig. 35, which shows the 

differential cross section and the theoretical 

curves for GT/GV = 1. The curves agree 

with the experimental production distributions 

only for E c.m. = 2.2 and 2.3 GeV. The curves 

in Figs. 29-31 show the predictions of the p-

exchange model with absorption for the - 

decay density matrix elements. The value 

GT/GV = I was selected for graphical com-

parison with the data primarily because it 

yields a fairly good fit to p 0 	However, the 

agreement with p1 1 and Re(p 1 0 ) is poor, 

as it is for the other values of GT/GV. Sim-

ilar difficulties in comparing this p-exchange 

model with experiment have been met by other 

authors. 11 12 
2158 

An attempt.to understand the reaction 

1T+n - p in terms of a Regge pole-exchange 

model involving, both B and p trajectory ex-

changes has also been attempted by some 
2112, 

authors, 11, 
	with little success. 

VII. LITERATURE ON 7r +d EXPERIMENTS 

The following is a compilation of litera-

ture sources onird experiments performed. in. 

bubble chambers; it is hoped that the compila-

tion is complete up tor  about September 1969. 

The exposure reported here (beam mo-

mentum of 1. 1 to 2.4 GeV/c) was done along 

with a higher-energy exposure (beam momen-

turn of about 3 and 4 GeV/c). References on 

both parts of this experiment are listed first, 

followed by references to other experiments, 

in order, of increasing beam momentum. 

at 1.1 to 2.4 GeV/c (this experiment) 

Gerald A., Smith and Robert J. Manning, 

Phys. Rev. 171, 1399 (1968); Jerome S. 

Danburg, Donald W. Davies, Orin I. Dahi, 

Paul L. Hoch, Janos Kirz, Donald H. Miller, 

Robert K. Rader, Mans A. Abolins, Thalis 

Delikaris, and Gerald A. Smith, Phys. Rev. 

Letters 23, 41 (1969); Gerald A. Smith and 

Robert J. Manning, Phys. Rev. Letters 23, 

335 (1969); J. S. 'Danburg, M. A. Abolins, 

R. C. Brower, 0. 1. Dahi, D. W. Davies, 

P. L. Hoch, J.. Kirz, D. H. Miller, and 

R. K. Rader, Phys. Letters 30B, 270 (1969); 

J. Manning, UCRL-19343, 1969; Jerome 

Danburg (Ph. P. thesis), UCRL-19275, 

July 1969; Donald W. Davies (Ph. D. thesis), 

UCRL-19263, July 1969; Robert J. Manning 

(Ph. D. thesis), UCRL-19339, Sept. 1969; 

Robert K. Rader (Ph. D. thesis), UCRL-19431, 

Dec. 1969. 

at 3 and 4 GeV/c (this experiment) 

J. Gezelter, S. Lichtman, F. J. Loeffler, 

R. J. Miller, and R. B. Wiilmann, Nuovo 

Cimento 53A, 213 (1968); Mans A. Abolins, 

Orin I. Dahl, Jerome Danburg, Donald Davies, 

Paul Hoch, Donald H. Miller, Robert Rader, 

and Jan05 Kirz, Phys. Rev. Letters 22, 427 

(1969); J. H. Campbell, S. Lichtman, F. J. 

Loeffler, D. H. Miller, R. J. Miller, 
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L 

W. J. Miller, and R. B. Willmann, Phys. 

Rev. Letters 22, 1204 (1969); R. J. Miller 

S. Lichtman, and R. B. Willmann, Phys. 

Rev. 178, 2061 (1969); G. S. Abrams, B. 

Eisenstein, and H. Gordon, Phys. Rev. 

Letters 23, 673 (1969); P. M. Dauber,P. 

Hoch, R. J. Manning, D. M. Siegel, M. A. 

Abolins, and G.. A. Smith, Phys. Letters 29B, 

609 (1969). 

Tr  +d  at 0.65 to 0.85 .GeV/c 

Pauli, A.Muller, R. Barloutaud, L. 

Cardin, J. Meyer, M. Beneventano, G. 

Gialanella, L. Paoluzi, and R. Finzi, in 

Proceedings of the Siena International Confer-

ence on Elementary Particles, Vol. I, 92 

(1963); A. Muller, E. Pauli, R. Berloutaud, 

L. Cardin, J. Meyer, M. Beneventano, G. 

Gialanella, and L. Paoluzi, ibid., Vol. I, 99 

(1963); E. Pauli and A. Muller, Phys. 

Letters 13, 351 (1964). 

+ d at 0.82 GeV/c 

Baltay, P. Franzini, J. Kim, L. Kirsch, 

Zanello, J. Lee-Franzini, R. Loveless, 

J. McFadyen, and H. Yarger, Phys. Rev. 

Letters 16, 1224(1966); C. Baltay, P. 

Franzini, J. Kim, R. Newman, N. Yeh, and 

L. Kirsch, Phys. Rev. Letters 19, 1495 

(1967); C. Baltay, P. Franzini, J. Kim, L. 

Kirsch, R. Newman, N. Yeh, J. A. Cole, 

J. Lee-Franzini, and H. Yarger, Phys. Rev. 

Letters 19, 1498 (1967). 

Tr  +d at 0.82 GeV/c 

A. Larribe, A. Leveque, A. Muller, E. Pauli, 

D. Revel, T. Tallini, P. J. Litchfield, L. K. 

Rangan, A. M. Segar, J. R. Smith, P. J. 

Finney, C. M. Fisher, andE. Pickup, Phys. 

Letters 23, 600(1966); P. J. Litchfield, 

L. K. Rangan, A. M. Segar, J. R. Smith, 

A. Larribe, A. Leveque, A. Muller, E. 

Pauli, D. Revel, and B. Tallini, Phys. 

Letters 24B, •486 (1967); P. J. Litchfield, 

NuovoCimento58A, 468 (1968); P. J. 

Litchfield, Phys. Rev. 183, 1152 (1969). 

at 0.82 GeV/c 

M. Bazin, A. T. Goshaw, R. Zacher, H. 

Blumenfeld, T. Kitagaki, and C. R. Sun, 

Phys. Rev. Letters 19, 1157 (1967). 

at 1.23 GeV/c 

A. Pevsner, R. Kraemer, M. Nussbaum, 

P. Schlein, T. Toohig, M. Block, A. Kovacs, 

and C. Meltzer, in Proceedings of International 

Conference on Elementary Particles, Aix-en-

Provence, 277 (1961); A. Pevsner, R. 

Kraemer, M. Nussbaum, C. Richardson, P. 

Schlein, R. Strand, T. Toohig, M. Block, 

A. Engler, R. Gessaroli, and C. Meltzer, 

Phys. Rev. Letters 7, 421 (1961); C. 

Richardson, R. Kraemer, M. Meer, M. 

Nussbaum, A. Pevsner, R. Strand, T. Toohig, 

and M. Block, inProceedings of 1962 CERN 

Conference, 96 (1962); T. Toohig, R. Kraemer, 

L. Madansky, M. Meer, M. Nussbaum, A. 

Pevsner, C. Richardson, and M. Block, ibid., 

99 (1962); M. Meer, R. Strand, R. Kraemer, 

L. Madansky, M. Nussbaum, A. Pevsner, 

C. Richardson, T. Toohig, M. Block, S. 

Orenstein, and T. Fields, ibid. , 103 (1962); 

T. Fields, S. Orenstein, R. Kraemer, L. 

Madansky, M. Meer, A. Pevsner, C. 

Richardson, and T. Toohig, in Proceedings 

of Athens Topical Conference on Resonant 

Particles, 185 (1963); R. Kraemer, L. 

Mandansky, M. Meer, M. Nussbaum, A. 

Pevsner, C. Richardson, R. Strand, R. 

Zdanis, T. Fields, S. Orenstein, and T. 

Toohig, Phys. Rev. 136B, 496 (1964). 

ir +d at 1.7 GeV/c 

T. C. Bacon, H. W. K. Hopkins, D. K. 

Rdbinson, D. G. Hill, E. 0. Salant, A. 

Engler, H. E. Fisk, C. M. Meltzer, and 
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B. Westgard, in Proceedings of Dubna 

Conference, Vol. I, 532 (1964); T. C. Bacon, 

W. J. Fickinger, D. G. Hill, H. W. K. 

Hopkins, D. K. Robinson, and E. 0. Salant, 

in Proceedings of Athens Conference on Newly 

Discovered Resonances, 129 (1965); T. C. 

Bacon, W. J. Fickinger, D. G. Hill, H. W. K. 

Hopkins, D. K. Robinson, and E. 0. Salant, 

Phys. Rev. 157, 1263 (1967). 

at 2.15 GeV/c 

J. Braun, D. Cline, and.V. Scherer, 

Phys. Rev.LettersZ'1, 1275 (1968). 

+d at 2.1.5 GeV/c 

D. Cline, J. English, R. Terrell, W. Wilke, 

B. Chaudhary, H.Courant. E. Marquit, and 

K. Ruddick, Phys. Rev. Letters 23, 491. (196 

at 3.29 GeV/c 
N. Gelfand, G. Ltitjens, and J. Steinberger, 

in Proceedings of Dubna Conference , Vol. I, 

437 (1964); N. Gelfand, G. Lütjens, M. 

Nussbaum, J. Steinberger, H. 0. Cohn, 

W. M. Bugg, andG. T. Condo, Phys. Rev. 

Letters 12, 567 (1.964); H. 0. Cohn, W. M. 

Bugg, and G. T. Condo, Phys. Letters 15, - 

344 (1965); H. 0. Cohn, W. M. Bugg, G. T. 

Condo, R. D. McCulloch, G. L{itjens, and 

N. Gelfand, Phys.: Rev. Letters 15, 906 

(1965); H. 0. Cohn, R. D. McCulloch, 

W. M. Bugg, andG. T. Condo, Phys. Letters 

21, 347 (1966); B. 0. Cohn, R. D. McCulloch, 

W. M. Bugg, and G. T. Condo, Nucl. Phys. 

82, 690 (1966); H. O Cohn, R. D. McCulloch, 

W. M. Bugg, andG. T. Condo, Nucl. Phys. 

BI, 57 (1967); W. M. Bugg, G. T. Condo, 

J. T. Humphreys, R. D. McCulloch, and 

H. 0. Cohn, Nucl. Phys. B6, 246 (1968). 

at 3.65 GeV/c 

G. Benson, L. Lovell, E. Marquit, B. Roe, 

D. Sinclair, J. Vander Velde, and  

K. Weaver, Phys. Rev. Letters 12, 600 

(1964); G. Benson, L. Lovell, E. Marquit, 

B. Roe, D. Sinclair, and J. Vander Velde, 

Phys. Rev. Letters 16, 11.77(1966); G. 

Benson, E. Marquit, B. Roe, D. Sinclair, 

and J. Vander Velde, Phys. Rev. Letters 17, 

1234 (1966); George C. Benson (Ph.D. thesis), 

University of Michigan, 1966; G. C. Benson, 

B. P.. Roe, D. Sinclair, and J. C. Vander 

Velde, Phys. Rev. Letters 22, 1074 (1969). 

Tr  +d at4 5GeV/c 

A. Forino etal. (Saclay-Orsay-Bologna Col-

laboration), in Proceedings of Dubna Con.-

ference, Vol. 1,445 (1964); A. Forino etal. 

(Saclay _Orsay_Bari_BOlogna Collaboration), 

Phys. Letters . 1.1, 347 (1964); A. Forinoetal. 

(Saclay-Orsay -Bologna Collaboration), Phys. 

Letters 19, 65 (1965); A. Forino et al. 
(5aclay _0rsay _BariBOlogna_Firenze Collab9-

ration), Phys. Letters 19, 68 (1965). 

at 5.1 GeV/c 

N. Armenise et al. (Bari-Bologna-FireflZe 

Orsay Collaboration), Phys. Letters 25B, 53 

(1967); N. Armenise etal. (Ban-Bologna-

Firenze -Orsãy Collaboration), Phys. •Letters 

26B, 336 (1968); N. Armenise etal. (Ban-

Bologna-FirenZè -Orsay Collaboration), Nuovo 

Cimento 54A, 999 (1968); N. Armenise et al. 

(Ban-Bologna -Firenze Collaboration), Lettere 

al Nuovo Cimento 2, 501 (1969); R. 

Vanderhaghen, G. de Rosny, N. Armenise, 

Ghidini, A. Romano, A. Forino, and M. 

Goldberg, Nucl. Phys. B13, 329 (1969). 

Tr  +d at 6 GeV/c 

F. Bruyant, M. Goldberg, G. Vegni, H. 

Winzeler, P. Fleury, J. Huc, R. Lestienne, 

deRosny, andR. Vanderhaghen, in Pro-

ceedings of Dubna Conference, Vol. I, 180 

(1964); F. Bruyant, M. Goldberg, G. Vegni, 

H. Winzeler, P. Fleury, J. Huc, R. Lestienne, 
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G. d.eRosny, andR. Vanderhaghen, ibid.., 

Vol. I, 442 (1964); F. Bruyant, M..Goldberg, 

M. Holder, M. Krammer, J. V. Major, G. 

Vegni, H. Winzeler, P., Fleury, J. Huc, R. 

Lestienne, G. de Rosny, and R. Vanderhaghen, 

Phys. Letters 10, 232 (1964); F. Bruyant, 

M. Goldberg, G. Vegni, H. Winzeler, P. 

Fleury, J. Huc, R. Lestienne, G. de Rosny, 

and R. Vanderhaghen, Phys. Letters 12, 

278 (1964); M. Goldbergetal. (CERN-Ecole 

Polyte chnique Collaboration), Phys. Letters 

17, 354 (1965); G. Vegni, H. Winzeler, P. 

Zaniol, P. Fleury, and G. de Rosny, Phys. 

Letters 19, 526 (195); G. .dé Rosny and P. 

Fleury, Nuovo Cimento 48A, 1137 (1967). 

at 7 GeV/c 

B. Y. Oh etal. (Wisconsin-Toronto Collabo-

ration), Phys. Rev. Letters 23, 331 (1969). 

at 8 GeV/c 

A. M. Cnops, P. V. C. Hough, F. R. Huson, 

I. R. Kenyon, J. M. Scarr, I. 0. Skillicorn, 

H. 0. Cohn, R. D. McCulloch, W. M. Bugg, 

G. T. Condo, and M. M. Nussbaum, Phys. 

Rev. Letters 21, 1609 (1.968); A. M. Cnops, 

P. V. C. Hough, F. R. Huson, I. R. Kenyon, 

J. M. Scarr, I. 0. Skillicorn, H. 0. Cohn, 

R. D. McCulloch, W. M. Bugg, G. T. Condo, 

and M. M. Nussbaüm, Phys. Letters 29B, 45 

(1969); I. R. Kenyon, J. B. Kinson 1  J. M. 

Scarr, I. 0. Skillicorn, H. 0.. Cohn, R. D. 

McCulloch, W. M. Bugg, G. T. Condo, and 

M. M. Nbup Phys. Rev. Letters 

146 (1969). 
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Table I. Momentum settings and exposure siZe. 

earn Number of Exposure 
momentum pictures 	 - Size 

(GeV/c) (.pproximately) (events/b) 

1.10 13000 0.44 

1.30 13000 0.44 

1.53 50000 2.55 

1.58 13000 0.45 

1.70 50000 3.00 

1.86 50000 2.92 
215 50000 2.97 
2.37 26000 0.84 

Table IL Spin-flip and non-spin-flip suppression factors due to the 
Pauli principle for the two forwardmost production cosine bins. 

•E (0.8< cos 6< 0.9) . 	(09 < cos 6< 1.0) 
c,m. 

(G Y) f 
nf f 

sf f 
nf f 

sf 

For 

1.8 0.93 0.98 0.91 0,97 

119 0.93 0.98 0.87 0.96 
2.0 0.93 0.98 0.85 0.95 

2.1 0.94 0.98 0.83 0.95 

2.2 0.95 0.98 0.83 0.94 
2.3 0.96 0.99 0.83 0.94 
2.4 0.96. 0.99 0.84 0.95 

For Tr+d 	pprj 

1.7 0.87 0.96 0.74 0.91 
1.8 0.89 0.96 0.73 0.91 

19 0.91 0.97 0.73 0.91 
2.0 0.93 0.98 0.74 0.91 
2,1 0.94 0.98 0.76 0.92 

2.2 0.95 	' 0.98 0.78 0.93 
2.3 0.96 0.99 0.79 0,93 
2.4 0.97 0.99 0.81 0.94 
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Table UI. 	Number of events, and the amount, mass, 
and width of 1  and w, in each of 

six 100-MeV-wide c. m. energy intervals. 

E 
Number 

m m r 
C.M. of ii 1 	11 W 

(GeV) events fraction (MeV) 	(MeV) 	fracbion .(MeV) .1(MeV) 

1,8 509 0.083±0.023 548±3 	24±190.503±0.058 784±1 31±10 

1.9 1278 0.059±0.008 547±3 	39±  7 0.432±0.019 786± 1 38± 3 

2.0 1 972 0.033±0.004 549±1 	19± 3 0.314±0.015 784± 1 37± 3 

2.1 1 976 0.037±0.005 549±1 	25± 3 0.287±0.013 786± 1 39± 3 

2.2 1611 0.024±0.004 549±11  11± 20.274±0.014 785± 1 47± 3 

2.3 954 0.012±0.004 550±2 	14± 30.202±0.015 785± 2 39± 4 

Table IV. Sum of cross sections for the reactions 
• Tp_. 7 +.fffl  and ir p-ir 	(mm) 
as a function of, c. m. energy. 

E a c,m. sum 
• 	 (GeV) (mb) Source 

1.618 11.5±0.6 a 

1.716 11,4±0.6 

1.726 10.4±0.8 a 

1.795 10.4±0.8 b 

• 	 1.872 11.1±0.3 • 	 b 

2.030 12.0±0.7 b 

2.181 .• 	11.6±0.6 c 

• 	 2.232 • 	 11.8±0.6 c 

2.309 10.7±0.6 c 

2.405 10.4±0.5 c 

2.504 9.0±0.4 c 

a. 	E. Pickup etal., Phys. Rev. 132, 	1819 (1963). 

b. 	T. C. 	Baconet al., Phys. Rev. 	13, 1263 (1967). 

c. 	L. D. Jacobs, Ph. D. thesis, IJCRL-16877, 1966. 
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Table V. 	Cross sections for 	 and 
as a function of c. m. energy. 

in 50-MeV intervals centered at the values, given. 

Ec +n1p) 
rn 

(GeV) (rnb) (rnb) 

1.75 1,30±0.44 1.50±0.29 

1.80 1.09±0.35 2.46±0.35 

1.85 	.. . 	 1.66±0.33 	. 2.51±0.25 

1.90. 0.87±0.20 2.11±0,20 

1.95 0.90±0.19 1,99±0.19 

2.00 0.50±0.13 	 . 1.52±0.17 

2.05 . 	 0.59±0.14 1.68±0.19 

2.10 0.55±0.14 1.58±0.18 

2.15 0.60±0.14 	 . 1.40±0.16 

2.20 . 	 0.55±0.14 1.70±0.19 

2.2.5. 0.29±0.12 1.19±0.17 

2.30 0.30±0,12 1.08±0.16 

2.35 0.16±0.11 1,04±0,19 

Table VI, Limits on momentum transfer squared as a function of c. m. 
energy for the reaction 

E (-t) 	. (-t) 
C. M. 

(GeV) 
mm 

(GeV2) 
max 

. 	 (GeV 2 ) 

1.65 	' 	 . 0.032 	 . 0.79 

1,70 0,025 0.95 

1,75 , 	 0.020 . 	 .1.12 

1.80 0.016 1.29 

1.85 '  0.014 1.47 

1.90 0.011 	' . 	 1.65 

.1.95 0.010 	. ' 	 1.84 

2.00 0.008 2.03 

2.05 . 	 0.007 2.23 

2.10 0.006 2.43 

2.15 ' 	 0.006 . 	 2.64 

2,20 . 	 0.005 2.85 

2.25 0,004 3.07 
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Table VII Limits on momentum transfer squared as a function of c m 
energy for the :reactión 

E (-t) 	. (-t) 
C. M. 

(GeV) 
mm 

(GeV 2 ) 
max 

(GeV') 

175 0183 0555 

1.80 0,121 0,790 

1.85 	: 0.091 0.999 

1.90 0.071 1.203 

1.95 0.058 1.406 

200 0048 1610 

205 0041 1817 

2.10 0.035 2.028 

2.15 0.030. 2.243 

2.20 0.026 2.462 

2,25 0.023 2.686 

2,30 0.020 2.914 

235 0018 3147 
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Table VIII. 	u-decay density matrix elements in the :Jackson frame 
as afunction Of c. m energy and 	Odiètibi cOsine interval. 

E 

(GeV) cosO P 0,0  P , _ 1  Re(p 10 ) 

0.53±0.12 -0.05±0.08 0.12±0.08 

1.8 .c 	(01 	0.5)) 060±014 -004±009 -005±008 

1 	(0.5, 11.) 0 49±0 1.3 0 07±0 1.0 -0 08±0 08 

0.62±0.18 -0.06±0. ib -0.01±0.08 

(-0.3, .01) 0.61±0.1.1 -0.19±0.08 -0.07±0.06 

1.9 
) 	

(0.1 1 	0.4) 0 58±0 11 0 01±0 07 -0 1.0±0 06 

1 	(0.4, 	0.7) 0.63±0.1.1 0.09±0.07 -0.16±0.06 

1 	(0.7, 	1) 0.33±0.11 -0.06±0.10 -0.06±0.08 

, 	

(-1 	-0.3) 0.52±0.13 0.00±0.08 -0.06±0.07 

I 	(-0,3,0.1) 0.80±0.13 -0.08±0.07 -0.15±0.07 

2.0 . 	 (0 1, 	04) 0 53±0 10 -0 03±0 07 -0 24±0 08 

(0,4, 	0.7) 0.51±0.10 -0.03±0.07 -0.21±0.06 

1 	(0.7, 	1) 0.31±0.09 0.04±0.07 -0.18±0.06 

(-1, 	-0.2). 	1 0.40±0.10 -0.12±0.09 -0.16±0.08 

[ 

(-0,2, 	0,2) 0.55±0.11 -0.09±0.08 -0,1.6±0.07 

2.1 (0.2, 	0,6) 0.37±0.09 0.05±0.08 -0.21±0.07 

[ 	

(0.6, 	0.8) 0.20±0.08 0.07±0.09 -0.17±0.06 

(0.8, 	1) 0,42±0.09 0.08±0.08 -0.05±0.06 

(-1 1 	0) 0.30±0.1.1 -0.29±0.13 -0.16±0..09• 

2.2 J (0, 	0.6) 0.34±0,11 -0.09±0.10 -027±O',O9 

(0.6, 	0.85) 0.27±0.08 0.09±0.07 

(0.85, 	1) .0,49±0.09. -0.11±0.07 -0..01±0.05 

f 	(-1, 	0.7) 0.42±0.12 -0.11±0.10 -0.16±0.09 
.2.3 

(0.7, 	1) 0.49±0.10 0.08±0.07 -0.16±0.06 
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Table IX. c-decay density matrix elements in the helicity frame as,a 
function of c m energy and production cos-rne interval 

E 

(GeY) cosO P00 Re(p10) 

f 	(-1, 	0) 0.53±0.13 -0.04±0.08 -0c07±007 

18 (0, 	05) 023±012 -022±012 001±008 

1 	(0 5, 	1) 0 40±0 12 0 03±0 10 0 12±0 08 

(-1, 	-0 3) 0 46±0 1.5 -0 1.4±0 1.2 -0 11±0 09 

(-0.3, 	0.1) 0.36±0.09 -0.31±0.09 -0.03±0.05 

1.9 	.* (0 1, 	0,4) 0 18±0 09 -0 20±0 09 0 02±0 06 

j 	(0.4, 	0.) 0.15±0.09 -0,15±0.08 0.18±0.06 

1 	(0 7, 	1) 0 43±0 13 0 00±0 09 0 07±0 08 

(-1, 	-0 3) 0 38±0 11 -0 07±0 09 -0 08±0 07 

(-0.3, 	0,1) 0.23±0.09 -0.36±0.10 -0.17±0.07 

2.0 	. (0.1, 	0.4) 0.08±0.10 -0.26±0.10 0.13±0.07 

(0.4, 	0.7) 0.29±0.08 . -0.14±0.08 .. 	0.20±0.06 

(0.7, 	1) 0.60±0.11 0.19±0.08 0.07±0.06 

• (-1, 	-0.2) .0.15±0.10 • 	 -0,24±0,11 -0.06±0.07 

• 

(-0.2, 	0.2) 0.20±0.09 -0.26±0.10 -0.05±0.06 

2.1 (0,2, 	0.6) 0.12±0.1.0 -0.07±0.08 0.16±0.06 

• 

(0.6, 	0.8) 0.42±0.1.0 .0.18±0.08 0.1.5±0.06 

1 	(0.8, 	1) 0.43±0.09 0.08±0.08 0.12±0.07 

• (-1., 	0) 0.17±0.13 -0.36±0.1.4 0.01±0.07 

J 	(0, 	0.6) 0.13±0.12 -0,19±0.12 0.1.5±0.09 
•• 2 2 

(0.6, 	0.85) 0.33±0.07 0,12±0.07 0.10±0.05 

t. 	(0.85, 	1) 0.45±0.09 -0.13±0.08 0.04±0.06 

f 	(-1, 	0.7). 0.30±0.11 -0.18±0.12 0.09±0.08  
2 . 3 1 	(0.7, 	1) 0.43±0.10 . 0.05±0.07 0.15±0.06 

w 
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Figure Captions 

Fig. 1. Missing-mass-squared distribution for 1.4829 "good" pp Trr1r 0  

events. Approximately 700 events lie outside the limits of the 
histogram. 

Fig 2 (a) Kinematic confidence level and (b) ionization confidence 

level f o r 20 924 events assigned to the final state pp rrr 0 . 

Fig. 3.. Laboratory-system momentum of lower-momentum proton in 

the final state ppir ir ir for four-pronged events; the curve is the 

Hulthgn distribution normalized to have the same area as the 

histogram in the interval (1.10 MeV/c <p < 1.60 MeV/c). 

Fig, 4. Distribution of cosine between beam and spectator nucleon 

for a ir+d Monte Carlo experiment of 100 000 events with beam 

momentum of 2.0 GeV/c, taking the Mller flux factor into account. 

(a) All events, and (b) events with spectator momentum greater 

than85 MeV/c. 

Fig. 5. .Distribution of cosine between beam and spectator proton for 

"good" four-pronged events from the final state pplr+iTrrO. (A) All 

events, and (B) events with spectator momentum less than 300 

MeV/c. The curvesare Eq. (1.5) normalized to have the same 

area as the histograms in (A) and (B). 

Fig. 6. Distribution ofc, m. energy for "good" four-pronged events 
from the final state (p)prr + - o ir ir with spectator momentum less 
than 300 MeV/c. 

Fig. 7. Deuteron form factor vs momentum transfer squared, calcu-
lated using the Hulthn wave function. 

+ - Fig. 8. (a) m(ir ir ir o 
 ) vs c. rn. energy; (b) m(rr r ir ). The lower 

2 histogram has events with -t(beam to ir ir ir ) < 0.6 GeV . 

Fig. 9. m(Tr+1r_1r0)  in six 100-MeV-wide c. m. energy intervals centered 

at(a) 1.8, (b) 1.9, (c)2.0, (d) 2.1, (e) 22, and (f) 2.3 GeV; the 

curves are from maximum-likelihood fits. 
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Fig 1.0 m(pTr+)  in six I00-MeV-wide c m energy intervals centered 

at (a) 1.8, (b) 1.9, (c) 2.0, (d) 2.1., (e) 2.2, and (f) 2.3 GeV; the 

curves are from maximum-likelihood fits 

Fig. 11. m(pir) in six 100-MeV-wide c. m. energy intervals centered 

at(a) 1.8., (b) 1.9, (c) 2.0, (d) 2.1. (e) 2.2, and (f) 2.3 GeV; the 

curves are from maximum-likelihood fits. 

Fig 12 m(prr ° ) in six 100-MeV-wide c m energy intervals centered 

at (a) 1 8, (b) 1. 9, (c) 2 0, (d) 2 1, (e) 2 2, and (f) 2.3 GeV, the 

curves are from maximum-likelihood fits 

Fig. I3 m(Ir+1r_) in six 100-MeV-wide c. m. energy intervals centered 

at (a) .I.8.,.(b) 1.9,. (c) .2.0, (d) Z.i,(e) 2.2, and(f) 2.3 GeV; the 

curves are from maximum-likelihood fits 

Fig. 14. m(TrrO)  in six 100-MeV-wide c. m. energy intervals centered 

at (a) 1.8, (b) 1.9, (c) 2.0, (d) 2.1., (e) 2.2, and (f) 2.3 GeV; the 

curves are from maximum-likelihood fits. 

Fig. 15. rn(iiii ° ) in six 100-MeV-wide c.m. energy intervals centered 

at (a) 1,8, (b) 1,9, (c) 2.0, (d) 2,1, (e) 2.2, and (f) 2.3 GeV; the 

curves are from maximum-likelihood fits. . . 

Fig. 16. m(pTr+Tr_)in  six 100-MéV-widec.m. energy intervals centered 

at (a) 1.8, (b) 1,9, (c) 2.M, (d) 2.1, (e) 2.2, and If) 2.3 GeV; the 

curves are from maximum-likelihood fits 

Fig. 17. m(pir+rr0)  in six ,I00-MeV-wide c. m. energy intervals centered 

at (a) 1.8, (b) 1.9, (c) 2.0, (d) 2.1, (e) 2.2, and (f) 2.3 GeV; the 

curves are from maximum-likelihood fits. 

Fig. 18. m(pTrTr ° ) in six 199-MeV-wide c. m. energy intervals centered 

at (a) 1.8, (b) 1.9, (c) 2.0, (d) 2.1, (e) 2.2, and (f) 2.3 GeV; the 

curves are from maximum-likelihood fits. 

Fig. 19. .m(1T+IrTrO)  vs -t(beam to Tr + rrTr O) . 	 . 

Fig. 20. :(a) Logarithm.of cross sectionfor in-rp and irp - 	nvs 

C. m. energy, data from this and three other experiments; (b) cross 

section for irn-wp and Trp-wn vs c. m. energy, data from this 

and five other experiments. 
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Fig. 21. Dalitz plot of 349 events in the fl-mass band (530 MeV/c 2  

(530 MeV/c 2  < m(31r) < 570 MeV/c 2 ). 

Fig. 22, Relative density of points on the rl Dalitz plot vs 3T 0/Q - 1. 

The straight line has slope -1. 

Fig. 23. Yj production cosine distributions for six 100-MeV-wide c. m. 

energy intervals centered at the values indicated. The shaded 

events are added to account for the effect of the Pauli exclusion 

principle The curves are the predictions of the Reggeized A 2 - 

exchange model with b 0/a 0  = 2,4; they are normalized to have the 

same area as the histograms. 

Fig. 24. Cross section for lr+n  flp or ii p - n vs c.m. energy. 

Three predictions of the Reggeied A 2 -exchange model are plotted; 

all curves are normalized to pass through the data point at 

E 	3.46GeV. c.m. 

Fig. 25. Differential cross sections for iip - n from Guisan et al., 

Phys. Letters 18, 200 (1965). The curves are the Reggeized 

A2 -exchange model predictions with b 0/a 0  2.4, and are normal-

ized to have the same area as the histograms. 

Fig. 26. Differential cross section for (a) Tr n -rp from Benson, 

Ph.D. thesis, University of Michigan, 1966, and (b) rr.p- n from 

Wahlig and Mannelli, Phys. Rev. 168, 1515 (1968). The curves 

are the predictions of the Reggeized A 2 -exchange model with 

b 0/a 0  = 2,4 and are normalized to have the same area as the 

histograms. 

Fig. 28, w production cosine distributions for six 100-MeV-wide c. m. 

energy intervals. The shaded events are added to account for the 

effect of the Pauli' exclusion principle. 

Fig. 29, 0 0 for o. decay in the Jackson frame; the curves are the 

predictions of the p-exchange model with absorption for GT = Gv. 

Fig. 30. p 1  •1  for w decay in the Jackson frame; the curves are the 

predictions of the p-exchange model with absorption for GT = Gv. 
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Fig. 31 Re(p 1 o) for w decay in the Jackson frame; the curves are 

the predictions of the p-exchange model with absorption for GT=Gv. 

Fig. 32. p 0,0 for w decay in the helicity frame. 

Fig. 33. 	for w decay in the helicity frame. 

Fig. 34, Re(p 1 	for w decay in the helicity frame. 

Fig. 35, o production cosine distributions for six 100-MeV-wide C, M. 

energy intervals. The forward two bins of each distribution have 

been corrected upward to account for the effect of the Pauli ex-

clusion principle. The curves are the predictions of the p-exchange 

model with absorption; they are normalized to have the same area 

as the histograms. 
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This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Comn2ission, nor any person acting on 
behalf of the Commission: 

Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or 
Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee  of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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