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ABSTRACT 

Differential cross sections for positive pions, protons, and neutrons 

resulting from inelastic tr- -p collisions have been measured from 310 to 

454 MeV incident-pion kinetic energy. The data were obtained with electronic 

counter systems, which measured the energy distribution of the final-state 

particle of interest at a series of fixed angles, The results have been intera 

preted in terms of the final states tr+tr·n, tr 0 1T0 n, and_1T_1T 0 p. The total cross 

sections for these three modes as a function of incident pion energy are in 

qualitative agreement with the predictions by Schnitzer. A preference is 

shown for his set of tr-11' scattering lengths; a 0 = 0.65, a 1 = 0.07,. and 

a 2 = -0.14JJ.:" 
1

• . The observed neutron distributions correspond to a .strong 

preference for low c. m. -system neutron energies in both the tr+tr..:n and 

tr 0 tr0 n final states. The effect is not present in the observed proton distri

butions from the 1T-1T 0 p reaction, which suggests that it is due to a I = 0, 

11'-11' interaction. The 11' + data show the formation of the (3, 3) isobar combi

nation of the 'IT- -n system in the 1l'+tr"'n final state. Analysis in terms of an 

isobar model indicates the predominance of I = 1/2 incident state. 

., 
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ABSTRACT 

Differential cross sections for positive pions, protons, and neutrons 

resulting from inelastic 'IT- -p collisions have been measured from 310 to 

454 MeV incident-pion kinetic energy. The data were obtained with electronic 

counter systems, which measured the energy distribution of the final-state 

particle of interest at a series of fixed angles. The results have been inter

preted in terms of the final states 'IT+'IT .. n, 'IT 0 1T 0 n, and·rr-rr 0 p. The total cross 

sections for these three modes as a function of incident pion energy are in 

qualitative agreement with the predictions by Schnitzer. A preference is 

shown for his set of 'IT-'IT scattering lengths; a 0 = 0.65, a 1 = 0.07, .and 

.. 1 
a 2 .::.: -0.14p. •. The observed neutron distributions correspond to a .strong 

" . + .:. .. 
preference for low c. m. -system neutron energ1es in both the 1T 1T n and 

'IT 0 1T0 n final states. The effect is not present in the observed proton distri• 

imtions from the 1T-1T0 p reaction, which suggests that it is due to a I = 0, 

1T-il' interaction. The 'IT+ data show the formation of the (3, 3) isobar combi· 

nation of the 1T- -n system in the 1T+1T-n final state. Analysis in terms of an 

isobar model indicates the predominance of I= t/2. incident state. 

-
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I. INTRODUCTION 

' 
. I We have performed a series of measurements to investigate the in-

,... elastic channels available to the 11'- .. p system in the region between 310 

, 
• 

·, 
j 
I 

. MeV and 454 MeV incident 11'- kinetic energy. In the analysis of these 

measurements we have assumed that the single-pion-production channels 

listed below are the dominant inelastic reactions: 

- + -11' +p-11' +'~~' +n 

11'- + p - 11'- + 11'0 + p 

11'"' + p _ 11'0 + 11'0 + n 

Double-pion production has been neglected. 

(11' + 11' .. n) 

( 11' -11'o p) 

(1ro1ron) . 

Th~ree separate experiments were performed with an internal target· 

of the Berkeley 184-inch synchrocyclotrol'.f as the source of pions. A mag

netir. beam-transport syst~m momentum-analyzed and focused the 11'- beam 

at a liquid hydrogen target. ln each experiment one.:~of the three final-state 

particles was detected by an electronic-counter system. In the first experi

~ent the final-state particle detected was a tr+, which is produced only in 

11'+11'-n. The following two experiments were concerned with the proton from 

11'-11' 0 p and the neutrons from 11'+11'-n and 11'0w0n. 

The emphasis of this paper is upon the results of the measurements. 

Consequently a description of the experimental methods and data analysis 

is deferred to the end of the paper (Sec. ill). The reader is referred to 

Ref. 1 for detailed discussion of any aspects of the work reported here. In 

Sec. II the results of the three measurements are presented; the final portion 

of Sec. n gives a discussion of the results in terms of the tht:H'-..:ei4cal models 
• 

and other experimental data. 
·~ 

,. To provide background before preaentinb the resui~s, a short resum6 

of the theoretical work on the single •pion-production rea\ctions follows, 
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After the success of the static model in explaining the (3, 3) resonance .· 

in the pion-nucleon system, several attempts were made to extend it to single~oo. 

pion production at low energies. 2 Measurements of the total cross section for. 

'IT+1T-n from threshold to 430-MeV incident-1T- energy proved to be an order of.~ 
3 . 

magnitude larger than these static-model predictions. Theoretical attempts 

were then made to extend the static model by including a 11'·11' interaction and/ 

or a (3, 3) isobar final-state interaction. This approach of decomposing the 

three-body problem into several two-body problems has been the most fre-

quently used to date. 

Rodberg proposed that the size of the cross section might be due to an 

interaction of the incident 11' and the 1r cloud of the nucleon. He considered 
. . 

s- and P-wave ,_,.. interactions in a zero-range approximation and showed 

+ - . that the rapid increase of the total cross section for 11' 11' n as a function of 

incident energy could be accounted for with a model of this type. 4 

·Another approach to explain the data of Perkins et al. was proposed by 

Anisovich. 5 He assumes that the energy dependence of the matrix element is 

due only to the (3, 3) resonance interaction between the nucleon and one of the 

mesons in the final state. Anisovich characterizes the reaction in both the 

I = 1/2 and I = 3/2 states by three parameters, one for S-wave and two for 

P-wave production of the (3, 3) isobar combination. He bypasses the actual 

pion .. energy spectra by performing an integration over energy and derives 

expressions for total cross sections and for the angular distributions of the· 

pions in ternis of the six parameters of his model. The results of the model 

+ - + . for the total cross section of 11' 'II' n and the 1r angular distributions are in 

agreement with the data of Perkins et al., but the available experimental 
' 

data were not sufficient to provide a decisive test of the validity of the model · .. 

because of the large number of unknown parameters. 
. ' 
i 

~~ 

'"'· 

., 
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A detailed analysis of single 1T production, including 1T-1T inter-. -.- -

6 
action and ~-N final.;, state. interactions, was made by Goebel and Schnitzer. 

Again by adding S- and P-wave tr-1T. • terms to the static-model fo.rmalism, 

Goebeland Schnitzer calculated total cross sections and pion angular distri-

butions in terms of S- and P-wave coupling constants X. and X. , which are 
. . • 8 p 

related to. a
0

• a
1

, and a 2 where a1 is the scattering length for the rr.rr iso-

topic-spin state 1; a 0 ·was assumed to be 5a2/2. No quantitative predic

tions can be made by their model concerning the pion-energy distributions 

because of their approximate treatment of phase space. They chose the value 

of their parameters to fit the total cross section for 'IJ'+n:·n as a function of 

energy up to 430 MeV. They predicted the Tr+ angular distribution to have a 

strong forward and backward peaking in the c. m. system. The data of 
3 . . 

Perkins et al. and preliminary results of one of the measu:-ements reported 

+ here both showed much more isotropy in the 1r angular distribution than 
7 . 

predicted. Schnitzer therefore relaxed the condition connecting a 0 with a 2 

and allowed all three scattering lengths to be parameters. They were chosen . 

+ + to fit the 1r angular distribution at 432 MeV and the magnitude of the 1T -p 
,· . 8 

inelastic interaction at 470 MeV. Two sets o£ scattering lengths provided 

adequate fits. With these sets he successfully predicted the ,+ angular 

distribution at 365 MeV and predicted the total cross sections fo.·r all the· 

single-pion-production reactions up to about SOO MeV. 

The so -called isobar models provide calculations of the effects of final• 

state '"'f·N interactions on the energy distribution of Uie outgoing particles 

and on the branching ratios in single-1r-pr~duction reactions· but do not yield 

information about absolute cross sections. Linde-nh;ltun and Sternheimer first 

introduced th~ isobar model into the analy ·~·d R of pion production~ 9 p··or the 
f ~ 

i. 

tr11'N final eta~ either of the pions may form a resonant system with the 
i 

nucleon. The observed energy spectrum of a pion is the sum of two spectra; 

I 
I 

l 
i 

iJ. 
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that of a pi~n originating from the decay of the. isobar and .~hat 9f a pion recoil..;· 
··t . 

ing against the isobar. Bergia,. Bonsignori, and Stanghellini observed that the .-::;. · 

·amplitudes for these two possibilities should be summed, not the intensities as. 

Lindenbaum and Sternheimer had done. 10 At low energies, where the regions·~ 
of the pion-energy spectrwn corresponding to the two processes overlap, the 

interference terms produce a considerable difference between the predictions 

. by Lindenbaum and Sternheimer and those by Bergia et al. Both calculations 

assume isotropic production and decay of the isobar. Recently Olsson and 

Yodh have extended the model of Bergia et al. by inclusion of the P-wave decay 
11 . 

of the isobar and the requirements of Bose statistics. The predictions by 

Olsson and Yodh compare well with the existent data on p!ori production in the 

+ 
1T -p collisions. Olsson and Yodh present no comparison ot their predictions 

with 1T energy distributions in w· -p interactions, and they indicate that an 

isobar model without w .. 1T + -interaction does not agree with the data on 11' 1T n. 

II. RESULTS 

Our objective for each of the single-particle measurements was the 

determination of the differential cross section d 2u(T, 6)/dTdO, where T and 

8 are the lab-system kinetic energy and. angle of the particle of interest and Q 

is the lab-system solid angle. In each experiment the energy distribution of 

the particle was measured at a set of discrete angles. The design of each 

detection system and the angles and energies at which measurements were 

made were chosen to cover the kinematically available range of the variables 

T and 8. 

A diagram of the lab-system ldnematics for a final state 11' and for the 

final state N in the reaction 11' + N - 11' + 1T + N is presented in Fig. 1.. The 

simplest means of interpreting these diagrams is to consider the single par

ticle as recoiling against the composite system of the other two final-state 

particles. Contours of constant energy in the over .. all c. m. system (i. e. , 
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constant energy of the composite sy_stem in its two-body rest system, which 

we denote by Mij) and constant over-all c. m. -system angle are indicated in 

the diagrams. 

In interpreting the results, it is desirable to transform the measured 

distributions to the over-all c. m. system and present the results as c. m. - . 

system energy distributions at constant c. m. -system angles. This has been 

done in the 'It'+ case but is inconvenient in the case of the nucleons due to the 

nonlinear nature of the transformation apparent in Fig. 1(b). 

Absolute normalization of the differential cross sections was obtained 

in the three experiments by monitoring the incident-1r"' flux. Corrections 

were made for the f..L- and e- components of the beam•_(5 to 10%) and for in-

accuracies of the monitor systems at high-beam .:intensities (2 to 10%) due to 

the cyclotron duty cycle. 

' The errors quoted include, in addition to the statistical error- those 

arising from the subtraction of background, the uncertainties in the normal-

ization, the uncertainties in corrections applied to the data, and uncertain-

ties in the determination of the energy-solid-angle acceptance of the detection 
,-:.·.: 

systems. 

A. 'It'+ Diffe re,ntial Distributions 

+ .. + -The 11' in the reaction 1T + p -• v + 1r + n was detected by a system 

of scintillation-counter telescopes arid a magnetic spectrometer at 1ncident·1T· 

energies of 365 MeV a.nd 43Z MeV. The spectrometer selected positively 

charged particles. Therefore, protons from other reactions of the 1r"' -p 

• incident state were eliminated from the system by a rang~ c;nterion. The 
' 

measured values of the 1T+ diiferential cross section. for 365-MeV and 432-

MeV incident·1T· energy are tabulated 1.1. .. 'Table 1. + For each '11' lab-system 

energy, angle, and cross section, the corresponding c. m ... system quantities,,. 

T*, e*, and d2u /dT*ctO*, are listed. 

i 
! 

I 
I 
1 
i 

-(.._ 

j 
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A feature of-'the 'tr +. diffe~e~tial distributions is the low-energy peaking ~~
of the energy spectra. A typical spectrum, the c. m. distribution for the 50- · 

.. deg lab-system data (average O* .:: 73 deg) at 365-MeV incident energy, is 

plotted in Fig. Z(a), Also drawn are a phase -space distribution cmd a total 

isotopic spin 1/Z and 3/Z energy distributions calculated with the isobar model 

of Bergia et al. The angular _distributions at a constant T* (i.e., constant MtrN) 

shown in Fig. 2(b) are quite isotropic except for values of T*, which correspond 

+ to MtrN approaching the (3, 3) resonance energy of 1238 MeV where the tr be-

comes forward peaked. 

B. Proton Differential Distributions 

In order to obtain data on the v·v0 p reaction, proton distributions were 

measured with a scintillation-counter telescope at incident-tr- energies of 

310 MeV and 377 MeV. Inelastic protons were differP-ntiated from elastic 

protons, elastic pions, and inelastic pions by a combination of range, dE/dx, 

time of flight, and a conjugate elastic-pion counter. No differe~tiation be

tween protons from v·v0 p and protons from the final-state tr .. + y + p was 

possible with the exl?erimental apparatus. The measurements by Blokhintseva 

et al. at 340-MeV incident·tr- energy indicate that the two reactions are com• 
.. 12 

parable in magnitude at that energy. An -estJmate based upon the 340-MeV data 

indicates that the magnitude of the tr"py rea~tion at 377 MeV is 250/o of the total 

inelastic-proton yield (see Sec. 11. D. 2. ). 

The measured values of the inelastic-protOn differential cross section 

for 310 MeV and 377 MeV are tabulated in Table 11. At 310-MeV incident·tr· 

energy only four selected polnts were measured. The intention was to extract 

the total cross section but not the detaUs of the differential distributions. 

I" 

.! 
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To illustrate the nature of the differential distrib~tions, the proton-
. . 

energy distribution of the 15-deg data and the angular distribution of the data 

in the 60.5 to 72. 5-MeV protem energy channel· at 377 -MeV incide~t energy 

are plotted in Fig. 3. ·Also drawn are phase-space distributionsjof both o.f 

. these quantities for v·1T 0p. Whereas the angular distribution at~ fixed energy 

agrees with the phase-space distribution, the inelastic-proton energy distri

butions have a high-energy peaking with respect to phase-space distribution. 

C. Neutron Differential Distributions 

In order to obtain data on the neutrons in the 1T+v·n and 1r0 v0 n ,,,reactions, 

neutral particles produced in 11'- -p interactions at 374 MeV, 417 MeV, and 

454 MeV were detected by observing the charged products of their interactions 

in plastic scintillator. The time-of-fiight-dittl.rioution oi the neutral.particles 

was measured and separated into photons, neutrons from the reaction ·. 

11'- + p- 11' 0 + n, and inelastic neutrons. + -The neutron distributions from 1T 1T n 

and v 0 1T0 n were separated by the detection of the presence or absence of other~ 

charged particles in the final state. 

Calculated values of the neutron-detection efficiency were used in the 

conversion of the neutron.time-of-flight spectra to differential distributions 

as a function of energy. The errors quoted do not include any uncertainty in 

the calculated efficiency, which is estimated to be less than 10o/o. A systematic 

error may exist in the region of the energy distribution near the kinematic · 

litnite due to subtractHnuof the charge-exchange neutrons in the data analysis. 

The measured values of the neutron differential cross section at 374-MeV, 

417-MeV, and 454-MeV incident-11'- energy are prt:>~ent.ed in Table m. At 

454-MeV incident-'ll'• energy, data were ta:·,fm from 1.0 deg t~ 25 deg only. 
' 
I 

To illus:trate the prominent features of the data. the neutron-energy 

distribution at 10-deg and the angular distribution of the neutron data in the · 
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53- to 66-MeV neutron-energy channel for both reactions and at the three 

incident energies are plotted in Fig. 4. In Figs. 4(a) and 4(b) phase-space 

distributions are also drawn. The other curves are referred to in the dis • 

cussion of the results below. The data in both reactions arld at all incident· 

energies show an enhancement in the distributions in the region of lab-system 

variables corresponding to the lowest neutron c. m. energy (i.e., highest 

energy in the 1T-1T two-body system). 

D. Integrated Cross Sections 

The single -particle differential distributions ~ere integrated between 

the kinematic limits in energy of the single-pion-production reactions at each 

angle to yield an angular distribution du / d n. This angular distribution was 

integrated over angle to obtain a value for the total cross section of the various 

pion;-production reactions. In each case the data did not cover the entire kine-

matically available range of variables, and the contribution to the integrals of 

the unmeasured regions was estimated. The uncertainty of 'these estimates is 

included in the errors quoted. 

1. Angular Distributions 

In the ·lT + case the integrations of d 2u /dT*dn* over energy were per

formed in the c. m. system. Although the data for the various values of 1rF + 

energy at a fixed lab-system angle do not exactly correspond to the same e. m.-

* . . system angle, 8 , tJ'l.:e differences from the average 8* were within the 

angular s:esolution of the detection system. The nucleon distributions in each 

of the pion-production reactions were integrated over lab-system variables. 

The values of the angular distributions obtained by integrating d 2u /dTdO over 

energy are tabulated in Table IV and plotted in Fig. 5. 

At both incident-err- energies, du /do* for the ,+ is adequately lit by . . * 
a linear form du /dO* = xo + x

1 
cos 8 • The best fits are drawn in Fig. S(a) •. 

r 

.. (;. 

'""\ ' 
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'~~ 
Phase-space distributions, normalized to the total cross section, are shown 

for comparison in the nuCleon angular-distribution plots .. In both the neutron 

and the proton cases the lab""system angular distribution is more forward 

peaked ~han a phase-space distribution. 

2. Total Cross Sections 

The total cross sections were obtained by integration over angle of the 

angular distributions, with three exceptions noted below. In the ,.+ case 

the best linear fit was used for the angular distribution. 

The contribution of the ,.-PY reaction to the total inelastic-proton cross 

section at 377 MeV was estimated by assuming a phase-space energy depend-

ence of the total cross section for the reaction. The total available phase 

space at 377 MeV is 24% greater than at 340 MeV. The quoted cross section 

+0.03 at 340 MeV (0.09 .. 0. 06 mb) includes only events in which the y energy exceeds 

12 
100 MeV. This cutoff includes 77t1/o of the available phase space at 340-MeV 

incident-,.- energy. Likewise at 377 MeV, the cutoff at the kinematic limit of the 

1r -1r 0 p reaction used here in integrating over the proton energy includes 6311/o 

of the phase space available to the ·::rr-py reaction. The net estimated contri-

!~J 
, bution of the ,.-PY reaction to .. the total inelastic-proton cross section is thus 

+0.03 
0.09_ 0. 06 mb. This has been subtracted from the total cross section obtained 

/by integration over the inelastic-proton distributions to yield the estimated 

.. ;. cross section for the ,.-,.op reaction. 

For the proton data at 310 MeV, only an upper limit on the tmaL:cm:oss . 

section for '11''"1r 0p was estimated. The small magnitude of the proton yield 

. and its uncertainty did not make an attempt to estimate the separate contri-
' 

butions of ,-1f0 p and the , .. PV reaction worthwhile! _·.phase-space distri-

'bution for v·~op was assumed and a total c:.: ...... & section ~etermined f;-om each 

.~~ of the four measu1•ed points. The quoted cross section takes into account the 
·~. l 

extreme values of the individual measurements, including errors. 
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The total cross sections at 454-MeV incident-'ll'- energy were estimated ,_. 

from the neutron data by multiplying the total cross sections at 417 .MeV by 

the ratio of (a) the integral over the neutron angular distrib~1tions from 10-deg 

to 25-deg at 454 MeV to (b) the integral over the same angular regionat 

417 MeV. This method probably underestimates the total cross section. 

The measured values of the total cross sections are listed in Table IV. 

The errors quoted for t~e total cross sections obtained from the neutron data 

include the estimated 10"/o upper limit on the uncertainty of the calculated 

neutron-detection efficiency. The total cross sections for the three pion

production reactions are plotted in Fig. 6, along with the available data from 

. 3 12 -18 
other experiments in this energy reg1on. ' The curves are theoretical 

predictions and are referred to in the discussion of the results below. 

3. Total Neutral Cross Section 

The determination of the total cross section for the process 

11'- + p -neutrals was obtained as a byproduct of the electronic data taken 

during the neutron measurements. In addition to the incident·"~~'· energies 

listed above, a short run was made at 391 MeV to measure the total neutral 

cross section. A correction was made for the detection of the charged products 

of the interactions of neutral final•state particles in the target surrounding 

counters (8"/o). In addition, the ratio of the total neut~al cross s.ection to'the 

total cross section was determined by using the existing data on 11'~-p elastic 

scattering to estimate the number of charged particles scattered by less than 

t3-deg in the lab system. 
,I 

The results are presented in Table v. The statistical error in this 

. measurement was negligible •(< 0.1"/o). The error quoted includes estimated 

maximum uncertainties in the beam contamination (1o/~, the neutral-particle 
' I f . 1 . 

conveTsion corrections ( 1 %). and the accuracy of the beam-monitor system 

,.. 

~ I 
! 

1 
' I . .. ~ 
--
Ci 
,"\ 

"-.-

: 

.. 

? 
9 
9 

, ...... 
I ' ' ( ,., 
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(2o/o). The data are plotted in Fig. 7 along with other measurements of these 

. . 17 18 
quant1ties in this energy range. ' · 

E. Discussion 

First we compare the experimental results with the predictions by 

Schnitzer. 8 As stated in Sec. I, Schnitzer determined his two sets of 11'-"'r 

. + 
system scattering lengths by fitting the preliminary results of the 'IT angular 

distributions at 432 MeV •. The final results reported here have the same 

qualitative behavior as the preliminary data except that the magnitude of the 

cross sections is about 15% higher. The inclusion of systematic errors in 

the beam-monitor corrections, a more exact evaluation of the energy-solid

angle acceptance of the detection system, and a more detailed treatment of 

the v+ counting efficiency are responsible foa1 this shift. Thus Schnitzer's 

'IT+ angular-distribution curves shown in Fig. S(a) are too low. 

{ + - - 0 The predictions of the total cross sections or v 'IT h, 'IT v p, and 

v 0 v 0 n for both sets of Schnitzer's scattering lengths are shown in Fig. 6. 

+ .. The two sets of solutions give the same result for the 'II' 'II' n reaction that . 
falls slightly below the measurements above 350 MeV and above the measure-

menta below 350 MeV. However, the rapid rise of the cross section as a 

function of energy is present in the predictions. Schnitzer' a predictions for 

the total cross section of the ,..-,..op reaction fit the data quite well. The data 

do not extend to high enough incident energy to differentiate between the two 

sets of scattering lengths. The results for the 11'0 11'0n reaction do provide a 

basis for preference for the second set of solutions, which has a negative value 

of az and a 'lightly higher ,a
0

• Certainly the qualitative behavior of the total 
' 

cross sectio~s ls in agreement with the pr~diction by the model of Goebel and 
! I 
! i 

Schnitzer. Both channels with the l = l.i, s-wave ..,..,,.. state available rise 
I . 

rapidly from threshold, whereas the ,..-,op reaction re~ains low. As the 
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.-

1 = 1, P-wave 11'-TT interaction becomes Significant/ the·tr-11'0 p reaction 
' 

begins to rise and the 11' + TT-n reaction continues to increase. The 11'0 11'0 ri 
. . 

reaction, without access to the 1 =o 1 state, levels off as the S~wave TT-11' inter-

action falls off. 

By use of the peripheral model it is possible to interpret qualitatively 

the nucleon differential distributions in terms of the 11'·11' interaction as a 

function of TT-TT system total energy, M11'TT' 19 In this model, dz<r/dTciD for 

the nucleon as a function of lab-system angle at constant energy (which cor-

responds to constant four-momentum transfer to the nucleon) is relateci to 

the ur-:rr interaction. So far as the neutron measuren1ents are concerned 

it is also advantageous to fix the energy, since possible errors in the de

tection efficiency as a function of neutron energy do not affect this distribu

tion. The measured distribution for nucleon energies of about 60 MeV 

(invariant momentum tr~nsfer equal to 6 in units of the square of the pion 

mass) are plotted in Figs. 3 and 4. We observe that there is n strong peak-

+ - . ing towards the highest values of M11'11' available for the neutrons in the 11' TT n 

and tt0 11'0 n reactions but not for the proton in the tt .. 11' 0p reaction. The peak-

' ing of the distributions at low c. m. -energy for the neutron (i. e. , high M11'11') 

has also been observed by Kirz et a1. 18 and Blokhintseva et a1. 1z bi the 11'+11'-n 

'. 

reaction in this energy region. For comparison, the lab-system. neutron' 

distribution corresponding to the M'll''ll' distribution of Kirz et al. has been 

plotted in Fig. 4(b). We also plotted the distribution calculated from the 

peripheral-model formula, assuming its validity at physical·momentum 

transfers and using a 11'•1r cross section that is constant as a function of 

energy. The presence of the•effect in both the 11'+11'-n and 11'0 w0 n reactions 
' ! 

·· and ·its absenee in the .,·.,op reaction indicate that it is a I = 0 state effect ' 
I . 

· · if the 11'•1r inte;rac:tion is responsible for the enhancement. Again in agree• 

·. ment with the data of Kirz et al., as the incident energy is increased the 

I 
'· I 

I 
~ 

,.;,._ 
i ( 

•••• J 
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enhancement remains at the highest values of M1T'IY' available, instead of 

remaining at a constant value of Mv1r as would be expected on th~ basis of 
·. + 

a simple resonance behavior in the 1r-1r system. Evidence from the 1r 

distributions reported here and from the studies by Kirz et al. indicate that 

there are strong effects of the nucleon isobar in the 1r+1r-n final state to 

' 
compete with ~e simple peripheral v-v interaction model. Suggestions have 

been advanced of a more complex mechanism associated with the interference 

of (3, 3) isobar formation and a peripheral process involving a strong I = 0, 

.· 11 zo 
S-wave 1r-1r interaction, but no quantitative results have been published. ' 

The presence of a 1 = 0, w .. w interaction has been proposed as an 

explanation for the anomaly observed by Abashian et al. (ABC) in p-d colli

sions. Zi I£ an effect of the magnitude required to fit the results of ABC were 

present in single-pion-production reactions, there would be an e~ancement 

of the neutron distributions in a region corresponding to the lowest valu~s 

of Mww available [see Fig. 4(b)l. This behavior is not observed. Unfortu

nately this exactly corresponds to the regions of greatest uncertainty in the 

. measured neutron distributions, i.e., close·st to the charge-exchange 

neutrons [see Fig. 1(b)]. Because of this uncertainty, together with. the 

. fact that the distributions are dominated by a strong enhancement at the op

posite extreme of the available M,w range, it is impossible to mako quan

titative statements about the ABC effect in 1r1rN final states. Finally, the 

absence of a strong manifestation of the ABC effect observed here is con-

sistent with the results of Kirz et al. 

As stated in Sec. I, the calculations by Goebel and Schnitzer make no· 

predictions of the 11' energy distributions. The observed w+ :!istributions 

are peaked toward low c. m. energies. Such beha\llur is most likely ex- ~ •. · 

plained by an isobar model, · since low values r..f. 11' + c. m. energy correspond 

· . to values of M,n in the vicinity of the (3, 3) resonance (1Z38 MeV). In an 

.-, 
y 

9 ., 
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.attempt to fit the v+ data with the aid of the model of Bergia et al., we calcu-· 

lated d 2u /dT*da* for bOth total isotopic spin I::; 1/2 and I"" 3/2 incident 

states. These spectra are plotted in Fig. 2(a). + The 1T. data were then fitted 
·. 

with linear combinations of either of these two distributions and a phase· 
I 

space distribution. When we attempted to fit the data to just oneiof the th~ee . 

distributions, the I = 1/Z incident•state isobar-model spectrum was by far 

the best fit, even though the fit was not good. In the attempts to fit linear 

combinations of the spectra, reasonably good fits were achieved only at 365 

MeV. Two combinations were modestly successful: the I = 1/Z or I = 3/Z 

incident-_state isobar-model distribution with an interfering phase-space 

background. The main difference was that in the I = 1/2 case the ratio of the ; 

isobar amplitude to the phase-space amplitude was 5/1, whereas for the I= 3/Z 

case the corresponding ratio was Z/3~-----The" 43Z•MeV data were not fitted well 

by any of the linear combinations. The nonisotropic angular distribution of the. 

isobar production noted here [Fig. Z(b)] and by Kirz et al. may be responsible •. 

The model used here does not consider the angular distribution of the isobar .~. 

decay, the angular distribution of the isobar production, and the effects of a 

strong competing '~~'•'If in·teraction. The model of Olsson and Yodh would 

eliminate the first shortcorn.ing b~t, as they point out, the experimental data 

of Kirz et al., with which our results are in agreement, still is not explained. 

We can only concur that the situation must be more complex than either an 

isobar model or the treatment by Goebel and Schnitzer assumes •. The .analyses 

according to the work by Bergia et al. and the work of Goebel ·a~ Schnitzer 

are both consistent with the dominance of the I= 1/Z incident state in single· 

pion-production reactions in the energy region below 500 MeV. 

} ' 
'I '' 

. I ~ I 

;\ •. 

~~~ . 
. l , 

~ ..,..t 

.. 
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ni. EXPERIMENTAL METHOD AND DATA ANALYSIS 
' 

All three experiments were done with similar ,. .. -beam setups in the 

A; meson cave of the 184;.inch cyclotron. A typical beam layout is shown in 

Fig. 8. Minor changes in the positions of the second quadrupole magnet and 

/ 

the momentum-analyzing magnet were made from run to run. For the neutron 

measurement, additional shielding was used inside the meson cave to reduce 

the background of neutral particles from the accelerator. The highest,.- -beam 

energies used in these measurements correspond to the upper limit of that 

available with the 732-MeV internal-proton-beam energy of, the cyclotron. The 

,.-,s were produced by intercepting the internal proton beam with a Be target 

that was 2-in. thick in the beam direction. The pions were deflected outward 

by the magnetic fielc of the cyclotron. The trajectories of the ,.- up to Qi 

· were calculated by the CYCLOTRON ORBIT computer program of Good et al. 22 

The current settings of the magnets were determined by the beam optics com-

Z3 · puter program, OPTIK, and by suspended-wire measurements. The angle 

and direction of the deflection in M were chosen to produce a recombination 

at the final image of the momentum dispersion introduced by the cyclotron 

field. The average energy and energy spread of the beam were experimentally 

checked by integral range measurements in Cu. The beam included f.L • and 

e.. ;a:·s:~ well as ,. -. The f.L- contamination due to ,. • decays before M was 

determined !rom the range curves. The contamination due to decays after M 

was calculated and combined with the range ·curve information to give the total 

f.L • contamination. The electron contamination. mearu red in one beam setup 
'-'"" 

with a gas Cerenkov counter, was small and was assumed to b~ the same for 
! 

( 

... 
all of the ,. i beams used. The properties of the ~.....,.:~.n1s used in these experiments 

I 

are listed in ~able VI. 

.. 
c. 



.. 16- UCRL-11257 

A .. Experiment I - Measurements of the ,+ in the ,+,·n Mode 

1. v + Detection System 

A diagram of the ,r -detection system is shown in Fig. 9. The ,

beam was monitored with:·· (a) two scintillation counters, Mi and M2, lo

cated in the beam; (b) an argon-filled ionization chamber: and (c) two 

scintillation counters, 51 and 52, which detected particles scattered from the 

beam. The three systems were calibrated at low-beam intensities so that the 

scatter monitor data could be used to determine the error in the beam-counter 

monitor at high-beam intensities due to the passage of more than one pion 

through the monitor system within the resolution time of the monitor-coincidence 

circuit. The average corrections to the counter monitor were tO:t:2o/o at 365 

MeV and 2.5:!:0.5% at 432 MeV. 

The spectrometer served two purposes. The first was to exclude all 

negatively charged particles and the second to determine the momentum of 

positively charged particles. The ,+ spectrometer was a nomina113 by 24-in. 

C magnet with a 4-in. gap width and specially shaped pole pieces, Data at 

four lab angles were taken with two magnet-current settings in order to accom

modate the range in the 1f + momenta, which varied as a function of laboratory• 

system angle (see Table VII). 
+ . . 

The 1r telescope consisted of two scintUlatlon counters, Cf and CZ, 

and five sets of two scintUlators, , and "''· The width of ~he, , ~ounters 

was chosen so-that the momentum acceptance of each counter. was :1: 10o/o of . . 

lltJ central momentum., and the height was chosen in order. to detect any paro 

ticle subject to possible vertical defocusing in the spectrometer. : The counter. 

telescope was used for detect,ion of the positively charged particles having 

range greater than the proton range of the same momentum. Protons were . . 

not counted in the '111 counters because of the copper absorber between , 
l ; 

and w• sufficiently thick to stop them. A 'IT+ was ldentUied .by a . 

Mi M2 Ci C2 1f 11'' coincidence in a conventional fast electronic system. 
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The configuration and the properties of the combination of the counter 

telescope and the magnetic spectrometer were determined by suspended•wire 

measurements. Prior to the run, measurements were made in order to de- · 

termine the optimum location of the 1nr' counters for a particular momentum. 

Since the target-image location and magnification varied with momentum, it 

was desirable to place the counter at the image so that the momentum accept

ance of the counter was as:clean as possible. The counters were positioned 

along the measured locus of the centers of the various momentum foci. The 

suspended-wire method was also used to determine the correct maximum 

vertical size of counters Ci and CZ so that no v+ produced by an incident 

-'IT passing through monitor counter MZ could hit the magnet pole pieces. 

Subsequent to the run, the solid .. angle and energy acceptance for each 

11''1T1 counter at each lab angle were measured by the suspended-wire method. 

The acceptance, the product ATAOw of the counters was first determined for 

several points of origin in the target and then waa a::eraged over the whole 

target. In over 90o/o of the measurements the uncertainty in ATAO averaged 

4o/o, but in the other 1 Oo/o systematic errors yielded an uncertainty as high as 

1 Oo/o. 

Z. Corrections to ~ + Data. 

A positive pal"tic:le indirectly produced in w .... p collisions is' the e + 

arising from the external conversion of photons produced in the decay o! 1r0 

and from internal conversion in the Da.l:l.tz decay of a w0 • The main source 

. of the w0 is from the eha.rge .. exchange reactio1'l. u .. + p- tt0 + n, whose total 

\ cross section is about .five times the inelastic ... ·rru .. p,.·oduction. c:ro~~~ ~:~ection in 

/ .. ~, the 350 .. to 450-MeV energy region. The probabUH. _ ,,r unit pion enel'gy per 
\ . + 

steradi~ of producing an e havin.g the mom;;;J ... :um and di:l."ection of the 11' due 

to both conversion and Dalltz positrons was calculated under the assumption that 
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the source of the v 0 was solely the charge-exchange reaction. For the ex-

ternal-conversion case, the differential distribution of photons arising from the 

charge-exchange v 0 decay was calculated from the measured values of the· v 0 

distribution. 24 This was then weighted by the probability of converting they 

as a function of y momentum and integrated over all the momenta that may 

2 contribute to produce a positron-momentum distribution, d u /dpedO, which 

was then transformed to the desired d 2u /dT'lTdO. A similar calculation was 

performed for d 2u/dT1TdO due to the Dalitz e+. 

The calculation agreed well with a measurement of the ~s+ contribution 

due toy conversion at 20 deg, which was made by adding more converting 

material and extrapolating back to the original target thickness. The calcu

lated total e + contamination varied from about 15o/o at 20 deg to less than 1% 

at 110 deg at 365 MeV, and from 12% at 20 deg to lese than 1o/o at 110 deg at 

432 MeV. + . 
The calculated e contamination was subtracted frl)m the measured 

spectra. The uncertainty assigned to this correction was Chat due to the un-

certainty in the measurements of the charge-exchange differential cross section. 

The path traveled by the particles in the spectrometer was such that 12 

to 18% of the v+'s (depending upon their energy) decayed in flight. It was pos-
+ . 

sible for the resulting tJ. 's (a) to end up in the same counter originally in-

tended for the 1f +; (b) to pass through some other v counter, thus adding 

extraneous counts to that channel; or (c) to go undetected by any of the 1f 

counters. The net v+ loss as a function of 1f+ energy at a given lab-system 

a.ngle was ¢a.lculatecl. by a computer program that (a) traced aU J.L9 s arising. 
+ . 

from the decay of any 1f through the magnetic field and (b) determined the 

fraction of the~e JJ.'S that pas.s through a.ny particular counter. These losses 
I 

were then wei~hted by the probability of producing the 'IT+ and summed over 
+ ' 

all 1T energ~es and angles of production. The result turns out to be rela-

tively independent of 1r + energy at a given angle. The losses in detection 

efficiency at 365 MeV are given in Table vm. The quoted uncer1ta.inty includes 

i 

I 
' 

-
C: 
,, ,_ 

r-~-~ 

\ I .·· 
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both an estimate of the precision of the calculation and the error introduced 

+ when we make one correction for all 1f energies at one angle. The same 

percentage corrections were applied to the 432-MeV data because the test 

cases indicated that within the errors the corrections would be about the 

same at the higher energy. 

+ Losses due to nuclear absorption of the .11'. in the telescope averaged 

60/o for energies above 80 MeV and 2 to 4o/o for energies below 80 MeV. These 
. 25 

were calculated by using Stork's data. The uncertainty assigned to the 

correction. was taken as iOo/o of the correction. 

Losses due to multiple Coulomb scattering were calculated by using 

the Sterrlheimer26 formalism adapted to a rectangular geometry in only the 

vertical direction, for it was assumed that each particle scattered out of the 

telescope in the horizontal plane was compensated for by a second pe.rticle 

that was not headed for the telescope. but was scattered into it. The correc-

tion was found to be negligible. 

B. Experiment U "' Measurements of the Proton in the ,·,.op Mode 

1. Inelastic-Proton-Detection System. 

The experimental set up is illustrated in Fig. 10. The incident , .. fiux 

was monitored in an argon-filled ionization chamber. The data at a lab·eystem 

angle of 10 deg were taken at lower beam intensities, and scintillation count-

ers M1 and MZ were used to monitor the beam. Data were taken at several 

larger angles with both types of monitor to compare the two monitor systems;' . 

A range telescope, conaietirg of six stopping counters with varying thicknesses 

of copper inserted between s~intillation courtters, was ·~'.ueu to sort particles into 
1'. ~· i••t• ' ' -''\; .• intervals of range (energy). The telescop"' had an angular spread .of 1.5 deg and 

divided pions and protons into the ener~~- ~ntervals given in Table IX~ 
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At a given angle, both elastic protons and pions have a longer range 

than inelastic protons; however, due to nuclear collisions, a small percent- " 

age of each was counted in the stopping counters. Since range alone did not 

identify pro~ons uniquely, other separating methods had to be employed in 

conjunction~ 

As can be seen in Table IX, protons and pions that were stopped in the 
·-------~ .. 

same counter had different times of flight. The inelastic pions were always 

at least 4.6 nsec away from the inelastic protons and were clearly eliminated -• . 

by using a coincidence circuit with a resolving time Z nsec wider than the in

elastic-proton interval. Elastic pions were also clearly separated by the time~ 

of-flight method, since they had a time-of-flight separation from inelastic 

protons that was always greater than 5 nsec for all the angles measured. 

Rejection efficiency of the telescope against elastic protons was in-

creased by using an elastic conjugate-pion counter. For each angle of scat

tering for the proton telescope, pions from 11'- + p- 11'- + p come off at a 

definite conjugate angle, whereas the pions from,.. ... + p - ,- + ,..o + p have a 

distribution of angles kinematically available. A counter was placed at the 

elastic conjugate angle, and no particle was counted in the proton telescope if 

there was an associated particle in the conjugate counter. This counter had 

. less than a Ztfo probability for eliminating inelastic events while eliminating 

95o/o of elastic events. 

Only inelastic protons should be able to satisfy all the above requirements; 

however, all the' other particles also have a smaller d.E/dx than do inelastic 
. ! 

protons. ·The difference between the d.E/dx of a proto~ and that of a pion that · 

stop in the same counter may be seen in Table IX. Even though all the other 

criteria imposed ought to select only inelastic protons, the pulse-height spectrum 

o£ events for leach stopping counter was recorded. 

1' 
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2. Proton Data Analysis 

The proton-energy interval for each stopping counter was determined 

by the amount of material placed befo1•e that particular counter and the counter 

thickness. All protons had to traverse equal amounts of material in the tele•. 

sc~pe before entering a stopping counter, but depending on where the initial 

collision took place in the hydrogen target a variable thickness of hydrogen 

was traversed. In order to obtain the average--initial-energy interval for each 

stopping counter given in Table IX, an average of the distance traveled in 

hydroge1'1 was used. 

Elastic protons were used to check and calibrate the stopping channels. 

When the elastic-conjugate-pion counter was placed in coincidence instead 

of anticoincidence, the telescope counted only elastic protons. For each 

stopping channel, the elastic protons of the proper energy were about iO deg 

beyond the kinematic limit for inelatJtic protons of that energy [see Fig. 1(b)]. 

Since the elastic kinematics are known and the crosd section is large, a con~ 

venient and abundant source of protons of variable energy was available for 

calibrating the telescope. A measurement of the yield of elastic protons in 

a particular channel of the telescope was taken as a function of angle, and the 

acceptance of a particuiar stopping channel was determined by using the elastic 

kinematics to convert from angle to energy. The calibrations agreed well with 

the energy intervals calculated by using the thickness of absorbers. 

The solid angle was determined by a geometric calculation, which took 

-. · ... into account the finite sizes and shapes 'of the beam and target. 

As stated in Sec. III. ~. 1, only inelastic protons should an.pear in a 

d.E/dx analysis of events that•were counted in the t. _._,..;ope. 

counter was calibrated on elastic protons in v_·<ler ·to select the minimum 
.. 

acceptable pulse height !or each stopping channel. This c\riterion was set sio 
' 

that at. least 99% of the calibration protons were accepted. An illustration "" 

'I ,• 

--.~. 
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of a calibration spectrum and an inelastic spectrum from a target full run 

are shown in Fig. 11. Note that the inelastic spectrum has a low-pulse-height 

tail. The inelastic data were analyzed two ways: first, by using no minimum-. 

pulse-height criterion; and second, by using the minimum-pulse-height cri

terion for protons, mentioned above. Within the statistical accuracy of the 

measurement, the two methods gave the same results for the yield. The low

pulse -height tail, therefore, is probably due only to background and acciden

tals. Thus, as stated above, the dE/dx criterion, which was only a check, 

was not needed to identify inelastic-proton events. However, the results 

stated in this paper include the minimum-pulse-height criterion. 

A number of corrections were considered and applied to the raw data 

before erose sections were extracted. A certain percentage of protons did 

not reach their_, ~:>topping counter because of nuclear collisions. A knowledge 

of all the charged-reaction products and their energy and angular distribu-

tion as a function of proton energy would be necessary, in order to calculate 

reliably a correction for these collisions. There is not enough information; 

on these processes to make a good calculation. Fortunately~ a measurement 

of losses due to nuclear collisions for a telescope very similar to the one used 
27 . 

in this experiment has been carried out by Cence. By use of the nuclear-

collision losses measured by Cence, adjusted for the proton-energy intervals 

used in this experiment, corrections were made to the proton-energy spectra. 

These corrections varied !rom 3% in the lowest energy interval to 140/o in the 

highest energy interval. 

Multiple Coulomb scattering in the telescope was minimized by making 

each successive counter largpr than the previous one. The calculation of 
' 26 . 

Coulomb scattering was based on the geometric calculatl'?ns of Sternheimer. 
' ' 

It was assumed that the protons were uni!Ol"mly distributed over the surface of 

; ... _ ,_ 

·( -· 

' 
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s1• Also, the direction of the protons was assumed to be parallel to the axis ·P;t 

of the stopping counters: The calculated correction was .less than 2o/o for all 

Statistical fluctuations in the energy loss of protons in the scintillator 

and copper used in the telescope were calculated by following the method of 

t. Rossi. 28 
;It; was found that both the fluctuations in energy loss in the dE/dx 

counter a:n.d· the i1uctuations in range were negligible. 

C. Experiment m - Measurements of the Neutron in the w+1T·n 

and 1T 0 1T0 n Reactions 

1. Inelastic-Neutron-Detection System 

The experimental arrangement is shown in Fig. 12. The incident-1T"' 

flux was monitored by scintillation counters M1. M2, and M3. Neutral 

particles produced in interactions between the 11'.. beam and protons of the 

liquid hydrogen target were detected by observing the charged products of 

their interactions in plastic scintillator. Neutrons produced in inelastic 

w· -p interactions were identified by measuring the time-of-flight (i.e., 

velocity) distribution of the neutral particles. The time interval between the 

passage of a w'" through the beam-monitor counters and the detection of a 

neutral particle was measured electronically by time •to ·height conversion 

(THC) and pulse-height analysis (PHA). 

The neutral-particle detector was a 4-in. -thick piece of plastic s:cintillator 

wilit' a 40-in. 2 C•ross-.section area viewed by a photo~ultiplier (Ampere~ SS~Vf')o 

This counter was surrounded by an anticoincidence counter to reject charged 

~; particles. The method o_f obtaining the timing information £;:um the photo-

multiplier signals was_ pulse differentiation to produce a zero-crossing signal \ 

· .. {· ·whose zero-crossing p~int was detec~cf' by a. tunnel-diode discriminator. 29 \ 
. I 

The differentiated photomultiplier pulse provided a signal whose timing 
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information was nearly independent of the scintillation-light amplitude in the_ 

expected 50: 1 range of fluctuation. The efficiency of this detector was a 

function of the lowest light output the system could detect. This threshold 

for detection was calibrated with the Compton electron pulse -height spectrum 

of a Na 22 gamma source. The detection threshold was set at a level corre- -. C) 

sponding to the light produced by a 2.3-MeV electron. 

In order to reduce the signal rate on the beam side of the time-of-flight 
. . i -

system, counter M4, located after the hydrogen target, rejected. incident 11' 's 
' I 

that were not scattered by an angle greater than 13 deg in the hydrogen. The 

MS was :a cylindrical scintillation counter surrounding the hydrogen target 

. used to distinguish neutral particles accompanied by charged particles from 

those not accompanied by charged particles. 

The normal separation between the hydrogen target and the neutron 

detectors was 1.4 meters. The hydrogen target was not defined by the neutral

particle detectors. Presumably the target-full, target-empty subtraction 

should eliminate non-hydrogen-derived background. To check the validity of 

the measurement, a large amount of data, particularly at 374 MeV, was taken 

at a separation of 2.0 meters. This decreased the solid angle subtended at the 

·target by a factor of 2, and a corresponding decrease in yield should have oc-

curred for target-derived particles. ·-~-

The neutron detectors had a sizable probability {approx i So/o) of detecting 

photons by the processes of Compton scattering or pair production in the scin-! 

tillator, Because of their single velocity; all photons from the target were , 

located in one peak in the time ·of .. fiight spectrum. The location of thi£ peak 

in conjunction with the known conversion coefficient of the THC-PHA system 

~' p1•ovided an absolute time-scale calibration. The width of the photon peak 

was a resultant of the resolution o! the time .. of .. flight analysis system and the 

fluctuations in flight path due to the finite size of the target and the. detectors. 
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The fiight-path resolution function was computed as a function of detector 

angle. The measured photon peak widths indicated that the time-of-fiight 

system resolution was 0.8 nsec, half-width at half-maximum. 

2. Neutron Data Analysis 

The raw data consisted of the neutral-pa:z:·ticle yield from hydrogen as 

a function of time of flight. The objective of the data analysis was to extract 

the yield of neutrons from inelastic :reactions and transform it to the differen- · 
. ' . . 2 

tial cross sections as a !unction of neutron energy and angle, d a/dTdO. The 

time-of-flight spectrum was separated into the contributions. of photons, neutrons 

from the reaction w"'p- '11' 0 n, and inelastic neutrons presumed to be from 

'll'"'p- '11'+'11'-I?- (charged mode) and v 0 v0 n (neutral mode). 

Because the principal source of photons was the charge·exchange reac-

tion; most of the photons appeared i.a the neutral-mode data. Photons from 

the reactions '11'-p- 'll'·w0 p and ,.-p- 'll'"'yp were located in the charged-mode 

data. The y peaks of the time-of-flight spectra were fitted by a Gaussian 

function (with the amplitude, center, and variance as parameters) and sub· 

tracted from the neutral-particle yield. In all cases the y contribution was 

clearly resolve·d. 

The charge-exchange neutrons were included in the neutral-mode..da.ta.-·· · 

The separation of the neutrons from charge·exchange and inelastic reactions 

was much. more ambiguous than the y situation. At a given detector angle 

the charge -exchange ne.utron energy was unique and consequently these 

neutrons were located in a peak. However, the over-all resolution in meas .. 

urements o£ the neutron spectra was more complicated than the problem in the 

y case. In addition to the time-o£-£Ught system re-·'"'1 ··tion. the following 

factors had to be considered: (a) the finit~..: :::. "1;~ular reso~utlon o£ the. neut.ron 
. I 

: . . ... 
detectors;- (b) the flight-path uncertainty' and (c) the ·'II' •beam-energy 

s,pread. The spread of charge •exchange neutron energy and the inelastic 

·~-
I 

.,. 
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kinematic limit resulting from the finite angular resolution can be visualized , ' 

by considering the kinematics [see Fig. 1{b)]. 

For data at angles > 45 deg, the charge-exchange neutrons dominated 

the spectra and were unambiguously subtracted. The shape of the charge-, . . 
exchange peak agreed in.all cases with the calculated resolution. For data 

at angles< 45 deg the separation in time between the charge-exchange neutrons 

and the maximum-energy inelastic neutrons was == o:r < the total resolution. 

The charge -exchange contribution was subtracted by normalizing the area of 

the calculated resolution function to twice the observed yield between the center 

of the charge-exchange peak and a point two standard deviations from the 

center in the direction away from the inelastic portion of the spectrum. 

The results were corrected for three types of effects: (a) over-all 

normalization adjustments, (b) con"'ersion of photons leaving the hydrogen 

target, and (c) multiple scattering of neutrons. The beam anticoincidence· 

counter necessitated a correction for the number of charged .. mode events lost 

because one of the charged pions accompanying the neutron traversed M4. The 

fraction lost was estimated to be 5% from the 11' + angular distributions. 

A fraction of the all-neutral final-state reactions did not appear in the 

neutral-mode data because: (a) a 'V interacted with material in the target 

or surrounding counters and produced an e +, e- pair, or (b) a 11'0 decayed 

+ .. in the y + e + e mode. If one of the resulting charged particles passed 

through M4 the event was lost. If one passed through MS the event was recorded 

in the charged-mode data. The probability of conversion averaged over 'V 

energy and direction of escape was computed for y's resulting from both 

charge -exchange and inelastic 11'0t s. These probabilities and the known 

branching ratio for internal-conversion mode of 11'0 deca_y (1.Zo/o) were used 
\ 

. to make the a~propriate adjustments to the data. The fraction of events lost 

was < 1 o/o and the fraction incorrectly identified was 1 Oo/o. To check this 

-
C: 
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calcclation, some data were taken with O.OZ in. of Cu between the target and 

MS to increase the y conversion. These measurements agreed with the ex-

pected results.· 

The rescattering of neutrons in the hydrogen or surrounding materials 

affected the data in two ways. The energy lost by a charge-exchange neutron 

in rescattering could result in a final neutron energy in the kinematically 

allowed range for an inelastic reaction. The most significant succession of 

processes, 11'- + p - 11' 0 + n followed byn:tp- n + p, was analyzed in detail. 

The differential distribution in energy and angle of the rescattered neutrons 

was computed and subtracted from the inelastic data. The over-all correc• 

tion was small (< 7"/o), but because the calculated energy distribution was 

strongly peaked at low neutron energies it was as high as 50o/o in the region 

of 10 MeV. The rescattering of inelastic neutrons could distort the differ-. 

ential distributions in energy and angle. The over-all effect was estimated. 

to be small (== 5"/o), but as in the charge-exchange case the effect would be most 

significant at low neutron energies. No adJustment was made to the data for 

· this ef!ect. Therefore the differential distributions £or neutron energies 

below 50 MeV should be regarded with reservations that increase as the 

energy decreases. 

The neutron-detection efficiency of plastic scintillator i& a function of 

the light-detection threshold and the detector geometry. For-neutron energies 

below tO MeV, only neutron-hydrogen interactions contribute ·to the ef!iciency. 

30 . and it m!lY be calculated reliably. Above this energy, interactions with 

carbon nuclei of the plastic scintillator become significant. For t"tis analysis 

the efficiency mas computed hy using all known syr _ • .J.tics for neutron-carbon. 

interactions L neutron-hydrogen interacti~. .. The calculation included first 
1, 

1 I 

and second scrttering contributions from both hydrogen ~ carbon inter-

actions, saturation effects in the production of scintillation light, and finite 
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resolution of the detection threshold. The detector geometry was approxi-

mated as a cylinder with neutron flux incident along the axis. The efficiency. 

as a function of neutron energy used in this analysis is showniin Fig. 13. In 

addition, a comparison is made between (a) efficiency measurements on a · 

similar type of neutron counter (15 em thick, ::=!·MeV threshold) in the energy· 

region of 4 to 76 Mev31 .and (b) a calculation made with the same program 

used here. The maximum uncertainty in the calculation exists il,[l the :region 
' ' 

from 20 to 75 MeV, in which the contributions from carbon interactions rise 

from zero to a maximum(> 50% of the total efficiency). The uncertainty in 

. the calculated value of the efficiency was estimated to be :l:i Oo/o. This number 

was selected since it is the order of uncertainty in the nonelastic neutron· 

carbon cross section. 
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20±7 

50±7 

80±7 

110±7 

T 

(MeV) 

78± 8 

100±11 

126:H 1 

152±14 

53± 7 

73± 9 

99±12 

119±13 

141±16 

33± 2 

50% 4. 

73± 7 

94± 9 

116±12 

30± 2 

47± 4 

62± 6 

77± 9 

.' 

,· 

Table I. ,+Differential cross sections. 

Incident rr- energy (365 MeV) 

~a~T~ T* ~ 
(fJ.b/sr-MeV) (MeV) (deg) 

4.0±0.3 

3.5±0.3 

2.6±0.3 

1. 7±0.1 

3.0±0.2 

2.9±0.2 

2.5±0.2 

1.8±0.2 

1.0±0.1 

2.0±0.3 

2.1±0.2 

1. 5±0.1 

0.8:0.1 

0.3±0.04 

1.8±0.3 

1. 5±0.1 

0.9±0.1 

0.4±0.04 

36± 5 

50± 6 

67± 7 

84:l 9 

34± 4 

50± 5 

69± 7 

85± 8 

103±10 

37± 

53± 3 

76± 5 

96± 7 

119% 9 

.33 

32 

31 

30 

78 

75 

73 

71 

71 

113 

109 

106 

105 

104 

52% 3· 137 

73% 4 134 

92% 6 132 

111% 9 131 

d 2a/dT*do* 

(fJ.b/sr-MeV) 

2.6:0.2 

2.3:0.2 

1.8±0.2 

1.1±0.1 

2.3%0.2 

2.3±0.2 

2.0±0.2 

1.5±0.2 

0.8±0,1 

2.2±0.3 

2.2±0.2 

1.5±0.1 

0.8:0.1 

0.3%0.04 

2.5:0.4 

2.0%0,2 

1.1±0.1 

0,5%0,05 

Incident,- energy (432 MeV) 

T d 2a /dTdO T* 6* d 2a /dT*dn* 

(MeV) (fJ.b/sr-MeV) (MeV) (deg) (fJ.b/sr-MeV) 

54± 6 6.0±0,6 

80± 8 7,.0±0.5 

112%12 6.5±0.4 

138±14 4.3±0.3 

167%19 2. 7±0.2 

55± 7 5,0±0.4 

79± 9 4.2±0.3 

103%11 4.4%0. 5 

124±12 3.4±0.3 

161:H6 1.3:0.2 

33% 3 

56: 5 

74%7 

97±10 

114%11 

2.4±0.3 

3.6:0.3 

2.9%0.2 

2.2:0.2 

1.2:0.1 

33% 3 1. 9%0.2 

50± 5 1. 8%0. 1 

66: 7 1.8±0.1 . 

86% 9 o. 8±0.1 

107±11 0.2±0.04 

19± 3 38 

34± 5. 34 

53± 6 33 

70± 8 32 

88± 9 31 

3.4±0.3 

4.2%0,3 

4.1±0.3 

2.8±0.2 

1.8±0.2 

35± 4 81 3.9±0.3 

53± 6 77 3.3±0.2 

71± 8 75 3.5±0.4 

87± 8 74 

116:10 n 

39% 2 116 

61± 4 111 

79% 6 109 

102± 7 107 

118± 9 106 

60± 3 138 

82± 5 135 

102: 5 134 

127± 9 133 

153±11 132 

2.7±0.2 

1.0±0.1 

2.6±0 .. 3 . 

3.8%0.3 

3.0±0.2 

2.2:0.2 

1.2%0,1 

2. 7%0,3 

2.4±0.2 

2.4±0.2 

1.1±0.1 

0.3:0.05 

;-. 
--. ~,,. .............. . 
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Table n. Inelastic protondlffe~ential cross sections[vaiues of d 2u /dTdr2 in units of f.l.b/(sr-MeV}]. 

Incident u:'" energy - 310 MeV .... · .... 

ap (deg) 

'l'p (MeV) 

61_.._0_ -:-_.?6.5 

85.5 -106.5 

20.0±1. 5 27. 5±L 5 

1.5±0.2 0.9±0.3 

1.4±0.4 0.4±0.1 

Incident 1f 
.. 

ener~n~. - 377 MeV 

6 (deg) . p 10.0±1.5 15.0±1. 5 
Tp (MeV) 

60.5 - 72.5 1.4±0.2 2.0±0.2 

72.5 - 90.0 2.8±0.2 2.8±0.2 

90.0 - 106.5 5.0±0.3 3.8:1:0.2 

106.5 - 125.0 4.8±0.3 4. 0±0.2 

125.0 - 144.0 5.3±0.4 4.2:1:0.2 

144.0 - 163.5 4.6±0.3 2. 9±0.2 

163.5 - 182.0 3.6±0.4 

' . 

.. ~. ' . 

~- \ . .· . 

'·.·. 

22.5±1.5 

1. 9±0.2 

3. 1±0.2 

3.1:1:0.2 

2. 7±0.1 

2. 8±0.1 

1.9±0.1 

·., 

26.5±1. 5 

i. 7±0.2 

2. 5±0. 2 

2.7:1:0.2 

2.2:1:0.2 

1. 7±0.2 

1.1±0.2 

"-..~t~'' 'I •4) ·i)•··\~)• i/o•o <•{~"io{"::l•oo,~~''"~._,_,~•·~-... H---·••- -•• 

30.0±1.5 34.0:1:1.5. 37.9:1:1.5 42.0±1.5 45.0±1.5 

2.0±0.2 1.8±0.2 1.3±0.2 1.0±0.2 0.6:1:0. i 

2.4±0.2 2.0:0.2 1.6±0.1 o. 9±0.1 

2.1±0.2 1. 9±0.1 1. 1:1:0. 1 o. 5±0. i 

1. 5±0.2 0. 8±0.1 0. 5;1:0.1 

0. 9±0.1 o. 7:1:0. 1 

.. · 
,; 

.. 
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T interval 
(MeV) 

20- 31 
"31- 42 
42- 5J 
53- 66 

. 66- 79 
79- 90 
90-tOt 

·tOI-11 t 
,., t -125 
·125-HZ 
142- tbl 
163-190 
190-225 

20- 31 
31- 42 
42- 53 
53- 66 
66- 79 
79- 90 
90-101 

101-111 
t tt-125 
125-142 
t4Z-t63 
163-190 
190-225 

20- )I 
31- 42 
42- 53 
53- 66 
66- 19 
79- 90 
90-101 

tOt -itt 
1 tt -125 
'lZS-142 
142-163 
163-190 
190-ZZ.S. 

20- 3t 
lt- 42 
42- S3 
53- 66 
66- 79 
79- 90 
90-tOt 

tOt-tt t 
tl t -tl5 
1ZS-t42 
142-163 
163-190 
190-225 

20- 31 
3t- 42 
42-:- 55 
55- 70 
70- 85 
85-105 

105-120 
tZO-tl6 
136·155 
155-180 
180-212 
212-255 

2.0- 31 
3t- 42 
42- 55 

~~: -~~ 
8~·105 

105-120 
tZ0-136 
136-155 
tSS-180 

. 180-ZIZ 
212-255 

10 :t 2 

1 t.D :t: t. t 
19."0 :t 0.9 

._.zs.a :~:o.s 
JZ,8lt0.8 
32.2:t0.8 
34.1 :t 1.0 
29.1 :t0.8 
23.9:1::0.8 
ZO.O:t0,7 
14.4 :i: 0. 5 
9.9 :t:O.S 
5.8 :t:O.S 
3.2 :t:0.3 

7,S:t 0,8 
8. I± 0.7 

1 t.3 ±0.3 
14.6:1:0.6 
16.9:1:0.6 
16.3 ±0,7 
13.8:0.6 
t t. 7:1:0,7 
11.0:1:0.6 
7,2.±0.4 
4.9:t 0.4 
1.8 ±0.4 
I. 1 :t0.3 

t t.4 :t. t.t 
14. t :1: 1.0 
2.3.2.±0.9 
30.4 :t: t.O 
35.4:1: t.O 
36.4:1:0.9 
34.2. :t. 1.1 
30.8-:1:1,0 
2.4. t :1: o.a 
19.8-:1:0,8 
13.2.:1:0,6 
9.4 ± 0.5 
5.2:1:0.4 . 

5.3-:1:0,7 
7.6:1:0.7 
9.9:1:0.8 

13.2.:1:0.7 
15.7:1:0.7 
16.0:1:0.8 
tS.S :1:0.8 
t2.4:t0,8 
tZ.5:t0.7 
6,8:1:0,5 
4.3:1:0.5 
2..3 :1:0.4 
1.4-:1:0,3 

21.8:1:3,8 
22.7 ±3.5 
15.5 :I: 3.1 
27.3:1:4,0 
35.4 ±4.2 
40.0:t3.5 
27,9±3.8 
28.5±3,5 
18.9-:tZ, 7 
t5.9 :1:2.1 
10.9 z t.S 

5.6 :t; 1.4 

2.602.3 
6.3-:1:2.,5 
9.2 ±2.4 

U,S:t2.4 
U,h2,8 
t4.'1:ib t,8 
t3.S:t: 2..1 
7.5:1:1.9 
6.5:t:2,t 
4.0:t 1.6 
3.3-:1: t.t 
t.5±0.9 
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Table Ul. lnclastic. ~cut ron di£fe rentlal cross sections [values o£ d 2o /d ·~em 1~ unit~ of iib/(sr -MeV,)) .. 

tS:t2 

u..o * 1.4 
14,5:1:1.3 
16.5:1: t.4 
2:4.3 :t 1.3 
27.0:t: 1.4 · 
27.9:t: 1.3 
2:7. t -:1:1.7 
Z4.5± t.S 
Z2.3 -:t 1,3 
17.2-:1: 1. t 
tZ.5±0.9 

'. 9.6:t 0.7 
4.8 :I: o.s 

4. 7 :t 0.9 
5.6 ±0.9 
7.6 ±I. t 

10.8:1:0.9 
1 1.5± t.O 
t 1.8± 1.4 
10.9:t t.t 
tO.O:t t.t 
8.3 :I: 0.9 
5.9:t: 0.8 
4.9 :t 0.6 
2.8:1:0,5 
1.4 ±0,4 

tl.O :t 3.6 
t4.0:tZ.8 
16.9-:t 3.6 
2.1.3 :t 3.2. 
3t.O:t 3,8 
34.7:1:3.5 
2.2.2. -:1:2.4 
t8.0:tZ.6 
t0.0:t2..6 
tO,S::t: 1.8 

6.6:1:1.3 
4.1 :t: t.O 

5.1 :t2.,4 
7.2± 1.6 
6.8:t: 2.4 
7.5:ib2.,5 ' 

t6.9ol.6 
t~.S&Z,Z 

9.2. :t t.S 
3.4:1:1.9 
3.901.6 
Z.9:t t.S 

-0.8:t: t.t 
2:.0:1:0,7 

2.0 &2: 25:1:2 30:1:2 JS:t: 2 

-. + e -·n 
+ + • + n at tncident n cnerl:!:~ • 374 MeV 

9.9:1: t.6 9. t .:i:0,6 . .7.7 :t 0.8 
12.2 .z t.3 8.0:1:0,5 6.4:1:0.6 
16, t :1:0,8 9.7:t:0.4 6.0:1:0.4 
2.0;6 :1:0.8 9.4:1:0,4 6.7:1:0.4 
2.1.7 :t 0.9 ~L5:t0.4 5,4:1:0.4 
20.6 :t 1.0 7.9:1:0.5 3,7±0.5 
18.2:1:0.9 5.5 :t 0,4 3.2:1:0.4 
17.2 :t t,O 3.9 :t.0.3 2.6 :t 0.4 
13.0 :t 0.8 3.8:1:0.3 1.7:1:0.2 

7.8 :t0.6 2.7:1:0.3 
4.7:1:0.4 1_,6 :1: o.z 
2.7 :t: 0.5 
1.0&0.3 

,''II'-+ e- tr 0 t·tr 0 +nat incident 'II' enera~ • 374 MeV 

4,5:t t. t 2.7 :i: o.s 3.4:1:0.6 
6,6± t.t 3.5:1:0.4 3.9 ::t: 0.5 
7.S:t: 0.6 4.4 ::t: 0.3 3.4 :t 0.4 
9.6:£0.6 . 4.5± 0.3 3,0:i: 0.4 
9.0::t: 0.6 3.8± 0.3 3.9:t 0.3 
8.2±0,7 3.0±0.4 2.9 :t:0.4 
7.7 :t:0.8 3.6 ±0,4 3,7 :i: 0.4 
5.4 :i:O. 5 Z.9 ±0,3 2,5:i: 0.5 
4.9 .. 0.5 2.7:&:0,3 1.5± 0.3 

::~:g::' 1.6 t o.z 
O.StO.Z 

o:Ho.6 

ll~ + e .,.-w++ w· +nat incident n· energy- 417 MeV 

tl.l:\ :t t. t 8.51t 1.4 9.4:1: 1.4 t 1.3 :t 1.Z 
t t.O * t.O 8.5± t.Z 7.6 *' 1.1 5.5:1: t,t 
t6.01t0.9 12.2 :1;: 1.1 8. I* t.t 8.7 * 1,1 
2.0.7 :&0,8 13,8 * 1.1 9.9:t: t.O 7,7:t: 0.9 
2.1.0::&:0.9 tz.s * t.t 8.3± 1.0 6,8:t: t,O 
21. I :tO. 7 t t,9:i: 1.0 10.9::t: 1.3 5,9± t, t 
19.3 :t t.t 13,3::1:0.9 6.M:t 1.3 6,3 '*' 1,1} 
t9.5:t t.O I 1.7 :t t.O 6.9:t 1.2 4.6::t: 0.8 
14.9::&:0,8 9.2 :t t.O 3.7 ::&:0.9 3.0:i: 0.7 
12.6 &0.6 7.0.:1: 0.8 4.2:t: 0.7 1.3 ±0,6 

8, t ::t:O.S 4,5± 0.6 1.6±0.6 
5.51t0,5 3.0±0.5 

u· t p- ·uo t n° t nat incident n· energy • 417 MeV 

4.71t0.8 S.O±l.O 3,5±1.0 3,7:t.O,') 
5.5::t:0.7 2.2.±0.9 2.3:t:0.9 4.0±0.7 
6,5±0.7 5.51t0.8 4,21t0.8 ' 3,8:1::0,9 
9.2:1:0.6 6.6:i:0.8 2,9:1:0,8 2..4:1:0.7 

tt.51t0,6 7,9±0.8 4.2±0,9 Z.5:t0,8 
9.7:1:0,8 7.4:t0.8 5,6:i:t.1 Z.5:t0,8 
7,6:i:0,8 5.5:£0.9 6,02:1.0 3.9:tt.O 
7.7±0,7 5.3::t:0.9 S.6:t0.8. 5.01t0,8 
6.S:i:0.6 4.9±0.7 3,6:i:0.8 · 2.5±0.7 
4.2±0.5 2.0:1:0,6 1.41t0,7~,1.~ t.Z:t:0,6 
2,3:t:0,5 t.7±0,6 1.8:t:0.6 ,., 
0.4 :t: 0.4 t.Z ± 0.4 

w·tp- trt t u· +nat incident tr. energy- 454 MeV 

13.6 * 3.6 
13.6:1:3.2. 
10.2 1t2.9 
Z4.0:t3,0 
t3,91t3,6 
23.8::&:2.,8 
16.Z:t3.t 
t3.0:t2..4 
tt.3 * 2.0 
t0.7 :1:1.9 

s.8:t: t.t 

t3.9::t: 3.S 
7.2 :t3.8 

t4.Z :t2.,4 
11.4:1::2.7 
tZ.7 :i: 3.2. 
7.6 ± 2.6 
8.9 :t2.9 
7,8:t 1.9 
8.9:t2.t 
4.7 :i: t.6 
4.0± 1.1 

n· t e- u0 + tr 0 +nat incident v· enersy - 454 MeV 

5,5:t:Z.6 5,2.::t:Z,4 
7,0:t:d.6 6.5± t.6 
8,9:t2,2 3.7:£2.0 

IZ.9o 1.9 5.9e 1,9 
6.h2.2 9.U2,1 
7.4:tt.9 6.tet.9 
5;4::&:2.5 3.6zz.o 
S,Z:tt.S 8.0:tt.8 
4,81tt.7 O.O:tt.9 
3.0z.t.4 Z.l:tt.4 
t,Z1tt.Z 0,91tt,O 

40& 2 

7,4:1:0,7 
6.0:t: 0,6 
5.2:1:0,6 
3.3:1:0,5 
5,0:1:0,5 
3.3:1:0,6 

1.8 :t:0,6 
Z.2 :i:0,5 
1.5::1: o.s 
2.3 ;1:: 0,4 
3.4:i:0.5 
5,7 ±0,6 
3.4::1:0,6 

8.9± 1.4 
4.7 :t 1.2 
6.9 :i:0,8 
6, t 1t0, 7 
5.01t0.9 
5.9* t.O 
s. 5 :t 0,7 
z. 7 :t 0.8 

1.3 :t t,t 
3,0±0,9 
l.O::t: 0,6 
3.6::t:0,6 
2.9±0.9 
2.1 ±0.8 
3. I ±0,8 
1,8:1::0.7 

45:1:2 

7,3 ±0,6 
5,4:1:0,5 
4,3:1:0,4 
3,4 :t0,3 

3,6 :i: 0,5 
3,7 * 0,4 
2,8:£0,4 
4,t ::t:0,4 

8.0* 1,4 
7,'}:H,t 
4.4 ± t,O 
7.2 :i:0,8 
5.S::t: i.O 
4,5:1:1,1 

5.Z:t 1.0 
3.6 :t0.9 
4.1 1t0,8 
4,0:1::0,8 
5,3:t0.9 
0,0 * 0. 7 

\ 
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50:1:2. 

7.3 :t 0. 5 
4.3 :t 0,4 

4.2 :t 0,4 
-3.4± 0,4 

tl.3 :1::1.9 
8,1 :t: 1.4 
5.7 :t 1.3 
4.5:t: t.t 

l. 7 * 1,4 
6,5± t.t 
2.9* 1.1 
4,0:i: t.t 

55 :t2 

6.81tL9 

5.7 :i 1.2 
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Table IV. Angular distributions and total cross sections. 

"- + p- "+ + 1T" + n 

. T". (MeV) 365 432 374 417' 454 

u T (mb) 2.4±0.2 4.0±0.2. 2.6±0.2 3,3±0.3 3.8±0.4 

'Av 6*("+) du(1T+)/dl1* .. Av 6':'("+) du(TI+)jd.n'~ IJ(n) du(n)/dl1 du(n)/dfl du (n)/dl1' 
(de g) (rob/sr) (de g) · (rob/ sr) (de g) (rob/sr) (rob/.sr) (rob/ sr) 

---
32 0.20±0.03 34 0.34±0. 03 10 3.56±0.07 4.03±0.07 4.98±0.22 i .· 

73 0.20±0.03 77 0.33±0. 03 15 3.46±0.09 3.65±0.19 

107 0.17±0.03 111 0.31±0.03. 20 2.24±0.07 2.53±0.07 2.80±0.17 

134 0.19±0. 03 135 0.28±0.04 25 1.61±0.06 1. 90±0.15 

30· 0.99±0.05 1.07±0.06 

35 0.62±0.04 0.88±0.07 

40 0.47±0.04 0.66±0.05 

45 0.34±0.04 0.56±0.05 

50 o. 23±0. 04 o·. 55±0. 01 

-------------------------------------------------------------- -~5--------------- -·- .9;! ~'!:~:.~~---------- ~----
·- ,1T-t1T

0
tp 

1T- + p - "" + "" + n 1Ttp-l_. 
1T + + p 

T".(MeV) .310 377 374 417 454 
b 

CT T (rob)· 0.13±0.06a 0.40±0.03a 0 31+0.07 1.3±0.1 1. 5±0.1 1.6±0.2 • -0.04 

. IJ(p) du (p)/dl1 IJ(n) du(n)/dl1 du(nY,dl1 du(n)/d 11 
(de g) (mb/sr) (de g) (rob/sr) · (rob sr) (rob/ sr) 

10 o. 55±0.02 10 t.73±o;o5 1.67±0.04 1.65±0.13 

15 . 0.43±0.03 15 1.35±0.05 1.38±0.12 

22.5 0.32±0.02 20 0.92±0.04 1.01±0.04 1.14±0.11 

26.5 0.24±0.02 25 0.77±0.04 0.87±0.10 

30 0.196±0.016 30 0.44±0.02 0.55±0.04 

34 0.149±0.013 35 0. 38±0.02 0.42±0.04 

37.5 0.097±0.011 40 o. 26±0.02 0.26±0.03 

42 0.051±0.007 45 o. 22±0.02 0.34±0.04 

45 0.020±0.005 50 o. 15±0.02 0.25±0.03 -L__ 

55 0. 15±0.03 
j 

a. Total inelastic-proton cross section 
b. Estimated 1T"1T0 p cross section (see Sec. II. D. 2.) 
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_Table VI. Beam properties. 

Experiment Beam sizea Momentum Energy AT ,_..-X100 e-x 100 

a. 

b • 

c. 

d. 

(MeV/c) (MeV) (MeV) 1T +fJ. +e 1T-t,....-+e 

11'+ 4.5XZ 485 365 iS 4.1 :f:: 0.4 b 
---- -- . ..-....._, ·---

554 432 15 3.8:±.0A b 

p 4 X3 428 3.10 10 7,0±1.0 0.3 :f:: 0.3-

497 377 15 10.7±1.0 b 

n 4 X2.S 494 374 15 5.0_± 1.0 b 

539 417 16 d b 

5,77 454 17 d b i 

I 
Full width at half maximum at hydrogen target (in em). I 
Assumed to be equal within the quoted error to the 310-MeV measurements. 

I. 
Auxiliary dee - high-duty-cycle cylotron operation. 

~ssumed to be equal within the quoted error to the 374-MeV measurements. 
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Ave rage flux 

{1r-/ em 2 -sec) 

'6 X 103 

2 Xt03 

12 X 10
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. 3 
4.SX 10 ·. 

4.5X 103c 

2 Xt03c 

0.3X 103c I 
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Table Vll. + Properties of w spectrometer. 

Table VIU. Reduction in w + det:ection efficiency due to 

w+ -,./+vat 365 MeV. 

Lab angle 

(de g) 

20 

50 

80 

110 

+ Average percent trr loss 

4.0:!:1.0 

5.5:!:1.0 

8.5:!:1.5 

9.0:t:1.5 

·.··'( 
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Table IX. Average kinetic energy interval for protons and pions as a function of the stopping 

counter and the corresponding values of time of flight and dE/dx for these energy intervals. 

Ave rage kinetic Time-of-flight intervala dE/ dx interval 
-·-...,-·••OM 

Stopping energy interval 

counter (MeV) (nsec) (MeV -cr11 2/ g) 

Protons Pions Protons 
:-·. 

Pions Protons Pions 

st. 60.5- 72.5 19.5-26.0 24.3-27.6 15.2-17.0 9.8-12.3 4.5-5.4 

sz 72.5- 90.0 Z6.0-35.0 20.9-24.3 13.Z-t5.Z 7.9- 9.8 3. 7-4.5 

53 90.0-106.5 3-5.0-45.0 19.0-Z0.9 12.5-13.2 6.6- 7.9 3.Z-3.7 . 

54 106.5-125.0 45.0-54.5 17.7-19.0 11.8-12.5 5.8~ 6.6 2.8-3.2 

55 125.0-144.0 54.5-64,0 16.5-17.7 11.1-11.8 5.2- 5.8 2.6-2.8 

56 144.0-163.5 64.0-73.0 15.7-16.5 10.7-11.1 4.9- 5.2 2.4-2.6 

Time of flight between counters T 1 and s 1 (see Fig. 10)~ 
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FIGURE CAPTIONS 

Fig. !. Laboratory-system kinematics for final-state particles in 

1TN - 1T1TN. Contours of conatant c. m. ~system kinetic energy, T*, 
,,. 

and angle, 8 , are plotted vs laboratory-system kinetic energy, T, 

and angle 8. (a) Final-state 1T for 432-MeV incident 1T kinetic energy. 

(b) Final-state N for 375-MeV incident 11 kinetic energy. The curve 

for 11N - 11N is also shown. 

Fig. 2. 1T + c. m. -system differential distributions for 11' + 11"' n. 

{a) Distribution in kinetic energy, T*, at average angle, a* = 73 deg 

at 365-MeV incident rt'"' energy. The solid curves are: 1 • invariant 

phase-space distribution; II • isobar model distribution in the total 

isotopic spin, I== 1/2 state; ID - isobar model distribution. in the 

I= 3/2 state (Ref. 10). All curves are normalized to the integral of the 

. * . measured distribution over energy. (b) Distribution in cos 8 at several 

values of T*. .(9 ... T* = 35 MeV (M11N = 1225 MeV) at 432 MeV• 

* * A-T · = 90 MeV (M11N = 1160 MeV) at 432 MeV; and 0 ... T =-50 MeV 

(M11N = 1160 MeV) at 365 MeV. 

Fi_;. 3. Inelastic proton lab-system differential distributions at 377•MeV 

incident-11"' energy. (a) Distribution in kinetic energy, T • at angle, 

:' 8 = 15 deg. The curve is an invariant phase-space distribution for 

1T"'11°p normalized to the integral of the energy distribution over energy •. 

(b) Distribution in cos 8 for the energy interval 60.5 to 72.5 MeV. A 

scale of M.w,.. as a function of co.s 8 at the specified incident -1r~ energy 

and final -state proton energy is also plotted. The cu:rv~ ~.a the phase

space dist;~ibution. 

I 
I 
! 

' 

c 
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Fig.· 4. Neutron lab-system di!fer~ntial distribution. (a), (c), and (e) . 

distribution inldnetic e.;J.ergy, T, at 6 = 10 deg for incident 'If 

energies 374, 41_7, and 454 MeV, respectively •. Curve ( 1) is for .. · 

w+w·n and curve (3) for w0 11' 0 n. TP,e smooth curve in (a) is the in

var1ant phase-space distribution normalized to the integral of the 

distribution for 'If+ w· n over energy. (b), (d), and (f) distribution in·· 

cos 6 for the energy interval 53 to 66 MeV. A scale of M"'"' as a 

function of cos 6 at the specified incident·'lf· energy and final-state 

neutron energy is also plotted. 0 .. w+w-n; and 0- w0 w0 n. The curves 

. in (b) are: I - the phase-space distribution; n • peripheral model distri-
... : :. 

bution for constant w-w cross section (Ref. i 9); m - distribution calcu· 

-1 lated by using ~pe enhancement factor of ABC with a 0 = Z f.L and R = 0 

(Ref. Z 1); 2.nd IV • dhtribution c:alculated by using the distribution in 

M"'"' of Kirz et al. normalized to the total cross section for + ...,. 
11' 1T n 

at 374 MeV and transformed to the lab system (Ref. iS). With the 

exception of IV these curves are normalized to the integral of the 

.- distribution for w+w·n over cos 6. 

Fig. 5. Angular distributions a.fter integration over energy. 

(a) "'+from w;l-:w·n in the c.m. system. A • at 43Z MeV; Q • 365 MeV • 

. The solid curves aJ"e the best fits to x 0 + -?':1: cos 6* at each energy. The 

dashed curves a.re the distributions predicted by Schnitzer for! 

-1 I- (a0 , a 1,a2);;: (0.50, 0.07, 0.16fJ. ); and 

~- (a0 , a 1, az) = (0.65, 0.07, -0.141J. .. t) (Ref. 8). (b) Proton in the lab 

system at 377 MeV. The curve is the phase-space distribution normal

ized to th~ integral of the measured distribution over eos 8. (c) Neutron 
i 

in the labjsystem. 0, e · 374 MeV;~. !A .. at 417 MeV; and 0, II· at 

454 MeV. The open points are for lr+'IT·n and the solid points for 1r0 1r0 n. 
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The curves are phase-space distributions normalized to the total cross 

section at 374 MeV; (1) -for tr+w-n; and (3) ·for 'IT0 w0 n . 

Fig. 6. Total cross sections for single·pion-production reactions below 

500 MeV. (a) ,.+,.·n: (b) ,.·w0;, and (c) ,.o,.on. In each case the 

curves are the predictions by Schnitzer for solution sets I andll re

spectively. The solid points represent data from the present work and the 

open points represent data from: 1, Ref. 12; 2, Ref. 18; 3, Ref. 3; 

4, Ref. 13: 5, Ref. 14; 6, Ref. 15; 7, Ref. 16; 8, Ref. 17. 

Fig. 7 i.\ Total cross section for tr"' + p - neutrals. (a) e · present experiment; 

0 - Ref. 17. (b) Ratio of total neutral cross section to total ,.- + p 

cross section. e - present experiment; 6. .. Ref. 18. 

Fig. 8. Plan view of the 184-inch-cyclotron meson-cave experimental 

area, showing a typical ,. .... beam layout. 
. + 

Fig. 9. Diagram of the 'IT - detection system. The liquid hydrogen target 

was a horizontal cylinder 2 in. in diameter and 4 in. long. 

Fig. 10. Diagram of the inelastic proton-detection system. The liquid· 

hydrogen target was a vertical cylinder 6 in. in diameter. 

Fig. 11:. Calibration of dE/dx pulse-height spectrum !or protons stopping 

in the S 4 counter. The spectrum ol inelastic proton events from a 

target full run is plotted in the upper histogram and the calibration 

spectrum of elastic proton events is plotted in the lower histogram. 

Fig. 12. Diagram of the inelastic: neutron-detection system. Simultaneous 

measurements were made with four neutron counters such as those shown. 

The liquid hydrogen target was a horizontal cylinder 3 ~.n. in diameteJ: 

and 8 i~long. 

Fig. 13.· Neutron-detection efficienc}'• I • calculated for the detector used 

in this experiment; U • calculated foJ: the detector used in Ref. 31; .· 

and 0 - measur~d from Ref . .31. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, 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 Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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