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ABSTRACT 

Differential cross aoctions for elastic 'lr-p scattering were measured 

~t e!.ght energies for podtive pions altJ.d seven energies for negative pions. 

Energies ranged from 3i0 to 650 M~V. These measuremexrts were made 

at the 3-GeV proton synchrotron a.t Saclayo France. A beam of pions from 

an internal BoO target was directed into a. liquid hydrogen tal"get. F!£ty ... one 

scintillation counters and a matrix-coincidence system were used to measure 

simuJ.t.:o.neouGly elastic event~ at Zf.angles and charged inelastic events at 

78 w-p angle pairs. Events were detected by coincidence of pulses indicating 

the pre sen.ce of an incident pion, .scattered pion, and recoil proton, and 

the results were stored in the memory of a pulse-height analyzer. Various 

. corrections were applied to the data and a least-squares fit wa.s made to the 

:t•eawts at e.ir.och energy. . The for;m of the fitting function was a power series 

in the cosine of the center-of-mass angle o£ the scattered pion. Integration 

·under the fitted curves gave valueg for t;b.e total elastic cross sections 

{without cch.arge exchange). The importance of certain angular-momentum. 

atates is discussed. The 'II'- -p data m.re consistent wUh a D 13 resonant 

state at 600 MeV, but do not necessa:rUy require such a resonant state. 
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!. INTRODUCTION. 

This experiment constitutes a portion of an e:densive study o! tho 

phenomenc1ogy of the 1r-N interaction at energies above that of the 

,r..-ellbltnown (3/2 0 3/2) :resonance occm:ring a.t a pi:on kinetic energy of 

1.95 MeV (::t: 1236 MeV total c. m. energy !or the '11'-N system). D!fi'ercntW 

and. to~l elastic cross sections ware m&:Jasured for the interactions 

'II'+ p- 'iT+ p and w .. p-+ w- p. In_Fig. i ,we see plots of_ the total cross 

sections for w+- p and w·- p ·scattering as !unctions of the lab kinetic energy 

of tile pion. The vertical lines represent the energies at which the measure

ments of this experiment v.·ere made; tl1.ey are 3i.O, 370,. 4~0, 450, 490, · ·· 

550o 600, and 650 MeV. Tb.e 'IT+ .. p intaraction was studied at aU eigh~ 

energies; for w"'- p 31.0 1./I.eV wae omitted . 

.Many experiments .have been performed at energies below 3i0 MeV. 

This low-energy rea;iol1., dominated by the (3/Zo 3/2) resonant state, is 

undcl:'atood quite well. Recent extenaive measurements a.t 3i0 MeV by 

Foote et al., Hlll; Rugge, and Vik have given a fairly complete description 

of tho w-N intera.ctll.on at that energy. i Aleo, conalde:rable information 

is avaUable in the energy range from 550 to i-600 MeV from the experiments 
. z 

o£ Helland et al. , Wood ct al. , and Eandi. 

The purpose of this experiment was to give iniormation in the 300 .. to 

650-MoV region ln e.n attempt to bridge the gap in the existing data. Several 

experiments have been performed in this region. 3 However, the statistical 

accuracy of those measurements is quite poor in general, and in aeveral 

cases the gap in energy between measurements is quite large • 

. In the study o£ the ,. .. N interaction it is. of interest to know the role o!, 

the various ·angular-momentum statao. Such information c:an be obtained 

!:K"om a. partial-wave ana.lyais, in which the scattering is defined by a set of 

phase shifts.· 
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As th~ energy h increased, a pa.rti<J-J .. wave analysis becomes mora 

dif.fku.h b~cauae of the l~rge number of angular-momentum states that 

b0comc importa~1.1:. Furth.ermore, v1hen inelastic processes become possible~ 

tile phase shHts. become complex quan.titi.es and this results ln a doubling 

of the nurnber of necessary parameters. For these reasons a partial-wave 

a.n;alysis at a single energy produces .many poB13ible solutions. It is hoped 

thnt, by requiring that the phase shifto.,be continuous functions of energyD 

most solu,tiona can be elhnin.ated • 
. 

In o.rder to apply the rest:ri.ctione of energy continuity, it is necessary 

to have a closely spaced n~Dtvvork of accurate data. Thus, we realize. the · 
' . 

impol'tance of data in the 300-to .. 650-MeV.range in connecting the low-energy 

ll. EXPERIMENTAL PROCEDURE AND EQUIPMENT. 

A. Procedure 

. A plan view oi the experiment is shown in Fig. z. Positive and negative 

pions v'1.'c:re produced in a BeO target inside Saturne, the Saclay proton 
·'!. 

synchrotron. By means of a magnetic optical system, a beam ()£ pions with 

the desired charge was m.omentum-analyzed and focused on·a liquid hydrogen 

target. Four scintillation counters were used to monitor the beam. Because 

. protons in the positive pion beam had a longer time of flight th~n pionaD 

re~ponsa of the counting system to protona was eliminated electronically. 

·Response to electrons and a portion of the muons in the beam wa.s eliminated 

\vith. a gas Cerenkov counter. Cases in which two beam particles were too 

dose. together .in time were eliminated electronically. 
·9 
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Scattered pions and their associated recoil protons emerging from the 
I ' 

liquid hydrogen target wcl:'e detected with an array of 46 scintillation 

COUt":ltcrs. Elastic-scattering events were detected by a coincidence oi 

pluses indicating the pJreeence of the incident pion, scattered pion, and 

x-ecoU proton. Geometric r~ strictions requiring that the event be coplanar 

or nearly coplanar and at proper pion and proton angles minimized the 

inelastic contamination. By measuring inelastic events in the region near 

the clE&atic events, a correction was determined for the elaatic channels. 

Elastic events at 21 scattering angles and charged inelastic events at 78 

'IT-p "off-elastic angle" pab:a were simultaneously measured and stored · 

in the memory of a pulse-height analyzer.· At tha end of each run the data 

in the mcn.1.ory were simvJtaneously punched on IBM cards and typed by an 

. electric typewriter. 

B. Beam Design and Hrdrogen Target 

The internal Saturne beam o£ 3-GeV protons was caused to impinge 

upon a BoO target. As shown in Fig. Z, a symmetric optical system 

consisting of ~.vo triplet quadrupole rn.agneUJ (Qi and o2) and two bending · 
'• 

magnets (B1 and B2) conducted particles of the proper charge and momentum 
< 

from the internal target to a position and ~omentum focus at the hydrogen 

target. A lead (Pb) collimator was incorporated at the intermediate locus 

to define a spr10ad of 1t3o/o in the beam momentum. 

The liquid hydrogen target was i0.3 em long and was similar ~o the . 

target described in r.eference Za. .· 
i' 

C. Scintillation and Cerenkov Counters 

Four scintillation counters and a Cerenkov counter were uaed to monitor 

tho beam (s.ee Flg .. Z). Counters Mi and M3 were beam-defining counters, 

M1 being at tho lntermedinte image and M3 being 1.5 em ln front of the 
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hydrogen target •. Counters; MtA and M 2 ware large counters ~esigned to. 

detect all the be~m particles. A C:,oinddence. of signal~ from Mi.. M2• and 

M3 formed the bash of the beat!l monitor system. The signal from MiA 

and a secon~--~igna.l from M2 were used in the double-pulse-rejection 
'' ("; · .. ~ . . 

system (disc;uased in reference 2a). 

In orde·r to re~ect electronically the electrons and a p~rtion o£ the muons/ 

a. gaseous ethylene Cerenkov counter C waa placed near the intermediate 

image~ Ethylene waa~ chosen because at easily attainable pressure13 it has 
' ' .,. 

an index of refraction in the proper range to dietin.gu!sh between muons 
' • ' . • ' I ' 

end pions at the energies of this experiment. At :31.0 MeV an absolute 
' ' ' . 2 ·. 

pressure of 42.5 kg/em was re:quired. The Cerenk:ov counter is described 

. in reference 4. 

The array of 46 sdntllla.don counters used to detect scattered particles. 
\ 

is shown schematically in Fig. 3. The 21 ,. counters were placed to the 

right of the beam at various lab angles between ZS a.n.d iS~ deg. Their 

purpose was to detect scattered pions. 

The solid-angle region available to protons co_njugate'to the pions 

· detected by the ,. counters was covered by ZS overlapping counters called. 

p ~ounters. The p counters were col:nbined in Zi groups. each group 

containing irom three to seven counters. $uch a group, called a P count~r& 
' . 

detected all protons conJugate to the corresponding 'If counter. The p 
. ' 

counter signals ior a given group were added electronically. The way in 
. 0 . 

which the p co\mters were combined was 'different for each energy of the 
., 

incident pion beam. · ·. 

Tbe counter $0 ~ shown partly around the hydrogen target in Fig. 3, -
. ~ . . 

. ~ 

was arranged eo as to be· missed by the pions in the beam but to be traversed 

·by any pion scattered from the target into a 'If counter. 

.... 

' .: ,_ .. 
;r ., 
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D. Electronic Apparatus 

The electronic appa:ratus consisted of three systems:. the beam

monitor system. the matrix-coincidence aystem, and t.'le core storage 

system. These sr.stems were very similar to ~oae used in the experiment 

· 2a · 
by Helland e:t al. T'll·vo differences should be noted: · (a) Changes were 

made in the beam-mon.itor ayGtem to improve its frequency response and 

reliability .. (b) A 100-channel core st~rage was '\;lf3ed instead of the 

original 64 .. channel core stor~ge. The matrix-coincidence system was 

modified to adapt to the larger core storage. These ch~nges made possible 

an increase in the number of inelastic channels !rom 42 to 78 •. 

Ill. ; DATA ANALYSIS 

Data were reduced and corrections applied in a manner similar to that 
'·.~ ' . ' ' ' 

of Helland et al. . Two exceptions were: (a) The necessity of a correction 

for electron contamination in the beam wa.$ eliminated by the use of the 
f 

Cerenkov counter C. {b) Muon-contamination corrections were smaller 
' ' 

than in the experiment o£ Helland et al. • because of the use of the Cerenkov · 

counter. The muon correction in this experiment ranged !rom 2.25o/o at 

650 MeV to 4.1% at 310 MeV. 

IV. RESULTS 

· A. Differential Cross Sections 

The results of the dUferential-cross-section measurements and the 

associated errors in standax-d deviations are given in Tables I through Vlli. 

The values given ior cos 9* = t.O are theoretical values ·obtained from the 

optical theorem and dispersion relatione.· The ·dispersion .. relations calcul~tion 

5 ie that o£ Cence, Cheng, and Chiu. 
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dO' ('8*) = 
dO 
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ws.a !eaet~~~-quares fittod to the data. 6 The coefficientS an were determined 

by the least-squares calculation. The ~rror matrix o! the 'least-squ.ares fit 

was used to determine the errors in th~ coefficients. 

The differential crosa .. section data and fitted curves are plotted in 

Figs. 4 tbrot1.gh 7. The dispersion-reb.tions points were used in ll"..aking 
' ' 

the fits. For 'IT+-·p, a fourth ... order flt--i. e., N = 4--wa~ u~ed at all energies. 

For 'i'l'--p~ a fourth-orde:r: fit was used at 370 and 410 MeV, and a fifth-order 

fit at energies 450 MeV and above. 

The coefficiento and tb.ed.r errorn are listed lor each energy and charge 

in Tables IX and X. They are also plotted ae a function of energy in· Figs. 8 

·and 9. 

Several criteria wore considered in choosing the order of fit. One 

cxite:don v.nu that i! a given or(ler v1cre require~ at a. certain energy, no 

lowel" order was ever chosen at a. higher energy. This corresponds to the 

principle that ae. the energy increase a. the number of partial waves UJ.ldng 

pall"t in the scattering (lhould not decrease.· 

An interesting ·teat was made by comparing the fits o~tain~d with and 

without t.l}e diapersion-relatlons.point •. In almost every case, the tvv'O fits' 

for. the chosen order ware nearly identical. . , 
. 2 . 

An important coasid.e!iation was the standard x test~ The goodness-
. . . 2 t/2 . . 
o£-l1t parameter, (X /d) .• for which d is the number of delgrees of 

freedom, was calculated for each order. The chosen order was the lowest 

one for which an increase in the order gave little change in the goodness

o£ .. £U; parameter. E:t:cept !or a few casea in whlch the other previously 

... 

."" 
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mentioned crit~n·ia. indicated strongly that a higher order was needed, the x2 

. ' . 

teet determined the order of fit.·. The goodn~as-o£-!it parameter, the order 

_ of fitt and th9 nu..!lbor of dc,grees of !reedom for each energy are listed 

in Table XI for 1r+- p o.ncl Table XU for v·- p. 

C. Total Elastic Cross -Sections . 

By integrating under the fitted differential cross-section curves, 

measurements of the total elastic cross section were obtained. These 

values and their errors are listed in Table xm and plotted as a function 

o£ energy in Fig. 10. 

V. DISCUSSION 

A. Po.rtial-Wave Equ.c"ttions 

In the study of the pion-nucleon interaction, it ia o! i_nterest to know 

how the various angular-momen~m aQ.tes participate in the scatterlng. 

Particularly, one would like to know what states, i£ any, 'are dominant. One 

approach to this problem is to examine the behavior, as a !unction o£ energy, 

of the coefficients of a cosine-power-series expansion of the differential 

croaa section. 

The partial-wave expansion of the dl££erential cross section for a 

apinleas particle (pion) and a sp!n-·i/2 particle (proton) is 

·· ... 

(2) 

The index I. represents t~.'le o1·bita.l angular-momentum state. and the + and .. 

euporacl"'ipts indicate that the total angular. momentum J is 1 + i./2 or 

i. ~ i/2. reBpoctively. · Tha functions P1 (cos e_.:z) o.nd Pf (c~s 9*) are 
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respectively tha Legendre polynomial and the first associated Legendre 

polynomial of order I. • Th~ partial~wave scattering ~mpU.t,J,de A: can be. 

~ 
written as a function of the real part of the phase chift o1 , the absorption 

.&. 

pararr.,eter 'i"'i, :· and then c. m. v .. ave number k: _ 

.. !f the aumm~t!.cns in. Eq. (2) are cut of£ at a value 1max' that 
w . 

exp:resaion can be exp.nnded and the terms recombined in the form. 

2.1 . 
ma..""t 

E . a.,.. cosn 8* •· 
n:::O ·""' 

(4) 

This expansion relates the coefficients a to the partial-wave amplitudes. -n . 

(See Eq. i6 of reference 2a. ) 
: ' 

B. lnterorotation of w+- p· Roaults · 

The 'it~ ... p coef!icients are plotted vs energy in Fig .. 8. . The smooth 

behavior of the coa!ficienta indicates that little of interest is occurring in· · 

tile T::: 3/2 ota.te in this energy range. Below 300 MeV we know t..l-.lat the 

scatte!."ing i.s domlnated by the P 33 state, re·sona.nt at about. 200 __ MeV. The 

smooth decrease in a0 ; a 1, and az in going from 300 to 700 MeV can 

ev.:aily be. recognized as a. reault of the dacl'eaaing importance of the P 33 

state. 

Ol'ie obsel'vation regarding the D-wave phases can be made from a 

consideration o!. the coefficient a 4 ., Since a t'i!th~ or higher~order fit was 
. ' . . . ~. . . 

not needed, we are fairly confident that F waves can be neglected. With 

this assumption, we. have 

(5) 

From Fig. 8 we eeo that a 4 is negative •. Sine~ the second term in Eq. (S) 

.;c': 

'<' 
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is positive definite, the first term must be negative. This implies that the 

·' 
D33 and 0 35 phases have opposite signs. 

C. Interpretation of 'It'- .. p Results 

Next, let us consider the more complicated 1t-- p situation. The 
.. _ 

presence of both isotopic spin states makes the interpretation of the coefficients 

difficult. However, we have aeen that the T = 3/2 states are in general of 

small amplitude and slowly varying in this energy range. 

The 1r-- p coefficients are plotted vs energy in Fig. 20. Considerable 

structure is apparent in the region a1·ound· 600 MeV. This structure appears 

to be associated with peaks in both. the total cross section (Fig. 1.) and the 

total elastic cross section (Fig. iO). 

Several. explanations have been given for the 600-MeV enhancement. 

Peierls, on the basis of photoproduction measurements, ascribed the 
7 . . 

enhtmcement to a resonance in the D 13 state. Bar eyre et al. have recently 

reported evidence that a D 13 resonance is not sufficient, and that a re~ona~ce 

in either the S i 1 or P 11 state may occur at about 430 MeV in addition to a 

D 13 resonance at 600 MeV. 8 Further suggestion o£ two resonant states is 

given by the recent partial-wave a.~lysis by Roper. 9 

Neither a P 11 nor a D 13 resonance fit a in the scheme of the ~egge -pole 

h h. 1.0 . 1 1 p ypot esis. Furthermore, the nucleo~ itsc f can be cons dered as a i 1 

'TT-N state, and one would not expect two distinct resonances wfth identical 

quantum numbers. Such theoretical difficulties and various other considerations 

have led many to. believe that the 600~MeV enhancement is a result of inelastic 

processes. Ball and Frazer have pointed out that a rapidly increasing 

inelastic cross sectio11 may give rise ;to a peak in the elastic cross section~ 11 

Such a behavior could aloo be associated with certain prominent angular-

momentum states. 
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A few general remarks about resonances are in order~ The Breit

Vligner resonance theory predicts for an elastic resonant amplitude the 
. ·A.,. 

!oitn~' 

(6) 

H~ree r eland r are the elastic and total width~ o£ the resonance. The 

total c. m. energy is E and the resonant energy iG ER. It is convenient 

to introduce the notation of Watson et a.l., 13 

(7) 

and 

(8) 

kA = x/(€ -i). (9) 

If the polar form of kA h used, that is, 

kA = jkA I exp (i8), (iO) 

· on.e ca.n show 

€ =cot 8 (U.) 

and 

lkAI = xsin 8. . (12) 

·~·· : . 

Thus, if the elasticity x is constant, the amplitude kA lies on a circle 

o£ radius x/2o as shov1n in Fig. it . 

.xn·order to .as sees the compatibility of the data of this experiment with 

a n13 resonance, ~e shall assume that a Di3 resonan.ce with a Breit-W!g~er 

form ita present and attempt to £it the energy variation of the w·- p · 

coefficients. Certain reasonable assumptions will be made about the other 

eta to a i.nvol.yed. n~e accv.racy o£. tbc llts wUl determine the compatlblUty 

o£ the data wlth the assumptions. 

"· 
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In this rough analysis we shall neglect the effects of tl1e states whose 

amplitudes we would expect to be _small--namely~ the- P 13, D33, o35 , and 

F 35 atatea, and all states with total angular momentum· J>_ 5/Z. Experiments 

at higher energies have indicated that the F 15 state_ ia :reaonant and the DiS 

a.mpU.~ude large (or vice versa) at _about 900 Me\T."Z We shall assume an 

F iS resonance at 900 MeV with a Breit-Wigne:r form .. A Breit-Wigne:r 

form !or the P 33 reaonmnce will also be u:Jed, the width being such as to 
. . ib 

agree at 31.0 MeV with the partial-wave analysis by Foote et al. The 

parameters x, r, and ER' which we shall use for the P 33, D13, and F iS . . . . 

rGsonances, are given in Table XIV. Those for the Di3 and F iS states 

were either taken directly from or eGtimated from the work of -Omn.es and 
i4 . . 

Valladas. . These parameters were chosen som~what arbitrarily and 

should not be taken too seriously. 

The real and imaginary parts of the resonant amplitudes are plotted vs 
\ 

energy in Fig. 12. On the low-energy side of the n13 and F iS resonances, 

multiplicative factors were put in to bring the amplitudes to zero. This 

was necessary because oi the simplifying assumption that the r• s were constant. 

The behavior assumed for the 51./2 ' Pt/Z' and DiS states _is shown in 

Fig. 1.3. ~otivation for the assumptions made is given in the ensuing 

paragraphs. 

Let us now consider the coefficient a 0. The ·I n3/Z 1
2 

term gives a 

positive peak at 600 MeV, as shown in Fig. t4. From Fig. 9 we see that no 

such peak appears in & 0. However·, if we assume that the real part of the 

' 
Si/2 amplitude is 11egligibly small and that the imaginary part is constant at 

a value O.Z7, the si/2D3/Z interference term .cancels the effect ol the .ID3/21z 
term .. The s1; 2D3/ 2 term is shown with'the jn3; 2 1 z term in Fig. t4 .. The 

assumption of a pure imaginary S·wave amplitude is not unreasonable in 

view o£ tho fact that.ono would expect inelastic scattering to be·most important 

in the low-angubu.•-mornentum states~ Furthermore, since the ,.- .. p 
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amplitude h a combination of two amplitudes. it could·be pure hnaginary 

even though the phase. t.Jhifts for ·the individual isqtopic- spin Gta.tea may be 

pure real. If 2ReSit= -RaS:3i' tb'~ resultant Si/2. amplituda for 1r·p is 

pure h:Daginary. 

The same two terms. lo3; 2 12 
and Si/2.~312 • which have opposite--

,. signs in a.
0

, have the same sign in a 2 and combine to produce a large peak. 

ao shown in Fig. iS. This is consistent w,ith the large po~itive peak fn a2 

sh?wn ln Fig~ 9. 

The general trend in the coefficient a 4 appears to be consistent with a 

D3;2D5;~ interferenc0 for which the n512 amplitude has_ the form shown 

in Fig. 1.3. The .contribution to a 4 from,thie term is plotted ln Fig. i6. 

_The contribution to a 3 from ,P3/ 2p312 interference is shown in Fig. i7 

together with that from Dr,;z.F 5; 2 interference .. These two terms give the 

proper trend in a.3 . 

The sta~ee discuased so far dp not gi~e a good prediction, for the coefficie~t · 

a 1. Both the P 3; 2n3; 2 and n5; 2F 512 terms give little contribution to ai 

at 600 MeV, as shown in Fig. 18. However, a 2-mb peak in ai is indicated 

by the data in Fig.· 9. The only o,ther state that could interfere !Jith the o 312 

stat~ a.nd contribute to a.i is the .p i/2. state. If we assume, as we did for 

the Si/Z' that the P i/2 latl~plitude is pure imaginary and constant, the P i/lDJ/2. 
' . . '\ 

contribution to a. 1 is as sh~wn in Fi~. iS~ Furthermore,. the 'J!' 1./ZDJ/2 

· it+terference!! term does not contribute to any other coefficient. 

Thus one can see the motivation for choosing the forms of the amplitudes 

given in Figs. i2 and i3. Using these amplitude111 and considering all the 

terms: that contribute to each coefficient,· we obtain the behavior of the 

coefficients shown in Fig. 19. The data of thio experiment and the 698·MeV 

data o£ Helland et al. Za are also plotted in Fig. 1.9. 

..... 
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One can sec that the agreement between the data and the predictions io 

fairly good in view of the many ·simplifying assumptions made. This does 

not prove the existence of a resonance in the D i
3 

state, but shows that the 

data appear to be coneistent with a D 13 resonance. 

The amplitudea chosen to fit the coefficients of the angular distributions 

can also be used to predict the polarization of the _recoil proton. In Fig. 20 

the p!'edicted polarizations for 523~ 572, and 6~9 MeV ar_e plotted with the 
2d . 

data of Eandi. Although the agreement at 523 MeV is not very good, the 

prediction-s £or 572 and 589 MeV fit the data very well. 

In regard to the evidence !or two resonances in the 400-to-700-MeV 

region, i.t can only be said that in this rough analysis the necessity o£ ~ · 

second reaonance was not apparent . 

. In summary, we can say that tha n13 state rises to prominence in the 

energy region !rom 400 to 700 MeV. Furthermore, it appears that the 

.,. .. - p differential cross section data are consistent with a D i 3 phase shift 

that passes through 90 deg. However, an alternative explanation cannot be 

ruled out. Because of the importa:"lce of inelastic proce.sses, the n13 resonance, 

it indeed it may be called a resonance, may be of a nature fun~mentally 

different from that of a bound-state type of resonance, associated with a 

Reggc pole. Further investigation will be necessary to resolve these 

uncertainties. Accurate polarization and charge-exchange measurements 

should aid in a better understanding of this problem. 
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. . 
Differential cross-section data for T = 31.0 MeV. 

'IT 

>'< 
Cose' 

~·c: . ~( 

d0"(8' )Lc:In (mbLsr) 
+ 

'IT -p 

1.000 14.090 :!:: 1.410 

0.533 7.102 :!:: 0.330 

0.450 6.391 :!:: 0,408 

0.355 4. 775 :!:: o. 523 ·:;~=-~.:..;._~..;,;.._. ___ 

0.258 2. 722 ± 0.925 

. 0.160 2. 910 ± 0.621 .. 
0.045 2,071 ± o.-119 

-0.067 1.646 ± 0,103 

-0.174 1.447 ± 0.104 

-0.308 1.402 ± 0.077 

-0.472 1.699 ± 0.085 

-0.613 2.163 ± 0.104 

-0.720 2.818 ± 0.134 

-0.800 3. 549 ± 0.166 . 

-0.860 3.962± 0.205 

-0.903 4.214:!:: 0.240 

-0.946 4. 786 ± 0.218 

' . 

. ' . 
. .i 

. ;'.: ~ . 

; . 

. i 
li 

,. ., 

~· ;~ 

~ 
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Table II. Differential•<:ross-section data for T = 370 MeV.· 
11" 

:;!c . * ·:o:c 
Cos e dcr(e )[dn (mb[sr} 

+ -.. 1f -p 11" -p 

1.000 10.040 :1:1.000 1.240 :!:0.120 

0.584 5.524 :!:0.160 ·1.305 :!:0.044 

o. 510 4.845 :1:0.157 1.182 :1:0.052 

0.425 4.045 :1:0.212 1.117 :!:0 •. 075 

0.328 2. 933 :!:0. 291 0.899 :1:0.093 

0.228 1.918 :1:0.404 0.563 :!:0.114 
.. 

0.130 1. 744 :1: o. 585 o. 582 :1: o. 142 

0.014 1.. 349 :1: o. 070 0.581 :!:0.026 

-0.098 ... 0.869 :1:0.056 0.447 :1:0.024 

-0. Z04 0.653 :!: 0.050 0.448 :!:0.024 

-0.336 0.596 :!:0.036 0.389 :!: 0.01.6 

-0.496. 0.629 :1:0.038 0.429 :1: o. 018 

-0.632 0 .• 91.0 :!:0.050 0.506 :!:0.022 

-0.735 1.219 :1:0.065 0.650 ± 0.027 

-0.811. 1.448 :1:0.081 0.740 :!:0.034 

-0.868 1.848 :!: 0.098 0.823 :1:0.041. . 

-0.!908· 1.995 :!:0.113 0.933 :!:0.050 

-0.949 . 2..199. :1:0.108 1. 000 :1: o. 043 

' ,·. ' 

I 

~ 1 
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(' Table Ill. Differential c~oss -section data for. T = 410 MeV. I 
i 11' ·, , 
I 

r r 
>:< >'< ' .'hj· 

Cose do/dn· (mb[sr) 
,, + - t it~ ,• ~·~ .. 11' -p 11' -p ,, 

~··-

,, 
'I 

'· 

1.000 8.150 ±0.810 1. 710 ± 0.170 
/ ! 

0.639 5A23 ±0.116 1.542 ± 0.039 

0~ 571 4.375 ±0.119 1.383 ± 6.044 

0.495 3.841 ± o. 142 1.264 ± 0.065 

0.408 3.199 ±0.218 i. 192 ± 0.089 
... 

0.310 2.065 ± o. 254 0._928 ±0.094 

0~209 1.342 ± 0.370 0.651 ± 0.125 

0.110 1. 361 ± o. 363 0.661 ± o. 117 
': . 

-0.006 '··0.923 ±0.052 0.531 ±0.026 ,, 
-0.118 0.551 ± 0.038 0.406 ±0.023 ti 

.·~ :l 
, -0.223 o. 364 ± 0. 036 0.372 ±0~021 , I 

-0.35~ 0.279 ±0.025 0.358 ±0.015 

-0.511 0.284 ±0.029 0.389 ± 0.017 ., 

-0.644 o. 507 ± o. 036 0.528 ::1:0.022 

-0.744 o. 773 ::1:0.044 0.680 ::1:0.028 

-0.818 0. 912 ::1:0.055 o. 765 ± 0.034 ! , ... 

! -0.873 1.034 ::1:0.066 0.856 ±0.044 
f 

-0.912 1.156 ::1:0.077 1.050 ::1:0.051 t 
t 

-0.951 1.137 ::1:0.070 1.149 ±0.047 I. 
r 
I 

I 
I 

I 
J 
·I 

I 
I 

! 

~I 
I . ·. I 
A ., 
I 
I 
I .. ·-: l 
I 
I ., ·' i•:· I .:· . ~~ ... -
I 
I 

...... . · ..... : l 
·. . .; •• 1.=.:..:.:;.;....:.,,:..:,.:_ ·'.:..!._.:: 

--· 'I 
···; .. , , . 
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Table IV. Differential cross-section data for T ·= 450 MeV. 
1t' 

* ~ Cose do/dn .. (mb/sr) 

1.000 

0:628 

0.558 

0.480 

0.392 

0.292 

o. 191. 

0.091 

-0.025 

-0.136. 

-0.241 

-0.370 

-0.525 

. -0.655 

-0.752 

-0.8.24 

-0.877 
I 

-0.915 

-0.953 

+ 
1t' -p 

6.520 :i: 0.650 

4.386 ±0.092 

3.552 ±0.094 

3. 090 :i: o. 1.26 

2.483 :i: o. 150 

1.. 844 :i: o. 201 

1.070 :i: 0.306 

1.. 116 :i: o. 243 

0.634 ±0.040 

0. 3 51 :i: 0 •. 03 2 

0.201 :!: 0.027 

0.104 :i: 0.01.9 

0.186 :!:0.01.9 

0.268 :!:0.025 

0.357 :!:0.032 

o. 534 :!: o. 040 

0.602 :!: 0.046 

o. 599 :!: o. 0 59 

.0.689 :1:0.051. 

-
1t' -p 

2. 540 :i: o. 250 

1.594 ±0.041 

1.494 :!: 0. 046 

1.412 :i: 0.078 

1. 190 :1: o. 088 

o. 980 :1: o. 107 

0.566 ':1:0.139 

0.670 :1: o. 102 

0.426 :1:0.026 

0.380 :1:0.022 

0.276 :1:0.021 

0.255 :1:0.015 

0.355 :1: Oo018 

o. 496 :1: o. 0 23 

0.717 :1:0.030. 

0.917 :1:0.039 

1.077 :1:0.047 

1.197 :1:0.059 

1.161:1:0.053 

.. 
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. 
Table V. Differentia1·cross-section data for T = 490 MeV. . . rr 

' . ~· . . ::c 
C.os e . ~ ,., 
.• ... ·~;-

,. 

1.000 ' 

0.685 

0.617 

0.545 

0.466 

0.376 

0.2"76· 

' 0.173 

0.073 

-0.043 

.:.o.154 

-0. 258· 

-0.386 

-0.538 

-0.665 

-0.760 

i_ o. 830 

-0.88~ 

~0.918 

-0.954 

. do/dn* (mb/sr) 

+: -rr -p tr -p 

5;170±0.52.0 

' 3. 701± 0.091 

3. 751± 0.079 

2..960± 0.080 

2..471± 0.112. 

2. ~40± 0.131 

·1. 279± 0.179 

0.819± 0.22.0 

0.645±0.310 

0.419± 0.042 

0.2.43±0.028 

0;.093±0.02.4' 

0.061±0.016' 

0.100± 0.019 

0.169±0.021. 

o. 241:±: 0.028 

0.342± 0.031 

0.402± 0.038 

0;.378± 0.047 

0.353± 0.041 ' 

3.570 ±0.360 

1.866 ± 0.057 

1.879 ± 0.046 

' 1.558 ± 0.051 

1.433 ± 0.089 

1. 286 ± o. 097 

0.941 ±0.118 

0.620 ± 0.12.7 

0.494 ± 0.165 

0.498 ± 0.030 

0.288 ±0.023 

0.255 ±0.020 

0.235 ±0.015 

0.321 ± 0.018 

0.589 ± 0.026 ' 

o. 781 ± 0.034 

1.009 ± 0.043 

1.101 ± 0.057 . 

1.292 ±0.064 

1.513 ±0.058 

.: · .. 

., 
' ' 
l 

. ··' 

\ 

......... 

I 
•l 

. ' 

\ 

~· 
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,_ 

{ ; Table VI. Differential cross -section data for- T = 550 MeV. ,. 

Cos e * doldn * (mbisr) 
+ -,. -E ,. -p 

1.00b 3. 85o· ± o. 380 5.410 :!: 0. 540 

o. 728 3. 046 :!: o. 068 . 2.951 ±0.075 

0.671 2. 792 :!: 0.065 . 2. 702 :!: 0.071 

0.600 2.661 :!: 0.055 2.422 ±0.057 

0.526 2.192 :!: 0.060 2.061 ± 0.063 

0.445 .· 1.771 ±0.078 1.634 :!: 0.082 
·--~ .. ~ ·.. . 

0.354 1.403 ± 0.085 1.419 ±·0.095 
' 

0.251 0.923 ±0.121 
' .(• 

1.014 ± 0~ 124 --... -.-.:. 

0.148 •, o. 523 ± 0.184 0.567 ±0.175 

0.047 0.418 ±0.194 . 0.413 ± 0.183 ' 

-0.070 o. 299 ± o. 026 0.189 ±0.031 

-0.180. 0.154 ±0.020 0.161 ±0.023 

-0.283 0.067 ± 0.018 0.133 ± 0.022 

-0.408 0.053 ± 0.014 0.190 ±0.016 

-0.556 0.104 ±0.014 -0.406 ±0.022 

-0.679 0.138 ±0.016 o. 724 '± 0.031 

-0.771 0.152 ±0.020 1.031 ± 0.040 

-0.838 0.155 ±0.023 1. 219 ± 0~ 0 56 

-0.887 0.146 ±0.027 . 1.394 ±0.065 

-0.922 0.125 ± 0.032 1.832 ± 0.084 

-0.957 0.133 ·± 0.026 1.696 ± 0.075 

., 
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Table- vn. Differentl.al cross-section data for 
.• 
T = 1T 

690 MeV . 

.,·.· ... 
. \, ..... ~:c :I.e 

Cose daLdn (mbLsr} 
+ .. 

1T -p 1T -E 
1.000 2. 890 ± o. 290 . 6.930 ±0.690 

0. 718 2.340 ±0.055 3. 778 ± 0.088 

0.659 2.118 ±0.052 3.289 ± 0.082 

0.586 i. 994: ± 0. 044 2.995 ±0.069 

o. 511 1. 576 ± o. 050 2.462 ±0.075 

0.428 1.406 ± 0.068 1.888 ± 0.087 .. 
0.335 1.041 ± 0.071 1.449 ± 0.097 

0.231 0.669 ± 0.097 1.037 ±0.133 

0.127 ; 0.41.9 ±0.167 o. 569 ± o. 238 
.. 

0.026 o. 384 ± o. 105 0.356 ±0.156 I ,, ,, 
-0.090 0. 200 ± o. 022 o. 207 ± o. 0 29 

-0.200 0.108 ±0.019 0.081 ±0.023 

-0.302 0.068 ±0,01.9 0.103 ±0.024 

-0.425 0.043 ±0.016 0.185 ±0.022 
'' -0 .. 570 0.091 ±0.016 0.449 ± 0.026 

-0.691 0.182 ±0.018 0.640 ± 0.034 

-0.779 0.151 ± 0,020. 0.950 ±0.045 

-0.844 0.135 ±0.022 1. 028 ± 0._0 53 

--0.891 0.107 ± 0.024 1.155 ±0.064 

-0.925 0.126 ±0,027 i. 216 ± o. 079. 

-0.958 . 0.082 ± 0~027 1.340 ± 0.072 

.. ·, .. .·,·; 
\ ··, . 

.'.:···· 

. ' 
.. . ~ . 

:•'. 

/ 

i 
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Table VIII. Differential cross-section data. for T ·= 650 MeV. 
'It' 

Cos e i.< dCJ'l e~n):( {mbLsr) 
+ -· 11' -p 11' -:e 

1.000 2. 340 :l:: o. 230 6.430 :l:: 0.640 

. o. 708 1.786 ±0.046 3.170 :!: o. 085 

0.648 1.599 ±0.047 2..756 ±0.081 

0.573 . 1.590 ±0.039 2..379 :l:: 0.064 

0.496 1.301 ±0.048 1. 9 51 :!: o. 077 

0.412 1.048 :l:: 0.058 1.444 :1: o.o8e 

0.317 0.795 ±0.064 1.2.2.8 ±0.096 

0.2.12. 0.496 :1: o. 087 . 0.833 :l:: o. 1.2.5 
,. 

0.107 ' 0.2.40 ±0.104 0.2.52 ±0.155 ' 

0.006 0.168 :l:: 0.143 0.155 :1:0.2.2.6 

-0.11.0 0.111 :1:0.02.3 0.171 ±0.;033 

-0.219 0.009 ±0.019 0.153 =!= 0.02.5 

-0.32.0 0.072. :!:0.018 o. 2.04 :1: o. 0 2. 7 

-0.441 0.12.8 ±0.016 0.343 ±0.02.4 

-0.584 . o •. i58 ±0.018 0.618 :1:0.032. 

-0.701 0.171 ± 0.02.0 0.676 :1:0.039 

-0.787 o. 2.33 ±0.02.1 0.820 :l:: 0.045 

-0.850 0.207 :l:: 0.02.3 0.797 ±0.050 

-0.895 0.151 ±0.028 0.650 ±0.059 

-0.92.8 0.12.1 :l:: 0.02.9. o. 763 :1:0.064 

-0~960 0.125 :l:: 0.027 ·o. 755 ± o.058 

:i 
'· . 

;· 

i 
. J 



Table IX. Coefficicilts of powers of cos () ~c ( 1T + -p). 

Pion kinetic energy in lab system {MeV) ------------------------------·---------
a 310 370 410 450 490 550 600 650 

ao 1.958±0.051 1.256±0,031 0.905±0,03q. 0.691±0,026 0.554±0.034 0.412±0,017 0.312±0;015 0.207±0.02~ i. -~'' 

a
1 

· 4.697±0.253 3.968±0,140 3.~58±0,167 3.038±0.118 2.6?2±0,138 ·1.988±0.068 1.546±0.060 1.1.92±0.070 

az 8.925±0..472 5.670±0.209 5.1.12±0.218 4.260±0,147 3.771±0.171 2.960±0,088 2.446±0.087 2.348±0,118 

a
3 

. 0. 297±0.644 0.193±0.416 0. 249±0.458 0, 305±0. 329 -0.022±0. 35_3 0. 053±0. 162 0.044±0344 -0. 102±0,168 

· _a4.-0.719±0.754 -0.31~±0.440_ ·-?.871±0.485 -0.880±0,334 .;_L280;:l:0,3~2 -1.272±0,171-1.234±0,158 -1.440±0.194_, .. 

a. Coefficients 

.; 
-.. 

~.. -~ 

~ 

~, ' 

.. 
N 
0' 
I 

~ 
~ 
t-4 
I ..... ..... ..... 
~ 
0 

~ 
(I) 

< . 

. :-
~ .... -

--·-··-----------.---~-.. --~----~----..,---- ...... _..., _____ ,.,...._....., ___ ,_,..,..~ .•. ~ .. ~~-~...- -·--·-... - -- ........ ,..,. --··--· --. ... :••""""'''···' ·-·---~-:...&-~--.-,-,--~---·....---.--.-,"l""'-· ..... -·-·-...,.---r-'0· ........... ,..___. -· .. _, .. , .. ·---~,., ~~--~ ..... :-.. - .. -:--·-----~~-:-~---._,..-; --.-1~ .. -- . --.. -:::~--t ~:. -.-.;~--~-" ~--,-



Coeffi
cients 370 

~ 

410 

Table X. Coefficients of powers of cosO* (1T --p). 

Pion kinetic energy in lab system {MeV) 

450 490 550 600 650 

ao 0.561±0.014 0.537±0.013 0.497±0.021 0.518±0.029 0.347±0.029 0.343±0.024. 0.274±0.034 

a 1 0.964±0.045 1.092±0.045 1.316±0.092 !.501±0.115 1.718±0.112 2.039±0.094 1.371±0.121 

a 2 1.076±0.098 1.285±0.085 1.371±0.139 1.347±0.194 3.095±0.218 4.081±0.1~3 3.914±0.263 

a
3 

-0.858±0.089 -0. 786±0, 104 -1.220±0.377 -1.425±0.469 -0. 501±0.485 -0.041±0.405 0.332±0. 523 

a 4 .. -0.449±0. 126 -0.290±0.134 0.080±0233 0.621±0.352 0.138±0390 -0.608±0. 360 -1.057±0.469 

as 0.460±0.361 o. 773± 0.495 0.117±0. 558 0.439±0.482 0.84 7±0.609 
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Table XI. · Order o~ fit ~l'J), 1~rees of freedom {d),. a?d '· 
. · go.fdl'l:ess -of-f1t (X /d) -·parameter. at each energy--

- (11' -p). • . • I .. 

.... >. 
<x2!. d) 1./2 Energy· N d 

., 
310 4 12 p. 788 

370 4 13 . o. 793 

410 4 14 1.174 

450 4 . 14 1.051 

490 4 15 1.442 

550 4 16 1.032 ~ 

600 .4 16 1.077 

650 4 16 1.438 
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Table Xll. · Order of fit (N), ,4egrees of fre-edom (d), and 
goodness-of-fit (X2/d)1f 2 parameter at each energy 
{il'- -p). 

Energy N d (x2/d)1/2 

370 4 13 0.991 

410 4 14 0.911 

450 5 13 1.124 

490 5 14 . 1. 301 

550 5 15 1.158 

600 5 15 0.878 

650 5 1.5 1.123 

' ' . 
.· :('··.·· .. -· .: :.. ..... 

l 
. ' 
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Table XIII.. Total elastic ·cross sections from integration 
of differential cross sections. 

CJtot 
+ 

ii -p 

60. i9 ± 1.41 

38.74 ± o. 73 

30.59 ± 0.66 

24.31 :1: 0.49 

19.55 :1: 0.46 

14.38 :1: 0.19 

11.06 :1: 0.18 

8.82 :1: 0 .• 22 

el (mb) 

-
'IT -p 

10.42 ±0.17. 

11.40 ±0.16 

12.19 ±0.26 

13.71 ±0.35 .. 

i6.98 ±0.37 

19.87 ±0.34 

1.7.19 ±0.45 

·_.- . ; .. -
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Table XIV. Breit-Wigner pa~ameters assumec:t for P 33 , D13, 

and F 15 resonances. 

State ER X= r el/r 

p33 i238 i.O 
:, 

Di3 i5i2 0.8 

FiS i688 0.9 

.~ d 

r 
. ··~ 

i65 

H.O 

iOO 
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FIGVRE CAPTIONS 

Fig. i. Total crOEHJ 'rH~ctions for 'Tt:!: .. p, with linos indi.c:ating·the· ~nergie~ 

at which the tneasuremento of thio e::;tperiment were mad~. 

Fig. 2. Phin view of the experimental arrangement. Symbols Qi, Bi' 

B 2 , and a 2 reprezent magnets. ·The beam counters are labeled 

M 1, MiA' M 2• M 3, and C. The counters, :aeo target, and LH2 

target are not drawn to scale . 

. Fig. 3. Plan view of array of acinti_llation counters. 

Fig. 4. Differential c.r:ot3a-a:ection data and fitted curve for 1r+ • p; 

T = 3i0, 370,' and 4i0 MeV. 
'Tt 

.. 
Fig. 5. Differential cross -section data and fitted curve for w+ ... p; 

T = 450, 490, 550, 600, and 650 MeV. 
'!r . 

Fig. 6. Differential c:rosa-sectlon. data and fitted curve for '!T··p; 

T = 370, 410, 450, 490, and 550 MeV. w . . 

Fig. 7. Differential eros s -section data and fitted curve !or ,r- ... p; 

T = 600 and 650 MeV. 
'" 

Fig. 8. Coefficients of pov,.er s of cos e* plotted vs pion energy hr +- p). 
1'1', 

Fig.' 9. Coefficients o£ powers of cos 8* ·plotted va pion en~rgy (,. ...... p). 
. . • 'TI' . 

Tho dashed lines show the high~u· ... energy behavior as indicated by 

the results of Helland et al.• (reference Za). 

Fig .. 1.0. Total elastic cross sections plotted vs pion energy. 

Fig. · i 1. Circles showing the locus of Breit-Wlgner scattering amplitudes 

for three values o£ the parameter X (where X= r el/ r). 

Fig. t2. Assumed re.r.onant behavior of the P 33• Dt3• and F 15 amplitudes. 

·.' 

.. 

.. 

. ... 
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Fig. '13. Aacumed behavlcr o! thea 5t/2' P t/2' and DiS amplitudes. 

Fig_. i4. Contribution to a 0 from ID3)zl 2 
and si/2D3/'l. terms. 

Fig. iS. Contribution to a 2 from ln312 12 
and s112o3/ 2 tarms. 

# 

Fig. i6. Contribution to a 4 from D3; 2D5; 2 term . 

Fig. 17. Cont:tibution to a 3 from P 312o 3/? and n 512F S/2. terms. 

FS.~. · 18. Contribution to s.i from P i/Zn312• P 3; 2n 312, and n 5; 2F S/Z terms. 

Fig. 1.9. En.ergy dependence oi w·- p coefficients a 0, 111, a.2, and a 3, a 4 • 

.o.nd <lso uaing'the scattering amp~Htudes in Fig0. !2 and 1.3. ·. The data 

··are plotted again for comparison.. A~ thiB experiment; 0, Helland 

et al. {reference 2a). 

Fig. 20. Predicted recoil-proton polarization at 523, 572. and 689 MeV. 

The data are thoae of Eandi (reference 2d). 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, 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 pri va tel y owned ri_ghts; 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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