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ABSTRACT 

Differential cross sections for the elastic scattering of positive pi 

mesons by protons were measured at the Berkeley Bevatron at pion labora-

tory kinetic energies between 500 and 1600 MeV. Fifty scintillation counters 
. . . 

and a matrix coincidence system were used to identify incoming pion:s arid 

detect the recoil proton arid pion companions. Results ':vere fitted with a 
. ' . . 

power series in the cosine of the center-of-mass scattering angle, and total 
'· 

elastic cross sections were obtained by integrating urider the fitted curves .. 

The coefficients of the cosine series are display:d, plotted vs 'the laboratory· 

kinetic energy of the pion. The most striking featu1·es of these curves are 

the large positive value of the coefficient o:f cos 6 e':~, and the large negative 

value of the coefficient qf cos 4 e':~. both of which maximize in the. vicinity. of 

the 1350-MeV peak in the total cross section. · These results indicate that 

the most predominant state contributing to the scattering at the 13 50 -MeV 

peal' has total angular momentum J = 7/2, .since the coefficients for terms 

b 6 e':c 1· ··bl h' o ·b·l 1 · · · 1 a ove co~ . are neg 1g1 e at t 1s energy. ne poss1 e exp anatwn 1.s t:1at 

the 1350-MeV peak is the result of an F ?/Z resonance lying on the same 

Regge-pole trajectory as the (3/2, 3/2) resonance near 195 MeV. 
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I. INTRODUCTION 

This experiment constitutes a portion o~ an extensive study of the . . 

phenomenology o£ the 1r-N interaction in the energy region above the well­

known (3/2, 3/Z) resonance occurring at the pion kinetic energy of 195 MeV 

(~ 1236 MeV total c.' m. energy for the iT-N system). The features. o£ out-

standing interest are ind-icated by the cross-section variations displayed in 

. 1 
Fig. 1, based on.measurements by several experimental groups. 

A measurement of the lT--p differential cross sections has been re-
. I » 

. 2 
ported by this same research group. The energies chosen for the present 

lT + -p measurements, in which only the 3/2 state of isotopic spin appears, 

agreed with those of our 1T .. -p wo~k so as to assist in the decomposition of 

that data into its 3/2 and 1/2 isotopic -spin-state components. 

The present experimei1t is furthermore intended to supply data nee-

essary for the characterization of the interaction in .the region of the broad 

peak in the iT+ -p cross section observed at about 1350 MeV pion energy 

{1920 MeV total c. m. energy), and in the "shoulder" on the low-energy side 

of the peak. The .shoulder is tentatively considered to in~~<:~~~ the maxi­

mizing of a partial cross -section contdbution at. about 850 _MeV· 

Although considerable work has been done in the study of iT- -p scat-

..1.. ' 

tering, less has been done on 1r' -p scattering in this energy range. Several 

bubble--chambe1· experiments have been performed within the past few years 

to measure the 'iT+·-p differential cross sections (d. c. s. ). Bidan et al. 8 

using the Saclay propane bubble chamber, measured the d. c. s. at 1000 

MeV. 3a Barloutaud et al., using the Saclay hydrogen bubble chamber, 

measured the d. c. s. at 820, 900, and 1050 Mev. 3b Kopp et al., using a 

hydrogen bubble chamber at the B:~:ookhaven Cosmotron, measured the d. c. s. 

· 3c 
at 990 MeV. Roellig and Glaser, using a propane bubble chamber at 

... 
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Michigan, measured the d. c. s. at 1100 Mev. 3d (This work is also discussed 

b1 reference 3e.) Willis, using a hydrogen bubble chamber at Brookhaven, 
' ' 

measured the d. c. s. at 500 MeV. 
3£ In most o£ tht:se exp~riments the IT+ -p 

d. c. s. is based on 200 to 1200 events per energy. 

It may be desirable to characterize the IT-p scattering in terms of 

phase shifts. However, with only the differential elastic, total el~stic, and 

total,cross sections available, it is impossible in principle to determine all 

the phase shifts, because the existence of nonelastic processes causes them 

to be complex, and thus doubles the number of parameters to be determined. 

It is necessary to provide the further constraints of polarization data for the 

recoil protons, and differential elastic charge-exchange cro~s sections in the 

'IT- -p case, before any reasonable expectation of phase-shift determinations 

can be entertained. Such measuren1.ents are in fact in progress. An ex-

tensive phase-Shift search prog1·am has been developed: by Cence for digital 

computati.cm of phase -shift sets. 4 

Even short of: complete knowledge of the phase shifts it may be possible 

to qualitatively distinguish between cross-section peaks due to a state in 

resonance superimposed upon a nonresonant background, and, a peak which 

may be the result of a rapidly increasing inelastic cross section rising to 

the limit imposed by unitarity. A form of this latter mechanism has been 

. 5 
proposed by Ball and Frazer. 

Since all strong interactions are tentatively believed to be related, a 

thorough knowledge of the IT-p interaction should be helpful in achieving 

·understanding of the •phenomena observed in the K-N and IT-hyperon systems. 

Our first effort is to identify quantum numbers for the interactions con-

tributing to the phenomena indicated by the cross-section variations.· 
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II •. EXPERIMENTAL METHOD AND EQUIPMENT 

A. Experimental Method 

A beam o£ positive pions of selected momentum was focused with 

small angular convergence on a liquid-hydrogen (LH2) target. The differ-· 

ential c1·oss .sections for the elastic scattering of the pions were measured 

by detecting the scattered pions and their companion recoil protons in the 

proper time 1~elationship with the incident pions. Scintillation counters in 

an extensive a1·ray yvere used as detectors. 
1. 

The detection of inelastic scattering events in the elastic-scattering· 

channels was minimized by the geometrical restrictions of related pion and 

proton counters. This method was used rather than one involving Cerenkov 

counters, or range telescopes, et_c., because it accomplished its purpose 

adequately and it avoided the difficult corrections due to Cerenkov-counter 

inefficiencies, or scattering in a range telescope, which must be applied when 
.. -~--'-

using those methods. A sampling o£ tlle inelastic scatteriD:g was taken in 

several counter pairs not elastically related, in order to correct the elastic 

data £or inelastic events .. _This is explained in more detail in Sec. III. B. 

along with other corrections. Differential cross sections at lab pion scatter-

ing angles smaller than about 20 deg could not be measured, because for those 

events the recoil proton did not have enough energy to reach the proton de-

tectors and be counted. 

The precise values of the pion lab kinetic energies at the scattering 

target were 533, 581, 698, 873, 990, 1_31.1, and 1555 MeV, as determined 

by weighted means o£ values obtained from wire-:-orbit measurements, time-

of-flight measurements, gas-Cerenkov-counter pressure curves, velocity-
> 

spectrometer data, and beam-focusing data. The wire-orbit and time -of-

fl,ight measurements were of course given principal weight. 

·~ . 
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A plan view of the beam h·ansport components is given in Fig. 2, which. 

also indicates the 1;positions of the beam monitor counters M
1

, M
2 

.and Iv1
3

. 

The purpose of the velocity spectrometer (or selector) was to suppl·ess the 

proton component of the beam. The muon and electron beam contamination 

was 1neasured at val;"ious energies by a gas Cerenkov counter. 

B. Pion Source, Beam Design, and Hydrogen Target 

l'he pions were produced in a ceramic target of aluminum oxide tra;. 

versed by the Bevatron proton beam. It was desirable to achieve high nucleon 

density~but low nuclear mass number-in such a target in order to maximize 

the effective pion-producing nuCleon collisions. Also a low atomic number was 
0 

<iesired here so as to suppress the positron contamination of the pion beam 

deriving; from n° production arid decay with subsequent conversion of the 

decay photons in the target material. The Al2o3 , fabricated with a density. 

of about 4 g/ em 
3

,. was a suitable compromise of these requirements. It was 
.. ~ . . . 

of such a siz~ as to constitute an "object" 1/2 in. wide and 1/8 in. high as 

viewed by the pion beam optical system. The proton beam~ path through the 

target was about 1 in. in length, due to the oblique orientation of the ceramic 

bar relative to the proton beam. 

The proton l:>eam pulses, typically of about 10
11 

protons, were delivered 

ten times per minute, each pulse being spread as uniformly as possible over . . 

a time interval of 0.2 sec. The associated pion beam pulses ranged from 

4 4 . . 
10 to 3 X 10 , depending upon the momentum selected. 

The pion beam design is schematically shown ii1. Fig. 3. A focus in 

both horizontal and vertical planes was produced at the slit. In the horizontal 

plane there was a continuous distribution of images of the Bevatron target 

because of the momentum dispersion induced by the first bending magnet. 

The slit; designed of thick copper bars, selected a momentum band of± 3%, 

which was nearly recombi~ed at the final image position by the action of the 

second be.ndirig magnet~ 
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In addltion to selecting the momentum band by ho1·izontal definition · 

o:£ the beam, the slit-by its vertical definition-served to. remove the protons 
\: 

that were deflected downward by the velocity selector to an image position 

below the beam axis, as shown in Fig. 3. Use of the velocity selector reduced ( 

the proton/pion ratio. from~ 15 to~ 3 at the highest beam ene1·gy; at the lowest,·· 

energy the final ratio was 0.02. Those protons not thus eliminated we1·e re-
, . ' I 

jected by the tin'le -of -flight condition. b1d,eed, the velocity selector WC].S not 

at all necessary for this expe1·iment; it was incorporated into the system only 

to reduce the unwanted proton flux. 

The LH2 ·target .is shown in plan view in Fig. 4. The target vessel was 

. a Mylar cylinder 2-1/2 in. in· diam.eter and 4 in. long, surrounded by radia­

tion shields of aluminized Myla.1· to minimize heat trq.nsfer to tf1e LH2 . The 

vessel was filled by gravity feed from a. reservoil· surrounded by a liquid-

nitrogen jacl~:et. ,The entire assembly was enclosed in a vacuum jacket. The 

target vessel was emptied by closing its boil-offvalve, thereby building up 

a sliglit gas pressure and fo1·cing the LH2 out the bottom fill tube and up into 

the reservoir. The density
6 

of the gaseous hydrogen left in the target was 
,, 

0.00136 g/ em 3 , whereas the density of the LH2 is only 0.0702 g/ em 
3

; this 

required a 2o/o correction to be applied to the amount of LH2 ~ , 
. ' ' . ' . 

The effective number of protons per c1T1
2 

wa:;; calcula~ed to be 

4.196 X 1 o23
• This value includes the 2% density co:n·ection, and takes into 

consideration the shape of the target vessel, and the beam profile (relative . 

intensity of the pion beam for positions off the centrd beam: axis). 

C. Scintillation Counter Array 

Figure 5 shows the exitire counter array schern.atically. Three counters 

(:rvf1 , M 2 , and M 3) were used to count those pions, incident on the L:-i2 target, 

that could contribute to the scattel'ing data. Counter Iv1 was sm.aller in 3 
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diamete:t: than the target- vessel, and served to define the accepted be.am of 

particles so that none traversed the side walls of the vessel. 

There we1·e 21 pion counters, labeled ·"·~r counters, 11 placed at various 

lab angles between 16 and 145 deg to the right of the beam, as viewed looking ,. 

downstream. Twenty-five counters, labeled "p counters, 11 were placed to 

the left of the beam at lab angles between 4 and 82 deg; these counters de­

tected the protons as. they recoiled from the rr-p elastic coll1sions. The p 

counters were added together electronically in overlapping groups of three to 

sb:: cow1.ters. These groups of p counters were called 11 P counters. 11 For 

each rr counter there was a corresponding P counter. The P counter was 

slightly larger than necessary to detect the proton l'ecoiling f:rom any elas­

tically scattered pion that was detected in the corresponding rr counter. 

The rr counters were all de.signed to subtend an angle of 18 deg in cj>, 

~,the azimuthal angle in a spherical~coordinate system. The 25 p counters, 

which detected the recoil protons, were designed to subtend an angle cj> z 22 deg. 

As was indicated above, the rr counters defhied the scattering angles and 

solid angles. The cosines oi the effective c. m. scattering angles, and the 

c. m. solid angles ~ubtended, were carefully evaluated for each rr counter 

at each experim.ental ene1·gy; but in the interest of brevity these values are 

not listed here.0 The magnitudes of solid angles ranged between 3 and 36 msr,, 

and the breadths of the subtended intervals in cos e . ranged from about 
c.m. 

0. 01 for backward angles at high energies to about 0.12 for counters in the 

forward hemisphe1•e. 

The counter S
0 

shown partly around the H2 target (Fig. 5) was ar­

ranged so as to be missed by pions in the beam, but to be traversed by any 

pi~n scattered from the target into a rr counter. 

It is important to note that each of the rr and p ·counters had tunnel-

diode pulse output units which delivered pulses of uniform amplitude and 

,_ 
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shape whenever the photomultiplier outputs exceeded a certain small value. 

This feature was essential to the valid operation o£ the m_a!ri~_conicidence circ71it 

fed by the 1T and p cow1.ters. 

D. The Electronics System 

The scheme of the electronics is shown in Fig. 6. There were three 

main sections to the system: the monitor section, the matrix coincidence 

and logic section (enclosed by dotted line in Fig. 6 and labeled "Matrix coin­

cidence system"}, and the core- storage system (not shown). Not all of the 

functions of the elements shown in Fig. 6 . will be discussed here, but a 

rudimenta1·y descl."iption o£ their operation follows. 

1. Beam Monitor Syste1n 

Pulses from the n'lonitor counte1·s M 1, M 2, and M3 were synchronized 

for beam pions with a resolutl.on time o£ 2 nsec. Since in the worst case the 

-
proton flight time from M1 to M 3 was 7 nsec longer than the pion time, less 

than O.io/o of the total m.onitor counts '.verc ciu-:: to protons. A "double-pulse-

rejection system" was incorporated i.::.to the :rn.onito:r to reject pulses from 

any pair of cha1·ged particles that traversed M1 and M2 with less than 40 nsec 

time separation. So fo1· a pion to register in the r.aonitor systen'l, and th-u.o to 

qualify to. trigger the subsequent matrix systc1n, it could be neither preceded 

nor followed by another charged particle in M 1M 2 within 40 nsec. 

The purpose of the double-pulse-rejection feature was threefold: 

(a) It limited the acceptance of possible scattering events to only"one for 

each ''gate" to the matri~ coincidence system (the gate that allowed pulses 

to enter the matrix was 35 nsec long}. 

(b) It ensured that the number o£ counts in the monitor system \Vould be 

equal to those that had the opportunity to be scatte1·ed and accepted by the 

mat;~;ix 
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(c) It functioned so as to reduce the number of accidental counts in the 

monitor 'system to a negligible value~ 

An explanation of this third featu1·e, that is, the reduction of accidentals, 

is evident from a description of the method of double -pulse rejection. Separate 

pulses were taken from M 1 and M 2, and each was "stretched'' to a length of 

about 45 nsec and fed into its own discriminator. If two pulses occurred in 

one of these counters within a time of about 40 nsec, their overlap produced 
0 -

a pulse of such height as to be above the discriminator level and thus induced 

an output pulse. Wheneve1· both M 1 and M 2 discriminators gave such pulses 

in coincidence, an Hoff" gate was hnposcd upon M 1 M 2M3 monitor output. The 

reduction of monitor accidental counts can now be understood as follows. 

Counters M 1 and M 2 were both large enough to include all the beam cross . . . 

section, so a predominant type of -accidental in M
1 

M 2M 3 could have consisted 

of the close passage of two beam particles, first a proton and then a pion, both 
.. •' 

of which registered in M 1 and M 2 but with the pion missing M3 , thus allow­

ing a possible false association of an M 3 count (proton) with a coincidence 

of M
1 

and M 2 (pion). But the double-pulse-rejection feature eliminated 

such a source of accidental associations. Since the counts occurring in M 3 

were predominantly due to particles. that had traversed M 1 .. and M 2 (i.e. , 

there was relatively little counting of "ambient" particles). this feature. 

reduced n'lonitor accidentals to a negligible number. 

The foregoing characteristics of the monitor counter system were 

designed to allow .the registration of only those single pions that could have 

been scattered and accepted for analysis by the matl·ix, logic, and storage 

·systems. 

• 



.. 
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2. Matdx Coincidence and·Lo~ic 

The triggering of th~ matrix system, which allowed iLto accept counts 

fl·om th~ 11' ·and p ·• arrays, requh·ed a count in S0 .. (see Fig. 5, Sec. C, 

above) in coincidence with the M 1 M 2M3 condition (M). The resolution time 

of this M-S
0 

requirement was 20 nsec; it reduced the duty cycle of the matr~x 

by a faCtor of about 50 with respect to trigge1·ing on M alone, and it ensured 

that a particle was scattered in the direction of the arl·ay of 1T counters. 

Pulses from the rt and p arrays could enter the matrix if they occurred 

within 35 nsec of the M-50 trigge1·. Du1•ing the identification of the matrix 

coincidences between 1T and p pulses, and while they we1·e being checked 

by the logic system for acceptability as elastic or inelastic events, and 

finally stored, the matrL"" was unable to accept additional events; therefore, 

in these periods the monitor scalers and prescalers were gated "off'.' so as 

to maintain a valid monitoring of beam particles that could be scattered and 
-. ' 

accepted. This "o££11 gate varied in length from 7 to 100 fJ.Sec, depending 

upon the duration of the 11 busy11 time of the matrix and logic system,· and 

averaged about 20 fJ.Sec. 

The combination of small groups of p counters to form the various. 

'-

p counters, each of which was the elastic proton counter companion to its 

respective 1T counte.r, was accomplished electronically in the section 

labeled "Adder matrix" in Fig. 6. The va1·ious ii'P pairs p1·ovided 21 

.channels for elastic events at various angles. Inelastic scatte1·ing events 

were sampled by 42 coincidence pairs, two for each 1T com<ter, usually 

formed by the use of each p counter adjacent to a given P counter as a 

coincidence partner with the related 1T counter. These selected p counce:rs 

are designated by the lines InA and lnB emerging £rom the adder matrix 

in Fig. 6, where n refers to the related 1T counter, and n runs from 1 to 21. n 

\ . 
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The correction for the inelastic contributions :to the elastic channels 

was estin'lated by an interpolation and averaging treatment of these 11o£f-

cla.:::tl.c 11 coincidence cow1ts. To each of these off-elastic pairs the output of 

the associated P counter was added in inverted phase so as to discard from 
. . 

the inelastic counting those cases involving both elastic and inelastic channels 

simultaneously. This inh•oduced an additional negligible correction~ 

3. Magi1.etic Core Storage 

The outputs from the 63 channels of elastic and inelastic coincidences 

were addressed to the various storage locations in the magnetic core storage 

of a pulse -height analyzer. If only one of the 63 coinc'idences in the coin-

· cidence,matrix system occurred for a given trigger, the event was stored. 

If there was no coincidence for a given trigger, the trigger was counted in 

a scaler labeled "zero invalids. 11 If there was more than one coincidence· 
' • • •• 1 •• • • ' 

for a given trigge.r, the trigger was recorded in a scaler labeled ... > 1 invalids,•i. 

and the coincidences were not stored in the pulse.-height analyzer. The > 1 

invalids did not occur very frequently, and it is believed that essentially no 

elastic data were lost as a result of this type of invalid event. After an 

appropriate length of running time, the number of coWlts in each of the 63 

channels was read out of the pulse-height analyzer on an electric typewl"iter 

and .punched onto IBM cards simultaneously •. 

4. Light-Pulser Test System 

A system to test all of the electronics as a unit \.vas devised by ern.ploy-

ing light pulsers attached to each counter and properly tim·ed-"7elative to one 

anothei·. All possible Tr-p counter pairs were ptilsed in a· systematic manner, 

along with M 3 , S 
0

, and another counter ~· which replaced M 1 ·and M 2 in 

the monitor coincidence. Therefore; each time the light pulser was triggered, 
\ 

five co~ters received pulses. They were L, M3 , S 0 , Trk' and P.£, \Vhere k 
\ 

~ \ 
I 

\ 
\ 

,, 
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1·anged from 1 to 2.1, and i. ranged from 1. to 25 for each value of k. It re-

quired 525 pulses to check all of the iT and p counte:r pairs in a complete 

check cycle. The electronic system was frequently checked for malfunction 

by running the test system. through N cycles, and then examining each of the 

63 pulse -height-analyze1· outputs to see if it was the correct multiple o£ N. 

Counter voltages were established by use of the light pulsers, the latter 

having been first standardized in an appropriate manner. The essential :re­

quil·ement was that the photomultiplier output pulses be within such a range 

as to allow the tunnel-diode output unit h·om each iT and p counter to 

deliver a reasonably unifo1·m pulse whenevel' a particle passed through the 

counter. 

E. Measurement of Beam Contamination 

A gas Cerenkov counter? utilizing SF 6 was employed to measure the 

beam fl-ac.tions c9nsisting of positrons and muons. During such measure-

, ments the counter was inserted intq the beam im1nediatdy following the H2 

ta1·get. This counter, in coincidence with M'1M2.M3' could be made to re­
o 

spond to positrons only, positrons plus muons, o1· to the total beam of 

positrons, muons, and pions, by successively increasing its gas pressure. 

One of the response curves thus generated is shown in Fig. 7. 

The analysis o£ such curves and the results of bean•-contamination 

measurements are discussed in Sec. III. B, belc. ''· 
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III. ANALYSIS OF DATA 

A. The Uncorrected Differential Cross Section 

)!( ~'c 

If pion counter 71". subtends a c. m. solid angle n. at angle e. with 
1 l 1 

respect to the incident beam direction at the target, where the c. m. refers to 

an incident pion. and a target proton at rest, then the differential eiastic-

scattering cross section at angle 
)!< e. is given, before corrections, by 

1 

where 

n = protons/ cm3 in the LH2, 

R. 
l 

,,. 
n:&Q·''' 

1 

x = average path length for beam p~on in the LH2, 

and 

. . d ( l\A" • - • ~ ) co1nc1 ences 'J. 1 .r,t~l'!.L.., 
c. :J 

(1} 

(2) 

The effect of the Mylar walls of the hydrogen ve s .:el was eli::ninated by the 

usual empty-target subtraction; so, 

.• R. i.:: R_full_ R. empty. 
l l l 

Eachof these R's is evaluated fron1 scvcral 11 l'W1S;" so, for exan1plc, 

n 
~ 71" full 

. full a.= 1 ia. 
R. =-----1 n :z M 

a.=1 a. 

(3) 

{4) 

where the index a. specifies the run, and we have simplified the expression 

by writing 71" i for the type of coincidence count appearing in the numerator 

of (2) and M for that in the denominator. 

~The general requil4 ements of acceptability for the data from the various 

runs employed the usual tests o£ a satisfactory relat.ion between the rms 

deviation from average and the standard deviations calculated from statistics. 

.. ' 
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A rejection criterion for the data from a given run was established as 

follows~ The run a; was 1·ejected if: 

JRes. J > 3( Is. D. I + rms Res. h a. . a. 

whe:re 

jRes. ~ = 1·esidual of run a., i. e. • the deviation o:£ R from R, a. . . . 

IS. D. I = standard deviatio1~ of R , Ia. . a. 

rms Res. = root-mean-squa1·e residual for all runs of this type, 

excluding run a..· 

In these expressions we have suppressed the notations referring to channel 

"i" and to "full" or "empty~ 11 We made the assumption that a residual value 

greater than the magnitude stated indicated a stl·ong probability of instru-

mental malfunction. Actually, less than O.io/o of the data were rejected be ... 

cause of this criterion. 

Since the statistical errors and the deviations from ave1·ages showed 

a satisfactory relationship, the error for the uncorrected differential cross 

section expressed in (1) was evaluated fro::n the st~tistics by: 

{ 5) 

where Al\ denotes the standa1·d deviation app1·o::_::.ria.te to an evaluation of 

Ri as given in (4). This value o£ Au i is subsequently combined with other 

errors arising from uncertainties in the corrections to be applied. 

B. Corrections to the Data 

1. Inelastic Scattering 

By inelastic scattering we mean an event fo:; which the final state con-

sbts of something other than a single pion and a proton. The solid. angles of 

the -rr and P counters-and their kinematic relationships in defining the 
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elastic channels -suppresed response to inelastic events, but it is necessary 

to estimate the contribution in these channels made by inelastic processes. 

For this purpose 'the "I-channels" mentioned in Sec. II. D. 2, consisting of 

coincidences between 1r . counters and off-elastic p counters., were defined. 

Figu1·e 8 shows the kinematic relationship between the pion lab angle · 

and the proton lab angle, b?th for the pion scattered to the right (heavy solid 

cu1·ve), and £or the pion scattered to the le£t (light solid curve}. In this ex-· 

pe1•iment elastic events were measured with the pion going to the right. 

Because o£ the finite size'<of both the rr and P counters, these kinematic 

curves are spread out into bands; as indicated by the dashed cu1.·ves in Fig. 8. 

Areas A and B in Fig .. 8 are defined, for example, by ir-p counter pairs 

t..}:.at are outside the elastic bands. Coincidence counts were rnea.sured in 

.<12 areas, such as A and B, all of.which were in fairly 'close proximity to 

the (heavy dashed) elastic band. The 42 ratios of these counts to the beam 
'' 

monitor counts were formed. Each particular 1·atio was then divided by the 

product of the lab solid angles of the ;r and p counters contributing to it, 

thus defining a quantity Z which is the nurl"~·iJer of inelastic counts per unit 

monitor count and "per unit product of solid angies, for a specific .pair of 

counters. 

We then assumed a Z coordinate axis nor.mal to the plane defined in 

Fig. 8. A s-urface Z(:<C, y) was least-squares-fit~ed8 to the data points in Z 

by using an equation of the form 

(6} 

where x =cos 8 . 1 t and y =cos(), ft• A suffiCient numbe1· of terms was used 
r1g 1 J.e . 

to obtain a reasonable fit; usually; it was only those terms up to and including 

A;(x2 + y2). An equation symmetric in x and y was chosen because the· 

inelastic scattering is symmetric with respect to scattering left and right. 
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Powers of cos 8 were used, rather than powe1·s of 8, in order to make the 

surface fo1· the region o< e < 180 deg agree with the surface for the region 

360> e > 180 deg. 

The value, Z., of Z at the coordinates corresponding to the _iih elastic-
1. 

channel point (lying on the heavy solid curve) was determined and then multi-
1 • • • ' ' ' 

plied by the lab solid angles of both the . '11' i . and the Pi counters. The re­

sultant product I. is the inelastics correction for the ith elastic channel. 
l . 

Equation (1) then becomes. 

dcr (e.*)= _.._1---o--- (R.full_ R.empty _I.) 
..ll""'':' l ,...., );.: 1 . 1 1 
uo' WC.:.,~;i 

for each elastic channel. 

The statistical erro:t:s from the inelastic-channel counts (ratios to 

monitor) provided el.·ror values for the data points in Z which were em~ 

(7) 

ployed in making the least-squares fit to a surface Z(x, y). The en·or matrix 
I 

thus determined gave mean& of aasigdng an e::::,:or to Zi' and thus to Ii. The 

contribution to the error in differential cr.::>ss sec~ion is made by an additional 

term in Eq. (5); which now becomes 

~(j. = __ 1 __ 
1 nxn.::c 

1 

( 8) 

Figu,re 9 shov..rs the relative magnitudes of the elastic data (sc~.::.d curve) 

and the average charged inelastic backgroWld {dashed curve) as mea.sureC::. at 

a pion lab ldnctic energy of 990 MeV. \ 

2. Accidental Counts 

The high .counting rates of the monitor counters (M
1

, M 2, M 3) 3.E;mand 

ca.reful considc.o:ation of the accidental-coincidence component in the :t,nonitor 

counts .. Usually the most predominant type of acc~dcntal coincidence in a 

threefold coincidence is one where two of the pulses-c. g., pulses fro11;1 lv11 
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·• 

and M 2 -are definitely l:.elated, and the third-e. g., a pulse from· M~_;;is 

random. This type o£ accidental coincidence could have resulted in a con-

siderable (::::: 4o/o) correction to the monitor counts in this experiment, except 

for the fact that the monitor· system was "protected" against this type o£ 

accidental coincidence by the double -pulse -rejection system. (See Sec.II.D.1. ) 

Other types of accidental coincidences in the n'lonitor system were calculated 

to be negligible . 
.. 

Accidental coincidences in the elastic and inelastic channels were meas-

ured in several cases; including those channels fed by the 'IT and p counters 

with the highest singles counting rate; in all cases it was found that these 

accidental coincidences were also negligible. 

3. "Revel·se-Elastic" Scattering 

As was previously mentioned, the heavy dashed curves in Fig~ 8 in­

dicate the region·where elastic data were taken at a particular energy. The 

region bounded by the light dashed lines is called the reverse-elastics region, 

because the pion scatters toward the proton counters anti -~:~c F·;·oton recoils 

toward the pion coul'iters. In the relatively small area where the ::<werse-
·' 

elastic band overlaps the elastic band, reve1·se-elastic counts are >:ecorded 

in those elastic channels. In this overlap area, the pion counts in a proton 

counter, say Pk, and the r~coil p1.·oton counts in the· corresponding 'ITl .. c 

counter. 

Pulses, from 'IT and p counters, that resulted from rever~e -elastic 

event's could not be eliminated by timing relationships because of the rela· 

tively wide (35-nsec) gate to the coincidence matrix system and the "slow" 

coincide!lce circuits in the matrix system. 

A:fte1· all other co1·rections to the 'IT-P. counter matrix data have been 

a~plied. the counting rate in a particular elastic channel is the sum of the 
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contribution from elastic events of the desired "forward" typ'e (i.e., pion 

scatters to the right) and the contribution from reverse-elastic events. This 

is expressed in the relationship 

(9) 

where 
. . . . . 

Q£ = s.olid angle for .the forward-elastic chariri~l at angle e, 

Q r·= 'solid angle'·subtended for. t.he reverse .. elastic events in this channel~ 

a 
0 

(G) = appar.:;nt differential cross section at angle e, uncorrected for 

reverse -elastic events, 

a (8) = true differential cross section, 

a (8r) = true differential cross section at the angle e r which is the 

effective pion scattering angle for the reverse-elastic events. 

From this expression, by. rearrangement, we have 

( i 0) 

We attempted to use this relationship to correct the "observed'' cross 'section 

and to obtain the true cross section, employing in first approximation for 

u (8 } the observed value at e . The cross -section curve th1·ough the data 
r r 

points was then refitted, usingthis first-corrected value of u(e), and an 

iteration of this procedure continued until a convergence -vv:cs obtained at a 

final value for a (e) • 

.. Actually, the convergence was greatly facilitated by converting {10) 

into the form 

a (e) = ( 11) 

In. the form ( 11) the correction term is tyJ?ically much smaller than in ( 1 0), and 

convergence was more directly achieved. Asa check on results it was always 

verified that both forms (1.0) and (11.} were satisfied by the final valu.es of the 
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.cross sections. The solid-angle values were calculated with the aid .of a 

. computer program that accounted for sizes and positions of counters, size 

and shape of H 2 target, intensity distribution and momentum distribution. 

in the pion-beam cross section, and convergence of the pion beam .. 

The error inherent in this correction operation was calculated hom 

t.."'le uncertainties in the quantities appearing in Eq. (10), and was inco1·po-

rated into the errors in the final data !or the cross sections. In Fig. 9 an 

example of the data is shown, for pion energy of 990 MeV, illustrating the 

magnitude of the reverse -elastics· correction in this case. 

4. Corrections to Monitor for Beam Contamination 

The application of a gas Cerenkov counter for the measurement of muon 
.!.. 

and positron beam contamination was mentioned in Sec. II.E. The K' meson 

component was negligible because of its short lifetime. The -proton component 

was successfully xrejected by time -of-flight requirements, and its influence· 

upon cbunting rates was reduced by the velocity-spectromete1· action, which 

eliminated a considerable fraction o£ the protons from the beam. 

Positrons were primarily produced at the Bevatron target from pair 

production by photons from 1r
0 decay, and were thus subject to the beam 

momentum selection and could be readily identified by the Cerenko"- counter. 
'•··· 

Positive muons generated by pion decay in the beam preceding the bending 

magnet B 2 (Fig. 2)' were likewise subject to'momentum selection and iden­

tified by the Cerenkov counter. Those muons produced between B 2 and the 

LH2 target, which traverse M 3 and the LH2 target, were evaluated by 

calculation. 

In Fig. 10 we show the fraction of the total monitol·ed beam contributed 

by these processes at various beam energies. Their scattering in the LH2 

target at the angles of concern we.~ so small as to involve no correction in the 

1T and p counter data, but only in. the monitor data. 
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5. Miscellaneous Further Con·ections 

Certain further small corrections were involved, such as: 

(a) Correction for dead time in counter S 0 • 

{b) Correction for double scattering of pions or protons in the H2 target 

and walls. 

(c) Correction for finite angular size of the elastic channel counters. ·In 

a few cases where the cross section was small, but rapidly changing, this 

was important . 

. The largest contributions to the quoted errors came from statistics and, 

for certain points, from the unce1·tainties in the reverse -ela.stic correction.-

IV. EXPERIMENTAL RESULTS 

A. Differentia:I-Cross -Section Data 

The elastic differential cross sections are listed in the tables in Figs. 11 

through 17, together with the e1·rors (standard deviations} and the cosines of 

the scattering angles in the c. m. system. The values listed for cos(/'!<= 1. 0 

were calculated by using dispersion relations. 9 

. ' 

Although data were taken a,t 21 different angles at each energy, the data 

at some of these angles were rejected. At small angles o::: .::ca'ttering, the 

l'ecoil p1·otons did not have enough ene1·gy to reach the. proton counters. This 

eliminated the first five angles at 533 MeV, £our at 581 MeV, three at 698 

MeV, two at 873 MeV, and one at both 990 and 1311 MeV. The data from 

channel.11 appeared to have a systematic error of unknown origin; as a result 

the differential cross sections for this channel were. significantly too large 

at all energies~ The probability of such a phenomenon occurdng naturally 

is,,extremely small, and hence the data from channel 11 were also rejected. 
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e::c ·B.·. Fitting with Power Series in Cos 

A cu1·ve having the equation 

du (tl~:c) = 
dQ>.'< 

N 
:E 
n=O 

n >'< a cos e. 
n (12) 

was least-squares -fitted to. the data points. 8 The fitted curves, along with 

the data points, .are shown in Figs, i 1 through 17. The dispersion-relations 

point was used to make the final fit at all energies .. A £ou1·th-:orde1· fit, i.e., 

N = 4, was used at the three lowest energies o£ this e::cperiment; a seventh-

order fit was ':lsed at the four highest energies. 

The determination of the correct order of fit to be used .is a rather 

difficult problem. . One .criterion accepted was that if a kth order fit is 

needed at some particular energy, then at higher energies the order o£ fit 

should never be less· thal'i k. The basis for this criterion is that if a specific 

P. th partial wave is needed at a ce1•tain energy, this Jl th partial wave should - . -
also be present at all higher energies, even though its contribution Inay be 

very sm.all. Another, and an im.portant criterion, was to choose that order 

. .P . 

of fit that gave the best agreement between the curves fitted with and without 

the disperion-relations point. 9 

At 873 MeV the data could statistico.lly be fitted, i.e.,. with satisfactory 

X 2, with a third-order expression. However, a thb·d-o1·der fit did not produce 

)'C 
the sharp rise at cos e · = -1, as in.dicatedbythe data points. A seventh-order 

fit was the lowest-order fit, made without the dispersion-:relations point, that 

. ~ . 
both produced the sharp rise at cos e· = -1 and also had the "correct value at 

cos e':c = +1. This sharp rise at cos e):c = -1 becomes more pronounced at 990 

lV1eV, very pronounced at 1311 MeV, and sta1·ts to ~iminisi1 again at 1555 lvteV. 

The standard statistical tests,· such as the x 2 
test and the Fisher 11 F" 

test, 8 were taken into consideration, but they were sometimes misleading. 

.. 
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Figu1·e 18 shows the values of (X 
2
/d)i/Z, the "goodness-of-fit" parameter, 

plotted vs the order of fit N. These plots are for the lowest ene:r~y, 533 MeV, 

and the highest energy, 1555 MeV, where d is the number of deg1·ees of 

heedom; i.e., 

d = p· .. (N + 1), { 13) 

P being the number of data points to which the curve is fitted. 

Figure 18 seems to indicate that a sixth-order fit is sufficient at 1555 MeV; 

however, a.seventh-order fit was chosen because that is the order o£ fit needed 

at a lower energy, 873_ MeV. 

Table I gives the values of X 2 and (X 
2
/d) i/2 for the chosen fit at each 

0 

energy. 

The values of the coefficients a · and their errors are listed in 
n 

~able II, and are shown plotted in Fig. 19 with pion Lib kinetic ep.etgy -as the 

abscissa. 

C. Total Elastic Cross Sections 

The total elastic cross sections, obtained from the data fo:r differential· 

elastic cross sections by integrating under the fitted curves, are listed. in 

Table I, along with their errors. Figure 20 shows the total elastic cross 

section, the total cross section, i and the total inelastic cross section-the 

last being simply the difference between the first two. 

V. DISCUSSION 

The major objective of the experiment was to -in:fer the quantum nurnbers 

o£ the state in 11 resonance 11 at the pion kinetic energy o£ 1350 MeV. Second­

arily, we hoped to obtain some information concerning the nature of the state 

contributing to the "shoulder" in the total-cross-section curve fo1· pion energy 

ncar 850·MeV. · 
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Cursory examination of the differential-cross -section curves at various 
. ' . 

energies (Figs. 11 through 17) allows the following qualitative observations: 

The curves for the three lowest energies a1·e of simple and similar shapes, 

for the three highest energies a more complicated shape is apparent, and for 

873 MeV the curve suggests a transition between these two regimes. The 

cha.racte1•istic shape of the curves for the three highest energies suggests 

a substantial contribution with a [P
3 

(cos a~:-:)) 2 dependence, which could be 

produced by a prominent amplitude in the J. = 3 orbital state. 

A much stronger basis for interpretation is provided by the plots of the 

behavior of the coefficients of the powers of cos e~:c ,in .the power series ex-

pansions of the various cu1·ves. The energy dependence of these coefficients 

is shown in Fig. 19. The inte'rpretation is facilitated by expressing these 

coefficients in terms of the partial-wave scattering amplitudes by the follow-

ing operations. 

The differential cross section .in terms of the partial-wave amplitude 

is: 

L 

+ I L [A.t - A.e-] p ./(cos e•:c) 1
2 

' ( 14) 

£=0 
_,_ 

where AR. .... is the scattering am.plitude for the state of total angular n1.omentum 

J = 1::!: 1/2. The value of L is the la1·gest value of £ needed to fit a particula:o.· 

cross-section curve that the expr.ession is to describe. The amplitudes are 

expressible in terms of the phase shifts by the form 

( 15} 
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where k is the c. m. wave numbe1• for the pion, 60 ± is the real part of the 
/<. 

phase shift, and b£ ::1: = exp ( -2(3 1 :!::) is the absorption pa1·ameter arising from 

::!: 
the imagina1·y part, f3 1 , of the complex phase shift o + if3. 

We now expand Eq. (14) into an. expression in pov.,ers of cos e::<; and 

for convenience employ the standard symbols S, P, D, F, G, for the scattering 

+ amplitudes corresponding to P. = 0, 1, 2, 3, 4, 1·espectively; thus A3 = F 7 /Z' 

and A3-=Fs;z· With this notation, Eq. (14) becomes 
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2 2 1 · 1 2 + (9/4) D S/2 + (9/4)F 5/ 2 .. (9,2)F 5; 2F 7/ 2 + (9,4)F 7/ 2 l 

~ 

. -9P 112o 512 -10P3;zo3/2 + 21D3/ 2 F ?/2 + (45j2)D5; 2F5; 2+ 9D5; 2F 7 ; 2J 

.. 
2 . 2 2 

.- (9/2)D5/2 - (9/2)FS/2 + (207/2)F5/ 2F 7/ 2 + (45/4)F7/ 2 ] 

+ cos
3 

e':c [15S1/2FS/2 + 20s 1/2~/2 + 15P1; 2D 5/ 2 + 18P3; 2D3; 2 + 12P3; 2D 5/z 
fi 

. 2 .· 2 2 
+ (45/4)D5/ 2 +(45/4}F5/Z - (675/2)F S/ZF? / 2 ... (,165/4)F 7/2 ] . 

('16) 
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Since the JlCattering amp~itudes al·e complex quantities, complex 

mu.ltiplication must be used in this equation. For example, F 7/ 2 
2 rneans 

1 -~ 12 d J! )~ ~ 7 /Z . an F5/2F7 /2 means the real part 01 F5; 2 F7 12. 
In the foregoing expansion we have retained only terms through ·£. = 3, 

even though at some energies we tentatively included te1·ms through cos 7 e>:< 

in fitting the cu1·ves. In such cases, however, the e1·rors in the values o£ 

a 7 were large (see Table II). It is our belief that the presence of a small 

amount of cos7 e>:c, if it should in fact be considered as required, is due to 

the superposition of a large F amplitude with a very small onset o£ the G 

amplitude. S:ubsequent interpretations will assume all amplitudes above F 

to be small. 

·Due to the complex character of the amplitudes, ther.e are actually 

1.4 amplitude pa1.·ameters represe~ted in the seven amplitude symbols . . . 

Thus it is in principle impossible to deterrn.ine the ampli-, . . 

tudes by equating the expe1·imental values for a 0 , a 1, · · · , a 7 , respe.ctively, 

to the expressions for these coefficients in Eq. (16}. Additional information, 

e. g. , polarization data and the values of elastic and total cross sections, will 

be required. ·' 

. . 

But in the absence of a sufficient numl.~r.::r c{ constraints to determine 

rigidly the am:plitude parameters we may still make strong inferences as 

follows. The donJ.inant features of the plots of the eitergy dependenc~ o£ the· 

coefficients in Fig. 19 are the pronounced positive peaking of a6 and negative 

peaking of a 4 in the vicinity o:f the· 1350-MeV resonance. Reference to Eq. 

{16) shows that both these features a·1·e promoted by either the F7; 2
2 

terrn or 

the F5; 2F.7 ; 2 term. Upon the basis o£ the small magnitudes of the four lowest 

co.efficients-a0 , ~ •• , a 3 -we assume that terms in the expression for a 4 other 

than F5; 2F7 ; 2 and F7 ;i are relatively negligible.· And. now~ by equating the· 

expression for a 6 to 21 mb/sr, and that £or a 4 to -18 mb/s::.·, z:.s shown in 
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2 
Fig. 19, we calculate that F7; 2 is 30 times the magnitude of. F5; 2F

7
;
2
: 

We thus infer that the peak at the pion energy of 1350 MeV is related to an 

F.7 ; 2 resonance. 

It . l . t . '~-1 M' . b.. . t i O h' 1s necessary, 1owever, o recogn1ze ~ 1e ... 1nam1 am 1gu1 y, w 1ch 

expresses the fact that differential cross sections a1·e unchanged if for each 

value of J we interchange the values o£ the two scattering amplitudes related 

to the two values of f. contributing. Thus the simultaneous interchange of. 

s1; 2 with Pi/2' P3; 2 with o312 , n 5; 2 with F5; 2 • an~, F7 /Z with c 712 wiil 

leave du / d.0. unaffected. So, although we have adduced evidence for a state 

with J- = 7/2, Y'e yet nee~ to provide a basis for choice of parity. _ 

There are at least two reasons for suggesting the F
7 

; 2 assignment 

over First, if the 1.350-MeV 1·esonance is a true elastic resonance 

analogous to the (3/2, 3/2) resonance, i. e., there is an intermediate state 

consisting of a single particle, it is reasonable to assume that this inter-
·- ,. 

mediate pa1·ticle is an e'~cited nucleon, and hence should have the same 

parity as the nucleon. It is the F7 ; 2 1r-N state that has positive parity. 

Another reason for tentatively favoring the ~ ; 2' assignment is that it agrees 

with the Regge-pol~ formalism as pl·_escnted by Chew and Frautschi. 11 They 

seem to believe that the 1350-MeV resonance has the same parity as the 

(3/l, 3/2) resonance, which again is positive. 

The:;.·e does not appear to be any single state that is very prominent at·. 

the shoulder near 850 MeV. The total elastic and inelastic cross sections 

are plotted in Fig. 20. The behavior of 'the total inelastic c1·oss section near 

850 MeV is similar to that needed in the Ball-Frazcr5 explanation o£ peaks 

in total cross sections. In view o£ these facts, it can be suggested that the 

shoulder-near 850 MeV is the resUlt o£ an inelastic enhancement rather than 

an elastic resonance .. It is possible that this inelastic process; which pro­

duces the shoulder near 850 MeV in the T = 3/2 (IT+ -p) total cross section, is 

0 
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-· 1 2. -
the same inelastic process that contributes to the 1T -p peak at 900 "NJeV.' 

In this case we would suggest DS/2.' as discussed in the succeeding paper. 

In fact, although the evidence is not compelling, the alternating signs in 

the values of a 1, a
3

, a
5

, and a
7 

in Fig. 19 at 850 MeV are consistent with 

·the interference of a DS/2. amplitude with F state amplitudes, as may be 

seen by reference to Eq. ( 16 ). 
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Table I. ·Values of X 2 , (X 2/d) 1/ 2, the numbe:r of data points, a 

the number of degrees of freedom, and the total elastic croas 

section with its error at each energy o£ the expei·iment . 

Energy . Number Degrees , Elastic. 

(MeV) 2 <x2/d) 1/2 of data of cross 
X points. fl-eedom section· 

533 7.89 0.85 16 11 15.32 ± 0.47 

581 25.26 1.45 17 .12 12.17 ±0.57 

698 9.28 0.84 18. 1.3 8.02 ::i: 0.22 

873 :1.3. 96 1.13 19 11. 12.05 ± 0.45 

990 11.33 0.97 20 12 14.54±0.31 

131.1 16.92 . 1.19 20 12 19.31 ± 0.61. 

1555 8.36 0.80 ,21 13 13.04±0.28 

a The dispersion:relations point, having been used in the curve fitting;. 

is included in the number of data points. 
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Table 
- . * 

II. Coefficients of powers of cos 8 • 

Coefficients! Incident yion lab kinetic energy (MeV). 

533 581 698 873 990 1311 1555 

ao 0.436±0.017 0.336±0,026 0.173±0.014 0.190±0.053 0.184±0.046 0.337±0.052 0. 308±0.031 
.;_~-

a1 2.042±0.070 l. 7 45 ±0. 121 0.692±0.049 1.108±0.213 0.528±0.175 ~1.266±0.290 0.467±0.175 
I 

a2 2,869±0.101 2.679±0.139 1.960±0.092 3.004±0.621 4.583±0. 508 5.272±0.626 1.642±0. 397 VJ .,_,. 

0.250±0. 250 -0.051 ±0, 377 0.432±0.141 -0. 932±1.688 -6.322±1.326 .· 
I 

a3 0. 920±1. 335 -1.235±2.248 

a4 -0.868±0. 239. - l. 3 0 3 ±0 . 3 6 9 -0.940±0.174 -2.219±1.820 -6.515±1.430 -17.364±1.970 -7.837±1.286 

a5 4.476±3. 939 3.607±2. 998 10.548±5.072 16.012±2.990 

a6 1.480±1.387 5.237±1.111 20.410±1. 764 12.252±1.140 

a7 -3.301±2.611 -3.682±1".978 . - 2. 6 1 4 ±3 .41 5 -4.971±2.068 
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FIGURE CAPTIONS 

Fig. 1. Total cross sections for 1T:I: -p scattering, showing the energies 

at which differential cross sections were measured in this experiment. 

Fig. 2. ·Plan view of the exper~mental arrangement. The counters, the LH2 

target, and. the Al2o3 target are not drawn to scale. 

Fig. 3. Schematic diagram of optical sys.te,m showing extreme rays of pion 

beam, various magnets, targets, slit, and velocity spectrometer. 

The dashed l~nes illusttate how the protons were stopped by the slit. 

Fig. 4. Plan view of liquid-hydrogeh target vessel and surrounding-vacuum-

jacket wall. 

Fig. 5. Plan view of .:.s-cintilia;tion,-counter arrangement. 

Fig. 6. Block diagram of electro~ics. 

1 Tunnel-diode pulse discriminator and shaper. 

2 --Fast amplifier. 

3 - Fast coincidence circuit. 

4 - Gate circuit. 

5 ·- Pulse -at?plitude discriminator. 

6 - Pulse splitter. 

7 - Scaler gate and beam monitor with modified output. 

8 - Special gate· circuit used to turn off pre scalers during time data 

storage system is busy. 

Fig. 7. Gas-Cerenkov-counter pressure curve taken at 698 IvieV. 
0 . 

Fig. 8. Pion-proton elastic kinematic curves showing band where elastic 

data were collected, two o£ the 42 regions where inelastic data were 

collected, and region where reverse-elastic band overlaps elastic band. 
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Fig. 9. Differential-cross -section curve for an incident pion lab kinetic 

energy of 990 MeV, including co1·rected data points with errors, 

data points 'before reverse-elastics co:~:·rection was applied, and 

average thelastic background. 

Fig. 10. Muon and electron contamination in pion beam plotted vs incident 

pion lab kinetic energy. 

Fig. 11.. The iT+ -p. differential-cross -section curve for an incident pion 

lab kinetic energy of 533 MeV. 

Fig. 12. The 1T + -p differential-cross -section curve for an incident pion 

lab kinetic energy of 581 MeV. 

Fig. 13. The 1T+ -p differential-cross-section curve for an incident pion 

lab kinetic energy of 698 MeV. 

Fig. i4. The iT+ -p differential-cross -section curve for an incident pion 

lab kinetic energy of 873 MeV. 

Fig. 15·. The 1T + -p differential-cross -section curve for an in~identpion 

lab kinetic energy of 990 MeV. 

Fig. 16. The 1T+ -p differential-cross-section C'\,lrve for an incident pion. 

lab kinetic energy of 1311 MeV. 

Fig. 17. The 1T + -p differential-eros s-section curve for an incident pion 

lab kinetic energy of 1555 MeV. 

Fig. 18. Curves showing goodness -of-fit parameter (x2 /d) i/Z plotted: 

vs order of fit for the lowest and highest energies of the experiment. 

Fig. 19 .. Coefficients. of power Sel·ies in cos e'~ plotted vs the incident 

pion lab kinetic energy .. 

Fig. 20. + The iT -p to.tal cross section, total elastic cross section, and total 

inelastic cross section plotted vs incident pion lab kinetic energy. 



80 

0 

.0 

E 

c 
0 -0 
Q) 
Ill 

Ill 
Ill 
0 .... 
0 

0 -0 
I-

0 
250 500 750 

Incident pion lab 

:Fig. 

1000 1250 1500 

kinetic energy (MeV) 

MUB-1353 

1. 

I 
w 
~ 
I" 

C! 
:o 
-~ ·, t-< 

I ...,. 
0 

'W 
-.1 ' 
():) 

·~ 
.Cl> 
< 



,, 

Concrete shielding 

Counting area 

shielding 

,, 
~ M 'k:JKJ 

·Scale: feer 

MU8-Ul0 

Fig. 2. 

., 
w 
U1 

; I 

-1 :ci 
0 

::::t1 .t-< 
'I ,..... 
·0 
'w 

-..) 

,co 
!:;:t:1 

(!) 

.::: 



Plan view 

Bevatron Quadrupole· Bending 
target lens magnet 

Velocity Quadrupole Slit Quadrupole 
spectrometer lens · lens 

II 

Elevation view 

'Fig. 3. 

Bending 
magnet 

Quadrupole Hydrogen 
lens · target 

MU-27621 

! 
: I 
w 
-~ 

; I., 

C! 
() 

::0 
;l' 

I 
.~ 

10' :w 
;-J 
'00 

:~ 
!ro 
·< 

I 



.•. 

\ 
; 

\ 
\· 

\ 
\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

Main support 

r-- __ 

--

Pion beam \ 

--------

Fig. 4 

Vacuum jacket woll 
( 0.026" M ylor) 

..... ..... .... .... .... 
' ' ' ' ' \ 

\ 
\ 
\ 

\ 
\ 
\ 
\ 
\ 
I 

/Boil-off tube \ 
I 
I 

. I 
l 
I 
I 

' 

MUB·I13S 

',..,. 



.... 

_.;...·--·-·- ~.--" . ....:.;__ ..-' _____ ;_:-· 

... · 

(/) 
~ 
Q) ...... 
c 
~· 
0 
0 

. r.·. 

·:; ': 

· ..• :·· 

.. ~. 

.-------·' 
·~ .. ·, .. 

,-_: 

··,.·., 

.--: .. · 

.·,::.::· 

··:,•··· 

/· 

. .'· .' 

··>·','. 

":-·· 

r· : ·::·- ___ :, .. 
·--- .. : 38.,.j ' . ,:.- -:"''. 2: 

., i :• 

·l· >' 
'1o i. -~ 

.l 
·;' ., . ·: ... ):.: 

. .'1 ... 

·.· .. .J ;:'· 

-/ ' ·: ~ : 

·:-: 

.. •' 

··:..··· 

·,' 

·, 
,,•· 

_ ... ·E ;· 

0 
'Q) 

''.C 

' .c 
.2 
0.. 

...... 
Q) 

0\ 
--~-

0 ...... 

.. :-

I .... 
. ~ 1 
·.f 
.; 
r 

.. I ·:; 
' :: ., 

, .••• i.? 

.. " 

..... ·•· 

/' .' .·. 

.. .-._,.. 
·, .. · 

.. / ,. 

., ' 

-~-

•, . 

' . ' 

'.:' 

:·· 

.i ,-

.. · 

•·. / 

.·.·. 

,•; . 
,., 

;· 

:(' 

' ; 

:;~~--~c:~;· 
.. . ! 

• J_.·-

'. 

·'.\' 

'. <' '·.1 

·.I, 

··.,::'; 

·. ~ ·. ~. 

·> 

·.···'· 
::·--. 

.· .. ~-

,. . 



0 

UCRL-10378 Rev. 1 

---------~~ 

Moster pulse 

Fig. 6. 

X 

To memory 
core 

y 

Core busy 

1 Store information 
1--..;.._--,.---

1 

I 
I 

__ j 

ell .... 
Q) 

c 
(.) 

Cl) 

MU-27660 



I) 1.0 

ttl 

~ 
C\1 

~ 

-
~ 

' u 
ttl 

~ 
C\1 

~ 
-
~ 

-20 0 

Go s Ceren kov- counter 

Pressure curve 

50 100 150 

Pressure ( psig) 
Fig. 7-.· 

200 250 300 

MUB-977 

,. 

' l 
I I 
lJ.!:>. 

0 

I I 
... 

c:· 
() 
::0 

.t-' 
I 

"""" 0 
l..V ' 
~ 

. CX> 

: ::u : 
(1) 

~ 
. """" 

r 

' 
! 

l 
·;. 
i 

I 
f 

I 
r 

! 
r 



- I . 

-41. ~ l UCRL-10378Rev. 1 ·. 
'·-··--·~---.-_...::.,· 

-01 
Q) 

""0 ............ -..c 
01 00 

\... 
0.0 ..... 

0 IJ:.i -
Q) 

01 
c 
0 

. C)) 
c 
\... 
Q) --0 

" (.) 
(/) 

..0 ,., 0 
_J 



r Data including 
· x reverse elastics 

I Corrected data 

3 

2 

---

Fig. 9. MU-27617 

' : I 
.p.. 

iN . 
. I i 

c:· 
0 

'::0 
t-' 

. I 
' ,...,. 
·o 
'w 

-.) 
(X) 



C\J C\J 
com 
Q) li.-

- li.- Q) 
0 0-

- '+- '+-0 Q) 0 
- ...0 

. 
I . 
·I 

0 

I 

. -43- : 
l 

' UCRL-10378 Rev. 1 · 

. j' 
! I + ~ . I g 
! I ~ 
I I . I 
I I 

! I 
I I -> I I . I (!) 0 

I I. 

~ 
A' 

/; I 
/ I 

/ . 
~ r+ / . 

/ I / . 

"'"' 2 bJ) ..... 
0 -)~ 
0 

0 ~ 

/, I 
~ 1-<}1 0 

0 
L() 

<.0 
0 . 
0 

'\!" 
0 
d ' C\J 

0 
d 

0 
0 
0 



9 

" 8 

7 

6 

3 

2 

0.8 0.6 

1f + -p 

T1T = 533 

* Cos e 

1.000 
0.547 
0.446 
0.363 
0.259 
0.155 

-0.062 
-0.173 
-0.276 
-0.445 
-0.551 
-0.675 
-0.768 
-0.836 
-0.885 
-0.925 

0.4 0.2 . o.o - 0.2 

Cos 
.. Fig. 11. 

* dcr(e ) 
* dD 

4.800±0 .648 
2.389±0.064 
1. 906±0. 07 4 
1.482±0 .074 
1.202±0.075 
0.793±0.122 
0.348±0.031 
0.156±0.023 
0.071±0.020 
0.054±0.019 
0,060±0.018 
0.090±0.021 
0.142±0.022 
0.217±0.029 
0.157±0.035 
0.145±0.035 

-0.4 -0.6 -0.8 -1.0 

M U- 2 7 3 0 1 nA 

• :,.p.. 
,.p.. 

' . - - - .. 

'C: 
. (); 

!XJ. 
;l' 

I 
~ 

'.o· 
iv..> 

-.] 

·oo 

!XI 
;('1) 

::: 



-~ 
(/) 

'-..... 
...0 
E -

8 

6 

5 

4 

2 

.,.+- p 

T,= 581 

* Cos e 

1,000 
0.613' 
0.533 
0._429 
0.345 
0.239 
0,135 

-0.083 
-0.193 
-0.295 

'-0 .461 
-0.565' 
-0.686 
-0.776 
-0.842 
-0.890 
-0.928 

-3 • 470±0. 7 42 
2.163±0.056 
2.032±0.054 
1.512±0 .071 

' 1.019±0 .082 
0,807±0.091 
0.589±0.131 
0.259±0~022 
0.086±0.019 
0,020±0,019 
0.046±0.018 
0.090±0.017 
0.127±0;018 

' 0.156±0,019 
0.113±0.022 
0.153±0.023 
0.079±0.028 

0 ~-----------------------
1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 - o. 6 -0. 8 ~J.O 

Co,s. _e; 
M u _ 2 7 3 0 2-A . 

Fig. 12. 

I , 
' I 
:.t>-. 
't.n 

I 

c:: 
!0 
·::o 
l' 
I 
~ 

0 
w 

.-.J 
CX> 

·::o 
('!) 

.<: 



* b c:; 
u-o 

8 

7 

6 

5 

4 

Fig. 13 . 
... 

* Cos e 

1.000 
0.664 
0.583 
0.499 . 
0.391 
0.303 

. 0.195 
0.089 

-0.129 
-0.237 
·-0 .336 
-0.497 
-0.596 
-0.710 
-0.794 
-0.855 
-0.899 
-0.934 

* dcr(e ) 
* dD 

2.250±0.542 
1.426±0.050 
1.221±0.044 
1.041±0 .046 
0 .694±0 .048 
0.607±0.049 
0.375±0.050 
0.156±0.072 
0.130±0.026 
0.113±0.021 
0.115±0.023 
0,208±0.025 
0~264±0.022 
0.267±0,023 
0.272±0.027 
0.195±0.032 
0.239±0.035 
0.186±0.045 

-0.4 -0.6 -0.8 

M U - 2 7 3 0 3 ·A 

-1.0 .. ~ 

, 
.Z:,... 
0'-
1 

: c: . 
0 
~: 

. l' : 
. c I 

""" ·o 
VJ 

,-J 
iOO 

.· ~. 

·CD 
'~ 

. """ 



-
* b ~··· 

"0 -o 

7f+- p 
T.,r 873 

* Cos e 

1,000 
0.709 
0.627 
0.54o 
0.450 
0.336 
0.246 
0.134 
0.027 

-0.190 
-0,295 
-0.391 
-0.542 
-0.635 
-0. 74o 
-0.816 
-0.871 
-0.910 
-0.942 

*' da(e ) 

* an 
3.800±0.453 
2.339±0.081 
l. 788±0 .072 
1. 549±0 .065 

· 1. 279±0 • o66 
0.854±0.103. 
0. 551±0 .103 
0.278±0,090 
0,254±0.116 
0,141±0,039 
0.095±0,041 
0.172±0.042 

. 0,265±0.046 
0.397±0.047 
0.385±0.045 
0.447±0.053 
0,413±0,063 
0.575±0,069 
0. 854±0 ,100 

OL---~~-L~--L---~~~~~~~~--~--~. 
1.0 o.s o.6 o.4 0.2 o.o -0.2 -o.4 -o.s -o.s 

. * 
Cos 81r · 

0 

Fig. 14 .• MU -2731 0-A 

I ' 
,p.· 
-.J 

' c:: t I C) 
~ 

::0 [ :t< 
I ..... ~: 

0 

f lN 
-.J 
(X) 

::0 i 
I 

(1) 

·::: 
..... 



8 
0 

7 

6 

"i:' D.R. 
~ 5 -/ 
..0 
E - 4 

b~ 
-o -o 3 

2 

0.8 0.6. 0.4 

7T+- p 

T.,.=990 

* Cos e 

1.000 
0.770 
0.690 
o.6o4 
0.513 
0.420 
0.303 
0.210 
0.097 

. -0.011 
-0.226 
-0.329 
-0.422 
:-0.568 
-0.657 
-0.756 
-0.828 
-0.880 
-0.917 
-0.946 

* da(e ) 
* an 

4.780±0.410 
2.934±0.090 
2.470±0.079 
1.838±0.070 
1.518±0 .061 
1.265±0.078 
0.777±0.092 
o.4o7±o.o86 
0.268±0.085 
0.238±0.146 
0.247±0.046 
0.423±0.043 
o. 502±0. o46 
0.485±0.052 
0.532±0.041 
0.495±0.047 
0.596±0.049 
0.688±0.065 
1.068±0.078 
1.308±0.124 

0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0 

* Cos 8;r 
Fig. 15. M U- 27 311-A 

.. 
i 
I 

~·--- -

' I 
·,p.. 

(X) 

i I 

! 

C! 
() 
.~ 
1:-< 
I 

""' 0 
w 
-.J 
CX>. 

~ 
(1) 

::: 
~ 



9 

ir+-p 

T7T = 1311 * Cos e 

1.000 
. 0.731 
o.64o 
0.543 

6 0.443 
0.342 - 0.218' "-

~ 
0.121 

5 o.oo6 
..0 -0.101 
E -0.310 - -0.4o7 

4 '-0.494 
-0.627 

bf -0.705 
-0.793 

-o ~ 3 -0.855 . 
-0.899 
-0.930 
-0.955 

' Fig. 16.' 

* dcr(e ) 

* dn 

14.030±0.818 
1.796±0.081 
0.879±0.063 
0.512±0.053 
0.254±0.056 

·0.466±0.091 
0 • 4o5±0 • 097 
0.190±0.090 
0.362±0.076 

-0.386±0.075 
1.182±0. 065 
1.355±0.068 
1.288±0.076 
1. 091±0. 076 
0.917±0.065 
0.702±0.071 
0.757±0.085 
1.162±0.102 
1.504±0.131 
1.927±0.::...80 

MU-27312-A 

' 
I 

. I 
b 

·o 
::0 

'!:""< 
I 

' ....... 
~· 
-..) 

loo 



8 

6 -,_ 
~ 

5 
l~"'<~p 

...0 . ·~. -~~- . 
> • 

E --
4 

b~c; -o -o 
3 

2 

'•. 

I 

l 
I 

7f+- p 

T7T=1555 

* Cos e 

1,000 
0.832 
0.702 
0,603 
0,500 
0.394 
0,289 
0,161 
0,063 

-0.053 
-0,160 
-0.363 
-0,456 
-0.537 
-0,662 
-0,734 
-0,814 
.-0,870 
;..0,910 
-0.938 
-0.960 

. Fig. 17. 

11,18o±0.776 
3.537±0,120 
1.155±0,071 
0,458±0,056 
0,302±0,062 
0.395±0,073 
0. 464±0 ~075 
0. 382±0 .076 .· 
0.337±0,074 
0. 257±0 '071 
0,260±0,070 
o.496±o.o61 
0.582±0.065 
0,419±0,067 
0,266±0,073 
0.178±0,079 
0 ,005±0,033 

. 0,085±0,076 
0.098±0,124 
0.152±0.177 
0.679±0,195 

.•. 

I . 
UJ 
0 
I 

c: 
:0 
: ::0 . 

. : t-< 
·! l 

' ,_,.. .. 
0 
w 

'-J 
I C/0 



. '-:-~·--...... ~~- " ; 1 
• < :: ... ·-: • 

r·- .. 
L~GRL-10378 Rev. 1. 

~- ---·------ -- -·-·------ --. . - --_:_ - ~ .... 

-~ ' ' 

. 7 •· 
....... 

~ 

6 

. 5 

4 1555 MeV ... 

2 

0----~----~----~----~----~----~----
2 3 4 --.5 6 7 8 9 

Order of fit 
----·---- ... ·------- '. 

MU-27618 

. . l Fig. 18. ; 
• - ·! . I : . . ! . ~ 

I 



600 

,- -... ---·- :1 
I -52- ·· . 

. j __ -~-------- .J 

800 1000 1200 
T77' (lab) (MeV) 

r·Fi~~---1-9. ·_ 
' ' 
·~~---·~w ··-·-· 

1400 1600 

MUB-1197 



-53- iUCRL-1.0378 Rev. 1 

"' "' • .., 

J( 0 "' 0 ::> 

!:Q ::;; 

I . 
I 
I 
\ lot 

0 > \ l() Q) 

\ 
(\J 

~ 

u \ 
0 >. 0 Ol . - .. Q ,_ 

i~ 
Q) 0 
c:: N 
Q) 

·_: I • . 0.0 

~~\ 
-~ 

..... - ~ 
Q) 

0 c:: 
u l() ~ 

1'--<f) .0 
.2 J\ 0 
Q) 

lei \ c:: 
/ \ 0 0 

\ 0 0. 
1.0 

\ -\ c:: 
Q) ... 

\ -o 

\ (.) 

c:: 
0 

;; 1.0 
(\J 

0 0 0 0 0 
co <.0 <;j" (\J 

.. 
( q w ) UO!pas SSOJ:) 



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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