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ABSTRACT 

The differential cross section for IT4 proton elastic 

scattering at 180° was measured from 0.575 to 1.635 GeV/c at 

the UCLRL Bevatron utilizing scintillation counters and a 

double arm magnetic spectrometer. The center of mass solid 

angle acceptance was - 1.00 £ cos 0* £ - 0.9992. 

The TT+P differential cross sections exhibit a large 

dip at 0.741 GeV/c and a broad peak centered about 1.32 

GeV/c. The n"p differential cross sections exhibited peaks 

at 0.69, 0.98, and 1.44 GeV/c. The variation in cross sec

tion with momentum appears to be smoother than predicted by 

most phase shift analyses. 

viii 



CHAPTER 1 

INTRODUCTION 

The pion-nucleon interaction has been intensively 

studied. The experimental data fall into three broadly 

defined regions: a low momentum region from 0.0 to 3.0 

GeV/c in which the interaction is dominated by resonances, 

an intermediate region from 3.0 to 5.0 GeV/c in which both 

s channel resonances and t channel particle exchange are 

clearly present, and a high momentum region above 5.0 GeV/c 

where the interaction is dominated by t channel Regge ex

change and by diffraction scattering. Duality relates the 

scattering in the low momentum region described by reso

nances to the scattering in the high momentum region de

scribed by the Regge theory, but the intermediate region has 

not been described successfully by any one theory. Figures 

1, 2, and 3 show the previously determined pion-proton total 

1 2 P 8 
cross sections and backward differential cross sections 

in these momentum regions. 

The study of low momentum pion-nucleon scattering is 

an attempt to expand our knowledge of the resonant states 

involved. Table I shows the known resonances in this region 

along with their energy positions, decay widths, quantum 

1 
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TABLE I 

Pion-Nucleon Resonances 

P 
Resonance Mass Width Elasticity I(J ) 

N'(1470) 1468 + 19 244 + 62 0.61 + .09 3,(1+ ) 

N'(1520) 1520 + 10 120 i 13 0.53 + .04 1 ( 3 / -2 ̂ /3 ) 

N'(1535) 1535 + 28 118 + 35 0.39 + .14 t(i-> 

N(l670) 1672 + 10 142 ± 29 0.42 + .04 K5/s-) 

N(l688) 1688 + 4 127 ± 22 0.62 + . 06 i ( 5 / + 2 \ /s ) 

N"(1700) 1706 + 31 256 ± 98 0.69 + .13 i (2,-) 2^2 > 

N"(1780) 1783 + 45 350 ± 63 0.34 + .05 i(r) 

N(l860) 1864 + 17 335 ± 58 0.27 + • 07 i(3/g+ ) 

N(1990) 1989 + 6 238 ± 12 0.109 + .019 K7/8+ ) 

N"(2040) 2039 + 11 274 ± 24 0.17 + . 06 J> (3/s~ ) 

N(2190) 2180 + 35 299 + 2 0.350 + .001 !(7/e-) 

A(1236) 1236 + 6 120 + 2 1.00 3/s(3/s+ ) 

A(1650) 1650 + 23 151 + 89 0.27 + .12 3/s (1-) 

A(1670) 1674 + 20 240 ± 50 0.13 + .01 3/s(3/s-) 

A(l890) 1885 + 32 273 107 0.17 + .02 3/s (5/s+ ) 

A(1910) 1908 + 38 325 ± 64 0.25 + .04 3/s(l+ ) 

A(1950) 1952 + 19 202 ± 29 0.44 + .07 3/s(7/s+ ) 
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29 
numbers, and elasticities. A rather sensitive method of 

studying these resonances is to measure 180° elastic scat

tering. In this case the spin-flip term in the scattering 

amplitude goes to zero and in the various terms of the 

non-spin-flip amplitude the Legendre polynomial goes to 

(~1)X,3 where Z is the orbital angular momentum of the par

ticular resonant state involved. Thus the contribution of a 

particular resonance to the backward cross section will be 

either maximally constructive or destructive depending upon 

•30 
the intrinsic parity, and will be more prominent than it 

would be in experiments involving larger angular acceptance. 

It is also important to measure this cross section as close 

to 180° as possible, since away from 180° the spin-flip term 

is no longer negligible and could add to the ambiguity of 

the results. 

Several methods for studying backward scattering 

from 0.5 to 2.0 GeV/c have been used in the past, among 

which the most accurate has been the double arm spectrometer 

of Kormanyos et_ al. This experiment included center of 

mass angles between 178° and 180° and gave results for nega

tive pions over the momentum range 1.6 to 5-3 GeV/c. In 

another counter experiment Duke ejt aiL."1"0 measured differ

ential cross sections covering the momentum range 0.875 

to 1.579 GeV/c with an angular bin that included - 1.0 £ 

cos 0* s - 0.97 for both positive and negative pions. 
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oh 20 
Both Abillon et_ aJ. and Carroll e_t aJL. used wire 

spark chambers to measure elastic differential cross sec

tions that included a backward bin centered at 178° in the 

center of mass. Abillon ej; al. measured the negative pion 

cross section from 0.875 to 1.580 GeV/c, and Carroll et^ al. 

quoted both positive and negative pion data from 1.5 to 3.0 

GeV/c. 

Counter hodoscopes in a matrix coincidence were used 

by Aplin ei; al. Helland et_ and Ogden et_ aJ.^ The 

first group covered only negative pion data, while the other 

two measured both charge states. In terms of angular accep

tance at 180° Aplin ejb al. was the most restrictive of the 

three groups with - 1.0 £ cos 0* £ - 0.985 for the momentum 

region 1.2 to 3.0 GeV/c. Helland et_ al. on the other hand 

went to lower momenta with a range of 0.66 to 1.70 GeV/c and 

a center of mass angle of about 150°. Cross sections at the 

lowest momenta were studied by Ogden et_ al. who covered the 

range from 0.425 to 0.775 GeV/c while centered at lf0° in 

the center of mass for the backward bin. 

The final method was the use of the hydrogen bubble 

chamber by Baker et_ al. and Metzger et_ al_. Both used 

- 1.0 & cos 0* £ - 0.975 for their last bin. In the former 

work the momentum was varied from O.895 to 1.0*10 GeV/c, 

while the latter experiment obtained all the data at 1.08 

GeV/c. 
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In the experiments mentioned above the statistical 

errors varied considerably. With the exception of Abillon 

et al. and Ogden et al., these errors ranged between 10 

and 20% with occasional excursions to 50$. The two excep

tions ranged from 3 to 15%• 

After surveying the known data, the High Energy 

Physics Group of The University of Arizona decided to mea

sure both positive and negative pion-proton backward cross 

sections with a double arm spectrometer from 0.60 to 1.60 

GeV/c with a greater statistical accuracy and closer to 180° 

than previous experiments. Our measurements of negative 

pion data were intended to complement those of Kormanyos et^ 

al. The purpose of this experiment was to search for possi

ble new structure and to improve on previous measurements of 

known- pion-proton resonances. This experiment was carried 

out in conjunction with a pion-proton total cross section 

^1 experiment at the Lawrence Radiation Laboratory Bevatron 

in Berkeley, California. 



CHAPTER 2 

METHOD AND APPARATUS 

The incident pion momentum was varied from 0.60 

to 1.60 GeV/c during the course of this experiment. This 

range of momenta kinematically constrained the momentum of 

the backward scattered pion to the region from 0.246 to 

0.351 GeV/c, and that of the forward recoil proton to the 

region from 0.846 to 1.951 GeV/c. Detection of elastic 

scattering at 180° was accomplished by means of a double 

arm spectrometer. Each spectrometer arm consisted of a 

three counter telescope plus a bending magnet. The angular 

resolution of the forward and backward arms was + 1.3° 

and ± 5.5°, respectively, and the momentum resolution was 

9.3$ and 35.5%» respectively. Both pions and protons from 

events were subject to momentum analysis in order to reduce 

background due to inelastic events, the effects of which 

were further reduced by fast timing. The time delay between 

the incident pion and the forward proton was displayed in a 

pulse height analyzer with the time resolution for individual 

events of ± 0.75 nsec. 

9 
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Beam 

The experimental layout is shown in Figure 4. The 

external proton beam of the Bevatron was focused on to a | 

in. x J in. x 5 in. copper target. Pions produced at 0° 

were brought to an intermediate focus at the center of a 18 

in. long, brass collimator with a 1 in. x 1 in. hole situ

ated in quadrupole Q3, by means of a bending magnet (X2M7), 

a pair of focusing quadrupoles (Q1 and Q2), and a second 

bending magnet (Ml). In order to reduce the beam flux at 

some of the higher momentum points, the horizontal width of 

the brass collimator was reduced from 1 in to § in. Further 

analysis of the incident beam was accomplished by a bending 

magnet (M2), two quadrupoles (Q^IA and Q4B), and a fourth 

bending magnet (M3)., which brought the beam to a final focus 

10 ft. downstream from the hydrogen target. The solid-angle 

acceptance of this system was 2.4 x 10~3 sr. and the momen

tum bite was ± in the case of a 1 in. x l in. hole in 

the collimator. 

The backward scattered pion spectrometer arm 

consisted of the M3 bending magnet, which bent these pions 

away from the incident beam, and the scintillation counters 

(irl, TT2, and ir3). The proton spectrometer arm contained a 

fifth bending magnet (MA) approximately 3 ft. downstream 

from the final focus, and the proton counters (PI, P2, C2, 

and P3). 
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The beam was tuned by varying the curre-nts in the 

bending magnets in such a way as to maximize the number of 

pions at the final focus and at the counter at the entrance 

of the hydrogen target. Then the quadrupole currents were 

adjusted to further enhance these rates. The momentum 

distribution found by the beam design computer program 

TRACTUS^2 was determined to have a full width at half maxi

mum of 1.5$ and is shown in Figure 5. The momentum of the 

beam pions was calculated by measuring time of flight dif

ferences between beam pions and beam protons for a 32.1 ft. 

path length. The calculated momenta were corrected for 

momentum loss in matter along the flight path. 

The spatial distribution of the incident beam was 

measured at the exit of the hydrogen target and at the final 

focus. This measurement was accomplished by means of a 

small scintillator in. x J in. x J in.) mounted on a 

photomultiplier tube and light guide assembly, which in turn 

was mounted on a table which could be remotely positioned. 

The table was coupled to a read-out system which displayed 

position directly. The beam distributions at the focus 

typically had full widths at half maximum of 2 in. horizon

tally and 1.5 in. vertically. Figure 6 shows a typical beam 

distribution at the focus. 
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Counters 

Table II contains a compilation of information 

concerning the counters. The incident beam was defined by 

four scintillation counters (SI, S2, 6, and S3)> a lucite 

Cerenkov counter (CO), and a high pressure gas Cerenkov 

counter (CI). The forward recoil proton was detected by 

three scintillation counters (PI, P2, and P3) and, for the 

case of positive incident beam, an additional lucite 

Cerenkov counter (C2) was employed to veto beam pions and 

reduce the background. The backward pion was detected by 

three scintillation counters (irl, TT2, and TT3) • 

Counter CO was used to reject any protons or kaons 

present in the beam. Fast particles, such as pions, muons, 

and electrons, emitted Cerenkov light in the lucite at an 

angle greater than the angle of total internal reflection. 

Hence, the light from these particles would reach the photo 

multiplier tube at the end of the counter after several 

reflections. Slower particles, however, such as kaons, 

protons, and deuterons, would either have a velocity less 

than threshold for light production, or the emitted light 

would come off at an angle less than that of total internal 

reflection. Consequently, the amount of light from these 

heavier particles reaching the tube was significantly less 

than the light from fast particles. The length of the plas 

tic was maximized to cause the light to suffer many reflec

tions on its way to the photomultiplier tube and thus 
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TABLE II 

Information on Counters 

junter Type Material Size P.M. Tube 

CO Cerenkov Lucite 2"xl2"xl" RCA 8575 

SI Scintillator Pilot B l»xl"xA» RCA 8575 

S2 Scintillator Pilot B l»xl»xi" RCA 8575 

CI Cerenkov Cos gas 56"x8"diam. 2-RCA 4522 

G Scintillator NE102 3"x6"xi"hole in 
10"diam. cir. 2-RCA 7746 

S3 Scintillator NE102 2"x3"xi/8" RCA 8575 

PI Scintillator NE102 Y'^yxi/S" RCA 8575 

P2 Scintillator NE102 8"xio"xi/8" RCA 8575 

C2 Cerenkov Lucite 16"X24"x2" 2-RCA 4522 

P3 Scintillator Pilot F 2"xi5"diam. Amperex XP1040 

TTI Scintillator NE102 10 "xlO"xl/8" RCA 8575 

TT2 Scintillator NE102 13"x22"xi/8" RCA 8575 

tt3 Scintillator NE102 13"x22"xi/8" RCA 8575 



enhance further the difference between fast and slow 

particle signal amplitudes. Above a certain momentum, how

ever, the emission angle of the light from the slower par

ticles exceeded the critical internal reflection angle. 

This situation was remedied by tilting the entire counter 6° 

from the vertical when running in this momentum region. 

Figure 7 shows discriminator curves which demonstrate the 

effect of tilting this counter. 

Immediately downstream from CO were counters SI and 

S2, and just upstream of the entrance to the hydrogen tar

get was counter S3. The path length between these counters 

was 32.1 ft. These counters were used not only to define 

the physical extent of the beam but also to discriminate 

between velocities of beam particles by time of flight. The 

time of flight was used principally to reduce or reject 

protons and kaons, with protons rejected by a factor of 200. 

The guard counter G, situated at the exit of Q^B, was used 

to suppress "off-axis" beam particles. 

In order to eliminate the electron signals from the 

overall beam signal, gas Cerenkov counter CI was used. 

During data taking it was kept at 65 psi of C0S in order to 

collect the Cerenkov light produced by electrons and posi

trons, while presenting a minimum of material in the beam. 

CI provided a rejection factor of 50 against beam electrons. 

Muons were not rejected by this counter; however, during the 

tuning phase of this experiment, CI pressure curves were 
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used to determine directly the muon contamination at that 

point and to determine the thresholds for pions and muons. 

Figure 8 shows a typical pressure curve. 

The proton counters were positioned as shown in 

Figure 4. Bending magnet M4, together with these counters 

permitted a separation of event proton signals and those due 

to beam pions. In the case of a negative beam the magnet 

deflected beam pions away from P2, C2, and P3 so that the 

signal from the proton arm was free of beam contamination. 

However, for a positive beam of momentum above 1.0 BeV/c, 

the separation of pions and protons at P3 was less than the 

radius of that counter. This necessitated the use of 

another lucite Cerenkov counter C2 just upstream from P3 

and tilted 3j° from the vertical. This counter was used to 

discriminate against that fraction of faster pions which 

struck P3 along with event protons. The scintillator of P3 

was viewed directly by a five inch photomultiplier tube in 

order to minimize timing jitter. 

The proton arm was also used to measure the time of 

flight of the forward particle from S3 to P3 over a path 

length of 26.6 ft. These data were stored in a pulse height 

analyzer for later analysis. 

The backward pion counters were rigidly mounted in a 

movable framework which was positioned as shown in Figure k. 

Each 20 MeV/c momentum step required an angular shift of 

0.2°, or about ^ in. in counter position. In the entire 
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experiment the only physical motion was the movement of the 

pion telescope counters. Otherwise, data taking at a new 

momentum involved only a retuning of the magnets appropri

ately. These small gradual changes in the experimental con

figuration were employed to reduce the relative systematic 

error from point to point. 

Hydrogen Target 

The liquid hydrogen was contained in a mylar 

cylinder of 6 in. diameter with convex mylar ends. The 

overall length was 12 in., but an effective length was used 

in all computations, which was determined by measuring the 

profile of the ends of the flask at liquid nitrogen tempera

ture, and averaging the length over the measured spatial 

distribution of the beam. This gave a length essentially 

that at liquid hydrogen temperature that resulted in an 

effective length of 11.91 ± 0.06 in. 

The nominal target length was determined as the 

result of a compromise between the greater counting rate of 

a longer target, and the smaller momentum loss and multiple 

scattering of a shorter one. As it was constructed, beam 

pions lost 8.5 MeV/c traversing the entire target. The 

density of liquid hydrogen at standard pressure was taken 

to be 0.0708 gm/cm3. 

An identical but empty "dummy" flask was positioned 

in the target vacuum box along with the hydrogen target 
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flask. A remotely controlled pneumatic system was employed 

to position either flaslc in the beam. The "dummy" flask was 

used to determine the number of background events which were 

contained in data obtained with the full hydrogen flask. 

Electronics 

Beam Identification 

The logic diagram for identification of incident 

beam particles is shown in Figure 9. All photomultipliers 

were connected to 200 megacycle discriminators.. Counters SI 

and S3 went not only to discriminators with relatively high 

threshold settings but also to similar units with very low 

settings. High threshold units are called "SLOW" and the 

low level units are designated "PAST." This procedure per

mitted a method of timing designed to eliminate noise counts 

and at the same time allowed jitter free leading-edge tim

ing. In addition the signals from counters SI and S2 were 

divided and led to discriminators with thresholds set to 

register only amplitudes greater than 1.5 times normal. 

These discriminators were denoted "DE/DX." 

Great effort was expended in order to eliminate all 

beam particles other than pions and to remove all doubles, 

that is, pions accompanied within 20 nsec by another par

ticle. The purpose of eliminating doubles was to prevent 

possible ambiguous events of which half are due to one par

ticle and half to the other. This was accomplished by two 
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methods: One was dependent upon the result that particles 

separated by 3 nsec or less would give pulses twice as high 

as a single particle in SI and S2. Consequently, the DE/DX 

discriminators would fire, and the resulting signal could be 

used to eliminate the event at CLEAN 12 through the DOUBLES 

OR. Particles following each other within a period of 

1-20 nsec were eliminated by the second method in the S1S2 

DOUBLES circuit as illustrated in Figure 10. Previous to 

that, the coincidence S1S2 was formed from the SI SLOW and 

S2 SLOW discriminators in unit S1S2 which gave an overlap 

output. This particular feature gave an output pulse for 

every coincidence at the inputs and had an output width 

equal to the overlap of inputs with no deadtime. The regu

lar output of this unit was paralleled with a 3§- nsec open 

cable; the reflection from this cable combined with the 

regular signal to give an output pulse of 20 nsec duration 

with an updating or dead-timeless feature. 

Both the regular and the overlap outputs were fed 

into S1S2 DOUBLES. If a second particle was counted within 

20 nsec after the first, the overlap output pulse would form 

a coincidence with it. Hence, logic pulses from S1S2 

DOUBLES signaled the presence of two particles within 20 

nsec of each other and could be used to suppress further use 

of the signals from such events. This was accomplished by 

leading the S1S2 DOUBLES signal to CLEAN 12 through the 

DOUBLES OR. As a result of this doubles eliminating 
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circuitry the output of unit CLEAN 12 denoted an "unaccom

panied" beam particle present at the intermediate focus. 

Due to differences in time of flight, singles in 

S1S2 may produce doubles in S3. A similar scheme was used 

to eliminate these doubles at S3. 

The output of CLEAN 3 indicated that the particle, 

still alone, was about to enter the hydrogen target. These 

two signals together with that of S3 PAST formed the beam 

particle coincidence S. The G OR output was used as a veto 

for signals from off-axis particles and to deaden the cir

cuit if the time-to-amplitude converter was busy. The S 

coincidence was timed so that the occurrence of an output 

was determined by the arrival of the S3 PAST input. In this 

way the sharpness of the timing was preserved while allowing 

for jitter in previous coincidences. 

Signals from unwanted electrons, kaons, protons, and 

occasional deuterons were eliminated from the overall beam 

signal at the coincidence unit TT. Signals from electrons 

were eliminated by signals from the gas Cerenkov counter 

discriminator CI, which were led to the it coincidence cir

cuit as antis. The presence of a signal from a fast par

ticle traversing CO was a further coincidence requirement. 

The output of SI PAST was also used to provide timing in

formation and reduce signals due to slow and out-of-time 

particles. In summary, the output from it implied that a 
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single pion or, occasionally, a muon was entering the 

hydrogen target. 

Event Identification 

Figure 11 shows the logic diagram for the identifi

cation of event particles. The event proton was identified 

by a coincidence of the outputs of the proton telescope 

counters (PI, P2, and P3), and, in the case of positive 

incident beam, the lack of coincidence with C2. The output 

of P3 went to both FAST and SLOW discriminators, which were 

then combined with the outputs PI, P2, and C2 to provide 

coincidence P123. The timing was such that P3 FAST trig

gered the unit and the width of this coincidence was 8 nsec. 

The coincidence of a beam pion impinging upon the target and 

an event proton being detected at a given time later in the 

forward arm was formed at coincidence unit irP with the sig

nals from IT and P123.' This was accomplished by timing the 

coincidence with beam pions traversing the forward arm, and 

then subtracting the appropriate amount of delay to account 

for the difference in velocity between beam pions and event 

protons. This timing of the irP coincidence was also veri

fied on the real event signal by direct timing curves at 

certain of the high rate points. 

Backward pions of appropriate momentum were 

deflected by M3 into the pion counters. A coincidence 

between these three counters was formed at unit 7rl23. Since 

the event rate was very low from backward scattering, it was 
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not possible to time these signals directly. The timing of 

this coincidence was accomplished by placing the three 

counters in the beam while maintaining their relative spac

ing. A nsec length was removed from the irl cable to 

account for the fact that the beam traversed the counters 

in a direction opposite to that of an event pion, and the 

coincidence output was 10 nsec wide. The signal from TT123 

was appropriately delayed to provide a coincidence with the 

output of IT at unit TTTT with the pion counters still in the 

beam. The IT signal was delayed 2H nsec to compensate for 

the various times of flight involved; that is, the time for 

a beam pion to go from the pion counters to the center of 

the target and the time for a backward pion to go from the 

center of the target to the normal position of the pion 

counters when positioned for detecting backward pions. This 

was an inferred time,, but it was also verified by direct 

timing curves during tuning for the experiment. 

With the pion counters and cables still in the 

timing configuration above, the coincidence of a l80° scat

tered pion TTTT and a forward recoil proton TTP was established 

at unit EVENT. The timing of this coincidence was such that 

the time of the output signal was determined by the arrival 

of the irP signal, which was in turn determined by P3 PAST. 

The time-to-amplitude . converter (TAC) was started by 

the output of EVENT and stopped by the output of IT. The 

lower rate of the output of EVENT was used as a starting 
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signal to prevent the TAC from being jammed by the high 

incident pion rate. The signal amplitude from the TAC was 

proportional to the time of flight for the proton from the 

hydrogen target to counter P3j if indeed that is what caused 

the count in the forward arm. This signal was fed into a 

pulse height analyzer (PHA) to give further discrimination 

against spurious events. A typical PHA display is shown in 

Figure 12. 

Many of the aforementioned logic units were also 

connected to 25 megacycle scalars whose contents were 

periodically printed out. 
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CHAPTER 3 

DATA ANALYSIS 

If the solid angle defining counter irl subtended a 

center of mass solid angle Aft*, the 180° elastic differen

tial cross section is given by 

dq 
dft 

= K 
l80° 

N , - N event empty 
N beam 

w 
ApL EAft* 

where K is a factor that contains all of the corrections to 

the data, N0vent is the number of full target counts, Nempty 

is the empty target correction term, N^eam is the number of 

pions incident upon the full target, w is the gram molecular 

weight of hydrogen, A is Avagadro's number, p is the density 

of liquid hydrogen, L is the effective target length, and 

EAft* is the effective efficiency-solid angle of the double 

arm spectrometer. 

The corrections that are included in K are: 

1. Proton and pion counter inefficiencies. 

2. Proton and pion counter size corrections. 

3. Nuclear absorption by liquid hydrogen, by counters, and 

by the air. 

4. Counter C2 inefficiency. 

5. Decay of backward scattered pions. 

32 
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6. Decay and absorption of incident pions by S3 and the 

hydrogen. 

7. Muon contamination of the beam. 

The proton and pion counter efficiencies were 

monitored throughout the experiment. The pion counter 

efficiency was measured before and after a run by placing 

the pion counters in the incident beam. This efficiency was 

studied as a function of momentum, and upon finding no mean

ingful correlation it was assigned an average value of 0.973 

± 0.022. For a negative beam the proton arm efficiency was 

measured weekly using beam pions with the polarity of M4 

reversed. Since M4 need not be reversed for positive beam, 

proton counter efficiencies were measured before and after 

changing momentum for each data point. Upon finding no 

significant dependence on momentum, it was assumed constant 

at the value 0.935 ± ,0.025. 

This experiment was originally designed to go down 

to 1.0 GeV/c and as a result of extending the momentum range 

down to 0.6 GeV/c, the counter size correction became sig

nificant below 1.0 GeV/c where the counters in the proton 

telescope were unable to intercept all recoil protons. In 

this momentum region a correction was obtained by the use 

of a Monte Carlo computer program, PIONP. PIONP included 

the effects of a finite beam, finite momentum spread, and 

most importantly, multiple Coulomb scattering. This 
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correction was calculated at 0.60 GeV/c to be (6.0 ± 0.1)$, 

decreasing to zero by 1.0 GeV/c, and its effect is included 

in the effective efficiency-solid angle. The counter size 

effect is shown in Figure 13. 

The corrections due to inelastic nuclear inter-

1 34 
actions were calculated using previously determined ' 

values for the total cross sections. The exponential atten

uation of protons in the hydrogen was found to vary with 

momentum from 1.5 to 3.0$ (± 0.1$) for event protons tra

versing an average of six inches of hydrogen. The correc

tion for the absorption of backward scattered pions in six 

inches of the target ranged from 3 to b% (± 0.1$) for 

negative pions, and from 7 to 12$ (± 0.1$) for positive 

pions. This seemingly large amount of absorption is caused 

by the range of momentum of backward pions being centered 

about the P33 (1236) r.esonance. Similarly, the attenuation 

of event protons by counters was estimated by the use of the 
2 / 

proton-proton total cross sections multiplied by A 3 where 

the atomic weight A of the counters was taken to be 13. The 

amount of matter in the proton beam was determined to be 

0.65 in., which resulted in an overall correction to the 

data which varied from 1.0 to 2.1$ (± 0.2$). A similar cor

rection was made for attenuation of backward pions in the 

counters by using the pion-proton total cross sections mul-
2 / 

tiplied by A /3 , and a thickness of ̂  in. This gave rise to 

a 0.7 to 1.2$ (± 0.2$) correction to the data for negative 
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pions and 2.0 to 3. 3 %  ( ±  0 . 2 % )  for positive pions. The 

attenuation of protons and pions by air was also calculated 

and it ranged from 0.5 to 1.1# for protons, from 0.5 to 1.0% 

for positive pions, and from 0.2 to 0.35% for negative 

pions. 

The efficiency with which counter C2 rejected beam 

pions and other fast particles was measured three times 

during the experiment using beam protons. This correction 

varied from 1.8 to 9.2% (± 0.5$). 

The correction for the loss of backward pions due to 

their decay in flight with the resulting muon missing the 

pion counters was made by means of a Monte Carlo simulation 

of such decays. This correction ranged from 8 to 13% 

( ±  0 . 2 * ) .  

Two corrections were made concerning the incident 

beam. The first dealt with the decay and absorption of the 

incident pion in the region from S3 to the center of the 

target. The fraction of pions left after decays and absorp-

35 tion in this region is given by-^ 

F = e~Xl/lj0 ij2-(l - e"Xs/L° ) , 

where the first factor represents the decays between S3 and 

the entrance to the target, and the second factor represents 

the combined effect of decays and scattering in the target. 

Xj is the S3-target entrance distance, Xs is the target 



length, L„ is the decay length of the pion, and L<J is the 

"reduced decay-scatter" length. They are as follows; 

I*  =  v i T  
_ (cpT)( C T )  

mo c2 

L„Lt 
T' - S D 

^ \ + LD * 

Lg = w/Apa , 

L  = V  T  = (CPP)(OT) 
V*T nio c2 

Here, I HqC2 is the pion mass, C T  is the pion decay length, pj 

is the pion momentum before entering the target, ps is the 

mean pion momentum in the target, w is the atomic weight of 

hydrogen, A is Avagadro's number, p is the density of liquid 

hydrogen at STP, and a is the pion-proton total cross sec

tion. The pion-proton total cross sections were used to 

calculate the absorption and a decay length of 781 cm was 

used to calculate the decay. This resulted in corrections 

that varied from 2 to (± 0.1$). The second correction 

was for the contamination of decay muons in the incident 

beam; part of this constituted the number of muons in the 

beam at the position of CI. To this contamination must be 

added the number of muons decaying in the final half of the 

beam and accepted by the system. The muons originating in 

the first half of the system are a measured quantity and 
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those originating in the second half were a calculated 

qu a n t i t y .  T h e  t o t a l  p e r c e n t a g e  w a s  2 . 3  t o  3 . 5 $  ( ±  0 . 5 % ) .  

Figure 7 shows a pressure versus count rate curve for CI 

from which the contamination at the intermediate focus was 

determined. 

A correction was also applied to the nominal 

momentum settings. The time difference between pion and 

proton times of flight for the S1-S3 path length was mea

sured and compared with calculated values to give the 

momentum without modification for momentum loss in matter 

in the beam. The true momentum of pions entering the target 

was this calculated momentum plus the difference in momentum 

loss between pions and protons in traversing 8 gm/cm2 of 

matter. Five MeV/c was subtracted from this quantity as 

the momentum loss to the center of the target and this 

final momentum was tajcen as the incident pion momentum. 

Figure shows the time-of-flight portion of the momentum 

correction as a function of nominal momentum setting. 

The factor (Nevent - Neinpty)/Nbeam was determined 

from the PHA output and the scalar readings. Since the 

program PIONP revealed that the acceptance of the system 

for inelastic events, consisting of a u° in addition to the 

backward pion and forward proton, was 1000 times less than 

that for elastic events, this contamination in the PHA 

signal was neglected. Since a large spatial separation of 

beam pions and event protons at P3 was accomplished for the 
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negative beam, the negative pion data contained negligible 

random coincidences between the two arms. Thus, the nega

tive data consists of real events whether due to elastic or 

inelastic interactions and no accidentals. The fact that 

the negative data background was quite small confirms the 

Monte Carlo result that the double arm spectrometer is very 

insensitive to inelastic events and quasi elastic scatters 

on a fermi motion proton in a nucleus. The dependence of 

the number of counts obtained in a given number of channels 

as a function of the number of channels was measured from 

the negative pion data in order to determine the number of 

channels which yielded the highest percentage of events 

while keeping the number of channels at a minimum. An 8 

nsec width was chosen, which contained 99.6$ of the events 

on the average. For negative pions N en£ was the number of 

events contained within the 8 nsec. The positive pion data 

was complicated by the presence of- a peak due to accidental 

coincidences between beam pions in the forward arm and a 

second off-axis beam particle count in the pion arm. This 

peak remained fixed in the same twelve channels for all 

momenta. As a result Ngvent for positive data was the 

number of counts within 8 nsec centered on the event peak 

less the events in the 1.7 nsec of the pion peak. The 

number of events was then increased by the number of elastic 

events estimated to be in the beam pion peak by noting the 

size of the pion peak in both the full and empty target data. 



The quantity Nempty was calculated by fitting a 

smooth expression to the empty target runs, and to that 

portion of the full target data which was outside of the 8 

nsec interval. N
empty was assumed to consist of three 

parts: 1) backward scatters from hydrogen in S3, the mylar 

window of the target vacuum jacket, and the mylar target 

flask; 2) flat background rate due primarily to inelastic 

events; and 3) in the case of a positive beam, coincidences 

between beam pions in the forward arm and secondary counts 

in the pion arm. The number of empty events due to 1) was 

taken to be the ratio of the amount of hydrogen in the 

counter and mylar to that in the target times the event rate 

on a full target. The number of empty events due to 2) was 

a fit to the data on the number of counts outside the 8 nsec 

times the ratio of the number of channels within the 8 nsec 

interval to that outside. The fit for the latter effect was 

made to the negative pion data on the number of full target 

events outside of the 8 nsec, and a fit to the former effect 

was made to the number of events within 8 nsec in the empty 

target data for negative pions. These two terms were suffi

cient to fit the negative pion data smoothly, and were taken 

to be N , for this set of data. empty 

The positive pion data required the inclusion of the 

third term to Nernpty. Since the field of M^J was not strong 

enough to separate the beam pion spot size completely from 

the event proton spot size, and since C2 was able to reduce 
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the count rate due to pions by only a factor of 100, a 

significant number of beam pions gave counts in the forward 

arm. At the lowest momentum this rate was negligible, but 

as the momentum increased, the spots came closer together 

and the pion counting rate' increased due to an increase in 

pions striking P3. Consequently, the correction for this 

effect would be expected to increase with momentum. The 

positive pion empty target data was first compared to the 

results of the Nempty fit for negative pions. The differ

ence was considered to be due to this third effect, and 

another fit was made to this difference, A. As expected, 

this last fit did increase linearly with momentum, and it 

was added to the first two terms to give the smoothed Nempty 

values for the positive data. Since this third term was 

an accidental rate, and since the counting rate in the 

forward arm was lower for a full target, the third term was 

multiplied by the ratio of full to. empty counting rates. 

The positive pion Ng ^ result was 

^empty _ ^ Nevent , .061 x 107 , ^full „ A x 107 
N ,UJ-J M N5 ttP N2 
beam beam beam empty beam 

where A is the third term fit and ranged from zero to 4.25 

events. The quantity N. was recorded in the scalars and 
D6cini 

read out at the end of each sub-run. 

w  = 7 8 3 .  mb  
ApL 
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The final factor in the expression for the differential 

cross section contains the effective solid angle EA£2*. This 

quantity can be represented by the integral 

EAft* = E(fi*)dft* , 

where E(ft*) is the probability that a pion scattered into 

solid angle fi* will strike all the pion counters and its 

associated proton will strike all the proton counters. 

Figure 15 shows a typical E(fl*)dn* versus cos 0* histogram 

as determined by program PIONP. Note that except for the 

rounding of the corners the area is well approximated by the 

geometric solid angle of the defining counter, irl. 

Another quantity of interest is the effective angle 

subtended in the center of mass system by the detectors. 

This was calculated by assuming that the acceptance of our 

apparatus could be represented by an angular region of 100$ 

probability of particle acceptance and a complementary 

region of zero probability of acceptance. These regions 

were determined by constraining this representative dis

tribution to have the same effective solid angle as the 

distribution generated by PIONP. The value of cos 0* at the 

boundary separating the two regions was taken to be the 
| 

effective center of mass cosine subtended by the system. 

Cos 0* was found to vary from - 0.9992 to - 0.9996 in cover

ing the momentum range. This representation distribution is 

also shown in Figure 15. 
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The uncertainty in the normalization of the results 

is the uncertainty in the various quantities involved in the 

differential cross section calculation added in quadrature. 

This resulted in a maximum uncertainty in normalization 

of 5.3$. 



CHAPTER 4 

RESULTS AND CONCLUSIONS 

The l80° elastic differential cross section results 

are shown in Figures 16 and 17 and they are listed in 

Tables III and IV. The errors shown are statistical only. 

The results for the positive pion cross sections are 

dominated by a dip to 0.00276 mb/sr at 0.7^1 GeV/c and a 

wide peak centered at 1.32 GeV/c at a value of 3.314 mb/sr. 

The dip is due to the interference between the A(1236) 

amplitude and the several amplitudes responsible for the 

broad peak at 1.32 GeV/c. 

The results for the negative pion cross sections 

reveal more structure, than the positive results. Three 

prominent peaks are evident at 0.69, 0.98, and 1.44 GeV/c, 

and they attain maxima of 1.65, 0.24, and 0.4l mb/sr, 

respectively. Phase shift analyses of previous work require 

several resonant states in both I = 3/2 and I = 1/2 channels 

in this momentum region. Three I = 1/2 resonances occur in 

the vicinity of the peak at 0.69 GeV/c, three I = 3/2 and 

three I = 1/2 resonances occur near the middle peak, and 

four resonances of each isotopic spin occur around the third 

peak. 

46 
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TABLE III 

ir+P 180° Elastic Differential Cross Sections 

Momentum 
(GeV/c) 

EA«* 
(msr.) 

1/K da/dfi 
(mb/sr) 

Error 
(mb/sr) 

.595 5.02 . 667 .533 .025 

.613 4.98 .664 .384 .021 

.632 4.95 .661 .245 .010 

.650 4.91 . 658 .161 .009 

.668 4.87 . 656 .0922 .0061 

.687 4.82 .654 .0471 .0045 

.705 4.79 .651 .0191 .0020 

.723 4.73 .649 .0103 .0018 

.741 4.68 .649 .00276 .00110 

.760 4.63 .647 .00925 .00224 

.778 4.58 .645 .0221 .0023 

.796 4.51 .644 .0413 .0026 

.815 4.46 .642 .0521 .0038 

.833 4.40 .642 .0743 .0037 

.851 4.36 .640 .121 .006 

.870 4.31 .638 .176 .011 

.888 4.26 :637 .240 .008 

.906 4.21 .637 .331 .010 

.925 4.17 .639 .481 .013 

.944 4.12 .638 .582 .020 

.963 4.07 .637 .688 .011 

.982 4.03 .638 .836 .024 
1.001 3.99 . .637 .977 .012 
1.020 3.95 .638 1.497 .034 
1.039 3.90 .639 1.320 .018 
1.058 3.86 .637 1.489 .033 
1.078 3.82 .639 1.575 .024 
1.097 3.78 .639 1.805 .042 
1.118 3.74 • 639 1.953 .028 
1.136 3.71 .639 2.144 .044 
1.156 3.67 .639 2.261 .027 
1.195 3.59 .639 2.475 .051 
1.235 3.52 .640 2.991 .059 
1.275 3.44 .639 3.140 .063 
1.315 3.37 .639 3.314 .065 
1.355 3.30 ' .639 3.263 .048 
1.395 3.23 .639 2.932 .062 
1.435 3.17 .641 ' 2.669 .056 
1.475 3.11 .643 1.903 .032 
1.515 3.06 .643 1.487 .030 
1.555 3.01 .644 1.131 .022 
1.595 2.96 .645 .820 .022 
1.635 2.91 .645 .510 .023 



TABLE IV 

TT~P l80° Elastic Differential Cross Sections 

Momentum 
(GeV/c) 

EAC2* 
(msr.) 1/K 

dc/dft 
(mb/sr) 

Error 
(mb/sr) 

.575 5.05 .740 .939 .068 

.595 5.02 .739 1.127 .046 

.613 4.98 .739 1.126 .046 

.632 4.95 .737 1.365 .079 

.650 4.91 .736 1.429 .053 

.668 4.87 .733 1.513 .047 

.687 4.82 .733 1.646 .055 

.705 4.79 • 730 1.444 .047 

.723 4.73 .733 1.221 .041 

.741 4.68 .734 .986 .031 

.760 4.63 .734 .654 .030 
• 778 4.58 .735 .467 .024 
.796 4.51 .735 .324 .019 
.815 4.46 .735 .217 .010 
.833 4.40 .734 .164 .008 
.851 4.36 .734 .124 .007 
.870 4.31 .-731 .117 .010 
.888 4.26 .729 .118 .005 
.906 4.21 .727 .134 .008 
.925 4.17 .726 .151 .009 
.94*} 4.12 .724 .195 .008 
.963 4.07 .723 .197 .005 
.982 4.03 . .724 .244 .008 
1.001 3.99 .725 .£02 .005 
1.020 3.95 .729 .200 .00 6 
1.039 3.90 .731 .137 .004 
1.058 3.86 .733 .115 .008 
1.078 3.82 .735 .0530 .0026 
1.097 3.78 .737 .0553 .0075 
1.118 3.74 .738 .0427 .0024 
1.136 • 3.71 .740 .0639 .0077 
1.156 3.67 .741 .0989 .0145 
1.195 3.59 .742 .164 .013 
1.235 3.52 .743 .227 .013 
1.275 3.44 .•744 .314 .015 
1.315 3.37 .745 .334 .017 
1.355 3.30 .746 .356 .017 
1.395 3.23 .748 .396 .021 
1.435 3.17 .749 .392 .014 
1.^75 3.11 .751 .402 .015 
1.515 3.06 .752 .363 .017 
1.555 3.01 .754 .301 .013 
1.595 2..9 6 .754 .225 .014 
1.635 2.91 • 755 .172 .009 
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Comparison with Other Experiments 

The positive plon results are in qualitative 

agreement with those of previous experiments, but they 

disagree somewhat quantitatively. The results from 0.595 

to 0.650 GeV/c agree quite well with the results of Ogden 

et al., but the observed dip at 0.741 GeV/c is of the order 

of 300 times lower than the results of Ogden ejt al. and 

Helland et al. This is presumably due to the fact that the 

earlier results were obtained with a considerably larger 

solid angle and therefore contained a larger proportion of 

spin-flip scattering which occurs for angles less than 180°. 

In the region from 0.9 to 1.1 GeV/c the results of this 

experiment are in agreement with those of Duke et_ al., but 

not with the bubble chamber experiment of Baker et al. This 

discrepancy is, perhaps, explained by the extremely low 

cross section and resulting poor statistics for events close 

to l80° in bubble chamber pictures. From 1.1 to 1.45 GeV/c 

the present results are substantially larger than previously 

obtained, and above 1.45 GeV/c the slope of the cross sec

tion is steeper than that indicated by earlier work. How

ever, this last region marks the onset of a very deep dip, 

and thus previous results may again include a contribution 

from spin-flip scattering. 

The most extensive previous work in the momentum 

range of the present experiment is that of the Iowa State-

McGill-St. Louis University collaboration. As can be 
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seen in Figure 18 the preliminary results of this work and 

our experimental results are in excellent accord, if the 

momentum values of the collaboration are decreased by 3\% > 

A portion of this 3\% is attributable to the momentum values 

of the collaboration being for pions entering the target and 

not at the center of the target. This is a correction at 

most. The collaboration's momentum values are known to 

± •§•%, where the present work claims a momentum uncertainty 

of ±1Hence, the discrepancy is as yet unresolved. 

Prom 0.875 to 1.58 GeV/c the present results and those of 

Abillon et_ SLL. are in general agreement. From 0.575 to 

0.775 GeV/c the present results and those of Ogden ejt al. 

and Helland et_ al. are quite compatible, but in the region 

from 0.775 to 1.25 GeV/c the results of Helland et al. 

and Duke et_ al. are 40 times greater than those of this 

experiment presumably, due to the presence of the spin-flip 

scattering at angles less than 180?. From 1.25 to 1.64 

GeV/c, reasonable agreement with earlier work is apparent, 

but above 1.60 GeV/c earlier results are, with the exception 

of Kormanyos et_ al., inconclusive. That experiment employed 

the same geometry as did the present work, and the agreement 

between the two sets of results is quite good. 
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5i) 

Comparison with the Predictions of 
Phase Shift Analysis 

A recent compilation of pion-nucleon partial-wave 

amplitudes^ enables one to make a meaningful comparison of 

experimental and predicted 180° elastic differential cross 

sections. In general the experimental results are smoother 

than the phase shift predictions, although the Glasgow B set 

of parameters exhibits dips and peaks at the proper momenta 

with no unobserved variations. This comparison is shown in 

Figure 19. All three Berkeley fits exhibit many variations 

that are not present in the data, and they all have a posi

tive slope for points immediately above 1.6 GeV/c, in direct 

conflict with the data. The Cern Experimental and Cern 

Kirsopp fits contained several small dips and peaks not 

present in the data but do qualitatively predict the general 

features of the positive pion results. The Cern Theoretical 

fit to the positive pion data is excellent, but predictions 

for the negative pion data is almost flat above 0.8 GeV/c 

with a positive slope just above 1.6 GeV/c. Finally, the 

fit of the Saclay group was qualitatively good for the posi

tive pion data, but the negative predictions vary excessive

ly and the peaks are too narrow. 

Comparison with Predictions Using 
Direct Channel Resonances 

The backward cross sections can be expressed using 

a resonance model that assumes the scattering amplitude can 
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be written as a sum of terms involving direct channel reso

nances. In elastic scattering the effect of a resonance can 

be represented by its mass M, width r, elasticity x (which 

is the ratio of the partial width for elastic scattering to 

its full width), total angular momentum J, orbital angular 

momentum 1, and its intrinsic parity. The functional form 

for the scattering amplitude is the relativistic Breit-

Wigner formula, 

a = x 

M2 - S _ i 
Mr 

and S is the center of mass energy squared. The non-spin-

flip scattering amplitude becomes the sum over resonant 

states; 

f ( s , e )  =  h I a,(J + |)P1 (cos e) . 
• j J 4 

Once given the scattering amplitude, the differential cross 

section becomes 

!§| = |F(S,L80°) | 2 . 
dfi|i80o 

o Q 
In a recent paper Shanta attempted a fit to the 

backward pion-proton elastic scattering above 1.0 GeV/c. 

Although his overall normalization has not been reproduced, 

the shape of his fit has been determined for the present 



57 

work. The positive pi on data reproduces the shape and posi

tion of peaks and dips, but the negative pion predictions do 

not reproduce the central peak of the distribution. 

20 Carroll et_ aJ. used the resonance parameters of 

Shanta to fit their backward distributions with the omission 

of the N(1930) and with the addition of the A(l688). A 

qualitative fit to the positive pion data is obtained with 

the dip at 0.741 GeV/c well reproduced but the height of the 

bump at 1.32 GeV/c is six times too low. Predictions for 

negative pions reproduce all three peaks at approximately 

the proper momenta but the relative peak heights are not in 

the correct ratio. 
QQ 

Dikman has published a set of resonances which 

fits the backward data above 1.0 GeV/c. Using these param

eters the negative pion predictions are quite similar to 

those of Carroll et_ al. Dikmen's positive predictions are 

far from matching the results, however, since the dip at 

0.7*11 GeV/c is not predicted. 

The final attempt at reproducing the results of this 

experiment was made using the set of average resonance 

parameters given in the compilation of pion-nucleon partial 

wave amplitudes. The results for negative pions give the 

three peaks at 0.71, 1.0, and 1.58 GeV/c and as in this 

experiment the lowest momentum peak is the highest while the 

middle peak is the lowest with the high momentum peak being 
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some 20$ greater than the middle one. The positive pion fit 

is less satisfactory in that the dip at 0.741 GeV/c is 10 

times too high, but it is at the proper momentum with the 

subsequent peak being at 1.49 GeV/c. Figure 20 shows this 

fit to the data. 

In summary, the backward elastic differential cross 

sections have been measured to greater accuracy than ever 

before. The large dip in the positive pion data at 0.74 

GeV/c has been found to be over a decade lower than indi

cated by previous experiments . The centei? peak xp. the nega

tive pion results at 0.98 GeV/c, when combined wi'th the 

results of the Iowa State-McGill-St. Louis University col

laboration and Abillon et_ al. strongly indicates possible 

structure not resolved by any single experiment. It is 

possible that there is a narrow peak in the center of this 

broader peak. This small peak will have to be resolved by 

a single experiment in the future.. 

It is hoped that the results of this experiment will 

aid those groups who are doing phase shift analysis in their 

search for better solutions. It is obvious from their pre

dictions for backward cross sections that at least some of 

the previous solutions must be based on data with inconsis-

tant normalization or on incorrect data since they do not 

agree with this experiment even qualitatively. 
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