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ABSTRACT 

Total and differential cross sections for 11'-P elastic scattering 

are presented at 35 energies between 1400 and 2000 MeV. 
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I. INTRODUCTION 

In recent years a large amount of data has been accumulated on the elastic 

and charge exchange channels of 7TN scattering. Several extensive phase shift 

analyses 1-7 performed on this data have uncovered much of the complicated 

resonance structure up to energies of 2000 MeV. The data and phase shift re-

8-11 
sults have been summarized by a number of authors. Resonance parameters 

from some of the recent analyses are listed in Table 1. 12 Despite good qualita-

tive agreements, quantitative discrepancies still exist among the various solutions. 

These discrepancies exist in part because of the multidimensional parameter 

space explored and the different methods uS'ed, from fluctuations between different 

experimental measurements, and finally from the fact that the elastic data used 

is fairly insensitive to partial waves of low elasticity. Thus, the motivation for 

the present exp~riment was to fill the need' for direct measurement of the 

inelastic channels. The systematic and rather complete set of measurements 

of the elastic channel, described in this paper, came as a by-product of this 

inelastic study. 

We present below the first part of the results of a study of elastic and 

inelastic 7T-P scattering at 35 momenta between 550 and 1600 MeV/c. Figure 1 

illustrates the scope of the experiment. At each momentum the following 

reactions were measured: 

7Tp-7Tp 

+ -
- n7T 7T 

- 0 _ p7T 7T 

- 2 -

( 1) 

(2) 

(3) 

(4) 

(~) 



This paper concerns only reaction (1). Reactions (2) and (3) are currently being 

studied both in terms of a quasi -two body final state and in terms of a three-body 

analysis. The results of thEilse studies as well as the strange 'particie data will be 

presented' in separate communications. '. Fiilally, we are eXtendillg the experiment 

to highe'r mbmenta,upto' 2'.25'BeV/c, as ilhlstrated by the dottecflin~s in Fig~ 1. 

Organization ()f this paper is as foli6WS:' 

Section lIA~ Experimental 'Details 

lIB. Film Measurement 

ill. Data Arialysis 

IV. 

V. 

Results' 

Discussion 

ll. 

A. Experimental Deta:il~'; 

The experiment wasperformed using the 30-inch MURA'HBC atthEi Argonrie 

National Laborat()ry and the 72':"inch Alvarez HBC at Berkeley.:' The Argomie 

exposure consists of - 500,000 pictures taken at 26 momenta between 550 and 

865 MeV Ic and between 1060ancl 1600 MeV Ie. The Berkeley exPosure comprises 

about 200, 000 pictur~s taken at 9 momentabetween 925 and 1i75 MeV Ic. This" 

latter film' had been taken ten years previously, to' study strange particle events 

about A, L threshold, 13 but had not been used to investigate the 'two':"prong events. 

'The Argonne filni was taken during three separate exposures in 1967. The 

~eam was the "70
" separated beam14 of the ZGS. The higher momentum expo

sures used the mode shown in Fig. 2a andb. Here the first stage pr,ovided at 

slit 1 both a momentum focus in the horizontal plane and an image of the target in 

the vertica~ plane. The second stage provided a momentum focus at the final slit 

- 3 -
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together with an image of the target in both planes. A simplified version of the 

beam, Fig. 2c, was used for the low mo~entum exposures. (i. e., P7T < 1 GeV /c.) 

The low energy pion flux was found to be much less than expected, and as a result 

it was not possible to obtain a useful beam below 580 MeV/c. 

To produce an ideal shape (5" wide and 6" high) for the beam trajectory in 

the chamber fUrther quadrupoles were used after the final slit. Since the image 

at the final slit had little vertical divergence, it was most effective to rotate the 

first quadrupole 450 to couple optically the vertical and horizontal planes. The 

second quadrupole then increasedthe vertical divergence and decreased the hori

zontal divergence. 

The high field of the 30-inch HBC and the low momentum of the beam made 

it necessary to raise the center of the chamber 7" above the center beam line and 

then to pitch the beam downwards into the fringe field of the bubble chamber mag

net to obtain a good trajectory of the beam through the chamber. Finally, for 

momenta below 870 MeV /c it was further necessary to lower the HBC magnet 

current from 20,000 amps to 12,000 amps, to maintain this trajectory. 

The proton beam of the Z GS gave a pulse of pions once ever'Y 2.9 seconds. 

For part of the exposure, the bubble chamber was triple pulsed during each beam 

spill, allowing a rate of nearly 1 picture per second. 

-The 7T - beam used for the Berkeley exposure is sketched in Fig. 3. It has 

been previously described15 for a momentum setting of 1Q30 MeV/c. The char

acteristics remain the same at the momenta used in the present experiment, In 

particular the beam is characterized by good momentum resolution, the fractional 

momentu~ bite Ap/p being on the order of ± .5%. 

All beam interactions within the volume 34 cm Wide, 122 cm long and 9 cm 

deep were accepted from the 72 inch chamber, while for the 30-inch chamber, 

the fiducial volume was defined as 58 cm long, 58 cm wide and 16 cm deep. 

- 4 -



The coordinate syste~ for both chambers' is defined with the ca:me~a axis as 
, , 

the z-axis and the bea~ coincident with the y-axis. In the Alvarez chainber~ the 

camera axis is tilted 7lo with re~pect to the vertical axis. 

The magnetic fields of both chambers were determined by extr~polatiiig from 

previously measured field maps. These existed for the 72:-inch chamber at magnet 

current settings of 2400A, 3500Aand 4600A. The me~~mred values o(the Bat z 

these currents were fitted with a 27-term ~IYnomial expansion16 and thehori-

zontal components were calculated to satisfy Maxwelf's equations to'third 
, , 

power in xy. These coefficients wer~ scaiedwhere necessary to the settings of 

3102A, 3690A, 2600A and 4600A used in the present experiment; Thevaiueof' 
, , " ' ,,' ',' ,'" ~' 0" ' 

B at the center of the chamber was determined by looking at K decays z 

, (Ko 
--+ 7T+ + 7r -) and' elastic scatters. We ~equired that the distribution 'ill the'Unfit 

, + ' ' -," , " " ' " "0 " , ' 
invariant mass of the 7T and 7T agreed with the accepted K mass. We also 

required that the distributions in'measured and fitted values of the inome~ta: of 

each track in the 4C (elastiC scatter) events agre~d. W~ fou~d that both of these 

criteria were simultaneously satisfied in most regions of our fihn: rather easily. 

The same procedure was adopted to determine the field of the 30-i~ch 

chamber. It was ne'cessary to scale from the field map measured at 20, OOOA 

down to 12,DODA. Two precautions were taken here. The field'measurerilent at 

20, OOOA agreed with the design calculations to within 1%. Furthermore the field 

shape was predicted to remain the same at lower currentsettirtgs. As ali addi

tional check, the film take~ at ~53 MeV/c was divided between the two values of 

the field. The elastic scatters from the two fields were compared and'rlo' 

discernible differences were detected. 
, , 

Table II summarizes the currents ~dcentra1 values of the fields used. 

- 5 -
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The optical constants required by the fitting programs were determined by 

making a 12 parameter least squares fit of measured fiducials to their known 

positions, using the program WEASEL. For the 72-inch HBC, 13 fiducials were 

measured, with many sets of measurements being obtained throughout the entire 

exposure. Several sets of measurements were averaged whenever appropriate 
. . 

with the program MONKEY. Each set of constants was checked by comparing 

measured quantities with corresponding fitted quantities of 4C elastic scattering 

events in all parts of the chamber. Although there was poor agreement at the 

edges of the chamber, satisfactory results were obtained within the fiducial 

volume. The pull distributions in Fig. 4d reflect the quality of spatial 

reconstruction. 

The same procedure was used to determine the optical constants for the 

30-inch MURA HBC. However, the reconstruction was slightly less satisfactory, 

because there were not enough visible fiducials to enable determination of the 

high order distortion parameters. The pull distributions are given in Fig. 4a - c. 

B. Measurement 

The bubble chamber film was scanned at SLAC and an LRL Spiral Reader 

used to measure the events. The scanners at SLAC recorded all two-prong events. 

Events in which the beam track disappeared for more than a projected length of 

3mm before the vertex were classified as O-prong, I-vee events. Events were 

rejected if obscured in any way or if the beam track was less than 3 cm long. No 

bias is introduced by these rejects. Events in which both outgoing tracks were less 

than 1 cm were also rejected, introducing a loss of reactions with short protons . 

Such events correspond to CMS scattering angles which are not included in our 

results and analysis (see Section IV). However, a further bias is expected due to 

loss of short, dipping protons, and.correction for this bias will be discussed in 

Section Ill. 

. - 6 -
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The scanning Mficiency was evaluated by res~anning approximately 20 per

cent of the Argonn~ film and 10. percent of the Berkeley film. The master lists 

from the first and second scans were thEm compared by the computer program 

CONFLICT, which lists all discrepancieso These discrepancies were examined 

again on the scan table to determine whether they were valid events . Follo,¥ing 

this procedure, the combined scan efficiency was found to be 97 percent. 

The film was measured on an LRL Spiral Reader, 17 a se~i -automatic film 
/ 

digitizing,machine.!he ,reader digitizations are connected into tracks by a 

FORTRAN filter program POOH. 18 With this program it is difficult to fit steeply 

dipping tracks, and the loss qf such tracks constituted a bias which will be 

examined in the next sectiono 
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IU. DATA ANALYSIS 

The measured two-prong events are processed by the SIOUX-ARROW system 

programs. SIOUX consists of a three-view geometry program for spatial recon-

struction and a fitting program which tries, in this experiment, each of the 

following, hypotheses: 

rrp-7Tp 

+ -
- nrr 7T 

- 0 
- p7T 7T 

( 1) 

(2) 

(3) 

Since the 4C elastic hypothesis is more highly constrained than the lC inelastic 

hypotheses, there is little contamination of these elastic events. Contamination 

is further reduced by the requirement that the ionization measured by the Spiral 

Reader be consistent with the fitted track momentum. The clean separation of 

the final sample 4C events is illustrated in Fig. 5, where we plot the square of 

the missing mass in the reaction: 

-
7T P - 7T P mm • 

This histogram: is sharply peaked at zero, with a slight pull to the negative side, 

as expected in plots of this type. 19 

The center-of-mass energies are determined for each region of film 

from the fitted distributions of the 4C elastic events. Sample dis-

tributions are shown in Fig. 6. The beam has a low energy tail. In determining 

the mean value of the c. m. energy cutoffs' were applied to the data. These cutoffs 

are given in Table V. 

Because of the high momentum resolution of the Berkeley beam, the technique 

'of ''beam averaging" was used in processing this film. The momentum for a 

-' 8 -



given event was a weighted average of 'beam average' and measured momenta, 

calculated from the expression: 

/(A )2 + /(~ 2 .' Pmeas·. Pmeas . ,- PB.A. . ,PRo A.) p= . . 
2 2 

l/(APmeas) + l/(APBoA'> ' 

In order to determine the beam average momentum and its associated error, the 

following procedure was used. All events were processed through SIOUX without 

beam averaging. Those events fitting,the 4C elastic scattering hypothesis with 

a X2 
$ 10 were used to determine the average value of the beam momentum, PB. A.' and 

its error, APB.A •. 

The efficiency for passing events through the measuring process and the 

filtering program was found to be 91 percent after the first measurement of the 

72-inch HBC film. We made a repeat measurement of about 17,000 events and 

found the combined efficiency then to be 99 percent. All of the 30-inch HBC film 

was measured twice except for 43% which had unambiguous fits on the first 

measurement. The combined efficiency after the second measurement for all 

events in the 30-:inch chamber was 93 percent. Those events which failed twice 

were examined on the scan table," and no evidence for topological bias was found 

apart from the bias against short protons mentioned previously • The number ' 

of events of each reaction type (1), (2) or (3) which were processed are given in 

Fig. 7 and in Table III. " 

Figure 8 shows the X 2 distributions from our experiment. As usual in 

hydrogen bubble chamber. exper.iments, the observed and thepretical chi~squared 

distributions agree satisfactorily provided that the theoretical X 2 is scaled up 

, bya factor. '. This 'scale ' factor is indicated in. Fig ~ 8 • Elastic events with 

X 2 < 25 were used'in the subsequent analysis..To test the sensitivity to the X2 

- 9 -
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cut-off, the Legendre polynomial coefficients describing the angular distributions 

were computed for those events with X
2 ~ 25, and for the subsample of events 

with X2 ~10. The values ofihe coefficients were unchanged within their errors. 

The data were corrected for loss of events in which the scattering plane lies 

close to the camera axis. If the angle Ol is defined as the angle between the nor-

mal to the scattering plane and the camera axis, then a depletion of events is 

expected at 90
0 

for forwardpion production angles, where the pr~tons have a 

small range. However, the data show this expected loss not only in the forward 

regions but also in the middle and backward regions. This latter loss of events 

is due to the previously mentioned bias of the POOH filter program against steeply 

dipping tracks, Typical azimuthal distributions are shown in Fig, 9 for the 

forward, middle and backward production regions. The bias is strongest in the 

forward regions, Corrections for these biases were made separately by regions 

of production angle and energy and are listed in Table IV, 

IV, RESULTS 

In this section we present the results of our measurement of the 71'-P elastic 

scattering cross sections. In determining the angular distributions the c. m. 

energy cutoffs of Table V were used. Our data was normalized to counter 
\ , 

experiment results in the range of scattering angles (-0.8 S c~s e < 0.7), where 

the experimental biases are not a serious problem for either counters or HBC. 

SpeCifically we have used the data of Duke et aL, 20 Helland et aL ,21 and 

Ogden et al. 22 It should be noted that this normalization region' contributes only 

20-30% of the total elastic cross section, and that it varies slowly as a function 

of energy throughout the region investigated (see Fig. 10). Thus, our measure-
\ 

mEmt of the total cross section, and of the'sharplyvarying energy dependencies 

is only weakly dependent on the fact that we have normalized to the counter work. 

- 10 -



The elastiC scatterillg angUlar distributions are presented in Fig. 11. The 

data is available in tabular form elsewhere. 23 The distributions extend up to? 

cos e =.90 be~ow 1647 MeV and up to cos e = .95 at higherenergi~s. At 

more forward angles the recoiling proton has nearly zero range. 

The smooth curves superposed on the data in Fig. 11 represent the best fit 

to a series expansion in Legendre polynomials, where 

da/dfi =2:: A P (cos e) n n n . 

A fit to order n = 5 was sufficient below 1674 MeV, and to order n = 6 at higher 

energies. 'Table V lists the Legendre coefficients An ~or each energ~, along with 

the X 2 arid confidence level describing the fit to the data. These coefficients are 

'20 22 
plotted in Fig. 12 along with those of other experiments.' The agreement is 

good. 

The total elastic cross section was determined from the Legendre fit to the 

data using the relation: 

The elastic cross section is ,shown in Fig. 10 compared to the cross sections of 

. 20 21 22 
the counter experiments. .' '. 

The. forward cross section may be extrapolated from the Legendre coefficients 

according to 

The forward elastic cross sectiqns thus qetermined are the data points in Fig. 13. 

The smooth curve represents the forward cross section' predicted by carter. 24 

. The real part of the forward scattering amplitude was calculated from partial wave 

dispersion relations', while the imaginary part was obtained from the optical, 

- 11 -, 
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theorem using the recent precision total cross section measurements of 

Carter et aL 25 The curve shows a marked shift toward the low ~nergy side of 

the third resonance peak. Tliis shift reflects the shift of the data of Carter et al. 

d th . t 26,27,28,29. F· 14 compare to 0 er experlmen s, as seen m Ig. . 

The behavior of the Legendre coefficients.reflects qualitatively the resonance 

structure. The fact that all coefficients up to and including A5, show a strong peak 

near 1690 MeV indicates the presence of D5 and F 5 resonances. Furthermore, 

the absence of any rapid variation or change of sign of A5 implies that the D5 and 

F 5 have a constant phase difference near the reso~ance peak. 

The presence of a D3 resonance is signaled by the bump in A2 near 15.20 MeV. 

The similar bump in Al can be attri,buted to interference of the D 3 with a PI? The 

sign change in A3 reflects interference of the D3 with the P 3 resonance. (They 

are more than 900 out of phase here.) Finally the fact that A4 is consistent with 

zero implies zero interference between D3 and D5, (i. e., these waves must be 

o about 90 . out of phase). 

VI. DISCUSSION 

While the Legendre coefficients indicate qualitatively the behavior of the 

dominant partial waves, more precise quantitative information is obtained from 

phase shift analyses. The dynamics of the interaction of a pion with a nucleon 

are contained in the partial wave amplitudes T~ J=.Q±!. It is the behavior of 

these amplitudes which a phase shift analysis seeks to discover. The first step 

is thus to select some parameterization for these amplitudes. The T-matrix 

- 12 -



elements are related to the cemter-of-:mass scattering amplitude through the .' ". . . ", .' . 

following relations 30 

M = f( 0) + g( 0) 0-. Ii, 

where 

and 

, f(O) = ~ L {(£+ 1) T; + ~T;} P/cos 0) 
£ 

f( 0) and g( 0) ar~ thespi:nno~-flip and ~pin-flip scattering amplitudes. 

The differential cr~ss section a~d. polarization are then given by: ' 

" ~ A 
I P == 2 Re(f*g) n, 

where 

The cross seCtions and polarizations predicted by the given parameters are com

pared with the experimental data and the parameters adjusted until a good fit is 

obtained. At the same time the parameters may be co~strained by theoretical 

input. For example, all phase shift analyses require thepararrieters to satisfy 

some form of unitarity. 
.' ':." -.. . 

There are two main types of phase shift analysis - energy independent and 
, ,"', " " " '"" ,',' ","'1 , 6" ',' 7 

energy dependent. Examples of the former are Saclay, Berkeley and the CERN 

, " ' , 4",',2', ,:31 ,', : " ' 
analysis, while Roper, Chilton and Glasgow are examples of the latter type 

" " ,'" ' 32 
of analysis. The different methods are reviewed and compared elsewhere. 

- 13 -

., 

J 



" 

I"~, 

t' .< 

In Fig. 15-18 our elastic cross section, and the differential cross section at 

six typical energies (shown by arrows in Fig. 15, 17) are compared to the predic-

tions of the various phase shift analysis. In Fig. 15 the CERN solutions are 

shown. The comparison of CERN-Theoretical with the data has already been dealt 

33 
with extensively in the literature, while CERN-Experimental is seen to repre-

sent the data well, both in the cross section and the differential cross section 

(Fig. 16). In Fig. 17-18 the predictions of the Saclay, Berkeley and Glasgow 

work is shown to represent the data fairly well • 

. VI. CONCLUSION 

The new elastic scattering data presented here confirms the general behavior 

shown by previous experiments. Because this experiment spans a wide energy 

region in a systematic way, it offers useful information for phenomenological 

analysis of 7l"N scattering. 
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TA~LE CAPTIONS, 

1. S = 0 Baryon R.esonances 

II. M~net Currents and Central Fielcl Values 

IU. Events Processed at Each Energy 

IV. Azimutha.l Correction Factors and Errors 

V.' Legendre PolyrtqmialCoefficients, 

dO'" " 40 = En AnP n(cos 8) 

\ 



tv 
o 

)"1 

Phase Shift *" 
Analysis 

1 

2 

3 
4 

, 

5 
6 

7 
8 

.Average 

± 

1 

2 

3 
4 

5 

6 

7 
8 

9 

Average 

± 

-.. , 

Pll(1470) 

M r x 

1470 255 0.68 

1505 205 0.68 

Definite 

1466 211 0.658 

1470 211 0.66 

1466 211 0.66 

1462 391 0.49 

1436 224 0.46 

1468 244 0.61 

±19 ±62 ±.09 

Sn (1700) 

M r x 

1710 260 -

·1665 110 -
1709

a 300aO.78~ 

- - -
1710 300 0.79 

1709 300 0.79 

1166 404 0.56 

1611 121 0.51 

1706 . 256 0.69 

±31 ±98 ± .13 

D13 (1520) 

M r x 

1510 125 0.54 

1515 no 0.54 

1526a n4a O.")'? 

1541 149 0·509 

1520 114 0·57 

1526 115 0·57 

1512 106 0.45 

1512 125 0.49 

1520 120 0·53 
±10 ±13 ± .04 

Pll (1780) 

M r x 

Probable 

Proba'Elle 

Probable 

1751 327 0·32 

1750 327 0·32 

1860 270 0·32 

1770 445 0.43 

(1.867) (525) 0.30 

1783 350 0.34 

±45 ±63 ±.05 

., •. , 
TABLE I 

. s = 0 Baryon Resonances 

I = 1/2 states 

Sll (1535) D13 (1700) 

M r x M r x 

1535 155 -

1515 105 - Possible 

1548
a 

n6
a 

0.326a Possible 

1591 (268) 0.696 - - -
1550 116 0·33 1730 

1540 160 0·3 1680 

1502 (36) 0·36 Not Present 

1499 53 0.35 Not Present 

1535 _ 118 0.39 1705 

±28 ±35 ± .14 ±25 

P
13 

(1860) F17 (1990) 

M r x M r x 
--

Ambiguous b b 

Ambiguous b b 

Ambiguous b b 

1863 296 0.207 1983 225 0.128 

1860 296 0.21 - - -
1900 325 0.25 1995 250 0.09 

m44 449 0.40 c 

1854 307 0.26 c 

1860 - - 2000 - -
1864 335 0.27 1989 238 0.109 

±17 ±58 ±.07 ±6 112 ±.019 
-- --

(~- ., 

D15 (1670) F
15

(1688) 

M r x M r x 

1680 135 0.41 1690 110 0.64 

1655 105 0.41 1680 105 0.64 

Definite 1692
a 132a 0.68a 

1678 173 0·391 1687 177 0.56 

1680 173 0·391 1690 132 0.68 

1678 175 0·391 1692 130 0.68 

1669 115 0·50 1685 104 0.54 

1667 115 0.43 1684 123 0.54 

1672 142 0.42 1688 127 0.62 

±10 ±29 1.04 ±4 ±22 ±.06 

D13 (2040) G
17

(219O) 

M r x M r x 

b b 

b b 

b b 

2057 293 0.26 2265 298 0·349 

2030 290 0.11 2190 300 0·35 

2040 240 0.15 2265 300 0.35 

b (1906)c(319Y(0.14 )c 

b c 

2030' - - 2000 

2039 274 0.17 2180 299 0·350 

±11 ±24 1.06 ±35 ±2 1.001 



t..:I 
I-' 

I 

Phase 8hift)(- 831(1650) 
Analysis 

M r x 

1 1695 250 -
2 1650 130 -

3 Definite 

4 1635 177 0.284 

5 1640 177 0.28 

6 1635 180 0.28 

7 1670 141 0.28 

8 .1623 140 0.25 

9 

Average 1650 151 0.27 . 
± ±23 ±89 ±.12 

F37 (1950) 

M r x 

1 1975 180 0·57 

2 1980 140 -
3 Defini te 

4 1946 221 0.386 

5 1950 221 0·39 

6 , 1946 220 0·39 

7 1935 221 0·51 

8 1935 212 0·39 

Average 1952 202 . 0.44 

± ±19 ±29 1.07 

" '- _. 

P 33 (1690) 

M r x 

Ambiguous 

Ambiguous 

Possible 

1688 281 0.098 

1690 281 0.1 

1690 240 0.08 

Not Present 

Not Present 

I 

1689 267 0.93 
±2 ±19 ±.09 

P
33 

(2160) 

M r x 
I 

b 

·b 

Possibleb 

2160 260 0.25 

b 

b 

2160 . 260 0.25 

- - -

TABLE I (cont'd.) 

S = 0 Baryon Resonances 

I = 3/2 states 

D33 (1670) F 35 (1890) P
31 

(1910) D35 (1960) 

M r x M r x M r x M r x 

Possible Possible Ambiguous b Ambiguous b 

Possible Possible Ambiguous b Ambiguous b 

Ambiguous Probable 
. b 
Probable. b 

1691 269 0.14 1913 350 0.16 1934 339 0·30 1954 311 0.154 

1690 269 0.14 . 1910 350 0.16 1930 339 0·3 - - -
1690 300 0.13 1910 380 0.15 1930 425 0.25 1970 400 0.12 

1649 188 0.12 1841 136 0.2 1914 290 0.18 b 

1650 174 0.13 1852 150 O.lQ 1834 231 0.24 b 

,1950 - -

1674 240 0.13 1885 273 0.17 1908 325 0.25 1958 356 0.14 
±20 ±50 ±.01 ±32 ±107 1.02 ±38 ±64 ±.04 ±9 ±44 ±.02 

)(-

See Ref. 12. for various phase shift analyses 

( )Values in parentheses have not been used in the averages 
, 

(a) Values quoted by Lovelace, rapporteur talk at Heidelberg 
Conference (1967), p. 109. 

(b) This state is very close to or beyond their highest energy 

(c) Glasgow A has a G
17 

state at this mass, Glasgow B may have an 

F17 and a G17 ; however, this energy is very close to their 

highest energy. 
. 

' . 

, 

, 

:t 

, 

-



TABLE II 

Magnet Currents and Central Field Values 

Chamber r(amps) . Field (KG) Momentum Range(MeV/c) 

72-inch 2,400 10.254 956-995 
2,600 11.025 1004-1024 

3,102 13.85 924 

3,690 14.54 1024-1042 

4,600 17·77 1125-1174 

30-inch 12,000 20.98 . 556-853 

20,000 32 .566 853-1602 
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'l'ALBl!; 111 

Events Processed hi Eacli Energy 

4-c Events l-C nrtrt events l-C pn:rt events 

Exposure E (MeV) p~:b(Mev/c) 2 ::; 14 2 <8 2 
<8 c.m . X )( X 

30"HBC (I) 1406 . 556 648 255 80 
1440 609 500 215 82 

.~ 

1472 660 lllO 418 245 
1496 699 . 1854 675 499 
1527 750 2337 832 701 

1556 797 826 340 .272 
1589 .. ' .853 997 .. 579 ." ····387 
1709 1067 1141 585 400 

1730 1105 1954 1046 836 
1762 1165 2230 1231 899 

30"HBC (II) 1811 1259 1544 1096 651 
1843 1322 2777 . 2172 1337 
1872 1381 2920 2443 1568 
1904 1444 3160' 2616 1694 

1935 1509 1606 1288 886 

30"HBC (III) 1720 1084 687 392 262 

1761 1161 1200 786 488 

1787 1212 1210 . 798. 476 

1806 1250 292 188 122 

1821 1278 1740 1098 687 
I 

1853 1340 2213 1649 979 
1885 1404 2392 1970 1180 

1916 1469 3792 3203 2105 
, 

1933 1503 1972 1735 1177 

1963 1567 4113 3512 2405 

1980 1602 3957 3416 2458 
2 

::;7 X
2 

::; 7 X 

72"HBC 1628 924 537 358 200 

1647 956 5482 3169 1968 

1660 979 2697 1430 879 

1669 995 5127 2562 1603 

1674 1004 4966. 2673 1568 

1685 1024 4398 2281 1409 

1695 1042 2206 1299 871 

1740 1125 3594 . 2259 1786 

1766 1174 1733 1120 854 

TOTALS , 79,911 51,477 33.880 - 23 



E 0.9 to 0.95 c .m 
(MeV) 

1406 1.50 

±0.20 

1440 1.50 

±0.20 

1472 1.50 

±0.20 

1496 1.45 

±0.18 

1527 1.45 

±0.14 

1556 1.60 

±0.22 

1589 1.60 

±0.22 

1628 1.30 

±0.20 

1647 1.28 

±0.06 

1660 1.14 

±0.07 

1669 1.22 

±0.05 

1674 1.17 

±0.05 

1685 1.29 

±0.07 

1695 1.25 

±0.08 

1709 1.30 

±0.10 

1720 1.22 

±0.10 

1730 1.30 

±0.10 

1740 1.24 

±0.06 

TABLE IV 

Azimuthal Correction Factors and Errors 

cose (n- t' n~ ) ou lnc 

0.8 to 0.9 0.7 to O.t) -O.t) to 0.7 

1.25 1.10 1.08 

±0.10 ±0.08 ±0.04 

1.25 1.10 1.08 

±0.10 ±0.08 ±0.04 

1.25 1.10 1.08 

±0.10 ±0.08 ±0.04 

1.20 1.02 1.05 

±0.08 ±0.07 ±0.04 

1.13 1.10 1.01 

±0.07 ±0.07 ±0.03 

1.25 1.12 1.06 

±0.10 ±0.10 ±0.04 
} 

1.25 1.12 1.06 

±0.10 ±0.10 ±0.04 

1.08 1.12 1.0 

±0.12 ±0.20 ±0.07 

1.08 1.05 1.05 

±0.04 ±0.05 ±0.03 

1.02 1.01 1.05 

±0.05 ±0.07 ±0.04 

1.07 1.04 1.04 

±0.04 ±0.05 ±0.03 

1.08 1.00 loll 

±0.04 ±0.05 ±0.03 

1.07 1.07 1.05 

±0.05 ±0.06 ±0.04 

1.13 1.07 1.02 

±0.06 ±0.08 ±0.04 

1.08 1.05 1.03 

±0.O5 ±0.06 ±0.04 

1.04 1.02 1.10 

±0.07 ±0.08 ±0.07 

1.08 1.05 1.03 

±0.05 ±0.06 ±0.04 

1.10 1.05 1.07 

±0.04 ±0.05 ±0.03 

-1.0 to -O.t) 

1.02 

±0.08 

1.02 

±0.08 

1.02 

±0.08 

1.02 

±0.10 

1.10 

±0.10 

1.10 

±0.13 

1.10 

±0.13 

1.18 

±0.18 

1.14 

±0.06 

1 .. 17 

±0.08 

1.16 

±0.07 

1.15 

±0.07 

1.12 

±0.06 

1.04 

±0.08 

1.10 

±0.09 

1.00 

±0.11 
.-

1.10 

±0.09 

1.20 

±0.09 
I I 



TABLE Iv (.cONT' IJ" 

Azimuthal Correction Factors and Errors 

cosS(n- t' n~ ) ou lnc 

E 0.9 to c .m 0·95 0.8 to 0.9 0.7 to 0.8 -0.8 to 0.7 -1.0 to -0.8 

(MeV) 

1761 1.22 1.04 1.02 1.10 1.00 

±0.10 ±0.07 ±0.08 ±0.07 ±0.11 

1762 1.19 1.13 1.03 1.07 1.17 

±0.07 ±O.O7 ±0.06 ±0.04 ±0.10 

1766 1.18 1.06 1.04 .,- 1.01 1.20 

±0.08 ±0.O6 ±0.07 ±0.05 ±0.15 

1787 loll 1.08 1.05 1.05 1.01 

±0.07 ±0.05 ±0.06 ±0.04 ±O.10 

1806 loll 1.08 1.05 1.05 1.01 

±0.07 ±0.05 ±0.06 ±0.04 ±0.10 

1811 1.18 1.05 1.09 1.00 1.00 

±0.11 ±0.07 ±0.09 ±0.05 . ±0.11 

1821 loll 1.08 1.05 1.05 1.01 

±0.07 ±0.05 ±0.06 ±0.04 ±0.10 

1843 1.17 1.07 1.10 1.06 1.07 

±0.06 ±0.05 ±0.08 ±0.05 ±0.11 

1853 1.10 1.02 1.07 1.06 1.04 

±O.07 ±0.05 ±0.08 ±0.05 ±0.13 -

1872 1.10 1.05 1.10 1.03 1.05 

±O.06 ±O.04 ±0.07 ±O.04 ±0.10 

1885 1.12 1.05 1.04 1.06 1.10 

±O.07 ±0.06 ±0.08 ±0.O6 ±0.14 

1904 1.05 1.06 1.09 1.04 1.11 

±O.05 ±0.04 ±0.07 ±0.04 ±0.14 

1916 1.25 1.08 1.15 loll 1.00 

±0.06 ±O.05 ±0.08 ±0.05 ±0.11 

1933 1.16 1.13 1.16 1.10 1.12 

±0.08 ±0.06 ±0.10 ±0.06 ±0.20 

1935 1.08 1.00 .1.08 1.10 1.15 

±O.08 ±0.06 ±0.09 ±O.Or ±0.25 

1963 1.12 1.07 1.01 1.05 1.15 

±O.05 ±O.05 ±O.Ol ±0.04 ±0.15 

1980 ' 1.22 1.20 1.10 1.09 .1.05 

±O.06 ±O.07 ±0.08 ±O.04 ±0.15 
_. 
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I 

t-:) 
0':> 

I 

E (MeV) 1406 
cm 

Low Energy 
1394 Cut Off 

High EnergJi 1418 
Cut Off 

AO 
0.82 

±0.05 

A1 
0.61 

±0.12 

A2 
.0·54 
±0.17 

A3 
-0.46 
±0.21 

A4 
-0.16 
±0.19 

A5 
0.00 

±0.17 

A6 

X 2 
13.37 

d> 13 

Confidence 42.0 Level (%) 
---- - -- --~ - -

1440 1472 

1428 1456 

1452 1486 

1.02 1.22 
±0.08 ±0.06 

1.09 1.48 
±0.19 ±0.16 

1.31 1.66 
±0.27 ±0.22 

-0.04 -0.08 
±0.31 ±0.25 

0.00 0.03 
±0.27 ±0.21 

0.20 0.08 
±0.23 ±0.17 

16.18 6.85 

13 13 

23·9 91.0 
----

.,.~ ~ 

TABLE V 

Legendre Coefficients 

da-
dn =Ln AnPn (cos 0) 

1496 l527 l556 1589 1628 1647 l660 

1482 1514 1544 1576 1616 1632 1648 

1510 1540 1568 1602 1640 1662 1672 

1.52 1.58 1.19 1.15 L50 1.72 1.84 
±0.06 ±0.06 ±0.08 ±0.07 ±O.ll ±0.04 ±0.04 

2.23 2.45 1.45 1.22 1.43 1.85 1.85 
±0.15 ±0.15 ±0.19 ±0.17 ±0.26 ±0.09 ±0.13 

2.42 2.61 1.52 1.69 3.04 3.65 4.06 
±0.21 ±0.20 ±0.27 ±0.24 ±0.36 ±0.12 ±0.17 

0.41 0.69 0.36 1.04 2.21 3·17 3 ·57 
±0.24 ±0.22 ±0·30 ±0.25 ±0.38 ±0.12 ±0.17 

0.07 -0.10 -0·30 -0.14 0.78 1.16 1.26 
±0.19 ±0.18 ±0.25 ±0.21 ±0·30 ±0.10 ±0.14 

0.20 0.07 0·39 0·39 loll 1.72 1.82 
±0.15 ±0.14 ±O.21 ±0.18 ±0·30 ±0.10 . ±0.14 

14.00 11.89 4.86 , 

9·21 10·31 12·7 9·75 
i 
, 

13 13 13 13 13 14 14 I 

I 

75·7 37.4 66.9 47.2 71.4 61.5 98.8 

~-' __ 1 



I 
t>:) 

-:J 

I 

E 
cm 

Low Energy 
Cut Off 

High Energy 
Cut Off 

AO 

Al 

A2 

A3 

A4 

A5 

A6 

X
2 

<1> 
Confidence 
Level 

-~ 

1669 

1656 

1682 

2.10 
1±0.05 

2.42 
1±0.11 

4.94 
±0.15 

4.50 
±0.15 

1.83 
~0.12 

2.13 
~0.12 

20.09 

14 

12·7 
- -

1674 1685 

1658 1670 

1690 1700 

1.93 2.09 
±0.04 ±0.06 

2.13 2.44 
±O.ll ±0.16 

4.38 5·07 
±0.15 ±0.21 

4.04 4.44 
±0.17 ±0.23 

1.64 2.00 
±0.17 ±0.22 

1.98 2.08 
±0.13 ±0.15 

0.14 -0.04 
±0.13 ±0.15 

14.75 14.91 

13 13 

32.3 31.3 

'T'ABTJE V (Cont' d) 

Legendre Coefficients 

dO" 
dO =Ln AnPn(cos 0) 

1695 1709 1720 1730 1740 1761 1762 

1680 1696 1708 1716 1722 1750 1748 

1710 1720 1732 1744 1758 1772 1776 

2.07 1.88 1.55 1.43 1.46 1.09 1.19 
±0.07 ±0.09 ±0.11 ±0.06 ±0.04 ±0.06 ±0.04 

2.69 2.67 2·35 2.07 2·30 1.68 1.89 
±0.18 ±0.24 ±0.28 ±0.16 ±0.10 ±0.17 ±0.11 

I 

5·22 4.75 3·95 3.40 3.65 2.61 2.86 I 

±0.24 ±0·31 ±0·38 ±0.21 ±0.13 ±0.22 ±0.15 

4.77 4.10 3.45 2.98 3.01 2.26 2.38 
±0.27 ±0.34 ±0.44 ±0.23 ±0.15 ±0.25 ±0.16 

2.18 2.01 1.69 1.37 1.62 1.08 1.29 
±0.25 ±0·31 ±0.42 ±0.21 ±0.14 ±0.24 ±0.16 ., 

2.16 1.53 1.20 1.07 1.06 0.89 0·72 
±0.17 ±0.22 ±0·30 ±0.16 ±0.10 ±0.18 '±0.12 

0.17 -0.28 0·32 -0·37 -0.14 -0.14 -0.17 
±0.17 ±0.21 ±0.29 ±0.14 ±0.10 ±0.16 ±0.11 

9·23 9.86 14.78 6·52 10.45 8.83 15·1 

13 13 13 13 13 13 13 

75·5 I 70·5 32.2 92 ·5 65·7 78·5 30.2 
. ~ --~ .. - ----

.~ 



I 

~ 
00 

I 

E 
cm 

Low Energy 
Cut Off 

High Energy 
Cut Ofr 

Ao 

A1 

A2 

A3 

A4 

A5 

A6 

>l-
<>1> 

Confidence 
Level 
--- - -- --

, 1766 

1754 

1778 

1.25 
±0.05 

2.08 
±0.13 

3.15 
±0.18 

2.73 
±0.20 

1.61 
±0.19 

1.03 
±0.14 

0.07 
±0.13 

13·73 

13 

39·3 

1787 1806 

1774 1794 

1800 1818 

0·99 1.06 
±0.05 ±0.09 

1.62 1.82 
±0.13 ±0.22 

2·33 2.76 
±0.17 ±0·31 

1.94 2.35 
±0.19 ±0·35 

0.79 1.28 
±0.18 ±0.34 

0.41 0.64 
±0.14 ±0.26 

-0.29 -0.03 
±0.12 ±0.25 

12.85 12.20 

13 13 

45.9 51.1 
-

,.' 

TABLE V (Cont'd) 

Legendre Coefficients 
:-

dCT 
dfl = Ln AnPn (cos 8) 

1811 1821 1843 1853 1872 1885 1904 

1796 1808 1828 1838 1856 1872 1890 

-

1826 1834 1858 1866 1888 1898 1918 

1.10 1.02 1.04 0·99 1.00 0·98 0·95 
±0.05 ±0.04 ±0.04 ±0.04 ±0.03 ±0.04 ±0.03 

1.82 1.71 1.80 1.67 1.73 1.74 1.74 
±0.13 ±0.12 ±0.10 ±0.10 ±o'.08 ±0.11 ±0.08 

2.64 2.38 2.52 2.34 2·37 2.39 2.36 
±0.18 ±0.16 ±0.13 ±0.13 ±0.11 ±0.15 ±0.11 

2·30 2.14 2.28 2.17 2·31 2·37 2.40 
±0.19 ±0.18 ±0.14 ±0.14 ±0.12 ±0.16 ±0.11 

1.26 1.12 1.31 1.32 1.45 1.60 1.67 
±0.18 ±0.17 ±0.13 ±0.14 ±0.11 ±0.14 ±0.10 

0·53 0·50 0.61 0·52 0·56 0.64 0.76 
±0.14 ±0.13 ±0.10 ±0.11 ±0.09 ±0.11 ±0.08 

-0.11 -0.10 -0.06 -0.03 0.11 0.21 0.25 
±0.12 ±0.11 ±0.09 ±0.10 ±0.08 ±0.09 ±0.07 

9·71 7.38 15.87 9·40 9·69 8·34 10.67 

13 13 13 13 13 13 13 
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FIGURE CAPTIONS 

1. Scope of the present experiment. Solid lines mark energies where data has 

been analyzed. Dashed lines mark energies to which the experiment will be 

extended. 

2. Argonne beam optics. 

(a) - (b) Vertical and horizontal planes of the optics used for the second 

and third exposures. 

(c) Simplified mode ~sed for the first exposure. 

3. Berkeley beam. 
\ , / 

4. Beam track pull quantities for each exposure: 

(a) ...;. (c) 30-inch HBC 

(d) 72-inch HBC. 

5. Missing mass squared in the reaction 7T -p ~7T - pmm for the 4C elastic events. 

The shift toward the negative side is expected in such missing mass plots. 19 

6. Center~of-mass energies from 4C events for typical roll regions of the film. 

Shading indicates the data used in the analysis. 

7. Number of events of the three reaction types processed at each energy. 

8. . X 2 
distributions for each exposure:. 

(a) - (c) 30-inch HBC . 

(d) 72-inch HBC. 

Smooth curves are the scaled theoretical distributions normalized to the 

total number of events. 

9. Azimuthal angle for forward, middle, and backward regions of pion production 

angle. a is defined as the angle between the normal to the scattering plane 

and the camera axis. 
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10. 1T - P elastic cross section measurements of Duke et ai., 20 Helland' et al~, 21 

Ogden et al. ,22 and this experiment. 'The lower curve is the cross section 

integrated over th~ regioIiused for normalizat'ion,:":O. 8 :5 cos e :5 O~ 7. The 

arrows indicate ene~gies chosenfor comparison of differential cro'ss sections 

with the results of phase shift analyses. 

11. 1T-P differential cross sections me'asured in this experiment. Smooth curves 

represent the be~t fit by an expansioni~ Legendre p()lynomials. 

12. Legendre coefficients from fit to 1T - P dlfferential cros's sections. 

13. Forward 1T '-P elastic cross section meas~red in thIS e~periment. The smooth 

curve is calculated by Carter 24 using dispersion relations and the total 7r~ Ii 
, ' '" '25' 

cross section measurements of Carter et al. 

14. 
- " 25 

Total 1T p cross sections measured by Carter et al. , B" k I 26 p. to 27 er e ey, rlnce n, 

28 29 
Saclay (1961), and Saclay (1966). 

15. 
- , ' , ',; '" " ' '" '", ,,20,,' 21 

1T P elastic cross section measurements of Duke et al. , Helland et al. , 
", " 22 

Ogden et ale , and this experiment. Solid and dashed lines represent the 
, , 

, 1T - P elastic cross section predicted by CERN-EXPT and CERN"':TH' phase shifts, 

respectively. The arrows indicate the energies chosen for' differential cross 
., . . 

section comparison~ 

16. 1f-P differential cross section at siX energies measured in this experiment. 

17. 

, 18. 

Solid and dashed lines are the predictions of CERN-'EXPT andCERN-TH 

phase shifts • 
.:. ", , " '," ,,' ," 1" " , 6, " 31 

1T P elastic cross section predicted by Saclay, Berkeley,' and Glasgow, 

compared to the same data as Fig. 18. 
" ", ' , ;, , 'I 6 31 

1T - P differential cross section predicted by Saday, Berkeley" and Glasgow, 

compared to the exp~rimental data. 
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