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ABSTRACT 

The differential cross section for the reaction yp .... TI+ n 

was measured at 32 laboratory photon energies between 589 and 

1269 MeV at the Caltech Synchrotron. At each energy, data have 

been obtained at typically fifteen TI+ c. m. angles between 6° and 

90°. A magnetic spectrometer was used to detect the TI+ photo­

produced in a liquid hydrogen target. Two Cherenkov counters 

were used to reject the background of positrons and protons. The 

data clearly show the presence of a pole in the production amplitude 

due to the one pion exchange. Moravcsik fits to the 32 angular 

distributions, including data from another experiment, are presented. 

The extrapolation of these fits to the pole gives a value for the pion­

nucleon coupling constant of 14. 5 which is consistent with the 

accepted value. The second and third pion-nucleon resonances 

are evident as peaks in the total cross section and as. changes in 

the shape of the angular distributions. At the third resonance there 

is evidence for both a D5/2 and an F5/2 amplitude. The absence of 

large variations in the o0 and 180° cross sections implies that the 

second and third resonances are mostly produced from an initial 

state with helicity ± 3/2. 
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I. INTRODUCTION 

Improvements in beam intensity and in the detection 

apparatus have made it possible to measure the cross section 

for r/ photoproduction in considerably greater detail than was 

achieved in the earlier measurements. (l, 2, 3) In particular, 

this experiment provides 516 data points at forward angles in 

the region of the second and third resonances, with improved 

energy resolution. This quantity of data is useful in determining 

the angular momentum states present. 

Of the various Feynman diagrams which might contribute 

to n + photo production, the one pion exchange (OPE, commonly 

called the retardation term or photoelectric term or simply the 

rr pole) is most evident in the data. Because it contributes a 

pole in the photoproduction ainplitucle close to the physical region 

at cose = 1/~, it produces high p'.)Y1ers of cose in the angular 

distribution. As would be expected, this makes it imp'.)ssible to 

fit the data with a polynomial in case unless terms of very high 

order are included. On the other hand, a Mora~csik fit(4) which 

takes account of the denominator of the OPE explicitly, works 

very well. This fit gives a measurement of the pion-nucleon 

coupling constant, G2 / 4rr, consistent with that obtained from nN 

scattering. The negative intrinsic parity of the pion is also 

revealed by the fit. If the OPE amplitude is separated from other 

contributions, the cross section may be written in the form 

- q I 12 o(8) - k AOPE + A 
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FIGURE 1 
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The cross section due to the n pole alone (5) is given in the c. m. 

system by 

where q ::: pion momentum 

k = photon momentum 

e
2 
/4n = 1/ 137 

G
2
/ 4n = nN coupling constant (14. 7) 

W = total energy 

= velocity of emerging rr+ 

e = TI+ angle re la ti ve t o phot:::m 

w = pion energy 

m = pion mass (139. 63 MeV) 

M1 = proton mass (938. 213 MeV) 

M
2 

= neutron mass (939. 503 MeV) 

in (M2 ± M1) the + sign is taken for a scalar meson and the - for 

a pseudoscalar n-"eson. 
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The interference term has the form 

. 2 
_g 2R ( ) sm 8 k e AOPEA ~ (l _ ~cose) x Polynomial in cose 

provided that A does not contain pole terms. The other exchange 

diagrams (p +, baryons) do cause poles in A, but since these poles 

are farther from the physical r egion, they may be appr'Jximated 

by a polynomial. The usual Moravcs:ik fit is obtained by fitting the 

product (1 - ~ cos e)2 o(e) to a p:::ilynom:ial in cose. Fits equivalent 

to this which :illus trate more clearly the states occurring in A are 

presented in Section V of this thesis. 

In photoproduct:ion a resonant state of definite spin and 

parity may be produced from two different initial states c:::irre­

spond:ing t o different relative s pins of the incident photon and 

nucleon. The determination of a resonant amplitude thus requires 

two complex parameters instead of one as in pion- nucleon scattering. 

The two parameters are usually specified according to electric and 

magnetic transitions or by the initial helicity. Recent theoretical 

work with SU(3) sum rules(G) predicts ratbs of electric to magnetic 

production of the second and third resonances consistent with the 

data. 

In the absence of a dyna mical theory Qf photopr ::iduction at 

high energies, a genen:d phenomenological analysis of the angular 

distributions is considered. Ideally, the result of such an analysis 

is a set of multipole coefficients specifying the strength of each 

angular m omentum and pa rity state produced by a given initial state 

(electric or magnetic). DetermL.-iation of the multipole coeffic ients 
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requires detailed polarization measurements in addition to cross 

secticm measurements. The existing polarization data, which lie 

below the third r esonance, are quite useful but are still far from 

sufficient to specify a unique set of coefficients . . Consequently, a 

phenomenological analysis mus t incorporate a specific model to 

reduce the number of pa rameters to be determined. It is possible, 

however, to come to some conclusions with::mt a model by considering 

the Moravcsik-equivalent fits. The conclus ions thus obtained are a 

convenient starting point in designing a reasonable model. 

The recent phase shift analyses(?, S, 9, lO, ll) of nN 

scattering show that the second and third resonance region is more 

complicated than once thought. Instead of a single resonant state 

for each peak in the total cross section, several res::mant states 

are present. Wnile unique solutions ci_nd general agreement between 

the work of different authors have apparently not been realized, the 

general features are that there are resonant D 5/2 and F 5/2, and 

possibly S 1/2 and P 3/ 2 amplitudes near 1700 MeV (total c. m. 

energy) and resonant S 1/2, P 1/ 2 and D 3/2 amplitudes near 1500 

MeV. The situation is complicated because s ome of these resonant 

states are highly absorptive and are not always well approximated 

by a simple Breit-Wig11er form in energy, making a parameterization 

difficult. The complications seen in nN scattering are expected to 

show up in n photoproduction as well, and indeed, some are evident 

and will be discussed in the section on data fitting. 
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II. METHOD AND APPARATUS 

The basic method used in this experiment to measure the 

two body reaction y p _,TI+ n has been described many times(l, 2, 3). 

The description given here will accordingly be short and most of 

the details are left to the appendices. 

The bremsstra hlung beam from the 1. 5 GeV California 

Institute of Technology Synchrotron illuminated a three inch liquid 

hydrogen target. A magnetic spectrometer which was pivoted at 

the target was used to measure the yield of positively charged 

particles at a given angle and momentum. The spectrometer 

momentum aperture was divided into four parts so that measure­

ments at four different momenta could be obtained simultaneously. 

Positrons, protons and TI+ mesons were separated by two Cherenkov 

counters and time of flight restrictions. The c. m. angle and energy 

are uniquely determined from the spectrometer angle and momentum 

by two-body kinematics. 

For a given TI+ angle and momentum there is a minimum 

photon energy needed to pr:::iduce an additional pion. The synchr'Jtr:::>n 

energy was kept below this threshold for three of the four momentum 

channels. Approximately one third of the other channel overlapped 

the 2TI threshold, but no significant yield due ta this was enc-::>untered 

for two r easons. First, the 2n producti'Jn, being a three-body final 

state, contributes a n yield which increases sl'Jwly at thresh'Jlcl. 

Secondly, the 2rr cross section is small at threshold(l2, l 3, 14), not 

becoming large until a resonance 6(1238) is produced with a pi'Jn. 

The yields shown in Figure 4 demonstrate that the 2rr contamination 

was negligible as does the sm'J0thness, as a function of energy, of 

the cross secticm data -::> btained. 
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Contaminations from other photoproduced mesons (p, K, Tl) 

were similarly eliminated by kinematic constraints and the maximum 

energy of the bremsstrahlung beam. Muons are presumed to come 

only from TT+ decay and no attempt was made to distinguish them 

from TT+. The measured yields were corrected for the 1/ which 

decayed and the µ + from TT+ decay which were counted in the 

spectrometer. 

The layout of the apparatus is shown in Figure 2. The beam 

was collimated and "scraped" twice, before and after an upstream 

hydrogen target, and cleared of charged particles with a magnetic 

field before entering the downstream target used in this experiment. 

The beam was stopped and its total energy was measured in a thick 

plate ionization chamber surrounded, except for the beam entrance, 

with lead and concrete. Two auxiliary monitors, a thin ionization 

chamber upstream from the hydrogen target and a two- counter tele­

scope under the hydrogen target, were also used to monitor the beam. 

A quantameter(l5) was used to calibrate the three monitors. 

The spectrometer deflected charged particles in a vertical 

plane by 27. 3° with a radius of curvature of 105 inches (Figure 2). 

Counters Al and S2 a, b, c, cl determined the solid angle and momentum 

acceptances. "Fan" counters, mounted on each pole face, were used 

to veto particles scattering from the magnet p'Jle face. The Plexiglas 

Cherenkov C'Jtmter (LC) had a velocity threshold of 0. 9 c and C'Jtmted 

only n+, e+ andµ+ for the m 'Jmentum range (500 to 1200 MeV/ c) used 

in this experiment. The freon gas Cherenkov counter (FC) had a 
..L-

thresholcl of 0. 999 c, and counted only e'. The 0. 5 inch of lead and 

the last counter, S3, eliminated electrons below the FC threshold 

which could result from conversion of gamma rci.ys in Al or elsewhere 

when the spectrometer was at small angles to the ph:iton beam. The 
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other counters were scintillators used to measure time of flight 

and to reduce accidental coincidences. 
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III. PROCEDURE 

The TI+ yield was obtained at four momenta and one angle 

for each setting of the spectrometer and bremsstrahlung endpoint. 

Three hundred runs at 129 different settings were taken, resulting 

in 516 cross section measurements. The length of a typical run 

varied from one half to two hours, depending on the setting and the 

available beam intensity. 

To be recorded, particles passing through the spectrometer 

had to satisfy fas t (4 ns) coincidence requirements between Al and 

Sl, A2 and 81, and a slower (50 ns) coincidence with 83 and one of 

the 82 counters. A fast (12 ns) coincidence, Fan · 81, was used 

to veto events scattering from the pole tips. A TT+ event was defined 

as an event with an LC count and no count from the freon Cherenkov 

counter. In addition to the TI yield, one of the following was also 

monitored: the proton yield, the positron yield, the miss rate in 

83, or the A2 efficiency. The worst background rates were 

encountered at a laboratory angle of 3. 5 ° where the TI+: p: e + yields 

were in the ratio 1 :3 :3. The positron rate decreased rapidly with 

increasing angle to as low as 1 % of the TI+ yield at 15°. The freon 

counter electron e:ficiency was better than 99. 8%, which was more 

than adequate. The LC efficiency was measured as (0. 3 ± 0. 3)% for 

protons and (98. 4 ± 0. 5)% for pions. 

As proof of the TI+ selection at the 11.e>mentum ;;rnd angle 

sp2cified, excitati'Jn curves were measured by changing only the 

synchrotron energy. Figure ·1 shows the res ults for rr + and rr - yields. 

All four m0mentum chan~els are included in Figure 4, but are 

plotted so as to account for the relative photon energy of each 

channel. The ordinate is given by 



where 

E 
0 

p 
0 

K 

12 

= synchrotron energy 

th 
= mean momentum of J channel 

= central momentum of magnet 

+ = photon energy corresponding to single n 

production of mo.:ncntum P, and angle e 

~ lo 18 • 

The cross section data were taken with E nominally set 130 MeV 
. 0 

above the photon energy defined by the central momentum of the 

magneto This corresponds to E
0 

= 1148 MeV for the momentum 

and angle in Figure 4. Notice that the yield below threshold was 

::; 1% of the normal yield at this setting. The data shown have not 

been corrected for empty target background so that some of the 

rr yield was single n- production from neutrons in the Mylar cup 

of the hydrogen target. 

Cross section measurements were rn.ade with eight values 

of E . At each E settings of angle and momentum were chosen 
0 0 

to give c. m. angles between 6° and 90° at a constant mean photon 

energy. At each setting, measurements at four energies were 

obtained corresponding to the four sp2ctrom:;ter channels . In this 

way 32 angula r distributions were obtained. The fL-xed momentum 

apertures caus2 tht~ s2paration of the four photon energies to 
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increase slightly with angle so the anc;ular distributions obtained 

are at only approximately constant energies (sec Appendix VI and 

Figure 29). A typical set of m 8asured yields is s hown in Figure 5. 

The cross section was calculated from the difference between full 

and empty target runs. Corrections were made for counte r 

efficiencies, nuclear absorption, multiple scattering, and rr + decay 

in flight. Deta ils of the calculations are given in the app:~ndices. 

The data reduction method of this experiment was essentially 

the same as that of H. A. Thiessen's experimen/
16

). Consequently, 

much of the task of writing comp'..1ter programs was shared between 

us. 
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IV. RESULTS 

The measured cross sections were interpolated to constant 

energy in order to display angular distributions. Table 1 and 

Figures 6. 1 - 6. 32 show the results. Also shown are some of the 

data of the experiment of H. A. Thiessen (lG), interpolated to the 

appropriate energy. The curves are Moravcsik - equivalent fits 

with eight parameters and a fixed coupling consta.nt of 14. 7. To 

illustrate the overall shape of the cross section as a function of 

energy and ~mgle, the fitted curves are displayed in an isometric 

view in Figi.1re 7. 

A check for systematic changes in the measurem.:mts over 

the period of the experiment was made in the following m:tnner. 

The cross sections measured in each run were compared with those 

giv2n by the Moravcsik - equivalent fits, linearly interr:olated to 

the energy at which the measurements were made. Most of the 

settings ·were measured several times so this comp8.rison checked 

consistency among runs at the same setting as '.vell as the shape of 

the fit and the interpolation scheme used to obtain ang1.1lar distributions. 

The following quantity was calculated and its frequency distribution 

is shown in Figure 9: 

where CJ. 
1 

0 fit 

0 i - 0 fit 
x= tl CJ. 

1 

t . f .th = cross sec ion rom i run 

= cross section from fit evaluated at energy 

and angle of /h run 
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!:la . = standard deviation in a . • 
l l 

This distribution compares favorably with the expected distribution 

which is a Gaussian of unit standard deviation. 

The results of this experiment are compared with earlier 

experiments in Figures 8. 1 - 8. 7. The smooth curves are the 

Moravcsik-equivalent fits obtained in this experiment. For most 

energies, the agreement is as good as can be expected. The agree­

ment between this experiment and H. A. Thiessen' s was checked 

at places where the data overlap (Figures 6. 1 - 6. 13). The 

Moravcsik-equivalent fits were repeated with a variable scale 

factor for the data of one experiment relative to the other. The 

average scale factor differed from unity by 3 ± 3%, the cross 

sections obtained from this experiment being the larger. This 

difference was not taken as significant and no scale factor was 

included in any of the fits presented in this thesis. 

The errors quoted with the cross sections are standard 

deviations resulting from counting statistics and the 1. 5% beam 

monitoring error a~ded in quadrature for each run. The constant 

or slowly varying errors are listed in Table 2. The error in c. m. 

angle is less than 0. 05 degree for any point~ The calibration of 

the laboratory photon energy is considered consistent between 

points to better than 0. 2%, and accurate overall to 0. 5%. 

The root-mean-:square energy resolution in laboratory 

photon energy varies from 1. 4% to 2. 5% depending upon angle and 

energy (Appendix VI, Table 16). The angular resolution is typically 

O. 8° (rms) in c. m. angle. The error in the measured cross section 

due to the finite resolution in angle and energy was estimated for 

extreme cases to be less than O. 3% and 2% respectively. 
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TABLE 1 

Interpolated Cross Sections 

K lab is the laboratory photon energy in MeV. 

Cross section is in microbarns/steraclian in the c. m. system. 

c. m. angle is in degrees. 
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CM K CROSS CM K CROSS 
ANGLE LAB SECTION ANGLE LAB SECTION 

6. Ott 589 17.88 ·}- 0.76 6.08 603 16069 <-- 0.71 
s.02 589 16.37 +- 0.71 8007 603 18.22 -<·- 0.12 

10.14 589 15 .. 62 +- 0 . 51 10 .21 603 15.71 +- 0. '~8 
12.11 589 14.88 +- 0.64 12. l 8 603 14.36 +- 0.61 
14.07 589 13.37 +- 0.45 l 1t.l6 603 13.59 +- 0 • '~5 
16 . Ql; 589 13.21 +- 0.55 16 .14 603 12.58 +- 0.52 
20.00 589 11.93 +- 0 .. 1.;.9 20.12 603 ll.42 +- 0.48 
24.96 589 11.38 +- 0.58 25.11 603 11 .11 +- 0.56 
29 .. 93 589 11.12 +- 0 0 ' •8 30.ll 603 11.09 +- 0., lt6 
34.90 589 10.07 +- 0.56 35.ll 603 ll.74 +- 0.58 
39.£36 589 10 .60 +- 0.31 40.09 603 10.58 +- 0.31 
49.83 589 10.30 {·- 0.57 50.09 603 9.49 +- 0.55 
59. -,9 589 10.0l +- 0. '•2 60.09 603 10.15 +- 0.42 

6.12 618 18.8 4 +- 0.74 6.16 635 17.34 +- 0.70 
8.12 618 17.L.,' 6 +- 0.69 8.18 635 16.27 +- 0.66 

10.27 618 15.38 +- 0 • '~ 8 10 .35 635 15.70 + - 0.48 
12.26 618 14.31 +- 0.60 12.35 635 14.50 + - 0.59 
14.25 618 13. 13 +- 0.43 llt.35 635 13.82 +- 0. 4't 
16.25 61 I] l3.Lr9 +- 0.53 16.36 635 12. lt9 +- 0.50 
20.25 618 11.34 +- 0. l t 7 20.39 635 10.83 +- 0.44 
25.26 618 11.08 +- 0.5 5 25 ·'·A 635 11.50 +- 0.55 
30.29 618 l 0 •I;. 3 +- 0 • Lt 5 30.50 . 635 10.96 +- 0.45 
35.31 618 10.85 +- 0.55 35.55 635 10.83 +- 0.54 
40.33 618 10.9 7 +- 0.30 40.59 635 10.76 +- 0.30 
50.38 618 11.20 +- 0.57 50.70 635 10.61 +- 0.56 
60.l; Z 618 10.27 +- 0.42 60.78 635 10.53 +- 0.42 

6.06 647 18.87 +- 0.57 6.10 663 18.18 +- 0.54 
e.02 647 16. l 6 +- 0.51 8.08 663 17.86 +- 0.52 

10.16 647 15.85 +- 0.41 10.22 663 15.55 +- 0.40 
12.10 647 14.82 +- 0.39 12.18 663 14.51 +- 0.38 
14.07 647 14.40 +- 0.40 14.16 663 13.72 +- 0.39 
16. Ott 647 13.51 +- 0.41 16.15 663 12.96 +- 0.39 
19.99 64 7 ll.95 +- 0.35 20.12 663 11.69 +- 0.34 
24.94 647 10.76 +- 0.33 25.11 663 11.03 +- 0.33 
29.91 647 11.17 +- 0.33 30.ll 663 10.92 +- 0. 32 
39.85 647 11.19 +- 0.23 40.09 6 6 3 11.49 +- 0.23 
49.79 647 11.73 +- 0.36 50.09 663 11.60 +- 0.35 
59.77 647 10.96 +- 0.36 60.09 663 11. 3 3 +- 0.35 
69.73 647 9.97 +- 0.32 70.09 663 l 0. 10 +- 0.31 
79.71 647 8.50 +- o .. 27 80.08 663 8.45 +- 0.27 
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CM K CROSS CM K CROSS 
ANGLE LAB SEC'ilON ANGLE LA E3 SECTI ON 

6. l't 680 1 8 044 +- 0.53 6. 18 69 8 16.55 + - 0 . 49 
8.13 680 15.82 +- 0 • 1 .. 9 a. 1 9 698 16.28 + - 0. '• 8 

10 . 29 680 16.46 +- 0 . '• 0 10 .37 698 15.05 + - 0.38 
12 . 27 680 13.9 7 . +- 0 . 36 12.36 698 14 .08 {- - 0 .36 
14 . 26 680 13.59 {- -- 0.38 14.3 7 698 13 . 29 +- 0.3 7 
16.26 680 1 2 . 3 1 +- 0.38 16. 3 8 698 12.68 +- 0 .38 
20 . 26 680 1. 2. 30 +- 0 . 34 20.4 0 698 l l. 3 l +- 0. 32 
25.27 680 l 1 . 2 6 +- 0.32 25.46 69 8 11 . 06 +- 0.3 1 
30.30 680 11 . 23 +- 0.3 3 30 . 5 2 69 8 1 l • 2 1 + - 0 .3 2 
40.36 680 1 1.76 { - - 0.23 4 0 .63 69 8 1 1.70 +- 0.23 
50.39 680 1 2. l 7 +- 0 . 35 50. 7 2 698 1 1 . 85 + - 0.34 
60.45 680 10 . 95 +- 0 • 3 Lt 6 0.81 69 8 l l. 35 +- 0.35 
70 . 47 680 10.70 +- 0.32 70 .87 698 10 . 3 8 +- 0 . 3 1 
80 .4 8 680 8.9 1 +- 0 . 27 80.89 698 8.93 +- 0 . 27 

6. 0 5 71 5 17 .28 + - 0 . 6 7 6 .09 733 14.92 +- 0. 6 1 
8 .01 71 5 14 . 56 { · - 0 . 6 1 8 .07 733 l '• .l't + - 0 .5 9 

10. 16 71 5 l ' : . 85 +- 0 . l t 7 10.2 3 7 33 1 3 . 45 +- 0 • 't5 
l 2 . l l 71 5 1 3 . 95 +- 0 . 45 12 .2 0 733 1 2 ~1 3 + - 0. 42 
14.0 7 71 5 12 .7 2 +- 0 . '•3 14 . l 7 7 33 11 .80 +- 0. ' tl 
16.05 7 15 1 2 . 85 +- 0 . 37 16.16 7 33 l l • l 7 +- 0 . 34 
19 . 99 71 5 l 1 . l 9 +- 0 . 41 2 0. 13 7 33 10 . 34 +- 0 . 38 
24 . 94 7 1 5 10 . 20 +- 0.5 3 25 .11 7 33 "9 . 54 +- o. so 
29 . 90 7 15 l l . 2 7 {- - 0 . 48 30 . 10 733 10 .1 6 +- 0 . 45 
34 . 86 7L 5 10 . 50 +- 0.55 35. 09 7 33 9.64 +- 0.5 1 
39 . 83 71 5 i 1. 70 + - 0 . 34 40.1 0 7 33 10 . 53 +- 0 . 3 1 
4 9 .77 7 15 11 . 7 9 + - 0 . 61 50 . 0 8 7 33 10.63 + - 0 . 55 
59 .74 71 5 1 1. 6 7 +- 0 . 6 1 6 0 .09 733 9 . 9 9 + - 0 .5 5 
69 . 70 71 5 10 . 83 + - 0. 60 70.09 733 10 .74 + - 0 . 5 ti 
79 . 6 3 71 5 9 . 66 +- () . 3 1 80.0 8 7 33 9 . 20 +- 0 . 29 

6 • l L~ 75 2 1 3 . 53 + - 0 . 5 8 6 .1 9 772 14 . 33 + - 0 . 56 
8. 1 3 752 14.53 +- 0 . 57 8. 19 7 72 13.44 +- 0 . 5 4 

10 . 3 1 752 12.50 +- 0 . 4 1 10.39 7 72 1 1 • 68 + - 0 . 40 
12 . 29 752 1 1. 69 +- 0 . 40 12 .3 8 772 1 1 . 49 +- 0 . 39 
14 . 2 7 7 52 11 . 32 + - 0 . 39 14 . 39 77 2 9 . 97 +- 0 . 36 
16 . 2 8 752 1 0 .09 +- 0 . 3 2 16 . 40 772 9 . 59 +- 0 . 31 
2 0 . 2 8 7 52 9 . 61 + - 0. 3 6 20 .43 7 72 9.03 +- 0.3 4 
25 . 2 9 752 9 . 7 l +- 0 . 49 2 5. 48 772 8 . 58 +- 0 . 4 6 
30 . 3 2 752 9 . 1 1 +- 0 . 4 1 30.54 7 7 2 8 . 43 +-- 0 .3 9 
3 5 . 3 4 75 2 8 . 87 + - 0 . 48 35. 60 7 72 8 . 78 +- 0 . 4 7 
40 . 37 752 9 . 5 4 +- 0 . 2 9 4 0. 66 772 8 .71 +- 0 . 27 
50 . 4 2 752 10 . 0 8 +- 0.5 2 50 .7 6 7 72 8 . 63 +- 0 . 47 
6 0 . 46 75 2 9. 6 0 +- 0 . 52 60 . 85 772 7 . 9 8 +- 0 . 4 5 
70 . 4-:; 75 2 9 . 38 + - 0 . 52 70 . 9 1 77 2 7 . 90 +- 0 . 4 5 
80 . 5 0 752 7 . 99 +- 0 . 26 80 . 9 4 77 2 o . 85 +- 0 . 2 3 
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c I-~ K CROSS CM K CROSS 

ANGLE LAB SEC TI ON ANGLE LAB St:CTIDr~ 

6.06 793 14. 5 l +- 0. 5'+ 6. l 0 813 14.41 +- 0.5 1 
8.02 793 1 2.61 +- Q • L;9 13. 08 813 13.06 y - 0.49 

10.1 8 793 12.25 +- 0.30 10.25 813 12.0l -<-- 0.29 
12 . 12 793 l 0 .. 98 + - 0.40 12.21 8 1 3 ll.36 +- 0.39 
14.07 79 3 10.17 +- 0.27 14.18 813 10.67 +- o .. 26 
16.04 793 9.66 +- 0.37 16 .16 813 9.45 +- 0.35 
18.0l 7 <) 3 9.60 +- 0.36 18.15 813 9.39 +- 0.35 
19 .99 793 8.86 +- 0.26 20.14 813 8.37 + - 0 . 25 
24.94 793 8.71 +- 0.42 25.12 813 8.69 +- 0.41 
29 . 88 -,9 3 8.28 +- 0.25 30.10 813 8. 16 + - 0.24 
34.86 793 7.64 +- 0.3 3 35.10 813 7 .94 + - 0.33 
39.83 793 -, • 8 8 +- 0. 13 40. l 0 8 1 3 7.45 +- 0. 12 
'•9 .7 5 793 7. 09 +- 0.21 50.08 8 1 3 6.35 +- 0 . l y 
59.71 793 6 . 30 +- 0.3 2 60.08 813 5.50 +- 0 . 28 
69.6 8 -, 9 3 5.72 +- 0.22 70.0 8 813 4 . 13 0 +- 0.20 
7 9 .67 793 5 .6 4 + - 0.32 80.09 8 1 3 4 .36 +- 0 .27 

6.15 83 4 l 4. 14 + - 0.50 6.20 857 13.28 + - 0.47 
13. l 5 83 1t 13.34 {- - 0.48 8.21 857 12 . 22 +- 0.45 

10 .33 834 ll. 24 +- 0. 21 l0.'t2 857 l 1 • 1 6 +- 0.26 
12. 31 834 10. 8 1 +- 0.37 12.41 857 10.28 +- 0.36 
14.29 834 9.88 +- 0.25 14.41 857 9 . 64 +- 0 . 2 lt 
16.29 834 8.87 +- 0.33 16.42 85 7 8 . 70 +- 0 . 3~ 
18.29 834 8.20 +- 0.32 18 . 44 857 8 .3 3 +- 0 . 3 2 
20. 29 834 7. 88 +- 0.24 20.47 85 7 8.38 +- 0 . 24 
25.31 834 7. 66 +- 0.38 25.52 85 7 8 . 05 +- 0.38 
30.32 8 34 7.73 + - 0.22 30.57 857 7. 43 +- 0.22 
35.37 834 7.36 +- 0.31 35.65 85 7 7.63 +- 0.31 
40.39 834 7.05 +- 0.12 40.70 857 6.88 +- 0. 11 
S0.4 3 834 5 . 90 +- 0. 1 8 50.80 857 5.80 +- 0. 18 
60.47 834 4.9 8 +- 0.21 60.89 857 4.9 0 +- 0.26 
70 . 50 834 4.04 +- 0. l 7 70. 96 857 3.58 +- 0. 16 
80.52 834 3.99 +- 0.25 80.99 857 3 . 09 +- 0.21 

6.05 880 13. 88 +- 0. 42 6.10 902 12.30 +- 0. 38 
8.00 880 11.7 0 +- 0.48 8.06 902 11.53 +- 0.45 

10.1 6 880 10.64 +- 0.39 10.24 902 10.38 +- 0.3 8 
12. 11 880 10. 55 +- 0.2 8 12. 21 902 9.60 +- 0 . 26 
14. 07 880 9 .55 +- 0.37 14.1 8 902 9.34 +- 0 .36 
16.06 880 9.32 +- 0.25 16.18 902 8 . 47 +- 0 . 24 
19. 98 880 8. '~2 +- 0.34 20.12 902 8 . 1 7 + - 0.33 
29.87 880 7. 92 +- 0 . 24 30. l 0 902 8 .43 +- 0 . 24 
39 . 80 880 7. 25 +- 0. l Lt 40.09 902 7. 81 +- 0. 14 
49.7 4 8 80 6.51 + -- 0. 22 50.0 8 902 6.81 +- 0.22 
5 9 . 08 880 4.8 9 +- 0 . 23 60.0 6 902 5 . l 2 +- 0.23 
0 9 . 64 830 3. 3 l +- 0.2 4 70.07 902 3 . 39 +- 0 . 24 
79. 62 88 0 2.69 +- 0 .23 30.06 902 2.70 +- 0 . 23 
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CM K CROSS CM K CROSS 
ANGLE LAB SECT I ON ANGLE LAB St CT IO N 

6.15 926 12.37 +- 0.3 7 6.20 951 10.76 +- 0.35 
8.13 926 10.80 +- 0. l+ 3 8.20 951 s.e4 +- 0.38 

10.32 926 9.69 +- 0.35 10.41 951 8.22 +- 0.32 
12.31 926 9.62 +- 0 .2 5 12.41 951 8.69 +- 0.23 
14. 30 926 8.48 +- 0.32 14.42 9Sl 7.74 +- 0.31 
16.31 926 8.3 1 +- 0.23 16.4't 95 1 · 7.90 +- 0.22 
20.29 926 8.10 +- 0.33 20.46 951 8 . 08 +- 0.32 
30.33 926 7.92 +- 0.23 30.59 951 8.10 +- 0.23 
40.40 926 7. 92 +- 0 .1 4 40.72 951 8.41 +- 0. l 5 
50.45 926 6.93 +- 0.23 50.83 951 7.57 +- 0.24 
60.48 926 5.28 +- 0.23 60.90 951 5.34 + - 0.23 
70.52 926 3.59 +- 0.24 70. 98 951 3.74 +- 0.25 
80 .5 3 926 2.89 +- 0 . 22 81.01 951 2.54 +- 0.20 

6.0 6 977 9 . 95 +- 0.26 6.11 1002 9.37 +- 0.24 
8.02 97 7 9.22 +- 0.34 8.09 1002 7.9 9 +- 0.31 

l 0. 19 977 8.23 +- 0.25 10 .2 7 100 2 7 .17 +- 0.22 
12. 12 977 8.20 +- 0 .19 12.22 1002 6.98 +- 0. l 7 
14.09 977 7. 95 +- 0.22 14.21 100 2 7.33 +- 0.20 
16.04 9 77 8.00 +- 0.22 16.17 10 02 7 .40 +- 0.20 
l9.9u 977 7.55 +- 0.23 20.15 1002 7.56 +- 0.23 
24.92 977 8.6 4 +- 0.14 25.13 1002 8.62 +- 0.13 
29.86 9 7 7 8.94 +- 0.20 30.10 100 2 a.ea +- 0 • .lO 
34.82 97 7 9. it2 +- 0.18 3 5 .09 1002 9.47 +- 0. 18 
39 .77 977 9.51 +- 0 .1 2 . 4 0.08 1002 9 . 44 +- 0.12 
44 .7 5 977 9.38 + - 0.20 45.09 1002 9 . 51 +- 0.20 
49.71 977 8.39 +- 0 . 26 50.07 1002 8 . 2~ +- 0.25 
54.69 977 7. 38 +- 0.20 55.07 1002 8.08 +- 0.21 
59.66 977 6. tl l +- 0.23 60.07 1002 6. it2 +- 0.22 
64.64 977 5.64 +- 0.18 65.07 1002 5.75 +- 0. 18 
69.61 977 't. 7 5 +- 0.10 70.06 1002 4.61 +- 0 . 09 
74.60 97 7 3.5 8 +- 0. 15 75.06 1002 4 . 01 +- 0. 15 
79.59 977 2.89 +- 0.15 80.05 1002 3 . 04 +- 0.15 
84.5 9 977 2.38 +- 0.13 85.06 1002 2.42 +- 0. l J 
89.5 8 977 2.15 +- 0.08 90.05 1002 2 . 04 +- 0.07 



23 

CM K CROSS CM K CROSS 
ANGLE LAG SECTION ANGLE LAB SECTIOl-..i 

6.17 1028 7.76 +- 0.21 6.22 1056 7.45 +- 0.20 
8.16 1028 7.52 +- 0.29 8.23 1056 6.81 +- 0.27 

10.36 102 8 6.92 'f· - 0.21 10.(t5 1056 6.00 +- 0. 19 
12.32 1028 6.59 +- 0.16 12.44 1056 5.69 +- 0.15 
l't.33 1028 6.95 +- 0.19 l't.'v6 1056 5.92 + - 0 . 17 
16.31 1028 6.90 +- 0.19 l 6 • 't 5 1056 6. l 4 +- 0.18 
20.32 1028 6 098 +- 0.21 20 .4.9 10~6 6.72 +- 0.21 
25.33 1028 8.43 +- 0.13 25.55 1056 7.78 +- 0.12 
30.34 1028 8.81 +- 0.19 30.60 1056 8.00 +- 0.18 
35.37 1028 9 .. 1.~9 +- 0.17 35.67 1056 8.24 +- 0. 16 
40.39 1028 9.37 +- 0.12 L*O. 7 2 1056 8.67 +- 0.11 
45.43 1028 9.50 +- 0.20 45.79 1056 8.49 +- 0. 18 
50.44 1028 8.15 +- 0.24 50.84 1056 7.56 +- 0.23 
55.47 1028 7 .70 +- 0.20 55.90 1056 6.72 +- 0.17 
60.'t9 1028 6.12 +- 0.21 60 .. 94 1056 5.68 +- 0.20 
65.51 1028 5.68 +- 0.17 65.98 1056 4.96 +- 0.15 
70.52 1028 4.52 +- 0.09 71.01 1056 4.01 +- 0.08 
75.53 1028 3.64 +- 0.14 76.03 1056 3.41 +- 0.13 
80.53 1028 2.78 +- 0.13 81.04 1056 2.56 +- 0.12 
85.54 1028 2 • 2 It +- 0.12 86.05 1056 2.09 +- 0.11 
90. 5't 1028 2.02 +- 0.01 91.06 1056 1.74 +- 0.06 

6.06 1074 7.03 +- 0.21 6.11 110 2 6. lt8 +- 0.20 
8.03 1074 6.38 +- 0.20 8.09 1102 5.34 +- 0.17 

10.20 1074 5.83 +- 0.16 10.28 1102 5.31 +- 0. 14 
12.13 1074 5.75 +- 0.15 12.24 1102 5.16 +- 0.14 
14.08 1074 5.92 +- 0.20 14.20 110 2 5.28 +- 0.18 
16.04 1074 5.99 +- 0.15 16.18 1102 5.48 +- 0.14 
19.99 1074 6.58 +- 0.16 20.16 l J. 0 2 5.84 +- 0.15 
24.92 1074 7.54 +- 0.18 25.13 1102 6.41 +- 0.16 
29.85 1074 7.38 +- 0.13 30.10 1102 6.52 +- 0.12 
34.81 1074 8.19 +- 0.15 35.10 1102 6.43 +- 0. 13 
39.77 1074 8.28 +- 0.08 40.08 1102 6.81 +- 0.01 
44.73 1074 8.08 +- 0.17 45.09 1102 6.39 +- 0.15 
49.70 1074 7.29 +- 0.18 50.08 1102 6.03 +- 0. J. 6 
54.67 l o·r 4 6. 77 +- 0. l 7 55.08 1102 5.28 +- 0. 14 
59.64 1074 5. (> (; +- 0.10 60.08 1102 4.24 +- 0.09 
64.61 1074 4.63 +- 0.14 65.06 1102 3.95 +- 0.12 
69.59 1074 3.83 +- 0.08 70.05 1102 3.03 +- 0.07 
74.57 1074 2.ao +- 0.15 75.06 1102 2.47 +- 0. 13 
79.56 1074 2.51 +- 0.13 80.05 1102 l.91 +- 0.11 
84.56 1074 1.86 +- 0.13 85.06 l l.O 2 1.55 +- 0. 11 
89.55 1074 l.69 +- 0.11 90.05 1102 i.32 +- 0.09 
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CM K CROSS CM K CROSS 
ANGLE LAB SECTION ANGLE LAB SECTION 

6 . 17 l 1 3 l 5. 51 +-- 0.17 6.22 1162 5. 34 +- 0. 1 7 
8.17 l 1 3 l '•. g 5 +- 0.16 8.24 1162 't. 49 +- 0 . 15 

10.38 113 l '•. 4 8 +·- 0.13 l 0 • '' 7 1162 4.03 +- 0.12 
12.35 l 1 3 l 4.64 +- o. 13 12.46 1162 4. 13 +- 0.12 
14.3?. l l 31 5.13 +- 0. l 8 l4.L;6 1162 4.45 +- 0.16 
16.32 l 1 31 4.77 +- 0. 1 3 16.48 1162 4. l 7 +- 0. 12 
20.3't l l. 3 l '•. 9 2 4-- 0 .13 20.52 1162 4.52 +- 0. l 3 
25.34 l l 3 l 5.37 +- 0. l 't 25.58 1162 5.05 +- 0. 1 3 
30.36 1 13 l 5.67 +- 0 . 11 30.63 1162 5.02 +- 0.10 
35.39 l l 3 l 5.52 +- 0. ll 35.70 1162 '•. 7 2 {·- 0. l 0 
40. 'tl 1131 5.62 +- 0.06 '•0. 7 6 1162 4.73 +- 0.06 
45.45 11 31 5.20 + - 0.13 45.83 1162 't.42 +- 0. 12 
50.47 l l 31 Lt• 7 5 +- 0. 13 50.89 1162 3.82 +- 0.12 
55.49 11 31. 4. lt 2 +- 0.12 55.94 1162 3. 3 .3 { · - 0. 10 
60.51 1131 3.39 +- 0.01 60.98 1162 2.60 +- 0.06 
65.52 1131 2.91 +- 0.10 66.0l 1162 2.20 +- 0.08 
70.53 1131 2.43 +- 0.06 71. Ott 1162 1. 82 1· - o.os 
75.55 1131 l.68 +- 0.10 76.07 1162 l. 38 +- 0.09 
80.55 1131 l.68 +- 0.09 81.08 1162 l. 19 +- 0.0 8 
85.'37 l l 3 l 1.26 + - 0. 10 86.10 1162 l.03 +- 0.09 
90.56 l l 3 l. 1.21 +- 0.08 91.09 l.l 6 2 0.89 +- 0.07 

6.08 11 7 't 5.80 +- 0.30 6.13 1204 5.0l +- 0.26 
8.03 1174 4.70 +- 0.20 8.10 1204 4.15 +- 0. l ') 

10.22 1174 ft. 64 +- 0.17 10.31 1204 4.16 +- 0. 16 
12. l 5 1174 4.39 +- 0.21 12.26 12 0 l~ 4.09 +- 0.25 
14.10 1174 3.91 +- 0.25 l't. 2 2 1204 4. l 0 +- 0.24 
16.07 1174 4.44 +- 0.19 16.21 1204 3.92 +- 0. l 7 
20.01 1174 4. 18 ~- 0.25 20.18 1204 4.13 +- 0.2 4 
24.94 1174 5.30 +- 0.30 25.15 1204 4.52 +- 0.27 
z<j.87 ll 74 5. l 3 +- 0.40 30.12 1204 5. 2 l +- 0 • .3 8 
34.82 1174 4.3 8 +- 0.37 35.11 1204 4.77 +- 0 • .3 7 
39.79 1174 4.69 +- 0. 14 40.12 1204 3.96 +- 0.12 
49.71 11 7 li 3.85 +- 0.21 50.09 1204 3.24 +- 0.20 
59.66 ll 74 2.63 +- 0.22 o0.09 1204 1.98 +- 0. 19 
69.62 11 7 '+ 1. 48 + - 0. l 7 70.09 1204 1.62 +- 0. l 7 
79.59 1174 l.06 +- 0. 16 80.08 1204 0.95 +- 0. l 4 
89.58 1174 0.6 8 + -· 0.07 90.09 1204 0.71 +- 0.07 
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CM t<. CROSS CM K CROSS 
ANGLE LAB SECT I ON ANGLE LAB SECT ION 

6.19 1235 4 .76 +- 0.25 6.25 1269 4 .38 +- 0. 2l• 
8. l 7 123 5 3.76 +- 0 . l 7 8.25 1269 3.29 +- 0 .1 6 

10. LtO 1235 3.73 +- 0. l 't 10.50 1269 3.29 <>- 0. 14 
12.37 1235 3.48 +- 0.2 4 12.49 1269 3. 31 +- ('. 2 2 
14.36 1235 3.84 +- 0 . 23 14 .49 1269 3 . 46 +- 0 .2 2 
16.36 123 5 3. 8 1 + - 0. l 7 16 .52 126 9 3.37 +- 0.16 
20.36 12 35 3.99 +- 0.23 20.55 1.2 69 4. 15 +- 0.24 
25.37 123 5 4 . 58 + - 0.27 25.61 1269 4.63 +- 0.26 
30.3 8 1235 ,,_ 0 l +- 0.33 30.66 12 69 3.90 +- 0.33 
35.'+l 12 35 4.00 + - 0.34 35.73 1269 4.46 +- 0.36 
40.'+5 123 5 3.78 +- 0 .1 2 40.81 1269 3.67 + - 0. 11 
50.50 12 35 2 .7 4 +- 0. l 7 50 .92 12 69 2.52 +- 0. 1 7 
60.53 1235 1. 98 +- 0. 18 61.02 12 69 l. 5 7 +- 0 .1 6 
70.57 1235 1. 07 +- 0 .13 71. 09 12 69 1.09 +- 0 . l 4 
80.59 12 35 0.65 +- 0.11 81.14 12 69 0.62 +- 0. 12 
90.60 1235 0.56 + - 0.06 91.15 1269 0.57 +- 0.06 
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FIGURE 6 

The data are shown as angular distributions together 

with Moravcsik- equivalent fits. 

This experiment 

I H. A. Thiessen (l5) 
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· K = 1131 MEV 
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K = 1162 MEV 
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K = 1259 MEV 
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FIGURES 8. 1 - 8. 7 

Comparisons \Vith Other Experiments 

The smooth curve is from this experiment. 

The symbols plotted designate the source of data. 

J Benevenhmo (l 7) 

D Boyden (2) 

F Dixon(l) 

E Dixon, Boyden (2) 

B Kilne r (3) 



61 

K = 600 +- 3 MEV PI+ N 
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K = 700 +- 3 MEY PI+ N 
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K = 800 +- 3 MEV PI+ N 
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K = 900 +- 3 MEV PI+ N 
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K = 1000 +- 3 MEV PI + N 
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K = 1100 +- 3 MEV PI + N 
lo. 0 . 

-

<D 
e.o 

<D .... 
N -
N .... 
0 V"' - - I \ 

6.0 I ~ --
LTt'"" \ 

z 
< .... 
0 

J \ L -

' I 
< 
er 
w 4.0 ..... 
Cf) 

~\ 

\ 
.... -- -

' VI - ,_ 

z 
a= \ 
< 
Q'.l 
0 2.0 

II\ 
a= 
u 

:c 
\ / 

v-r-.. 

" - j ~ 
' • : f\...._ L___. !-r- ~ ,_ . ,_ ..:.. -• 

-

0 

0 30 60 90 120 150 180 

CM ANGLE DEGRE ES 

F IGURE 8. 6 



67 

K = 1200 +- 3 MEV PI+ N 
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·TABLE 2 

Systematic Errors 

Source 

Decay Correction 

Magnet Acceptance 

Absorption Correction 

Absolute Beam Calibration 

Counter Efficiencies 

Target Density and Thickness 

Bremsstrahlung Shape 

Quadrature Sum 

Absolute Sum 

Error 

1. 0% 

1. 0% 

2. 0% 

3. 0% 

o. 5% 

1. 0% 

1. 5% 

4. 3% 

10. 0% 
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V. DATA FITTING 

As noted in the introduction, a Moravcsik fit(4) to the 

angula r distributions describes the data very well. It has the 

disadvantage, however, of scrambling the effects of a definite 

angular momentum state among m8_ny of the coefficients. Suppose 

for example, the cross section is entirely due to a F 5/2 amplitude 

produced from an initia l helicity 3/2. Then 

2 2 
a (X) = d ( 1 - X ) ( 1 + 15 X ) 

where 

x = cos e 

e = n + c. m. angle relative to photon 

d = a positive constant. 

The Moravcsik coefficients, B(J), are defined by 

M 

cr(X) (1 - i3X)
2 = l B(J) XJ (1) 

J=O 

where 13 = velocity of n + in the c. m. system. For the cross section 

given above, we have 
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M 
= I B(J) XJ. 

J=O 

Thus, six Moravcsik coefficients are needed to describe this cross 

section. A more useful but equivalent fit is the following: 

M 

o(X) = C(O) crOPE(X) + C(l) criCX) + l C(J-) PJ_ 2(X) (2) 

J=2 

crOPE (X) = cross section clue to the one n exchange 

1 - x2 
cri<X) = l _ !3X - (1 + X) 

PL (X) = L th Legendre polynomial. 

The function crOPE introduces the one n exchange denominator, 

and its coefficient C (0) is proportional to the n - N coupling 

constant. The second function, cr1(X), allows for interference 

with the one TT exchange. The cross section due to interference 

of the one TT exchange with states of total angular momentum less 

than or equal to j has the form 

2 1 - X N 
1 - !3X (ao + al + • · · + ~x ) 



72 

where N = j - 1/2. Equation (2) can be written in this form by 

proper choice of C(l) through C(N + 3). The particular form of 

a1(X) used is, of course, not unique. For states with total 

angular momentum less than or equal to j, the cross section is 

in general a polynomial of order 2j. Therefore, Equation (2) 

with M ~ 4 is sufficiently general to account for one rr exchange 

and all angular momentum states with j .::; (M - 2)/2. The 

coefficients C(J) are, in fact, related to the B(J) by a non-singular 

linear transformation which depends only on 13. The usefulness 

of the form of Equation (2) can be seen in the example of the F 5/ 2 

state: only three of the C(J) coefficients, C(2), C(4), and C(6) are 

needed. 

To obtain information from the coefficients, C (J), it is 

necessary to relate them to ph2nomenological partial wave ampli­

tudes which specify the states of interest. A convenient set of 

parameters, which we shall call "helicity coefficients", is chosen 

by specifying the initial helicity(lS), the total angular m'.Jffientum, 

and the final orbital angul2.r momentum (or parity). We will 

implicitly assume conservation of angular momentum and parity. 

For convenience we will take the photon helicity to be +1, since 

the cross section, when summed over the nucleon spins, is the 

same for both helicities. 

Orbital Total 
Helicity · .Angular Angular Initial 
Coefficient Momentum Momentum Helicity 

A.t- .(, .(, - 1/ 2 1/2 

At+ .t -l + 1/ 2 1/ 2 

B.t- .t .t - 1/ 2 3/ 2 

B.t+ .(, .(, + 1/ 2 3/ 2 
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These parameters mix electric (E) and mag11etic (M) states 

according to 

1 1 
A = - (-t + 1) E + - (-t + 1) M t- 2 t- 2 t-

1 1 
A = - (t + 2) E + - t M 

t+ 2 t+ 2 t + 

B = E + M 
.i- t- .i-

where E p , M . are the paramete~s defined by C GLN(l9). The 
'\;± "-'± 

cross section is given by 

2 ' 
+ ( 1 + X) I G 4 I J 

where the G. are amplitudes of definite initial and final helicity. 
1 

Initial 
Helicity 

1/ 2 

3/2 

Final 
Helicity 

- 1/ 2 

1/ 2 \ " " G2 = ) (B; , - B _ . ~ ) (P ~ , l (X) - P _,_ (X) ) 
L, vr .{,-. J. - -t..• '-

t= 1 



Initial 
Helicity 

3/2 

1/2 

Final 
Helicity 

-1/2 

1/ 2 
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G3 == l (B-tt+ + B -l+l _) {P~+ l {X) + P~ (X) ) 
.t==l 

G4::: I (At-I· - A-U-1 _) (P~+l (X) - p~ (X) ) 
.f,:::Q 

An advantage of this choice of states is that the A coefficients do 
. .t± 

not interfere with the B .i coefficients in the cross section. The 

CGLN(l9) invariant amplttudes, F., are related to the helicity . 
1 

amplitudes G. by the r elations 
1 

G3 = F 3 - F 4 

G 4 = Fl - F 2 - 1/ 2 (1 - X) (F 3 - F 4) , 

The cross section, which is bilinear in the helicity 

coefficients is given as a linear combination of Legendre polynomials 

in Table 3 for .{, :5 3. The integrated cross section may be obtained 

from the coefficient of P (X) in the table or from 
0 

~ q "'.) [ (2j - 1) (2j + 1)(2j + 3) ( I B 12 + I B ] 2) 0 T = ..:iTk L 32 t+ t+ l -
j 

+ 2j + 1 ( I A I 2 + I A 12) J 
2 I .{,+ t + l -
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TABLE 3 

Cross Section Helicity Coefficient Expansion 

The cross section is expanded in terms of helicity coefficients 

and Legendre polynomials, P (X). By labeling the coefficients n 
according to total angular momentum and parity, the symmetry of 

the expansion shortens the table . Let 

A-t-± = al/2 j p 

where 

j = t ± 1/ 2 

t p = -(-1) . 

Notice the first index A. of a, . is the initial helicity. The general 
""JP 

form of the cross section is 

cr(X) =in~ p n(X) I 
A.jj'pp' 
j' ~ j 

-t-' ~ t 

n * Y, . . , , Re(a, . a,., ,) . 
""JJ pp ""JP ""J p 

The factors y~ .. , • are given in the table. They depend on the 
l\.JJ pp · 

relative parity p · p' rather than each parity independently. The 

restrictions j' ~ j, .f.. ' ~ t in the sum mean each term occurs 

* only once in the sum; i.e. , one does not include b'.Jth Re(A
3

_ A2) 
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* and Re(A2+ A3_) since they are equal. As an example , if only 

j :::: 3/ 2 terms are present, the cross s ection is given by 

cr(X):::: ~ {<IA1+1 2
+ IA2_1 2

) (2P0 (x )+ 2P2(x ) 

* 4 36 + Re(A2_ A1) (- "5 P 1(X) - T P 3(X)) 



).. j j, 

7 7 
2 2 

5 5 
2 2 

,I 

3 3 
2 2 

1 
2 1 1 

2 2 

7 5 
2 2 

7 3 
2 2 

p· p' 

+ 

+ 

-

+ 

-

+ 

-

+ 

-

+ 

-

p 
0 

n=O 

4 

3 

2 

1 
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TABLE 3 

n=l n=2 n=3 n=4 n=5 n=6 

1100 324 100 
231 77 33 

24 18 
7 7 

18 16 100 
-35 -5 -7 

2 

4 36 
- 5 -5 

- 2 

8 360 200 
- 7 - 77 - 11 

72 40 
7 

8 7 

72 40 
7 7 

8 40 
·3 ·3 



Tl~ j ' 
~-· ·--... -- ~ 

f.. p. p' n=O 

+ 
7 1 
2 2 -

-

+ 
5 3 
2 2 

-
1 
2 

+ 
5 1 
2 2 --

+ 
3 1 
2 2 

-
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TABLE 3 (cont. ) 

p 
1 

n=l 

36 
5 

4 

n=2 
,_ __ 

12 
-7 

6 

-4 

-
n=3 

----

8 

24 
5 

-6 

11"'4 n=5 n=G 

- 8 

--
72 

- ---;:i 

I 
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T ABLE 3 (cont.) 

- -
'A j j ' p. p' n=O n=l n=2 n=3 n=4 n::::5 n=6 

7 7 15 75 405 225 
2 2 + 7 - - 77 -11 

-'-

6 12 54 + 7 -7 5 5 
2 2 108 56 100 - -35 - 5 - 7 

3 3 
+ 2 - 2 

3 3 
2 2 

..___ 

9 9 - - 5 5 
3 
2 

60 I 1440 300 + -7 --r=n - 11 7 5 
2 2 -

I 180 180 - 7 -7 
I 

90 90 + 7 - 7 
7 3 
2 2 

- -10 10 

r---36 36 + -7 7 5 3 
2 2 

J 
36 36 ! I 

I I 
- 5 5 

I I I .__ -
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where j = t + 1/2 in the sum. \.Vith the relations in Table 3, we 

may now examine the coefficients, C (J), of the fits given in Table 

4 for M = 5, 6, 7, 8 , 9. 

The first question to resolve is what order fit (M) to use. 

We may attempt to do this by looking at the decrease in x2 as M 

is increased. Another useful technique, made possible by the large 

number of fits at closely spaced energies, is to look at the last 

coefficient C(M) as a function of energy. If C(M) varies in a 

continuous maimer and is sig11ifica.ntly nonzero, that is, if its value 

is greater in magnitude than its standard error, then it is very 

likely that that coefficient is needed. Using this technique, we see 

that one needs M .2: 5 (including P 
3 

(X) ) around the second resonance 

(D 3/2 (1519) at k ~ 700 MeV), and M = 8 (P6(X)) at energies above 

the third resonance. 

Choosing the best M for a given energy turns out to be 

quite difficult and often results in an approximation. This is not 

surprising when one considers the physical states involved. As 

an example, consi.der the region of the second resonance, D 3/ 2 

(1519). The cross section due to a D 3/2 state (A2- and B2-) has 

terms only up to x2
, so one might consider M = 4 to be sufficient. 

However, the third resonance, F 5/2 (1688), is only 1. 7 widths away. 

A D 3/2 - F 5/2 interference i s expected, which gives an x 3 

contribution. In addition, the fourth resonance, F 7/ 2 (1950), is 

about 2. 4 widths from the second and F 7/ 2 - D 3/ 2 inte:derence 

gives an x5 
dependence to the cross section. There are also 

exchange diagrams other than the n pole which contribute a small 

amount b each partial wave. Therefore, choosing M = 4 or even 

M = 5 is an approximation which neglects the presence of the higher 

angula r momentum states. The fact that these te rm 3 are not small 
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TABLE 4 

Coefficients F rom Fits \Vith Variable Coupling Constant 

Results of Moravcstk-equivalent fits are given for M = 5, 

6, 7, 8, 9. (The statistical standard deviation of each coefficient 

is printed directly below its value.) Correlated errors are not 

indicated. K is the lab photon energy in MeV. D is the number 

of degrees of freedom. The coefficients C (I) are in units of micro­

barns/ steradian. 
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14 2i.zzo -1.~a z -7.L 9 o -0.1~3 z.~1~ t.z1~ a.so l 
2.bb'-1 l . o ~q 1.012 o.q ~o C.l7 3 o.11q 0 .. 1 .. .:. 
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17 1 . 363 - 10 . 16 1 l .0 7S - 0. 3CO - 0 . l ) B -l. 594 - 0 . 74 7 - 0.4 S 7 
7. 2 16 2 . 13 6 l .S90 2. 7 67 l.4 9b l.O S 7 0 . 6~ 2 0.) 8 2 

17 10 . 82 1 -ll .660 0 .4 3 1 - l .4 2b C. 0 77 -L. S39 - l .C2 ~ - 0 .l bZ 
o.9 66 2.oqo l. 46 3 2. b ~l t.408 1. 006 0 . 061 o . J7b 

17 16. 90 3 -1 4 . 5 17 - 2 . S4 3 -4 .0 75 0 .476 -1 . 186 - 0 . 4 S 7 - J.3 16 
6.8 9 2 2.140 3. 42 7 2. 694 1.)44 0. 9 76 o.oss 0. 375 

17 6.92) -1 0.592 2 . 7 59 0. 2 53 -1.2 84 - 2 .247 - 0 . 94~ - 0. 34 0 
o.7 8 7 2.10 4 J . J oo 2. 6 58 1.21 4 o . 9 49 o . 659 o.J 9 1 

16 ).566 -1 0 . 210 4. 60 1 1. 567 -2. 0 96 -2. 695 -1.4 7) -0 . 625 
5.64 5 1 . 728 2.786 2.212 1.05 ) 0 .111 0. 54 '. 0 .)4) 

18 9.222 - 12. 002 2. 00 1 -0. 86 1 -1.512 -2 .294 -l. J 76 - 0 . 56 7 
5.46 8 1 . 708 2. 090 2.154 o .98o o. 1 2q o . sic 0. 140 

18 12 .1 0 4 - 12 . J2J 1.11 2 -1. 5ca -1. oa z -1. 05 1 - 0. 96 4 -0 . 210 
5.158 1 .699 2 .625 2.120 0 . 9 J7 0. 698 0 . 510 0.)4J 

18 •.122 - 9. 016 5.275 1. 587 -2.154 - 2. 3 26 - l . 4 Jl - o .J o4 
5 . 201 1 . 669 2. 5) 7 2 . 064 0.879 0 . 66 2 0 . 50 C O.JJ l 

18 J.69 ) - 8 . 779 5. 660 1.647 -2.624 - 2.052 -L .42 C - 0 . 5 12 
o.J92 2.057 l.102 2. 5J 4 1. 0 70 0. 838 0 . 64• O. J QS 

18 10 .792 - 8.944 1.85 5 -1. 259 -1.209 -0 . 554 - 0 . 06~ O. J 54 
0. 010 1.952 2 . 91 4 2.J9o o .978 0 .11 1 0 . 0 1 2 o.J 77 

17 l.4J8 -7 . 179 5 .511 1. 8 79 -2.28J -1. 6 78 -1 . 406 - 0 . 640 
o.OJI 1 .929 2. 89 8 2.J98 0 . 956 0 .78? 0.6 1 Q ~ .) 6 7 

17 I0. 9 JL - 10 .4 58 0.2 )7 -2. )8 1 - 0. 55 1 - 0 .41) - 0 .790 - a . J l 6 
;.110 1.880 2.111 2 .2 s 1 0.80• o .714 o . 55 • o .JJ7 

18 9.446 - 9. 470 0.145 -2.096 0.2JJ O. J 54 - O.J9 1 - 0.824 
4.505 1. 589 2.141 1. 8 16 0.620 0 . 50 1 0 .40 1 0 . 269 

17 10.06 5 -9.709 -0.66 1 -2.41 5 0 . 920 0. 6 10 - O. J 70 - 0 .81 5 
4.320 1.559 2. 040 1.744 0 . 5 70 0 . 4 62 O. J60 J . 2 54 

17 14 . 825 -12.11 5 -3 . 343 -4. 6 ~ 2 l.4 99 o . 1a4 - o .,1 G - o . a c1 
4.1 95 1.546 1. ?66 1.695 0.52 9 0.429 O. J l d 0 . 2 41 

11 8.702 -A.72 ) -0 .59) -1.910 1.6 5 3 0. 5 46 - 0 . 95 7 - Q.6 )7 
•.oa J 1 . 51 9 1. a9 7 1.645 o .•9 7 0 .4JJ o .J1 s o .2 J1 

11 I 0 . 50J -9.075 -1.) 70 -2.4 26 2. 2 1 2 0.7o5 -l.1 2J - J.olO 
•-2 80 1-527 1.959 1.614 0. 528 0 . 44 1 0. 15? 0 . 202 

IJ 11.25) -9. 00• -1 . 569 -2 . 470 2.5) 9 Q. 659 -1 . 50 7 - 0. 9 76 
4 . 199 l . 471 l .eqa l. 64 4 o. 508 o .4 2h o . 34 ! o . zsa 

11 e .•10 - a . 554 -0 . 21 0 -1 . 42 1 1. 93 2 -0 . 00 5 -l. 14 d - 1 .110 
~.149 l.465 1. 86 1 l.620 0.4S ' C., 10 0 . 3)~ 0 . 249 

ll 8 .IJO -6. 840 o.11a -0. 799 2. ZdO o . Oa b -2.0 75 - l.Z?5 
•·IZO 1.4)0 1.8 26 1. 595 0.467 0 .4CO O. ll Z 0. 2•4 

21 7.2 5 1 -6.,42 o.q4) 0.1 05 z . 111 - 0.,01 - 2 . ~ZG -L.456 
2.791 1. 047 l. 2J6 1.09 5 0.288 O. ZJ5 0 .1~7 C.175 

20 15.09> - 8 .457 - 2. J7 0 -2.7 5 3 J.O bO 0. 058 - l .5b> -l .J72 
2.695 1.00 3 1 . 111 1.0,s 0.211 c .i22 o .td ~ 0 . 1 16 

20 11.1J1 - 0.292 -o .90 1 -1.z52 2.aaa - o . 11 J -2.105 -1 .0 11 
2.572 0.9•b 1.1 0 9 0 . 96 b O.Z52 O. ZIO 0 .11" O. loT 

20 19.6 J2 -a . 95 1 - 4.6 52 -•.J9) J.J2 8 C.Z9J -2 . CO I -v. ••9 
2.•47 0.909 1.0•2 0 .932 0. 22 d 0 . 191 O.lol 0 .1 5• 

20 15 .354 - 7. 150 -J. Z?5 -2.9 25 J.112 0. 255 -1 . 905 - J . >J2 
2.150 o. 875 o . 99 1 o. a 9o 0 .2 1 1 0.1 10 o. 1s1 v .1•9 

20, l5 . lll -b.Zb1 - J . 5 JI -2. 94 4 2. 980 o .J o5 - I. I • ) -~.21Z 
2 . 101 o.at 9 o. qo z o. a t b o. 1s ' o .1 s 1 c .1 14 o .t z e 

20 l l .5 3 0 -S . 43 ~ -3 . l l9 -Z. b~Z Z.6Z i ~ . l ~S - C . bZ ~ - C . l o 3 
2 .005 o .7b l o . ~ is 0.1 .. a 0.1~4 0 .11' 0 . 11 ~ ~. 114 

20 19.11 7 -7.114 -5.90 0 -4.~ b 7 Z. 9 0 7 O.diZ -0 . 0 4 6 J . J'5 4 
l.909 0.111 0 .1 15 0.705 0.1•3 0.1 2 1 0. 104 u . t 0• 

15 21.435 -S.29• -0. 9 45 -5. 5 25 J . l 82 1. 0 4J O. Ool J . Z75 
l . 70• 1.)44 1.49 1 l. J 54 0.29• 0 .276 o. z2 c ~- l ~ • 

14 21.~Ji. -7.421 -7.0lZ -S. ~6 '5 J.117 1.1~4 0. , 51 0 .1~ '5 
J . 4bb 1.25z 1.111 1.25J 0.2• 1 J.2•9 o.zc' ; .t•• 

14 24 . , 39 - a . z , o - a . 111 - o. ql~ 1 .21 1 1.,a1 J. i4i 0 . 1J, 
).)74 1. Z.) l 1 . J ZZ L.2 0 7 O • .! :t.7 o .z z ~ O. l:U J . 14 2 

ll 2~.010 -a . rq'\ - d.o7o - 7. .i. ~a J • .Zb l l. '5 Z"' o .74L ;.\ ·,;1 
J . 5 0 l l. 2 4 5 l., '51 l. 2Z i •J • .?1t 4 J . 4JO iJ .J 7 .; J . i. ~ 1 
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16 8.q7 J -lV. 94 b L.259 -0 . 683 - G.24 b -L .b7l - 0 .798 - 0.414 -V . 023 
10 .661 2 .1 56 5.144 J.7Cl 2 . 622 l .ao5 l .24J O. ii ZZ 0. • 70 

16 17.472 -11. 177 -2.69 ~ -3.blO l. 8Sl - 0 . Zob -0.163 0.45S 0.4J9 
i o .1 ~ a 2 .1 2 6 4.qz4 l.591 2. 4 34 1.7 44 i.112 o.1a~ o .4 5 0 

lo 21.521 -1•.1qa - •.7 1? - 5 .5B3 l.oo3 - O. J26 0.11• 0.1 10 o .2 e2 
·~ -261 2 .1 90 4. 954 3. bbl 2. 37 0 1.719 1.17 7 0 . 803 0. 463 

10 a .3 55 -10.oqo 2.005 -c.22 1 - 0.9JO -t. 919 -0. 100 -c.201 o.C89 
lC. OO• 2 .171 •.826 3.6C5 2 . 2JJ l. Ol• 1 .l l~ 0.78• 0 .•59 

17 J.592 -10 . 232 • .509 l.5 58 -2. a9c -2.o9a -1.•1c -c.022 v . aa2 
7.941 l.787 3.836 2 . 9a3 l.110 l. 203 a.aoe a.oco a.Jae 

17 6.792 ·l2.J8J J.146 ·O.a3• ·2 .062 - 2.71 8 ·l .66 3 · 0 .7 85 · 0 .1 73 
7.662 1.77 5 3.692 2. 825 1.599 l . le7 0.828 C. 539 O.J82 

17 s . 958 -11. 11 9 4 .oo o 0.600 -?.474 - z . b q a - 1 . 0 1 ~ - o.7o4 - 0.44d 
1 .. a 1 1.11 5 J.S?J 2.11a l.~09 1.1io 0. 191 o.sro o . is1 

17 -1.1 99 -a . •08 1.106 3.039 - 3. 32 a -3.2 13 - 2 . a21 -o.a3a -J.399 
1.2Jo 1 . 75' 3.•62 2 . 1ao l.4l a l. coa a. 75 • a.559 a .3 7<! 

17 -10 . 0;1 -1 .aao 12 .192 o.736 -5.o55 -•.•33 -3.1 00 -1.193 -0.91• 
9 , 362 2.21 0 •• 453 3.504 1.79 5 1.409 l. alH 0 . 72 7 0 . 435 

17 ll.4 50 -9. 028 1. 54! -l.49 ) -L.07 5 -0 . 4~q O. CGb 0.41 1 0 . 0~) 

1 . 69~ 2.1 09 4. 121 3 . 2 74 l . 60b l .270 c.q3 z O.bbo 0 .4lU 

lb -~. 8 74 -6.2qq 8.413 4.l45 -3 . 5l4 -2. 648 -2.0 1 1 -1.1s1 - 0 .41 1 
8 .J OJ 2. 090 J. 94J J .1 68 l.•76 1.187 0 . 87 8 0.61 6 0 .38 3 

16 1.111 -9.9•• l.121 -1 .218 -1 .150 - o . a01 -1.1ic - o.ss1 -v.211 
1.a35 2.056 3.685 2.994 1.321 1. o o s o.1a, o . 556 J .355 

17 11.•10 -10.1 a 1 -1. oe 4 - 3 .5 53 0.926 0. 896 - a . Ol e -C.51• 0 .21• 
o.l6l l.760 2 .saJ 2. 1 00 0.961 0.101 o.551 u .40 7 0 .20• 

16 11.758 -1 0 . 030 -l . 4)3 -J. 03• 1 .20 1 0 .5l8 - c . 22c - a . 69~ J .1 15 
5.97 a 1 . 104 2 .110 2.308 c . 892 0.105 o.5 1a 0 . 1•2 o . 2•c 

16 15 .061 ·12.163 - 3.450 · 4 .7 28 1.537 0.813 - O.J99 - 0 .7 85 0 . 016 
5.755 1.1•0 2.057 2.229 a. a to 0 . 0•1 o . 47d 0.3ol 0 . 201 

10 8 .971 - e. 1ao - 0. 1 1• - 2.ocq 1.093 c .51a - 0.•1• - 0.019 0 . 0 11 
5.516 i.114 2. s1• 2.145 0 .14 5 o . ~ co o . 4 4 ! o . Jlb 0 . 24 0 

12 1.517 -8.524 - 0.074 -1.370 l.835 0 . 40 8 -t.39~ -O.~l 4 - J.131 
6. 0 2a 1.124 2.11• 2.2a4 0.82• o.ooo o .5 33 o.•0 6 J . 2o s 

12 10. 108 - 8. 78) - 1 .001 -2. 05 1 2.J75 0 . 523 - l.6 1 2 -l.059 - 0 . 0 7l 
S . 8Ub 1 .67 5 2.02 4 2 . 21q 0.779 0 . 648 0 . 5 14 O.Jq5 J . l58 

12 9.o85 -8. soa - a .100 -1. 8 70 2.15• 0 .139 - l . 837 -1. 0 •7 0 . 011 
5.756 1.669 2.543 2.105 0 . 7l8 0.011 0 .48 7 0 .110 C. 2• 9 

12 o . q46 - 6.sq1 0.637 -0 . 374 2.12s -0.04l -2.110 -1.111 - o . 01s 
5.657 1. 042 2.473 2 .111 o . oaa o.583 0.468 a.Jo• J .245 

20 ll. 2J3 ·7.504 -1.173 ·l.690 2.909 0.157 - 2.52C ·l.l95 J .JIB 
1.575 1.1 s 1 1. ssa l.301 o .394 o.34 3 0 . 26' 0 . 2 10 0 .109 

19 21.022 -9.736 -•. 576 -•.1l9 3.756 0.700 -2. a1 s -0.755 J .•61 
].4'3 1.1 04 l.•85 l.300 0.371 0.321 0 .25• 0. 21 J J .167 

19 11.401 · -6.21 9 -0.761 ·l.lll 2.350 - 0.1•8 - l .7JI -1. 0 ll - O. C2> 
J.272 l. 0 •4 1 .39 • l. ll6 O. J41 0 . 297 O.l3d a .1 9d J .1 57 

19 19 . 515 -a.925 -4.00 1 -•.351 3 .31 5 o . 2s1 - 2.01 c - a . so; - 0.001 
l. oq5 i. 005 1.10• i.1s1 0.10~ o .zbq o.21a 0.11~ ~.l4J 

19 ~ .191 -5.bOl - 0 . 541 -0 . 556 2.427 -0 . )04 -2.1•3 - o .q74 -V .4 7~ 
3.106 0.995 \ . 219 l.146 0. 11 0 a .2 58 a . 20 1 J.181 J .I•• 

19 tC.240 -s. o a 1 -1 .s11 -1 . 225 2 .•rs - a . Joo -L.451 - c. 4 5 ~ - 0 . 12~ 
l.862 o.~11 l .1a1 1.0 4q o.2bq 0 . 22• J. 1e1 0.151 J.1z, 

19 s.1aa -1.Ja b -a.oz • 0 . 211 t.a11 -0.29~ -t .LJb - ~. ~44 - 0. ;21 
2 .62• o.871 l.073 o .•56 0.234 0. 196 c.1s s 0.11• o.1c• 

19 lt. 9 12 -5 .45 1 -2.~ ~~ -2.~\l 2.212 O.JOZ -0.41J -O.Z42 -~.4~} 
2.•1~ o.a11 o.999 o .a9o o . 2oa 0 .110 0 . 1•2 0 . 122 J . o•i 

14 L0.0 0 7 -5.41 9 -2 .-lb -1. 9 79 l . l4b 0.233 -O.o7l - J .4 5S -J .5J~ 
~- 9~7 1.5 75 L.975 l.7b2 C.4la Q.Jsq O.lC4 O.ZbJ J .lb 7 

13 lL. Jl~ - 4.741 -z .3a 4 -2.z~a z.21 a o.502 - a . l C4 c . J2 " - J .si = 
~.b4l 1.•76 l. SZ3 l . td4 0 .)73 O.JZ'J 0.271 -J.2 4 3 ..i. 15'-

lJ 12 .0li -~. 003 -J .1 ~ 1 -2.11 ~ z.21q o.~as -v.1~l : . JC 5 - J.s;i 
4."J" l.4 40 t .725 t. 55t o . . Hl J.z :1z ·~ . z" ; :J . Z ..' '.J J . 13.; 

12 20.sz~ -1.3~q -6.~~~ -5 .~?4 ~.~c~ 1 .z 1J 0 .11, ~ . : 10 - ~.J~~ 
... 44 ~ l.•.}Z 1.70 1 1 .s3q .J .. nz V • .!.!'i J. l ~'> J • .lL S ; .1 !) 2 
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15 4.l ~S -11.1 93 3.202 o . 5lb -l. 54 4 - 2 . 021 -l .4S4 -o . q24 - o.2q1 - 0 . 11 ~ 
l 5 . 9 C9 2 . 264 7 . 47 9 4.993 4 . 476 3.2 50 2. 2 15 l . 4 56 0.901 U.489 

1 5 24.851 -1 1.629 -6 . 0?5 - 5 .7 )2 4. 047 l.Jo2 0.97 ~ l . 2V2 0 .89S O .l l ~ 
1s .11 2 2.190 1 . 11 1 4. 8 J S 4 . 116 1 .0 16 2 . 015 1.Jro o . eos J.4al 

15 17.7 7d - 14. 901 - 2 . 9d6 -4.46 1 0 . 5?3 -1 .1 2 5 - 0.42 4 -0.2 5 7 O.OlM - 0 . 160 
1 5 . 057 2. 2 10 l.1 06 4 .926 J . 9J9 2. 9 12 2.029 1. 359 C. 8S4 C. 471 

IS 1.1 6S -10. 77 2 •• • as l .J l O - 2 . J 6 ) - J . Ol O - l . SZ4 - 0 . l l > - 0.2S6 - 0 .2JZ 
14.7 ]4 2 . 177 i . 949 4. 6 9 7 3 . 728 2. 783 l. 94) 1. )16 0.851 0 . 4d4 

16 J. OJ I -10 . 24 1 4 . 84 7 l . lJ I -Z . 242 -2 .806 -l .S52 -0. 61 7 - O. OJ 7 -0.~$0 
1 1.225 1.79 1 5.30 1 3. 795 2.7S4 2. 0 7 ) l.45 1 0 . 9UJ Q. b67 J.42 1 

16 14 . 590 -12 .334 -0 . 449 -2.477 - 0.029 - 1. 138 - 0 . 5 43 - 0. 0 37 C. 36 5 J . 41 2 
10 .7 3 1 1 . 77 6 5.063 J. 6 77 2.544 1.930 l. )bl 0.9JO 0.64) 0 . 41~ 

16 15.S78 -11.17 1 - 0. 4 3 1 -2. 4 57 -0 . 0J I -0 . 803 -O . J2C 0 . 144 0. 21 4 0 .54~ 
I C.JS J 1. 17 5 4. 890 J.60 2 2 .371 1. 8 14 1 .2?2 0 . 89 1 0.625 0.4 11 

16 -5 .11 9 - 8 .408 9.569 4 . 70 1 - 4.280 - J. 96 1 - 2.S7o -1.1 99 - 0 . 668 -0.Zlo 
9. 98 1 1 . 757 • .•as 3 . •96 2. 196 1 .691 1 .221 o . 8•• 0.601 c . 414 

16 -6.849 -7 . 223 10.626 5. 4 l l - 4 . 756 -3.l ll - 2 . 586 -l.442 - J.652 O. ZJO 
12. 97• 2 .21s 6 .0 78 4. 582 2 .764 2 . 100 1. 58J 1.091 0.152 o . 4o" 

16 - 7.S6a - a . 112 10 . 20J •. e 1• - 5.J6 2 -J . 798 - 2.••• -1 .2 89 -1. 204 -1 . 020 
11. 9 59 2. 140 s.5s1 4 .2 58 2.450 1.924 l . 4 1• o . 9 9 1 0.097 0.44C 

15 - J . 52 7 - 6 . 370 7 .826 J.699 - J . 221 -2.422 -1. 920 -1. 06 1 - O. J 20 O.J 77 
11. )24 2 .1 29 5.2 58 4. 0S 7 2 . 220 1 .748 1.294 0.925 0 .68 1 J . 4 )d 

15 12 . 286 -10 . 288 -0 . )4 7 - 2. 1 5 ) - 0.201 - 0 . 152 - 0 . 581 - 0 . 18 1 0 . 11 1 0 . 256 
10 . 582 2. 116 4 .8?4 J . 8J2 1.976 1. 561 l . IOJ 0.8JS 0 . 61 7 O. Ji• 

16 l C. qlo - 9.93~ -0 . 545 - 2.689 0 . 417 0.5 14 - O.Sl 4 - 0.72 7 0. 120· -V .1 4~ 
a.4zo 1.855 3. aa 1 J . oqo l.472 1.1 se o . s52 v . 00 1 o.456 0 .110 

15 6. 02 4 -9. ) 59 1 . 15 2 - 1 .044 0.1 48 - 0 . 009 - 0 .84 6 -1 . 1 20 - 0.2 18 - 0 . )26 
e. 024 i. s53 l.67 8 z.q63 l. 332 1 . 053 o. 1a3 o . s~q o.41~ ~ . 3C 4 

15 9. 974 - 11. 494 - 1 . 110 - 2.948 0.645 0 . 10 2 - 0.•37 -1 . 1 50 - J.27 1 -0.l~• 
7. 656 1.802 J .•e9 2 . 844 1 . 20• o . 958 0. 110 o . 5 1J o. Jdo c. 204 

15 l 0 . 5J6 - 8. 999 - 1.• I O - 2.559 1.955 0. 788 - 0. 774 -0.510 0 .105 C. 08 o 
7. 364 1.844 J.Jz~ z.11q 1.104 o.e87 o. 6 7 C o . 4 7 ~ 0. 102 o . 1 r 1 

I I 12 . 965 -9 .(9) - 2. 4•8 -J . 2)8 2. 755 1 .1 5 1 - O.B• l -O.•l~ O. l4J o. J OI 
8 . 122 1 .852 J.621 2.9oJ 1.201 I. Oi l 0 . 711 0. 56 J 0 . 4 2 J 0 .30 5 

II 12. 5J2 -9. 097 - 2. 120 - 2.~qa 2 . 774 0 . 8• 8 - l.J 7C - 0 .390 J . 0 76 O. ll • 
7. 882 1 . aca J.•a J 2 . 8oa l.l62 o . 955 0.112 o . SJ• o .•09 u .J o l 

11 9 .t Jo - s. 110 -0.5;0 -1 . oa • 2 . 001 o . J6S - l .890 - 1 . 035 o.o•• -0.031 
1.100 l. 816 J .J 75 2.803 1 . 085 0 . 895 0 . 69C O. S I • 0. ) 9 7 0 . 2 •9 

11 7.74 J - 6. 713 o. J4 5 - 0.650 2 . 20 5 o . 054 - 2. 10 ; -l .J2• - u . 020 o . o 4 o 
7.506 1.794 l . 255 2 .7 22 1. 0 12 O. OJ8 0 . 6 52 J . 492 0 .386 J . 2•2 

19 6 . 2)6 -6. 641 l. J S I 0 . 36) 2.C70 - 0. 548 -J. lOl -l.534 0 . 066 ·0.•2 J 
4 .5q3 l . 2 2~ l. q7q l.685 0.565 0.4a' 0.)89 0.282 ~ .22 7 J.2~5 

l 8 21. 513 -9.8 19 - 5 .1 16 -5.11 7 3. 8 J 2 0 .768 -2 .0•2 - 0 .7 21 0 .491 O. J•5 
•·•• 5 I.Ill 1 .892 1. 6 19 0 . 52 6 0 .4 62 O. J 7 S 0 .26 7 J . 222 J. ll • 

18 7.6 51 -5 .651 0 . 739 0 . 1• 8 2 . J80 -0 . 575 - J . 085 -1 .244 -0.225 -C . l30 
•- 2•7 i . 122 1.787 l. 5JS o.48 1 o .•28 o.J4' o . 2s1 0 . 2 1 3 ;.2c; 

18 17. 2 15 - 8 .551 - l . 66 2 - J . 506 3. 0 41 0. 0}} - Z . 21o - 0 . b } Z - ~ . 1 29 -V .l~l 
•.04 7 1.090 1. 68 4 1.455 0 .4J 6 0 . 389 O.J2 C 0.230 J. l 9 7 J .1 • 5 

18 a.1 a5 -s . • 21 - 0 .1 12 - 0 .2 10 2.Jl• - 0 . 011 - 2. • 11 -1 .021 - J . 52J -o . c11 
J. 907 1. ce1 1 .61 7 1.•06 0. 4oa o . Jo4 o . 29 5 0.21 • o. 11s J .: ~ 1 

18 10 . 8JO -s . 194 -1. 114 -l. 4 28 2.51a 0. 001 -l . 4C• - C. 422 -J . 102 J . o • ~ 
J. 597 1.02) I.HI 1. 2~? O. l55 O.Jll 0.257 O.! od J. I S J 0.1•1 

1 8 5. 873 -3.49 2 - o .21 a o.ooq 1 . 866 -o . z~3 - 1.Jq o - o. szz - J . 5 0 7 J . ~JZ 
;.J1 J o.957 1 .3 1a i . 1ao ~. 1oq o.2so 0 . 22~ 0.101 0 . 110 J .tJ1 

1e l~. zoq -~.qsa -l. ~4 7 - 1 . 25 1 z . 40 4 o.s14 - 0 .10~ - 0 . 11 1 -0 .10 1 J.1~~ 
i . 1•2 o . •21 1.25 2 1.111 0 . 2 11 0 . 251 0 . 205 o.1 48 0 .1 22 J.1;1 

13 t1.q 4 3 - 5.805 -1.1o q - 2 . 533 2 .JlZ 0. ~ 10 - 0 . Slo - 0 . 158 -0 . ~0} J.tc , 
s. &8~ 1. 698 2. 1 11 2.06S o.s 1a o. 4 57 o.376 o . 1os ~.211 ; . t~ J 

12 L J.~9 ~ - 4 .7 3 2 - 2 . 30 7 - 2.244 l . Zl 4 o. , qo - 0. 201 o . CZl -J. ~Jl - C.?JJ 
S. 51~ l .5db 2. 15 4 1.q 1e 0. •~4 ~ . 42 ' ~.)4~ 0 . 27 \ v.ll 1 ~ - l ~~ 

12 lS . 043 - 6. 22 3 -~.~40 -4 .7.2¢. Z. 7Ql l.2lb Q.1.C ~ O. l 3b - ·J.2 70 J. j~ :> 
S. 351 1. 502 z . v~z 1.!~ b 0 . 4Z~ 0 . )~4 C .ll ~ ~ - 2 ~ ~ ~.ZL~ J .t ~= 

ll t;.tJl - LO<l l -b.0 6"- - 1 .1 01 l.7'll l.an o . lO .! - u . .;c t -..:.1~l · ·) .ltl 
S.S7~ l . 579 Z. l l 4 l .sqo o.-l~ ,. 4 )1 J . J~T ).l1S ;. z1 1 ; . ~~l 
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enough to be completely neglected causes x.2 to decrease slowly 

with increasing M. Because of foe s tatis tical errors of the 

present ctata , it i s not possible t o make a clear decision ab~:mt 

the order polynomial required by looking for a rapid decrease 

in x.2 
with increasing 11. The irnportance of the choice of the 

order of fit i s s een in the determination of the coupling constant. 

The fir s t coefficient of each fit gives a measurement of 

the nN coupling constant. The high power s of X, above XM- 2, 

determine C (0); consequently, the value obtah1ed for the coupling 

constant depends on the order of the fit. This i s especially true 

if M is too small, s ince an XM- l dependence will attempt to 

satisfy itself \Vith what it finds in aOPE' This effect is es pecially 

noticeable at the third resona nce (K ::::::: 1000) for M = 5. A value of 

M too large is less serious, but still undesirable since some of 

the ava ilable information aboll.t G
2 
/ 411 is not us ed in this case . 

The following r ather subjective criterion was used to select the 

best M at each energy. li a coefficient C (J) varied s ignificantly 

from zero ( l C (J) l > DC (J) ) in a smooth manner for several 

adjacent energies, it was considered necessary and M was chosen 

at least as large as J. On the other hand, the smallest M compatible 

with the above was used. This r esulted in the choices 

M . = 5 589 :s K < 834 

M = '"I 834 :S K < 977 

M = 8 977 :s K < 1269 

which give a '.veight ed average of 
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2 
G /4rr :::: 14. 5 ± O. 6 • 

Unfortunately, this average is sens itive to the choices of M, so the 

error given, which is due only to statistical errors in the cross 

section, is too small an es tirn.ate . For example, if M == 8 is chosen 

for all energies, the avera ge is 

G 
2 

/ 4rr :::: 11. 2 ± 0. 8. 

A reasonable estimate of the error in G
2 

/ 4rr is ± 3. O. 

In order to investigate the resonant states, the Moravcsik­

equivalent fits were clone with G
2 

/ 4rr fixed to a cons t2.nt value of 

14. 7. This eliminates the fluctuations of the C (J) with energy that 

are due to errors correlated with C (0). The results a r e given in 

Table 5 and Figure 10. The fits are shown with the data h1 Figure 

6. The total cross sections, and the o0
, 90°, and 180° cross 

sections obtained from these fits are given in Table 6 and Figures 

11, 12 and 13. 

The following conclusions can be drawn from the coefficients, 

C(J), with the help of T ci.ble 3. The energy dependence of C(6) near 

W :::: 1672 indicates the presence of at least one res onant state. It 

must have j _::: 5/ 2 to contribute to C (G). The possibility that it 11.as 

j > 5/ 2 i s elimiriated be c2.use no bump of the same m a gnitude is 

found in C (8) and the 0° cross section, as we \Vill s e e , implies the 

production is alm ost entirely from an initial helicity ± 3/ 2. (A F 7/ 2 

state , for example , gives in general a cross section which is a 6 th 

order polynomi2J. in cos e . However , onl y a 4th order pol ynom ial 

occurs if I A3+/ B3+ I 2 
== 2.3/ ~t) T he r es onanc 2 can therefor e :::e e ither 

in a D (B 2+) or F (B3-) \'.tave, or a mi:,,.-b.ffe of both. 
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TABLE 5 

Coefficients From Fits \V"ith Fixed Coupling Constant 

Results of Moravcsik-equiva lent fits with G2 /4n = 14. 7 

for M = 8. (The statistical standard deviation of each coefficient 

is printed directly below its value.) Correlated errors are not 
I 

indicated. K is the lab photon energy in McV. D is the number 

of degrees of fre edom. The coefficients are in units of microbarns/ 

steracli~rn. 



CHl~C 

6le. 11.3 

6!5. 17.5 

60. 10.6 

6!C. 24.0 

696. 12.0 

llS. 23.0 

133. 19 •• 

752. 29.• 

172. 13.1 

193. 16.0 

113. 15.2 

13•. 11.0 

157. 10.6 

1ec. 11.6 

9C2. 1.1 

1002. 30.4 

1026. 21.6 

1056. 21.5 

101•. 31.5 

1102. 35.6 

1131. 51.2 

1162. 21.2 

117'. 18.8 

1235. 20.0 

Cl I l 
OCllJ 

I • I 

90 

8 

17 -11.7•0 -1.503 -2.65• 1.130 -C.104 -0.170 -0.107 O.loZ 
1.510 0.101 o.~97 o.56? o.4ae o.420 0.197 o.J1 s 

11 -ll.S6S -1.358 -2.6• 2 1.205 -0.723 -0.462 0.266 0.318 
l.•89 G.190 0.462 O.SJ4 C.•6 2 0.401 0.3" 4 0.313 

11 -IJ.723· -1.426 -3.165 0 . 124 -1.428 -0.597 -0.JSI 0.053 
1.47" 0.185 0.447 0.518 0.457 0.406 0.390 0.311 

11 -ll.147 -0 . 972 -2.•91 0.451 -0.989 -0.090 0.227 0.303 
1.•02 0.173 o.•19 o •• 8S 0.•32 o.J~O O.J8 C O.Jll 

18 -12.223 -0.773 -2.•78 0.251 -0.939 -0.332 0.112 0.)84 
1.080 0.130 a.JI• o.377 o.3•1 a.JO• o.io3 0 . 216 

18 -13.868 -0.662 -2.933 -0.473 -1 . 540 -0.$66 -0.261 0.103 
1.040 0.125 0.298 0.358 0.)26 0.296 0.298 0.212 

18 -IJ.427 -0.196 -2.623 -0.757 -1.429 -0 . 811 -0.186 -0.lld 
1.001 0.121 0.2 84 0.342 0.315 0.290 0.216 0.273 

18 -11.693 0.164 -2.479 -0 . 305 -0.96 4 -0.490 0 . 212 0.177 
o.960 0.116 o.266 0.324 o.Jo3 0.219 0.28 ' 0.211 

18 -12.109 0.308 -2.729 -0.903 -0.760 -0.4 97 -0.057 -0.053 
1.202 0.134 0.315 0.39 1 0.38 7 0.369 0.345 0.2•7 

18 -9.101 0.008 -2.112 -0. • 90 0. 00 1 0.330 o.630 o.1s3 
1.09a 0.123 0.285 o.355 o.353 o.338 0.319 0.28• 

17 -10.579 -0.809 -J.262 -0.136 0.024 -0.169 O.G8~ 0.201 
1.020 0.115 0.262 0.325 0.333 0.320 0.296 0.277 

11 -11.s•2 -1.502 -i. a11 -o.oo• o.02i -0.411 -0.149 0.00 3 
o.9•• 0.105 0.219 0.299 o.Jo6 0.293 0.212 0.259 

18 -10.511 -2.210 -4.0• 2 1.11 e 1.0•6 0.015 -0.461 o.315 
o.735 0.086 0.1• 0 0.235 0.229 0.211 0.20• 0 .212 

17 -10.816 -2.799 -4.167 1.633 1.159 0.016 -O.S26 0.210 
0.102 0.002 0.1 8 2 0.219 O.Zl• 0.197 a.zoo 0 . 20l 

11 -12.002 -J.28• -•.589 1.•87 0.115 -?.427 -0.80• o.oo• 
0.662 0.076 0.169 0.204 0.199 Q.185 Q.1 89 0.190 

11 -10.•10 -3.JJ6 -•.22i 2.439 l.101 -a.sos -o.12s 0 . 185 
0.628 0.071 0.1S8 0.187 0.1 8 9 O.l7S 0.17 8 0.111 

13 -10 . 379 -3.290 -•.060 2.778 1.169 -0.014 -0.413 0.038 
0.111 0.082 0.178 0.211 0.216 0.208 o.2os 0.1 88 

13 -9.9 82 -3.114 -J.7 84 2.963 1.003 -l.242 -0.79 5 a.010 
0.667 a.078 a.16 6 0.1•5 0.205 0.193 0.20 ) 0.183 

13 -10.151 -2.97s -J.758 2.768 0.643 -1.4•6 -0.101 a.22• 
0.638 a.014 a.157 0.184 a.196 0.190 0.195 a.179 

13 -8.613 -2.701 -J.268 J.OJ8 0.714 -1.585 -0.953 a.155 
o.599 0.011 0.141 0.112 0.186 o.1 8 J 0.1 9 0 0.113 

21 -8.2S5 -2.261 -2.642 J.172 0.378 -2.356 -l.a8C O.•SI 
Q.408 o.a4o 0.096 a.116 0.135 O.IJa 0.132 0.133 

20 -1.837 -2.1sa -2.S)q 3.107 a.100 -2.505 -l. 0 52 0.270 
C.188 0.045 0.093 0.113 a.12• a.125 a.ll• O.lJO 

20 -1.207 -2.1 66 -2.3o• J.178 a.120 -2.S2J -a.87 8 O.J72 
o.358 o.042 o . oa• 0.104 0.121 0.119 0.121 a.1 2• 

20 -7.451 -2.576 -2.Sol 2.803 -a . 1a1 -2.302 -0.71 8 -0.145 
0.334 a.038 0.077 a.094 C.lla O.lla O.llo O.lll 

20 -7.275 -2 . !41 -Z.584 Z.947 O. C5b -2.J)l -0.723 -0.JLO 
0.317 O,QJ7 0.014 a.101 a.102 0.105 a.II• O.lll 

20 -o.474 -3.3a o - 2.3 S7 Z.871 0.201 -1.215 -o.zsq -o.19a 
o.2s5 a.031 a. co s 0.039 a.001 0.091 a.a• • o.o•~ 

za -0.34a -3.826 -J.148 2.oaa 0.341 -a. 6 5• -0.1•5 -a. 2 77 
0.255 0.021 o.os3 o . 01a o.01 a o. oao 0.088 o .u81 

20 -0.396 -4 . 15a -3.459 2.46a O. •a• -0 . 351 -0.ll l -0.330 
0.2J5 0.025 0.052 0.071 a.c:z 0.012 O.a 79 O. J 76 

15 -b.959 -4.289 -3.548 2.527 0.5~0 -0.4J9 -O.Z5J -0.~ 8 1 
0.421 O.O•• 0.09 5 0.114 0 . 129 0.123 a.l•d 0 .125 

I• -5.865 -4.326 -3.54 7 2.50S a.737 - a . a0 8 0 . 181 -0.•4o 
o.~a1 0.041 0.091 0.1 0 5 o.1 1a 0 . 115 o.L4-"- 0.11~ 

14 -5.945 -4.4lb -l . b4f 2.475 o.~~s -o.o s 1 0.11 2 - o .s"'~ 
o.ioz o. oi1 o.oea 0.001 0.110 0.101 a .1 J t o . 1o s 

ll - 5 .54q -4 . JSb -J. Ol C Z.J9l 0.37"° Q. 0 7S -V.14~ - J .~ 7 4 
0.341 0.033 O. Oib J.cqo J.1 0 7 0.110 o.13q O.l }Z 
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TABLE 6 

Cross Sections From Fits 

KLAB is in units of MeV. W is the total c. m. energy 

in MeV. The integral (total) cross section is in units of micro­

barns. The o0
, 90°, 180° cross section is in units of micro­

barns/ steraclian. The errors listed are statistical standard 

deviations only. 
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KLAB w INTEGRAL 0 90 180 

589 1409 8'•. 44 +- 0.84 19.63 +- 0 . 56 6.21 +- 0. 15 3.C'B +- 0.29 
603 l'+l 8 85.59 +- 0 . 83 19.74 +- 0.55 6. 12 +- 0.14 2.80 +- 0. 31 
618 1428 87. 27 +- 0. 8 5 20.66 +- 0 . 57 6.58 +-· o. l'• 3.10 +- 0.31 
635 1439 89 . 62 +- 0 . 89 19. 9 3 +- 0.56 6.92 +- 0. 16 2.94 •·- 0.30 
647 1447 92. 33 +- 0.11 20.62 +- 0.44 7. 06 +- 0. 15 2.89 +- 0.29 

663 1457 95. 27 +- 0.78 21.10 +- 0.44 7. 37 +- 0.15 2. 8lt +- 0.29 
68C 1468 99.84 +- 0.79 20.71 +- 0.43 8.01 +- 0.15 2. 31, +- 0.29 
698 l't80 101.'12 +- 0.80 19. 70 +- 0.42 8. l 0 +- 0. 15 2.78 +- 0.28 
715 1491 103.03 +- 0.93 19. 5 3 +- 0.55 8.54 +- 0.16 2.40 +- 0.2'J 
733 1502 95.60 +- 0. tJ9 17.33 +- 0.53 8.21 +- 0. 16 2.08 +- 0.28 

752 1514 85.62 +- 0.89 17. 09 +- 0.51 6. 91, +- 0. 15 2.24 +- 0 .27 
772 15£6 76.49 +- 0.81 l 7. 14 +- 0.50 5.99 +- 0. 13 l. 96 +- 0.21 
7<13 1539 65.36 +- 0.64 16.81 +- 0.42 4.74 +- 0.12 2.69 +- 0.25 
813 1551 58 . 31 +- 0.6 2 l 7. 16 +- 0. l>l 3.89 +- 0. 11 2.59 +- 0.25 
834 1564 52.66 +- 0.58 l 7. 29 +- 0.40 3.29 +- 0.10 2.40 +- 0.23 

857 ~577 49.26 +- 0.54 16.26 +- 0.39 2.59 +- 0.09 2.16 +- 0.23 
88C 1591 48.94 +- 0.62 16. 18 +- 0.43 2.31 +- 0. 10 2.03 +- 0.23 
9C 2 1604 49.70 +- O.ol 15.07 +- 0.41 2. 13 +- 0.10 2.25 +- 0.22 
926 1618 50.62 +- 0.61 15.00 •·- 0.40 2. 15 +- 0.10 2.46 +- 0. 21 
951 1632 51.62 +- 0.61 12. 79 +- 0.38 2.16 +- 0.10 2.41 +- 0. 21 

977 1647 55.71 +- 0.43 12. 1 7 +- 0.21 2.06 +- 0.05 2.35 +- 0 .21 
100 2 1661 55.74 +- 0. '•4 10.97 +- 0.2 6 2 • 11 +.- 0.06 2. 15 +- 0.20 
1028 1676 53. 9 8 +- 0.42 9.86 +- 0.24 2.02 +- 0.06 1.68 +- 0.20 
10 56 1692 47.99 +- 0.38 9.36 +- 0.24 1.82 +- 0.05 1.22 +- 0.18 
LO 74 1702 43.82 +- 0. 38 9.06 +- 0.22 l. 60 +- 0.01 l. 0 l +- 0. l 0 

11G2 1717 35.37 +- 0.32 8. l 7 +- 0.20 1.27 +- 0.06 0.93 +- 0.15 
1131 1733 28.64 +- 0.28 7.55 +- 0.19 l. l 0 +- 0.05 0.82 +- 0.13 
111':2 1749 23.54 +- 0.25 7. 25 +- 0.18 0.89 +- 0.05 0.68 +- 0.13 
1174 1756 n. 75 +- 0.43 7.82 +- 0.30 0.69 +- 0.01 0.59 +- 0. 13 
L2C 4 l 77 2 19. 4 9 +- 0.41 6.83 +- 0.28 0. 71 +- 0.06 0.35 +- 0 .12 

12 3 5 178 8 17.32 +- o. 37 6.46 +- 0.21 0.55 +- 0.06 0.15 +- 0. 12 
126 9 1806 16.76 +- 0.39 5. 8 6 +- 0.26 o .58 +- 0.06 0.52 +- 0 .21 
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FIGURE 10 

Coefficients From the Data Fitting 

The coefficients C (I) are given as a function of total c. m. 

energy for fit with G
2 
/4n = 14. 7. 
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The nonzero C(7) near W ~ 1670 can come only from the 

interference of states of opposite pariU.es. The poss ible pairs of 

interfering states are: (D 5/2 F 5/2), (D 5/2 F 7/2), (F 5/2 

G 7/2), (D 3/2 F 7/2), (P 3/2 G '7/2), (G 7/2 H '7/2) or ter1ns 

involving j ~ 9/2. The most likely choice is the pair (D 5/2 F 5/2) 

since there is no suggestion of a high j ;:: 7/2 resonance at vV ~ 1670 

from C(8). The dependence of C(7) upon energy is similar to a 

Breit-Wig11er resonance shape, so it appears that there are both 

D 5/2 and F 5/2 resonances at nearly identical masses. Another 

alternative, which gives a similar shape, is for one of the states 

to be a resonance and the other to be constant or slowly varying, 

but with a sizeable imaginary part. If we take both states to be 

resonances, the relative size of C(6) and C(7) give the relative 

size of the two resonances. In terms of the peak total cross section, 

the ratio of smallest to largest i s 0. 07 ± O. 03, where the uncertainty 

results largely from uncertainties in the resonance masses and the 

nonresonant background. vVhich state is larger cannot be decided 

~ priori because of the symmetry of the cross section under parity. 

However, the interference seen in C(5) with the second resonance, 

which is a D 3/2 state, suggests that the state with the opposite 

parity, F 5/ 2, is the larger. 

The photoproduction of a small D 5/2 resonance is 

interesting in light of an SU(3) quark model proposed by R. G. 

Moorhouse (20). Taking sets of quarks in relative L = 0, 1, and 2 

angular momentum states, and identifying the various composite 

quark states with the known particles and resonances, the coupling 

of a photon to a nucleon and a D 5/2 state is found to be zero. 

Accordingly, the D 5/2 should not be photoproduced directly as in 

Figure a . Hcnvever, it would be possible for it to occur indirectly 
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as the final state interaction with the meson as shown in 

Fig11re b. 

+ 1\ 11 
+ n n 
\ \ 
\ \ 
\ \ 
\ \ 
\ 

\ \ 

D 5/2 D 5/2 

I 
TI+ I 

I 
I 

y p ;-TI+-
y 

a b 

p 

It appears that while it is difficult to test, the suppression of the 

photoproch~ced D 5/ 2 relative to its production by n's, where its 

amplitude is about 0. 6 of the F 5/2, is favorable to the model. 

The second resommce shows up strongly in C (2) and C (4) 

and as interferences in C (3) and C (5), which is consistent with its 

kno\vn spin-p2.rity of D 3/ 2. The size of the peak in C (2) gives a 
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peak total cross section of around 44 µb; however, the shape of 

the peak and attempts to fit C (2) and C (4) to Breit-Wigner forms 

with nonresonant background suggest that a good part of the bump 

is due to the nonresonant background. The resonant part alone 

could be as small as 24 µbat its peak (W ~ 1519). 

The coefficient C (8) shows the effect of the fourth 

resonance, F 7/2 (1950), both by itself and as an interference 

with the third F 5/2 resonance. The sig11 of C (8) suggests the 

fourth resonance is mainly produced by initial helicity ± 3/2 

(B3+). A Breit-Wigner form for B3+ centered at W ~ 1950 with 

a full width of 250 MeV and contributing a peak total cross section 

of 4. 3 µb, will explain the C (8) coefficients. 

The many states found in the phase shift analyses of rrN 

scattering(?' 3, 9, lO) suggest there is more to look for in photo-

production. There are four states presently known or speculated 

to be present in rrN scattering which are not apparent in the 

coefficients C (J). 

Predicted in 
Seen in Photo production 

Isotopic Seen Photo- by Moorhouse's 
Spin LJ Mass Width in rrN production Quark Model 

1/2 p 1/2 1471 204 yes possibly uncertain 

1/2 D 3/2 1519 102 yes yes yes 

1/2 s 1/2 .1561 .180 maybe probably yes 

1/2 D 5/2 1652 134 yes small no 

1/ 2 F 5/2 1672 104 yes yes yes 

1/2 s 1/2 1715 240 maybe no? no 

3/2 s 1/2 1692 230 maybe no? yes 

3/2 F 7/2 1950 250 yes yes 
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If present in photoproduction, these states (P 1/2 1471, S 1/2 1561, 

S 1/2 1692, S 1/2 1715) are difficult to discover by the techniques 

employed here because of their low angular momentum and large 

widths. We certainly cannot say they are not present, at least in 

small amounts. In fact the o0 cross section does appear to have 

bumps at 1471 and 1561 suggestive of the presence of two of the 

resonances. It is interesting that the S 1/2 at 1715, like the D 5/2, 

is predicted to be absent in photoproduction. 

An interesting result concerning the second and third 

resonances follows from an examination of the o0 and 180° cross 

sections in comparison with the total cross section. We see that 

whereas the bumps in the total cross section amount to around 44 

µb and 25 µb for the second and third resonance regions 

respectively, the o0 and 180° cross sections show little or no 

structure. From conservation of angular momentum we know 

that a state with initial helicity ± 3/2 cannot contribute to the o0 

or 180° cross section, whereas one with initial helicity ± 1/2 

can. Hence we conclude that the second and third resonances are 

produced mainly from initial helicity ± 3/2. This property was 

noticed by D. S. Beder in rr0 photoproduction (2l) and given as 

conditions on the relative strengths of electric and magnetic 

production of the resonant state. For the second resonance 

produced by only helicity ± 3/2, 

ARes = 0 
2- ' 

which implies 
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== 3 . 

For the third resonance, F 5/ 2, 

which implies, 

ARes = 0 
3-

= 2 . 

El ectric to m8..g11etic ratios of s imilar mag11H.-ude have been calcu­

lated by Biett/6). Using an SU(3) sum rule, taking one term in 

the sum eva luated in a static limit, and assuming ident ical electric 

and magnetic form factors, he calculates 

ERes ER es 
2- 2.7 and 

3- 1. 7 = = MR es MRes 
. 

2- 3-

In terms of helicity coefficients, these ratios are 

A Res 
2-

BRes 
2-

= 0. 04 and 

A Res 
3-

BRes 
3-

= 0. 11 ' 
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which are small enough to be qualitatively consistent with the 

d t S. ARes d ARes 11 ·t . tl . . ' a ·a. ince 
2

_ an 
3

_ are so sma , i is 1e1r incer- · 

ference with the larger nonresonant background amplitudes that 

would be most evident. Hence, a more quantitative determination 

of the above ratios from the data requires knowing the background. 

Although this background could be calculated fron1 Born terms, 

the answers would be unsure because of absorption effects and 

the possible presence of other resonant states. A detailed 

multipole analysis, including Born terms and the known resonances 

is needed. 
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VI. CONCLUSIONS 

This experiment has provided a la rge nurnber of measure­

ments which, when combined with the data of H. A. Thiessen, give 

a consistent picture of the n + photo production cross section in the 

region of the second and third resonances. The angular and energy 

resolution, and the spacing of data points are fine enough to clearly 

see the effects of resonances and one n exchange. 

An analysis of the data has revealed several interesting 

properties. The presence of a small photoproducecl D 5/2 resonance 

(or at least an imaginary amplitude) was discovered by its inter­

ference with the F 5/2 third resonance. The smallness of the D 5/2 

and the appa rent absence of an S 1/2 resonance at c. m. energy 1692 

is in accord with predictions of a quark model. It was seen that 

useful information about ratios of electric to mag11etic production 

of the resonances is easily eh.i:racted from the data, providing a 

useful check of a sum rule calculation. It should be noted that the 

effects of resonances could be extracted from the large nonresonant 

background only because the detailed energy dependence was 

measured. Isolated ang·ular distributions would have been con­

siderably less useful. 

The measurements of the coupling constant as given by the 

fits to angular distributions were consistent with the accepted value. 

Unfortunately, while the statistical error of the value obtained is 

small, the dependence upon the order of fit and the uncertainty in 

choosing the ordeJ: increases the error considerably. It is possible 

that a fit in which the resonant multipoles are given by Breit-V/ igner 

formulae and the coupling constant varied to fit all the data at once 
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at all energies could provide a better determination. A successful 

fit of this type would also give quantitative inform ation about the 

resonances. Conceivably one could determine the mass, width 

and size (for production by each helicity) of each resonance. The 

problem soon grows to include all four single pion photoproduction 

rea ctions. V/ork in this ~lirection is being carried out by Professor 

Robert L. ·walker and Mr. Carl Clinesmith. 
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APPENDIX I 

BEAM AND TARGET 

A. Hydrogen Target 

The liquid hydrogen targe t u sed in this experiment has 

been described in an earlier thesis <22>. Since no major changes 

have been made in it, only a brief description will be given here. 

The liquid hydrogen is containeclin a 0.005 -inch thick cylindrical 

mylar cup 3. 000 ± 0.005 inches j_n diameter. The hydrogen is 

operated at the b::>iling point and a pressure of 0. 5 psi. The 

hydrogen temperature is 20. 3°K and its density is O. 0711 gm/ 

cm 3 (lG). The cross section was calcula ted from the difference 

of full minus "empty" target yields, where the empty target 

actually contains gaseous hydrogen at the same temperature and 

pressure. The effective density for the difference is 0. 0697 gm/ 
3 

cm . 

During the course of the experiment, the target was 

checked visually several times a week. The empty target yields 

were measured within s everal weeks of the full target measure­

ments so as to discover any contamination which changed with 

time. None was ever found. As expected, the empty target 

background is largest at small angles, amounting to about 13% 

of the full target yield at 3. 5 degrees (lab), decreasing to 4% 

at larger angles. 

B. Bremsstra hlung Beam 

The bremsstrahlung beam is pr::>duced by monoenergetic 

electrons striking a tantalum targe t in the synchrotr::>n 10. 4 m eters 
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from the hydrogen ta rget used in this experiment. Figure 2 shows 

the location of the collimators, scrapers and sweep mag11ets. The 

beam was 4. 45 cm wide and 5. 58 cm high at the hydrogen target. 

The ene rg·y spectrum of the bremsstrahlung is given by 

where 

E 
0 

I 
0 

W B(K, E
0

) 

n(K) dK = E - 1-( - dK 
0 

B(K, E ) dK = E 
0 0 

n(K) dK -· number of photons of energy K in dK 

E = end point energy 
0 

VI = total energy. 

The details of th e distribution are contained in B(K, E ) which was 

obtained from BPAK 1 <23 , 24) The spectrum used fo~ the calcu­

lation of cross sections is an average over the beam aperture 

weighted according to the thickness of the cylindrical hydrogen 

target, and nor malized so as to account for the effective length 

of the target. 

C. Beam Monitoring 

Three monitors were used to measure the number of 

photons in the beam during a dc..ta taking run: a thick plate 

ionization chamber (BC) which stopped the beam, a thin plate 

ionization chamber (TC) located just after the primary collirr:.2.tor .. 

and a two- cou__r1ter telescope (Ml) directly below the hydrogen 
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target. The charge collected from the ionization cha mbers was 

measured with the standard synchrotron integrators. The south 

beam quantameter (l5) which could be moved in and out of the 

beam just before the hydrogen target was used to calibrate TC 

·and subsequently BC and Ml. Usually a series of short runs was 

taken with the quantameter alternately in and out of the beam to 

check. that a consistent calibration of monitors had been attained. 

Typically calibrations were made every day and whenever the 

synchrotron energy was changed. The quantameter measures the 

total energy in the beam as given by 

W = 13. 10 x 1018 T MeV 
P Coulomb 

T = Temperature of quantameter gas in °K 

P = Pressure in mm Hg. 

The errors in the cross section due to uncertainties in 

the beam result from uncertainties in B(K, E ) , E , and \V. 
0 0 

B(K, E ) is discussed in Reference 23 and is attributed an un-
o 

certainty of ± 1. 5%. E 
0 

is discussed in Appendix IIC and is in 

error by less than 0. 5%. Determining W for a given run depends 

on knowledge of T, P and the integrator calibration and on the 

stability of the three monitors. T and P are accurately known 

from many measurements during the experiment. A systematic 

increase in T/P of 0.3%/ month was noted. The integrator cali­

bration is well known and constant to O. 5% except for two periods 

during the experiment. Unfortunately during the fir s t running 

period of February and March of 1964, no integrator calibrations 

were made. Calibrations made in August 1933 and May 1934 by 
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L. Hatch, which differ by only 0.8%were used. In the second 

running period during October 1964, numerous cciJibrations were 

made, but fluctuations of± 1. 5% occurred, indicating the integrator 

(No. 24:9) and/or the calibrator were broken. Various checks and 

repairs were made to both during the period of difficulty. The 

problem was finally resolved by switching to another integrator 

{No. 628). 

The three beam monitors BC, TC and Ml give an internal 

check of their stability, provided only one changes at a time. As 

might be expected, comparison between pairs of the three monitors 

indicated that BC was the most reliable and TC the least. However, 

all three monitors proved to be reUable to abcmt 1. 5% over periods 

of one or two clays, with the exception of TC when the synchrotron 

was at high energy (1320 MeV) . Such an instability in TC is not 

surprising. Being located after the first collimator, it is very 

sensitive to beam alignment in the collimators, (electrons produced 

in the primary collimator contribute significantly to the charge 

collected in this chamber), and at high synchrotron energies, it is 

known that the electron beam is nearly unstable in vertical position 

during the beam dump. Because it was most stable, BC was 

primarily used to calculate W. However, for runs with the spectro­

meter at an angle less than 12°, the magnet yoke and coils blocked 

part or all of the beam, making it necessary to use Ml and TC. 

One or two such runs were always sandwiched between runs with 

BC unblocked. The following method was used to determine the 

expected BC BIPS (Beam Integrator Pulse = Full scale deflectbn 

on integrator). The ratio Y = BC/TC was considered as a function 

of the ratio X = Ml/TC. Suppose we have three successive runs, 

the second without a measurement of BC. Vie then know x 1, x 2, 



TABLE 7 

Beam Monitoring Summary 

Integrator 
calibration, 

W/Q BIP Integrator rms elev. micro- No. 
Dates Runs No. coulomb/Q BIP measurements T/ p 1012 MeV 

6 Feb. 64 - 4 Apr. 64 240 - 454 249 2. 270 ± o. 010 2 0.397 11. 80 

25 Sept. 64 - 26 Sept. 64 511 - 518 249 2. 245 ± o. 015 2 0.400 11. 76 

30 Sept. 64 - 30 Oct. 64 519 - 539 249 2. 303 ± o. 002 2 0.400 12.05 

9 Oct. 64 - 14 Oct. 64 540 - 561 249 2.235 1 0. 400 11. 87 1-l 
1-l 
-.J 

14 Oct. 64 - 7 Nov. 64 562 - 665 249 2. 238 ± o. 018 15 0.401 11. 73 

11 Nov. 64 - 29 Jan. 65 656 - 930 628 2. 241 ± o. 001 9 0.403 11. 83 

30 Jan. 65 - 1 May 65 931 - 1091 . 628 2. 241 ± o. 001 2 0.40G 11. 92 

18 Dec. 65 - 18 Dec. 65 1092 - 1093 628 2.256 1 0.412 12. 18 
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x
3

, Y
1

, Y
3

, but not Y2. As a best estimate of Y2 we simply use 

a linear interpolation, 

from which the expected BC BIPS are obtained. 

The advantage of this method is that,assuming BC is stable, the 

correct expected BC is calculated if either Ml or TC is stable. 

In a few cases where the above formula specifies an extrapolation, 

Y 
2 

was taken as either Y 1 or Y 3 according to whether x2 was 

closest to x
1 

or x3. If it happened that x1 = x
3

, the average of 

Y 
1 

and Y 3 was used for Y 2• The error in determining BC 2 with 

this scheme can be estimated from runs with an ui1blocked beam 

as the smaller of the variation in Y, and the variation in Y/X 

= BC /Ml. This turned out to be about± 0. 3%. 

As a check of the quantameter itself, it was compared 

five times with an identical one used in the west beam. The ratios 

of their sensitivities, corrected to the same T and P and measured 

on the same integrator, varied from 1. 025 to 0. 98. In particular, 

comparisons made three days before and two days after refilling 

the south beam quantameter indicate a 2. 2 ± 0. 2% increase in 

sensitivity. Its rate relative to BC also increased by 2. 3 ± 0. 3%. 

The cause of this change is not known. In any case, the sensitivity 

after refilling is believed correct and the data were reduced 

accordingly. 
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The south quantameter was calibrated agains t a Faraday 

Cup at the Stanford Mark ITI Linear Accelerator on 2 Iviay 1966 <25). 

This calibration agreed with both the prevj.ous calibrations and the 

theoretical value with a difference of less than 1. 5%. 
As a r esult of the above considerations, the fluctuating 

error in determining W fo r any one rw1 was taken as ± 1. 5%. The 

systematic error in W is estimated as 3%. 
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APPENDIX II 

THE SPECTHOr./iETER 

Th2 mag11et has been described previously(2G, 27) and 

only minor changes in the counters were made before running 

this experiment. Thus it will suffice to state the properties of 

the spectrometer for the apertures used. 

A. Acce.ptance Properties 

Measurements of the fringe magnetic field(2'"/) in the 

central bending plane of the magnet were used to derive the 

acceptance in momentum and vertica l angle. A computer program 

SPECTROMETER(2S) was used to calculate the region of 

acceptance in relative m omentum Q = (P - P )/P and vertical 
0 0 

angle ;3 , for a fixed position in the target. These calculations 

were done for the 3 x 9 in. Al. Figl.ire 14 shows the four regions 

corresponding to the four channels of the spectrometer for orbits 

starting at the center of the H2 target. When integrated over ~ 

and the position in the H2 target, weighted by the spatial distri­

bution of the beam, the momentum resolution functions shown in 

Figure 15 are obtained. For this purpose, the spatial distribution 

of the beam was taken from BPAKl C23, 24), for an endpoint of 

1020 MeV cmd photons of 900 MeV. The horizonta l acceptance 

angle 6 8 was calclllated according to linear magnet theory using 

effective edges determine d by the fringe fie ld measurements. 

Table 8 lists the acceptance prc:>perties obtained from the fringe 

field measurement made at a central field of 10 KG. Measure­

ments at 15 KG give 6Q O. 1% smaller, 6 f3 0. 3% larger and 69 0. 2~ 



.06 

.04 

.02 

Q 0 

- .02 -

- .04 

- .06 

~ 

- .06 - .05 -.04 - .03 - .02 -.0 1 

I 

0 

f3 

= \ 

.01 .02 .03 .04 .05 .06 

FIGURE 14. Magnet Acceptance 

j ~ 



122 

O
'.) 

Q
 

<.O 
Q

 

(fJ 

tj-
s::: 
0 

Q
 

·.-<
 

+
' 

0 § 
~~ 

N
 

s::: 
Q

 
0 

•.-<
 

+
' 

.8 0 (fJ
 

0 
a 

Q
) 

~
 . 

ID
 

.-
! 

C'J 
µ

:i 

Q
 

~
 
~
 

0 H
 
~
 

tj-
Q

 

<.O 
0 ro 
Q

 



Channel Mean Q 

a 0.0403 

b 0.0123 

c -0.0141 

d -0.0389 

TABLE 8 

Spectrometer Acceptance Properties 

6 .f3 
radians 

0.0768 

0.0769 

0.0770 

o. 0771. 

Al size: 3" x 9" 
S2 size: 1. 18" 

llQ llStiQ 
radians 

0.0262 0.00202 

0.0248 o. 00191 

0.0235 0.00181 

0.0224 0.00171 

fl e 
radians 

0.0175 

0.0175 

0.0175 

0.0175 

60 ti Q 6 0 
steradians steradians ...... 

~ 
~ 

1. 344 x 10 -3 3. 54 x 10 -5 

1. 346 3.34 

1. 348 3. 17 

1. 349 2.99 
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larger than at 10 KG. A linear magnet theory calculation of 613 

and 6Q agrees with the more exact computer fringe field calcu­

lation within 1 %. An experimental check of the solid angle using 

a small counter in front of the mag·net to define a knovm solid 

angle agrees ·with the calculated solid angle within the 2% counting 

statistics. 

B. Momentum Calibration 

The mag11etic field of the magnet was set by a nuclear 

magnetic resonance (NMTI) system. To calibrate the momentum 

as a function of magnetic field or frequency of the NMR, a floating 

wire technique was used. The method and apparatus used was 

identical to that described by H. A. Thiessen <29) except for the 

correction for the weight of the wire. The wire was made t~ have 

the correct slope at the edges of the magnet by suspending it from 

positions slig!1tly higher than the particle origin and focus points. 

This accounts for the weight of that part of the wire outside the 

magnet. The tension in the wire at the origin, where measured, 

differs from that at the entrance of the magnet by 1/2 ( ~ )2 -ii T 

= 2 x 10-6 T and is negligible. A correction (a.) for the weight of 

the wire inside the mag11et is calculated assuming the orbit is a 

segment of a circle. The momentum a particle must have to 

correspond to a floating wire setting is 

P = 0~00 2940 T/I (1 +a.) 

P = Momentum in Ge V / c 
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T = Tension in gm. wt. 

I = Current in amperes 

A. = Density of wire in gm/inch 

R = Radius of orbit in field (104. 7 in) 

e = Bending angle of mag11et in radians (0. 477) 

Cl = Correction for weight of wire in mag11et. 

Two complete sets of measurements were taken with tensions 

T = 1173. 5 gm and T = 457. 5 gm. The corrections for the weight 

of the wire in the mag11et were Cl = 0. 002 and a, = 0. 005. The 
-3 errors assig11ed to these measurements are± 10 volt on voltage 

reading across a one ohm shunt resistor, ± 5 x 10-
4 

ohm for value 

of shunt resistor and± 0. 1 gm for T. The results of a fit of the 

data to the form 

are 

A if F < 30 MC 

P/F = 
F - 30) F - 30 2 

A + B ( lOO + C ( lOO ) if F ~ 30 MC 

F = NMR frequency 

A= (18794. ± 3.) x 10- 6 GeV/c 
MC 

) 
-6 

B = (-9. ± 60. x 10 

c = (-49 37. ± 181.) x 10- 6 

2 x = 43 for 35 degrees of freecbm. 
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Notice the errors given by the fit imply an error of about 0. 1 %. 
The data and fit are shown in Figure 16. 

The fringe field measurements give a check of the 

momentum calibration at 10 and 15 KG. Table 9. 1 lists the results. 

It should be mentioned, for one who may compare this with previous 

measurements, that the center of the focus counter is slightly 

higher than before accounting for a 1. 2% increase in momentum 

for a given field. The origin position (mean height of beam in 

·hydrogen target) was taken to be 0. 185 inches above the top edge 

of the lead marker when lowered into the hydrogen target. In 

practice the mean beam height will vary depending on radiator 

settings and collimator lineup. The various systematic errors 

considered present in the momentum calibration are listed in 

Table 9. 2. 

The locations of the hydrogen target and counters Al and 

S2 were measured relative to the front vertical surface of the 

magnet yoke and the top edge of the 8-inch pole-face at a point 2 

inches from the corner of the 4-inch gap pole tips. Vertical and 

horiz ontal distances were measured with the spectrometer angle 

set to o0
• The following positions were measured in February 

and May of 1965 and were used for the momentum calibration given 

here. 

Position 

Center of Beam in 
Hydrogen Target 

C enter of Momentum 
Aperture S2 

Top Edge of 9-inch 
Al 

Distance Below 
8-inch Gap 

10. 74± 0.1" 

71. 12 ± o. 1 II 

17. 51±0.05" 

Dista nce in Front of 
Front Yoke Surface 

107. 12 ± o. 1" 

-139.13 ± 0. 10" 

· - 45.15± 0.08" 
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Field 

10 KG 

15 KG 
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TABLE 9. 1 

Mo1nentum Calibration 

Floating Wire 

796. 8 ± 0. 8 MeV/c 

1164. 2 ± 1. 2 

TABLE 9. 2 

Fringe Field 

793.0 MeV/c 

1166. 5 

Errors in Momentum Determination 

Source 

Location of Origin 

Location of Focus 

Floating Vlire Calibration 

Error 

o. 2% 

0. 2% 

0.1% 
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Al is inclined from the vertical at an angle of 28 ± 1° mal:;:ing it 

perpendicular to the spectrometer beam. 

C. Encl Point Comparison 

It is possible to compare the mag11et calibration with 

the energy meter of the synchrotron by measuring the n + yield 

as a function of the endpoint energy E of the synchrotron. 
0 

When E becomes less than the photon energy needed to produce 
0 

a pion accepted by the spectrometer, the yield rapidly drops to 

zero with a slope determined by the bremsstrahlung shape and 

the mag1rnt resolution. A series of runs with E ranging over 
0 

this step gives a measurement of the ratio E mag/E · meter, 
0 0 

where E mag is the true E if the magnet calibration is correct. 
0 0 

In practice, because four momentum channels were used, as few 

as two settings of E , one on the step and one at a normal data 
0 

setting, would allow a reasonable determination. The middle 

channels (b, c) gave the best determination of E
0 

mag/E
0 

meter 

since they were chosen to cover the steepest part of the step. 

The calculation of the ratio was clone by running the cross section 

program (Appendix VI) for several ratios, and finding the ratio 

for wbich the x2 
for the individual runs measuring the same 

cross secti:)n is a minimum. The error clue to statistics is the 

shift needed to increase x2 by 1. The result of eight measure­

ments using channels b and c are summarized in Table 10 and 

Figure 18. Also shown in Figure 18 i s the result of an electronic 

calibration (30) of the energ-y meter. The set of yields (ccmnts/ 

quantameter BIP) of measurement 7, and the expected yield 

calculated for E mag/E m eter = 1. 021 are shown in Figure 17. 
0 0 
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TABLE 10 

End Point Calibrations 
., E mag 

Measurement Date K mag. P oK E meter Settings 0 2 Degrees 
K oP 0 E meter x of Freedom 

0 

1 4 Apr. 54 1118 1. 06 1080, 1100, 1220 1. 030 ± o. 002 10 ') 
<) 

2 10 Oct. 64 1118 1. 06 1100, 1220 1. 020 ± 0. 002 0.5 1 

3 20 Oct. 64 1017 1. 06 1000, 10GO, 1120 1. 020 ± o. 001 16 3 

4 26 Nov. 64 917 1. OG 900, 1020 1. 024 ± 0. 002 1. 5 1 

5 1 Jan. 65 744 1. 03 730, 850 1. 031 ± o. 002 0. 1 1 1--L 

""' f-1 

6 15 Jan. 65 675 1. 21 660 
' 

780 1. 028 ± o. 005 1. 5 1 

7 1 May 65 1017 1. 06 970, 1000, 1030, 1. 023 ± 0. 002 8 7 
lOGO, 1120 

8 18 Dec. 65 897 1. 06 8GO 
' 

880, 900, 1. 025 ± o. 001 15 5 
1050 
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The weighted average of these measurements is E mag/E meter 
0 0 

= 1. 025. The rms deviation from the average is 0. 004. 

To reduce the data, it was assumed that the magnet 

calibration is corr ect and the ratio E /E meter is 1. 025 + 0. 005. 
0 0 -

If the magnet calibration were in error, the error in E would be 
0 

given by 

D. Pion Decay Correction 

At 0. 5 GeV / c, 21 % of the pions decay before traversing 

the 6. 6 mete r path from the H2 target to S3. Since the counters 

do not distinguis h pions and· muons, some of the decay mu::ms 

will count as if they were pions. A M·:mte Carlo computer 

program(2, 3, l G, 31) was used to calculate the effective solid angle 

for detecting a muon from a decayed pion •.)f momenil.1111 (1 + Q)P 
0 

for a central magnet momentum of P . The resolution functions 
0 

in Figures19 were obtained in this way. The errors indicated are 

due to Monte Carlo statistics. Unfortunately, the Monte Carlo 

program was r a ther time consuming (25 minutes of 7094 time for 

each resolution function) s0 it was necessary to 0btain only 3% 

statistics anc1 n"Jt run all possi ble individual cases. In particular , 

the program was run for only one momentum channel (c) and that 

result shifted in Q to obtain the appropriate resolution functi ::m 

for the other channels (In ?igures 19, P is the mean P for a 
0 

channel). Two apertures were used during the experin:ent, one 

2. 7 times smaller for the o0 and s0 data. Instead Qf running the 
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program for both apertures at all five momenta, the results for 

the large ape rture were reduced by a factor of 2. 7 for the small 

aperture data. This is equivalent to assuming the decay correction 

is the same for both apertures. To check this, the program was 

run at P = 0. 5 GeV / c with the small aperture. The ratio (large 
0 

to small aperture) of the integral of the respective decay pion 

resolutions is 2. 37 ± 0. 28 differing from 2. 7 by 12 ± 10%. This 

difference would cause an error in the cross section of less than 

0. 9 ± 0. 8%. The statistical error in the integral of the resolution 

functions is G% which results in an error in the cross section of 

less than 0. 5%. In order to provide a convenient form of the 

resolution functions for calculating cross sections, the values 

of the resolution functions at a fixed Q were fit with a quadratic 

in P . The line s in Figures 19. 1 - 19. 5 connect the fitted values 
0 

for each Q. 
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APPENDJX III 

COUNTERS A:N'D ELECTRON1CS 

Some of the counters are described in earlier works(27 ' 
32 , 33) so that only 2~ brief description of them is given here. 

Counters Al, A2, and FC were new at the beginning of this 

experiment. Table 11 gives a summary of all the counters. 

A. Cherenkov Counters 

The Plexiglas Cherenkov counter (LC) was used t-:> 

separate pi'Jns fr-:>m protons. It is 1. 5 inches thick and wrapped 

in black nonreflective pape r so only light which internally 

reflects can reach the photomultiplie r tubes. This determines 

its threshold of f3 = 0. 9. The b west m omenta pion measured 

(500 MeV/ c) has p = O. 96 and is well above threshold. At the 

highest momentum used (1200 MeV/c), protons have p = 0. 79, 

well below threshold. 

The freon Cherenkov c ~:nmter<32 ) (FC) was used to detect 

positrons. It consists of five fe et of fre on at atmospheric 

pressure giving a threshold of p = 0. 999 corresp::mding to 

momenta of 11 MeV/ c for electr'.)11S and 2. 3 GeV/ c for muons. 

Consequently, for the momentum range used, it counted only 

electrons . Figure 20 sh:::iws a typical spectrum from FC taken 

at 3. 7 degrees to the photon beam at 700 MeV/ c with a hydrogen 

target. The curve is skewed due to saturation of an amplifier. 
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TABLE 11 

The Scintillation Counters 

Size 
(Height) (\Viel.th) 

Counter Purpose (Thickness) Phototube (s) 

Large Al Solid Angle 9" x 3" x o. 25" 6810-A 

Small Al Definition 4" x 2. 5" x 0. 25" 6810- A 

A2 Time of 9" x 5" x 0 . 25" 7850 
F l ight 

Sl T ime of 6. 5" x 11" x 0. 25" 2- 7850 
Flight 

82 a, b, c, Momentum 1. 18" x 11" >< 0 . 25" 1-6810A 
d definition Each 

S3 To require 6. 5" x 11" x o. 375" 2-7850 
passage 
through LC 
and lead 

Fan Pole face 25" - 32 " x 0. 75 " x o. 50" 2-6810A 
Scattering 
Veto 

All scintilla tion counters except the fans were made of NE-102 
plas tic . 

LC 

FC 

The Cherenkov Counte rs 

Prot on 
identifi cation 

5. 75" x 11" :.< 1.5" 

Electron 20" x 22" · x 60' ' 
identification 

2- 68 10A 

7040 
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B. Scintillation Counters 

With the exception of Al, all the scintillation counters 

are similar to those common1y used in this laboratory. Al is 

different in that the light is collected with mirrors instead of the 

usual plastic lightpipe. In this way, the problem of particles 

passing through the lightpipe and giving sufficient Cherenk•::)V light 

to trlgger the counter is eliminated. The construction of Al was 

arranged so that the scintillator could be changed quickly and 

easily, allowh1g the solid angle acceptance to be changed. This 

proved to be very convenient for the small angle measurements. 

There the aperture was reduced in order to improve the angular 

resolution of the spectrometer. The smaller aperture als:::> 

defined a srn.aller beam through FC thereby increasing its electron 

efficiency. 

C. Monitor Telesc:::>pe 

For purposes of beam m onitoring, a counter telescope 

was placed directly underneath the hydr'Jgen target. The telescope 

consisted of two 3. 75 x 4 inch scintillators, approximately four . 

inches apart and ten inches from the target. In order to reduce 

the flux of low energy pa rticles triggering the telesc'Jpe, 1. 5 

inches of lead was placed above the telescope and 0. 5 inches of 

lead followed by 0. 75 inches Plexiglas and 0. 5 inches of Bakelite 

was located between the two scintillators. Four to eight inches 

of lead were stacked around the telescope t'J shield it from back­

ground. It was firmly mounted on a steel table, independent of 

the target and the magnet. The signals from RCA 3810 phot::itubes 

were c:::>nnected to a 10 ns c'Jincidence circuit which dr'Jve a scalci.r. 
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This coincidence r ate provided a relative monitor of the beam 

intensity stable within 1 % over short times. 

D. Electronics 

For the most part, the electronic components are the 

same as described in Reference 27. The connections to the 

various components are shown schemaUcally in Figure 21. The 

setup allowed some flexibility in measuring several rates at once. 

A particular che>ice of what rates to measure wa.s made by 

selecting the inputs to the 50 ns logic by meci.J1s of switches. Up 

to four such inputs may be required for an output signal with as 

many as four signals that could veto it. In addition, there are 

two outputs, the usual (A) ancl one (A ) which ignores the veto c 
signals. The varie>us settings used regularly are given in Table 

12. Each setting allo\vs the measurement of four yields. The 

coincidence sig11als scaled wer e A, A , A · B, A · C, the latter c 
two for each momentum chci.nnel as well as the total counts. These 

signals are interpreted as foll'.:>ws: 

(1) 

(2) 

(3) 

(4) 

A is the raw particle yield 

A is A plus events vetoed by Fan counters 
c 

A . B is the ~ + yield 

As indicated in Table 12, A · C is one of the 

following: 

a) proton yield 

b) positron yield 
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c) 83 absorption 

d) n + yield measured with larger A2 aperture. 

To provide direct checks on the operation of the system, 

the rates of F · 81, Al· 81, T of, FC, 81, 82, and 83 were also 

scaled. A pulse- height analyzer was used to keep a constant 

watch over the phot otube signals and bias settings. The system 

was in fact very reliable and s eldom r equired repairs or adjus t­

ments. 



PHOTOTUBE SIGNALS Fon Al FC SI S2o S2b S2c S2d LC S3 

Disc. I I Disc. 

50 ns. SIGNALS F SI AISI Tut FC SI S2 S2o S2b S2c S2d LC S3u S3l 

CONN!:CTED TO : A,B,C A,B,C,D A,B,C B,C B,C A D D D D A, B,C B,C A 

A B c ,_. 
~>-

4-Fold 4 - Fold 4 -Fold G.l 
50ns. 50ns. 50ns. 

Caine -Veto Caine. - Veto Caine. - Veto 

.5 J"s. SIGNALS I 

I 
1 s >'5· Co""· I l.51's. Come., 

I I I 

I I 
SCALERS Ac Acv AB AC A·Bo,b,c,d A·Co,b,c,d 

(4 Scalers) (4 Scalers ) 

FIGURE 2 1.ELECTRONICS BLOCK DIAGRA~ 
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TABLE 12 

Logic Settings 

C means signal in coincidence 

V means signal in anticoincidence 

Measurement Proton Positron Absorption Aperture 

Logic unit A B I c A! B I c Al B \c A B c 
~ 

I ! I -- i I I I I ! 50 ns Signal i 

I 
I I i I 

F · Sl v : y v v v I v I v v i I v v : v v I I ! 

I I I I I ; 

I 
' 

i I Al· Sl c I c I c c I c c c c c c 
I I I I 

! I ! I 

~ :crci Tof c ' c I c c c i c c c c 
' ; I i 
I ! : i ·ffi1 FC I v I v v c v v 
I I j 

' 
i I I 

c \ c Sl c c c I c : c c : 
I ! ! i 

i : 

jc ! 
I 

I 1 i ' S2 c i c c I I I I I -I 

I i ! i i : 

I LC I c I v c I c c c 
: I ; 

; I 
I I 

I 

I S3u I I i c v i c c 
I I ! : 
I I 

c / I 
I 

I S3t c j I I I 
i 
I 

I 
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APPENDIX IV 

EFFICIENCIES AND RATES 

In order to obtain the true pion yield, it is necessary to 

know the detection efficiency of each required or vetoing counter 

for various particles and the rates of the varicms particles en­

countered. Protons and positrons are the only backgrounds that 

can be present after the momentum selection and they are nicely 

taken care of with the two Cherenkw counters. It is also re­

assuring to monitor a variety of rates to check on the operation 

of the system. In cbing so, one must remember that some of the 

rates are dependent on parameters to which the pion rate is 

insensitive. For example, the fast timing circuits are set for 

pions (v ::::::: c) with a resoluticm narrow enough to omit some of the 

slower moving protons. The "proton" rate measured (LCV), which 

includes the fast timing requirement, is very dependent on the 

coincidence circuit output bias and the momentum of the protons. 

A small change in the bias, whether i.ntenticmal ·or not, will thus 

cause a noticeable change in the LCV rate but have no consequence 

on the measured pion r ate. In cases such as this, monitoring foe 

auxiliary r ate is an oversensitive check of part of the system. 

'l'here are instances when electronic biases were changed intention­

ally. In order to reduce the fraction of protons left br LC to 

identify at higher momenta, it was desirable to set a closer toler­

ance on the fast timings. Some of the measured rates are given 

here only to illustrate their order of magnitude. 
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A. Positron Yield 

At small angles to the photon beam, a large number of 

electrons are produced so it i s necessary to detect them with good 

efficiency to separate the pion yield. The freon gas Cherenkov 

counter (FC) was more than adequate for the job. Fig·ure 22 shows 

the relative positron t:::> pion yields obtained while making the cross 

section measurements. The values plotted are obtained from 

summing over the four momentum channels. Notice the positron 

rate is at most three times the pion rate. 

The efficiency of FC for counting electrons (or p:::>sitrons) 

was measured many times during the experiment and was always 

found to be better than 99. 8%. The measurement was macle by 

generating an electron beam from the photon beam with suitable 

lead collimators, attenuators and converters. The spectrometer 

was then set to zero degrees obtaining a nearly pure momentum 

analyzed electron beam. The same setup was used r outinely to 

test the c~mnters and electr:inics. N:i c:::>rrection of the measured 

Ti yields was necessary due to the positron contaminati'.:m. 

B. Prot on Yield 

Protons were distinguished from pions primarily with the 

Plexiglas Cherenkov counter (LC). To measure its efficiencies 

for protons and pions, one must independently define protons and 

pions. This -..vas d~:me in two ways. In one case, the magnet 

polarity was s·witched to select negative particles, eliminating 

protons. The .efficiency of LC for negative pions is thus obtained. 

The second meth'Jd is to select pi:::ms 'Jr pr'.)tons with time 'Jf flight 

and scintillator pulse heights (dE/cL'{). Figure 23 shows the r esults 
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of these measurements. The squares a re measurements with 

negative pions. On the bas is of these measurements, the pion 

yields were corrected, taking the efficiency of LC as 

o. 3 ± o. 3% 

for protons and 

98. 4 ± o. 5% 

for pions . 

Measurerrients of the "proton" rate (LCV) r elative to the 

pion rate LC are shown in Figure 24 plotted vs. momentum. Of 

course, the proton r ate also depends greatly upon angle and the 

synchrotron endp::>int energy which are not indicated. Hence, no 

functional relationship is to be implied from Figure 24, and it is 

presented here only to indicate the relative rates encountered. 

The LCV r ate drops sharply below 750 MeV/ c because of the fast 

timing r equirements (Tof, Al · Sl). 

In order t o make the small correction to the pion yield due 

to n:mzero proton efficiency of LC, an a pproximati::>n t:::> the pr0tcm 

rate was used as indicated by the line in Figure 24. The correction 

reduces the picm yield by 0. 15% at 800 MeV/c 2.nd by 0. 6% at 1200 

MeV/ c. 

C. Aperture Checks 

The spectrometer is set up so that Al determines the solid 

angle accept"rnce and 82 the momentum acceptance. The other 

counters are large en0ugh to not further restri ct the acce!Jtance. 
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To check that this is so, the A2 efficiency and the S3 efficiency were 

measured experimentally. The S3 efficiency is complicated by 

absorpt ion and multiple scattering and is discussed in Appendix V. 

The A2 efficiency was measured 15 times during the 

experiment and averaged 99. 2% ± O. 3% (rms ). This high efficiency 

indicates that the air lightpipe aperture (Al) did not suffer from the 

usual problem of Cherenkov light in a lightpipe . It might be argued 

that A2 could have been omitted and indeed, for a majority of the 

time, its presence was unnecessary. It was useful, however, in 

several ways. 

The small fraction of events missing A2 are probably not 

true pions from the hydrogen target. It was noted that if the magnetic 

field probe was left in its lowered position inside the magnet field in 

the path of the spectrometer acceptance, the A2 ' 'efficiency" dropped 

to 95%. Although data were never taken that way, it does illustrate 

the effect of scattering inside the magnet and that A2 adds to the 

selection of proper events. 

The solid angle of the spectromete!· may also be defined by 

A2 · Fan. A useful check is t o measure the ratio of A2 . Fan to Al. 

I am indebted to Dr. C. Peck for suggesting this measurement to 

track clown the cause af a change in the pion rate, which turned out 

to be a broken coincidence circuit. The ratio of the two apertures 

should be 1. 35 acc·Jrding to a linear magnet theory calculati::m, and 

was measured to" be 1. 63 when the circuit v1as broken and 1. 37 ± 0.0 8 

when fixed. Routine checks of the system were made from time to 

time with an electron beam, so that it was easy to determine a date 

prior to the trouble when the coincidence circuit was known to be 

working perfectly. Data collected between that elate and the date 

when the circuit was repaired ·were not used. 
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D. Multiple Channel Events 

. A correction to the measured yield was found to be necessary 

due to events recording simultaneously in more than one momentum 

channel. When the sum of the counts (S2 SUM) in the four channels 

was compared with the actual number of events (S2 OR) an excess 

was found. An investigation of the multiple cha1mel events showed 

they were not accidentals but were two particles traversing the 

system at the same time. It was found that most often the double 

events occurred in adjacent chalu1els. Figure 25 shows the fraction 

of excess cow1ts as a function of momentum. The points plotted are 

actually the average of ten measurements. The linear fit was used to 

correct the yield assuming the multiple events were always in 

adjacent channels. The exact cause of these events was not known, 

but it is possible that they were due to nuclear interactions and/ or 

knock-on electron processes in other counters. 

E. Fan Veto Rate Correction 

· The 1frattion of the events that results from scattering in 

the pole-face of the magnet and hence are vetoed by the Fan counters 

was monitored throughout the experiment. At laboratory angles 
0 less than 10 , however, the Fan veto was not used because of the 

high flux of particles, especially electrons, that would cause 

accidental vetoes. Therefore it was necessary to subtract from the 

measured pion yield at small angles, the expected fraction that 

scatter off the pole-face. This was done by taking the average 

fraction as measured at wider angles at the same photon 
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energy. * The values used are given in Table 13. 1. Since the Fan 

veto rate measurement sometimes includes protons as well as pions 

(Appendix ID-D), the correction implicitly assumes that the relative 

rate for protons is not too different from that for pions . This 

assumption was checked by direct measurements and the results 

are given in Table 13. 2. There is a noticeable difference only at 

low momenta which does not matter in the correction since there 

the time of flight eliminates protons from the normal measurement. 

The dependence of the Fan veto rate upon the synchrotron 

endpoint energy E
0 

and upon the size of Al was also checked directly 

at 600 MeV/c. Table 13. 2 lists the results. 

* In actuality, the Fan veto r ate is a function of momentum. 
Because the small angle regbn was emphasized, the average 
Fan veto rate for angles greater than 10° is weighted toward 
the momentum setting of the smaller angles, and is sufficiently 
accurate for this correction. 
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TABLE 13.1 

Average Fan Veto Rates Used to Correct Small Angle Data 

Mea.n Photon Fan Veto 
Energy Rate 

611 MeV 0. 090 

672 0. O'lO 

743 0. 060 

824 0. 064 

915 0. 052 

1013 o. 0£15 

1117 0. 040 

1221 0.030 

TABLE 13. 2 

Momentum Eo Aperture Fraction of 
Measurement Particle MeV/ c Mev in x in Fan Vetos 

MomenJ:um + 600 1300 3 x 9 o. 071 ± o. 007 ii 

dependence 800 1300 3 x 9 o. 059 ± o. 004 

1000 1300 3 x 9 o. 031 ± 0. 004 

1100 1300 3 x 9 0. 030 ± 0. 005 

Momentum Proton 600 1300 3 x 9 0. 043 ± 0. 003 
dependence 800 1300 3 x 9 o. 036 ± o. 002 

1000 1300 3 x 9 o. 043 ± o. 002 

1100 1300 3 x 9 0. 025 ± 0. 003 

Eo 
+ 600 780 3 x 9 0. 057 ± 0. 005 n 

dependence 

Apertu re + 600 1300 2. 5 x 4 o. 035 ± 0. 00 6 IT 

dependence 
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APPENDIX V 

ABSORPTION AND MULTIPLE SCATTERING 

The correction for losses due to nuclear absorption and 

multiple scattering in counters and miscellaneous matter was made 

in two ways, depending on the location of the absorber. For most 

of the matter, a geometric cross section was used to describe the 
-0N t 

losses. The fraction of pions not interacting is e 0 , where cr 

is the cross section per nucleus, t the thickness of the absorber in 

(gm/ cm2)/ gm atomic weight and N Avogadro's number. The 
0 2/3 dependence of 0 on atomic number was taken as 0 = 0 A where e 

a is an "elementary" cross section. 
e 

For matter near the last counter S3 this would be too great 

a correction since an interaction there is likely to produce a charged 

secondary which will count in S3. Multiple scattering losses are 

also different for matter near 83. A Monte Carlo calculation (3) 

shows that generally as many particles are gained as are lost due 

to multiple scattering, which only results in a broadening of the 

momentum resolution. However, one might expect· scattering near 

S3 to result in more losses than gains because the beam there is 

well defined in direction and momentum leaving less of a chance for 

particles to be gained. In any case the correction made for losses 

near 83 includes the possibility of losses due to both absorption and 

multiple scattering. 

The net correction is split into two parts. 

(Measured yield) = AN (Actual yield if no losses) 



160 

V 1 is due to counters 81, 82, LC , and the 0. 5 inch of lead 

ahead of 83 (Part B), and V 2 is due to the rest of the matte r 

(Part C). 

A. Res:::>lution Broadening 

The main effect of multiple scattering is to broaden the 

momentum resolution. In passing through a thickness dZ of matter 

with radiaticm length L(Z), a monoenergetic, collimated beam of 

singly charged particles will tmdergo scattering· and result in a 

beam with the same mean clirecticm and a rms spread in angl e, 

(projected onto a plane) given by<34) 

d(e2 ) = ( 15 MeV r cl Z 
rms P v L(Z) 

where 

P = particles momentum 

v = particles velocity. 

Because of a scatter, a given particle will pass through 

the focus of the spectrometer at a diffe rent transverse p'.:>sitbn, 

resulting in wrong determination of its momentum. Acc'.)rding to 

linear magnet theory, 

Yf = M(Z) Y z + K(Z)Yz + D(Z) Q 

Y = pe>sition of particle ray perpendicula r to central 

ray direction in vertical plane 
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Yf = Y at focus 

Y Z = Y at a distance Z from source (H2 target) 

Yz = slope of ray relative to central ray at position Z 

Q = relative momentum (P - P )/ P . 
0 0 

The coefficients M, K, D are easily calculated, being just 

the first row of the transfer matrix for the vector (Y, Y', Q). Since 

the mean change in angle is zero, there is no mean change in Yf and 

the rms spread in Yf is given by 

d(Yf
2 

) = K(Z)
2 

d(e
2 

) . rms rms 

f 2 
y2 = ( 15 MeV)2 J (K(Z)) dZ 

f rms P v L(Z) 
0 

The integral is conveniently done in pieces where L(Z) is constant. 

K(Z) is linear in front of and after the magnet effective edges with 

slopes - M(f) (the magnification) and -1 respectively. Inside the 

mag.net K(Z) is a linear combination of the s.ine and cosine of the 

remaining bending angle. 

Therms spread in Q is given by 

y 
f rms 

Qrms = D(f) 

Table 14 lists the various contributions to Q at P = 1. 0 Ge V. rms 
Since Yf is a pproximately proportional to 1/P (v ~ c), the rms rms · 
spread in momentum is a constant, 7 MeV / c, independent of momentum. 
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TABLE 14 

Contributions to Multiple Scattering 

Material Radiation Length Thickness Qr ms 
cm cm % 

Target Wall (Pl ) 8.86 0. lG 0.04 

Air, Target to Magnet 3. 1 x 10 4 264 o. 15 

Air in Magnet 3. 1 x 10 
4 

127 0.20 

Air, Magnet tJ FC 3. 1 x 10 
4 

66 0.13 

Al 41. 3 0. 635 0.41 

A2 41. 3 0. 635 0 . 31 

FC Freon 2. 8 x 10 3 157 0.38 

FC Mirror 41. 3 0.7 0.08 

Sl 41. 3 0. 635 0.03 

Net Q = rms o. 70% 
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B. Losses Near 83 

The correction for interaction and scattering in counters 

81, 82 and LC and the lead absorber was made on the basis of 

measured losses obtained mostly from the normal data running 

and partly from a set of extra measurements made for that purpose. 

The fraction of particles which rniss 83 while satisfying the other 

pion requirements was recorded for most of the data runs at 

laboratory angles greater than 14°. Figure 26 shows the 83 miss 

rate for runs with and without the lead absorber. The measure­

ments with the l ead have been combined into groups of four to 

produce a readable graph. The linear fit t o the lead points is 

given by 

83 MISS = 0. 103 - 0. 050 P (P in GeV / c). 

This is interpreted as arising from nuclear absorpti'Jn and 

multiple scattering in the lead and LC, with a small c::mtribution 

from particles which scatter in 81 or S2 and count in LC but not 

in 83. The desired correction for 81, S2, and LC, and the lead 

is thus S3 MISS plus that due to scattering in 81 or 82 which does 

not result in counts in LC. 

For this additional correction, measurements were made 

of the fracti':m, · V, of pions which missed 83 when additional 

Plexiglas absorbers, of thickness t and the same cross sectional 

area as the counters, were placed at a distance d in front of S3. 

Various configurations of counters were used in order to obtain a 

useful range of d. Each measurement 1Nas the difference between 

absorber and no absorber miss rates with the same counter 
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configuration and momentum. Fig1ire 27 shows the results of 

these measurements. The solid lines are a least squa r es fit 

to the form 

The l osses due to scattering in 81 that result in no count in LC 

were obtained by setting t equal to the thickness of 81 and d 

equal to the distance (for the normal running) from 81 to LC. 

Evaluating the loss from 82 in a similar way, the amount to be 

added to 83 MISS is 

v = o. 014 - 0. 00 6 p 

giving a total correction of 

v 1 = o. 117 - o. 056 p . 

This amounts to 0. 051at1. 0 GeV/ c and 0. 089 at 0. 5 GeV/c. 

The systematic error is estimated to be 0. 01. 

In order to obtain an estimate of how much of V is due 

to multiple scattering, a simpl e calculation was made assuming 

the beam, counters and absorber are uniform and have the same 

cross sectbnal area. The dashed lines in Figure 27 are V 

minus this calculation. Notice this difference (the nuclear 

absorption part if the multiple scatte ring calculation is C()rrect) 

i s nearly independent of energy. This is important in the 

absorption correcti':m for the rest of the system where the 

absorption cross secticm was taken to be independent of energy. 
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FIGURE 27 

Absorption vs. d and p for t = 5 cm 

Different symbols ref er to different counter configurations 

Symbol S2 Position LC Position 

Normal before Sl 

Normal Removed 

before Sl Removed 

before S1 before Sl 
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C. Geometric Cross Section 

a ' e 

In order to determine the "elementary" cross section 

measurements of the fraction of n + which miss S3 due to 

Plexiglas absorbers up to 32 cm thick were made at a momentum 

of 500 MeV /c. The difference, V, between absorber and no­

absorber miss rate was interpreted as the sum of multiple 

scattering l osses and nuclear absorption lasses. 

a A2/~ t 
V = M + (1 - e- e 0 )F 

TT 

M = fraction of losses due to multiple scattering 

F = the fraction of the beam which is n + (µ + inter­
n 

actions are negligible) 

t =thickness e>f absorber (gm/cm
2
/gm atomic weight) 

A= atomic number. 

The decay correction calculations (Appendix II D) give: 

F = 0. 916 rr . 

at 500 MeV/c. 

To estimate the fraction M lost clue to multiple scattering, 

a simple calculation was made taking a uniform beam the same 
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size as the last counter.* If 6 Y is the root mean sc1uare 
rms 

transverse displacement at the las t counter (S3) due to multiple 

scattering, the fraction lost for a counter of size 2a x 2b is 

M = 
0 

6Y 6Y 
1 ( rms + rms) 

J2ri a b 

provided /J. Y << a and 6 Y << b. For S3 with dimensions rms rms 
11 in. x 6. 5 in. this is 

-2 M = 0. 077 6Y cm . o rms 

From section A, 

d + t 
0 

(!::.Y )2 = (15MeV)2 1· 
rms P v 

d 
0 

2 
~ dZ 
L 

d
0 

= distance from 83 to near surface of absorber 

t = thickness of absorber 

P = 500 MeV/c 

v ~ c 

L = 41. 3 cm 

* V/hile this assumpticm wcmlcl not be good fo r the normal 
configur aticm, it is a r eas'Jnable one for the configurati'.:in used 
in these measurements. 
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b. y = 0. 03 
rms 

d t
2 

+ d 
2
t + 1/3 t 

3 
0 0 

L 

M = 3. 58 x 10-4 cm- 3/ 2 d t 2 + d 2t + 1/3 t 3 . 
0 0 0 

This calculation is admittedly crude, but it is sufficient for the 

accuracy needed. Since the beam was in fact not uniform and 

had a cross section smaller than S3, this calculation of M is likely 

to be too large. Consequently it was taken as an upper limit to 

the multiple scattering losses and the value used is 

M = 1/2 M ± 1/2 M . 
0 0 

The values thus obtained for cr are plotted versus 1/t in Figure 
e 

28. Measurements with large t give the best dete1~mination of 

cr since reaction products then have a smaller chance of r eaching e 
S3. The smooth curve, a quadratic fit in 1/t gives an extrapolated 

value of 

cr e = 35. 3 ± 1. 3 millibarn at 1/t = 0 . 

This value was used to calcula t e the nuclear a bsorption cross 

section cr = cr A 
2

/
3

• The error listed with cr and the error ba r s e e 
of Figure 28 are standard deviations resulting only from counting 

s tatistics. The systematic error in the estimate of M introduces 

a greater error of 

± 4. 2 mb. 
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The absorbing matter in the spectrometer path i s listed 

in Table 15. The collision l ength L , given by 
c 

N cr A2/3 
-1 o e 

Le = A (gm - atomic weight) 

is also tabulated. 

· The fraction of the yield l ost due to nuclear absorption 

is given by 

a A2/ 3N t 
. - e o V = F (1- e ) 

2 n · 

The fraction F varies with momentum from 0. 916 at 500 MeV / c 
TT 

to 0. 967 at 1200 MeV / c. For convenience a linear relationship 

was used for this correction giving 

_ c ~ P- 500 F rr - 0. 910 . 0. 015 700 

The other factor in V 
2

, 

is 0. 045 ± 0. 010 for lab·'.)ratory angles less than 15° and 0. 048 
0 ± 0. 011 for angles greater than 15 . 
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TABLE 15.1 

Absorbe rs in Spectrometer Aperture 

Density Thickness 
2 Absorber gm/cm3 cm gm/cm 

H2 Liquid Hydrogen 0.0707 3.5 0.25 

H8Cl004 Mylar Cup 1. 38 0.0127 0.018 

c Heat Shield 
u 

8. 9 0.003 0.05 

Al Outer Shield 2.7 o. 16 0.43 
(e > 15°) 

H8Cl004 Mylar Window 1. 38 0.025 0.035 
(e > 15°) 

N2, 02 Air 1. 29 x 10 -3 500. 0.646 

CF
3 

Br Freon 5. 18 x 10 
-3 

157. 0.81 3 

CH Al 1. 05 0.635 0.667 

CH A2 1. 05 0.635 0. 667 

C5H802 FC . 1. 18 ± o. 02 o. 7 ± 0. 1 0.83 
Mirror 

Al Miscellaneous 2. 7 0. 3 ± o. 1 0.81 

c Miscellcmeous 0.5 o. 2 ± 0. 1 o. 10 
Counter 
Wrappings 
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TABLE 15. 2 

Absorbers by Element 

Element A Amount L a c 2 gm/cm2 millibarns gm/cm 

e < 15° e > 15° 

H 1. 0.421 0.420 35.3 47 

c 12. 1. 927 1. 905 185 108 

N 14. 0.517 0.517 205 113 

0 16. 0. 411 0.399 224 119 

F 19. 0.311 o. 311 251 123 

Al 27. 0.810 1. 240 318 141 

Cu 63.5 0.050 0. 050 561 188 

Br 79.9 0. 437 0. 437 657 203 

(Sl , S2, LC counters and 0. 5 in. l ead not included) 
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APPENDIX VI 

CROSS SECTION CALCULATION 

From the measurements of raw yields and efficiencies, 

the actual r,.+ yield is. easily calculated. This yield may be 

expressed as a six-fold integral over the solid angle and momentum 

apertures and position at the hydrogen target. 

dX dY clZ clot dP 

N = number of pions going into spectrometer 
n 

do 
do 

do 
dot 

acceptance 

= cm cross section 

= solid angle transformation to lab 

=:= density of protons in target 

n(K, E , X, Y) = number of incident photons per unit area and 
0 

unit energy 

K = lab photon energy 

E = end point of bremsstrahlung spe ctrum 
0 
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X = horizontal position at target perpendicular to 

photon beam 

Y = vertical position at target 

Z = horizontal position at target along photon beam 

direction 

p + = lab n momentum 

= absorption correction 

L = flight path from target to last counter (6. 6 meter) 

m + 2 =mass of n (139. 63 MeV/c ) 

= lifetime of n + (25. 5 x 10- 9 sec) 

R = function (O or 1) specifying spectrometer 
0 

acceptance 

D · = probability of n + decay with µ + detected 
0 

Over the region of integration (R
0 

or D 
0 

nonzero) the factors in 

the integrand vary slowly so they might be taken outside the integral. 

This would result in the integral being approximated by the integrand, 

evaluated at the midpoint of the region of integration, times the 

volume of the region of integration. The error in this approximation 

is second order in the "size" of the region of integration and con­

sequently the approximation is sufficiently accurate. In order to 

analyze the endpoint comparison (Appendix II C), however, it was 

advantageous to retain the momentum dependence, doing that integral 



177 

last, and separately, for each cross section calculation. A 

momentum resolution function, R(Q), (Appendix II A) was calcu­

lated with the following approximations. The acceptance variation 

with horizontal position at the hydrogen target is ig11ored and the 

spatial distribution of the photon beam is taken to be that given by 

BPAK 1 (23) for typical values of K:::: 900 MeV and E
0

:::: 1020 MeV. 

f N(900, 1020, X, Y) R (P, o2, 0, Y, 0) dX dY dO.e, 
R(Q) :::: (' o 

.J N(900, 1020, X, Y) dX dY 

As noted in Appendix II,. R is a function only of the relative 

momentum Q :::: (P - P )/P . The resolution function used is R, 
0 0 

shifted in momentum by 2. 7 MeV / c to account for energy loss 

of pions in the target etc. , and broadened by folding in a Gaussian 

to account for multiple scattering (Appendix V A). These two 

corrections were done individually for each data point. The decay 

pion resolution function D(Q, P ) is defined similarly to R; however, 
0 

it was calculated by a Monte Carlo program and is a function of P 
0 

as well as Q. The photon spectrum is written as 

W B (K, E , X, Y) 
0 0 

N(K, E
0

, X, Y) :::: Eo K 

where W is the total energy in the beam and 

f B(K, E , X, Y) dK dX dY :::: E . 
. 0 0 

The average spectrum function is 
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B(K, E ) = _tl j B (K, E , X, Y) dX dY dZ 
0 0 0 

where t is the diameter of the hydrogen target and the integral is 

over the volume of the targ·et to properly account for its non-uniform 

thickness. The yield is now given by 

where 

1 
x. = N tA -p NE 

0 

Lm l 
PT R(Q) ~1- D(Q, P 

0
) dP _ 

and some of the constant and slowly varying factors have been taken 

out of the integral. The above integral was performed numerically 

for each cross section measurement within a computer program. 

The R(Q) portion was done by Simpson's rule and the D(Q, P 
0

) part, 

which is rough due to Monte Carlo statistics, was done by the 

trapezoid rule. 

Various quantities involved in the calculation are given in 

Tables 16, 17. The results are given in Table 18. 

Because of the change of dK/ dP with angle, it is evident 

that each of the four momentum channels does not sweep out an 

angular distribution at a constant energy. The location of the 

measured points in K and e is shown in Figure 29. Solid lines 

connect points obtained from the four channels for one spectrometer 

setting. In order to present angular distributions, the data points 

were interpolated in energy by the following scheme. For each 



179 

setting the four cross sections were fitted with a quadratic in K. 

This is effectively a fit along a line in Figure 29. Each data point 

was then moved to the desired energy (the dashed lines in Figure 

29), chosen so each angular distribution comes from only one 

channel; by changing the value of the cross section by the same 

amount the fit changes over the distance moved. The advantage 

of this method is that the data are not artifically smoothed by the 

interpolating process. The error assig11ed to the interpolated 

cross section is taken to be the same as for the original. The 

interpolated cross sections are given in Table 1 in the main text. 

As a point of summary and to acknowledge the assistance 

of the computer programs written by others, Table 19 gives the 

pertinent breakup of the data analysis calculations. 
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TABLE 16 

Kinematic Parameters 

specifies setting for purpose of comparison with 

Table 17. 

is the threshold for counting n + at the specified 

angle and momentum resulting from 2n 

production. 

RMS DELTA K is the root mean square photon energy ig110ring 

the n decay resolution D(Q, P 
0

), 

A,B,C,D specify the four momentum channels. 
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590.9 
5a9.U 
50d.4 

5e6.'l 
)II 3. 3 
5 17. 7 
5 70 .'I 
563.0 

55•. I 
SB.l 
5C'l.O 

b55.0 
bS4.2 
653.1 
651.U 
b'>0.3 

6•u.1> 
6•~·' 
b)O.O 
b}0.2 
bl0.'1 

58 7. I 
~S<J • . i 
528 . 5 
4'l5 .(, 

121.• 
l ih .4 
12..,. l 
7l3. tJ 
Ul.<i 

no.u 
11 5 . I 
10 I. 'I 

·l, 'itt . 'J 
tJUU. ~ 

b lh. I 
6«1 .1 
tdl.i 
'jH I. 'I 
'J4 1. '} 

ea 

138.o 
139.0 
7lU .O 
738.0 
nu.o 

138 .o 
ne.o 
nu.a 
138.0 
nu.a 

138 . o 
nu.a 
138.0 

19'1.5 
7'J'I. '> 
'/'l'I.'> 
19'1. 5 
799. '> 

799.'> 
799 .5 
'1'19. 5 
79'1.5 
'f'l 'I. 5 

79'1.5 
'/'l'I. 5 
/ CJ9 . s 
l 'l'I. 5 

u II . 2 
u 11.2 
u 71. 2 
u 11. 2 
11II.2 

u 11. 2 
u 71. 2 
671 . l 
u 7l. 2 
U 11. l 

d 11. 2 
u 11. l 
1111. 2 
II 11. l 
d 7 l • } 

A 

b.2 
8.2 

10. 3 
12.3 
14.4 

CM ANGLE 
8 c 

6.1 
8 .1 

10.} 
12.3 
14. 3 

b.I 
a. I 

10.2 
12.2 
14.2 

0 

6.0 
a.a 

10.1 
12. I 
14. l 

16.4 lb.2 lb.I lb.O 
20 . 4 20.3 20.1 20.0 
2S.4 25 . 3 2 5 .1 25.0 
30.S 30.3 30.l 2'1 .9 
3S.b 35.3 35 .1 34.9 

40.b 40.4 40.1 39.9 
50.8 50.4 50. 1 •9.8 
bO.? b0 .5 bO.I 59.8 

b.2 
U.2 

10.4 
12.4 
14 .4 

b.I 
8.1 

10.3 
12.3 
14.3 

6. l 
a.1 

10 .2 
12 . 2 
14.< 

b. l 
a.a 

10.2 
12. L 
L•. L 

lb.4 lb.3 11..1 lb.O 
20.4 20.3 20.1 20 . 0 
25.5 25.3 25. 1 24.9 
30.~ 30 . 3 30.1 29.9 
40. ·1 4 0.4 '•0.1 l'l.U 

50.6 50.4 SO.I 4'1.8 
60.9 60.5 bO. I S'l. 7 
71.1 10.b 70.L b? .1 
81.l 00.b 80.l 19.b 

t:.. 2 b. I 
ti.? 8. 1 

I 0. 4 10. 3 
ll.• 12 . 3 
14. 4 14. 3 

(,. I 
U. I 

10 .2 
12.l I•. l 

b . l 
8.0 

l 0 . 2 
12. I 
14. I 

16.4 16.l lb.2 lb.O 
20.4 20.l 20.1 20 . 0 
2 5.5 25.3 25.1 24.'l 
30.b 30.3 30.l 29.9 
3~.b J S.4 JS .I l•.'I 

40.1 40.• 40.1 19.U 
50.'I ~0.'J Su. I 4 '1.a 
bl.o 1.0.s 1.0. 1 5'1.1 
ll. l IU.6 · /U. I o'I. 1 
111. L tlO . / tlll. I 1'1 .b 

A 

634 
bl'• 
b35 
b35 
b35 

LAB K 
8 c 

bLa 
b\8 
bla 
bl6 
610 

b03 
b03 
b03 
b03 
b03 

0 

5a9 
589 
589 
5a9 
569 

635 bl6 603 589 
635 bl9 603 509 
b35 619 603 568 
b3b b l9 603 sue 
63b 619 b03 5a6 

637 619 603 5a8 
b3a b20 b03 suu 
b40 b2l b03 Sal 

b9a 
696 
698 
b96 
698 

baO 
b60 
b60 
b60 
bOO 

bb3 
bb3 
bb3 
6b3 
bb3 

647 
647 
b47 
b47 
647 

b99 b60 bb3 047 
b9'1 6aO 6b3 b47 
b?9 b8l bb3 b47 
700 6 8 1 b63 647 
701 682 663 b47 

702 b82 6b• 6•b 
705 b83 b64 646 
707 6U5 664 b•S 
710 b6b 664 b44 

772 
772 
772 
172 
773 

773 
773 
774 
774 
775 

752 
752 
752 
7)2 
752 

733 
733 
733 
7 33 
733 

752 IB 
753 733 
753 1 n 
7 ) 3 7 l4 
754 71' 

11 s 
715 
716 
715 
715 

715 
715 
715 
715 
7l s 

71b 7S4 734 715 
778 755 734 714 
78 0 l)b 734 714 
783 758 735 713 
18b 1b0 735 7L 2 

LAB K 2PI 
A ll C 0 

16 2 
782 
78 3 
763 
7 83 

1bb 
7 bb 
7bb 
7b7 
7b1 

751 
751 
751 
751 
7'> 2 

736 
737 
737 
737 
737 

704 767 752 736 
7U5 768 753 739 
70 7 170 751, 740 
789 772 756 741 
792 77' 758 7'3 

79 5 777 761 745 
8 0.i 7U4 1b7 7~1 

612 792 774 757 

6• 5 
6 1•b 
84 b 
84b 
847 

827 
a28 
826 
a28 
629 

811 
Oil 
8 11 
Oil 
812 

795 
7'15 
7 '15 
795 
7'16 

a47 829 6 12 796 
849 630 8 1 3 797 
851 832 815 7 '1H 
053 8 34 OLb 000 
05'1 840 821 004 

Bbl 84 7 82U 010 
876 a56 636 Ul7 
O'JO Ubl U45 al5 
906 600 857 836 

9 1 <) 

920 
'12 u 
'120 
921 

89'1 
O'J'I 
'100 
900 
901 

92 L 'IOI 
92 3 '102 
'J<) 904 
92 7 'IOb 
931 <JO'I 

880 
681 
out 
08 1 
OU2 

8b3 
6b 3 
Ob3 
064 
064 

oa2 Ub4 
883 8b5 
1185 8bb 
BA 1 866 
811'1 070 

93• 912 692 671 
9•1 '120 U'l'I 61'1 
?54 '130 '101 8U6 
'1611 '1 42 9!U a95 
9US 95 7 9l0 '106 

RMS UEl TA K 
,\ ll c 0 

10.7 10.3 
10 . 1 10.3 
10 . 8 10.3 
10.U IU.3 
10.u 10.4 

10 .0 
10 .0 
LO. I 
10.1 
10 .1 

9.'l 
9 .9 

I U.O 
I U.0 
10 . 0 

10.9 10.4 10.2 10.1 
lL.o t u . s L0.3 10. ; 
11.2 10 .7 10. 4 lU .3 
11. 3 10.9 10.6 tu.5 
11.6 It.I 10.0 LO.I 

1 1 . 9 11.4 II.I Ll. O 
12.6 12. 1 11.a 11.7 
13.5 L3. 0 ll.7 L2.'> 

11.s 1u.9 
11. 5 IU.'I 
11. > l l .O 
11.s 11 . 0 
11.6 11.u 

LO.b 
10 . b 
I U. b 
l0 .7 
10 .1 

10.4 
tu.s 
10.s 
LO.s 
I U.'> 

11.b II.I 10.7 10.b 
IL.I II.< 10 .9 10 . 7 
11.9 11.4 11.0 10.9 
12.1 11. b 11.2 11.1 
12.T ll.I 11. U ll.b 

13. 5 12.'I l2.5 12.3 
14.S ll.'I I 1.5 1 3.l 
LS .9 15.1 l•.7 l•.• 
17.) 16.7 16 . 2 ·~. 9 

12 . 3 l l. 1 11. 1 
12.• 11 .1 11.3 
12.4 ll.7 11.3 
12.' I l . 11 11.• 
ll.5 11. u Ll.4 

11.1 
11.1 
11.1 
11.L 
ll. l 

12.'> I I .'I 11. '• IL. 2 
12 . 7 L2. 0 11.b 11.4 
12.9 12. 2 11.8 11.6 
13.L ll.4 12 . 0 11. 11 
13.4 1 2 . 7 12.3 l< .O 

IJ. 7 11.0 12.6 12.4 
l'o.b l'l. '1 13.4 ILi 
15.u t~.o l4.4 14.L 
Ll. 2 lb. 3 15.0 I).> 
19 . O 111. I I I.• 11. I 

,_. 
co ,_. 



POl~T LAO 
A>lGLE 

b - bl" 
6- UH 

10 - il24 
ll- hl4 
14 - d2~ 

16- d26 
l H- ij2b 
20- l1J~ 

L5- 112b 
JO- ~2~ 

15- ll2t. 
'tO- o2L 
·,o- h2 r 
<•0- U2tl 
10 - 112'1 

·1.b 
4. 0 
b. l 
1, I 
6 . S 

9.1 
10 . 'I 
l 2. l 
1 .~. l 
16. 2 

2 1 . 4 
21,.6 
11. 1 
JU . O 
1,.5. J 

<10- llH 51. l 

b- 'I l l> 
ff- 9 16 

10- 'Jlb 
l 2- 'd ~ 

14- '1 1 S 

lb- Sib 
LU- 'Jib 
rn- •, t6 
41)- '1 l 7 
w- 'l lll 

J,5 

". 1 
6 . 9 
7. I 
U. 2 

•1.4 
11.1 
11. 1 
2 J. ff 
30.2 

co- qlQ l b.'1 
IO- '12 1 4t,.O 
.. o - •121 5 1.o 

o- I C lt, 
11- l ~ lb 

llJ- l O: l t. 
12 -1 0 16 
14 • l l: lb 

11,- I C l6 
/U- l Ul b 
15- l c l 1 
10- 10 11 
15 -I CU 

L4 
4. 5 
.~ • H 
b.U 
u.o 
9. l 

11. ·1 
14 .2 
l 7. l 
20.0 

•U- I GIU 23.U 
,,,_ l L: t ·) 2c.. . l 
'.0- l t l'J 29.2 
'•'>- 1 Olll JL. " 
<,1)- l ~ ll I .:> . I 

PO 

tlO'I.~ 

UOA .i, 
uo 1.0 
UOS. I 
60·1. 1 

UO l.O 
7'lU. I, 
7'J>} • ..., 
1Ub.') 
11b.b 

]bl,.6 

n1 . o 
7 I ' I.I, 
c. 02 .1 
64 1. 6 

5'10 . I 

9Cl.J 
900 .0 
U ~0. 4 

O'lb.4 
o~~ .1 

Aq l .6 
uus.1 
Ob i.) 
IJ )4. 0 
191 • ., 

EO 

953.2 
~53.2 
9Sl.2 
q~) .2 

953.2 

953.2 
'1 5 ). 2 
'15 l. 2 
., ~) . 2 
'15}. 2 

9~). 2 
qs~.z 

9'.d . l 
~S J. 2 
'IS J. 2 

95 .I. 2 

1045.5 
1045. ~ 
104 5.5 
1045.5 
104) .5 

1045.S 
1045.5 
1045 . 5 
104 5 .5 
1 045.~ 

75).L l u45 . ) 
708.J 1045.S 
bS l. 9 1045 .) 

I OOl .o 
100 1. l 

')'J4J.S 

•1·11.0 
IJ f1J,.4 

·~ 11 l • 3 
9b4 .o 
912. 1 
'J*)'J.l 

"") . l. 

l 14 8 . 0 
ll4R.O 
l 146. 0 
l l4U . (J 

I 14b .u 

l l4H.O 
I l4 U .O 
l 14 8 . o 
l 140 . o 
114 8 . 0 

915.) 11 48.0 
'10) .4 l lSH.2 
llU I. I> l l 4b.O 
uoo.o 114 0.0 
Hl'>oU ll ~fl . 2 

A 

b.2 
8 . 2 

10.4 
12. 4 
l'o. 4 

CH ANGLE 
6 c 

b. l 
o. I 

10 .1 
12.3 
14. ) 

b. I 
8 .1 

10. } 
12 .2 
14 . 2 

0 

b, I 
8 ,0 

10.2 
12 . I 
14. I 

16.4 16.3 16 . 2 16 .0 
IU .4 10 . 3 10.l IU.O 
20.• zo.3 20. l zo.o 
2i.S 25.3 25.l 24 . ~ 
30 .b J0.3 JO .I Z9.9 

35.7 35.4 35.1 34.9 
40.7 40.4 40. l 39.6 
Su.~ 50 . 5 50 . l 49 . 7 
b l.I bO .b 60 .1 59,7 
11. l 70.b 70.l b9.6 

Ul.) 80.7 80.I 19.b 

b . l 
U. 2 

10.4 
12 . 4 
14.4 

b. l 
ll. l 

10 . 1 
12. 3 
14 . 3 

b. I 
0. I 

10 .2 
12.2 
14 . 2 

6.1 
8.0 

10.2 
12. l 
14 . l 

l o.5 l b .3 l b .2 16. l 
20.5 20 . 3 ZO. l ZO.O 
30.b 30 .4 10 . 1 29 .9 
40.0 40.4 40.l J9.8 
SU.CJ 50.5 SO.I 49.7 

bl.l bO.b 60.1 5~ . b 
11. j 10.1 70.1 b9.6 
8 1. 4 uo.e 80. l 7'1.5 

b.l 
u. 1 

l o. 5 
l}. 4 

•'-· '" 

b.2 
0 .2 

10.4 
l 2.) 
14 . 3 

6 . l 
8. l 

10. I 
12. 2 
14.2 

6. l 
a. a 

10.2 
12. l 
14 . l 

lb .S 16.l lb .} lb.O 
zo.s 20 .J 20 .1 zo.o 
25.b 25 .) 25.1 24 . 9 
10 . b 30 . 4 30.l 29 .'I 
35 .1 }~.,, )5 . l J4 .8 

4 0.8 40.4 40.1 39.8 
4 ).9 4 5 . 5 45. l 44. 7 
~ l .O 50 . S ~O .l "9.l 
Sb . I ~ ~ . b ~ 5. l 54. ·1 
bl.I b0.6 60. l 59.b 

A 

85b 
851 
857 
857 
857 

LAB K 
B C 

834 
034 
034 
034 
834 

8l3 
613 
013 
813 
8l3 

0 

793 
793 
79 3 
79 3 
793 

851 834 813 793 
857 635 8 13 793 
858 635 Ul3 793 
050 03 5 613 793 
859 835 813 793 

6b0 
Obi 
063 
8bb 
610 

8)b 
636 
6)6 
839 
04 1 

814 
8 14 
8 14 
615 
815 

793 
793 
792 
791 
7'11 

671, 044 8 15 789 

95 1 
95 1 
951 
95 1 
952 

92b 
926 
92b 
926 
n6 

902 
902 
903 
903 
903 

880 
860 
880 
800 
880 

952 927 903 880 
952 92 7 903 880 
954 926 903 880 
951> 929 903 ouo 
959 931 '104 07'1 

9 63 933 905 870 
9b1 '135 905 876 
973 938 906 81b 

l 05b 
105b 
105b 
I05b 
105b 

1028 
1020 
1026 
1028 
1028 

LOOI 
1001 
1002 
1002 
1002 

1057 10 28 1002 
10)7 10 29 1002 
1056 10 2 '1 1002 
1059 10)0 1002 
l ObO 1030 I OU2 

'111 
977 
'11 1 
917 
971 

911 
917 ,.,, 
?lb 
97b 

101>2 1031 1003 976 
10b3 lOll IOU) '11b 
I ObS l 03 J 1003 '11b 
1061 1034 1004 975 
10 10 l Q)b 1004 97~ 

LAB I( 2Pl 
A 8 C 

1003 
1004 
1004 
1005 
1005 

981 
'IOI 
962 
902 
'18 3 

960 
960 
96 1 
'lbl 
961 

0 

940 
940 
941 
941 
941 

1006 9 83 96l 942 
1006 984 962 94Z 
100 7 984 'lbJ 94) 
1009 9Ub 9b5 944 
1012 '189 91>7 946 

1016 992 9b? 
1020 995 971 
1029 1004 97'1 
1042 10 14 98'1 
I OS 7 1027 1000 

948 
951 
957 
9b5 
974 

10 7b 1043 1013 906 

1098 
1096 
10'1'1 
1099 
1100 

1073 
1073 
1014 
1074 
1074 

1049 
1049 
1050 
1050 
105 1 

1027 
102 7 
1010 
1028 
1018 

110 1 10 15 105 1 1029 
110 2 101b 1052 1030 
11 0 7 1061 l 05b 1033 
111 5 1008 1062 1038 
1126 1097 1070 1045 

114 0 1100 IOUO 10~3 
1157 1123 1092 1063 
11 77 1140 1101 107) 

1202 1174 
120J 1175 
1203 117 5 
1204 11 7b 
1204 117b 

ll4 R 
I 14U 
1149 
11 4'1 
11 50 

1124 
11 24 
1124 
11 24 
11 25 

1205 117 7 11 50 1 125 
120 1 1 170 11 ~ 1 11 26 
1209 llUO ll S3 112 U 
1213 11 03 1156 11 30 
1217 11 87 ll ~U 11 32 

12/l 11 90 1162 11 35 
1227 11 95 ll bb ll3U 
ll3l 1200 1170 11 42 
124 0 12U6 117 5 1146 
l 24tl 12 1 3 llUO 11 50 

RMS OEL TA I( 

A 0 C 0 

13.4 
1 3.4 
13.4 
13.S 
l 3 . 5 

12.b 12 .1 
ll.6 12 .1 
12.b 12 .1 
12.7 12 . 2 
12 .1 12.2 

11. 8 
11. 9 
ll.'I 
11.q 
12. u 

13.6 12. 0 12.3 12.0 
13 . 6 1 2 . ~ 12.4 12 .1 
13.1 12.'I 12 . 4 12 . l 
13 .'I 11.1 12.b 12 . 4 
14 . 2 13.4 12 . 'I 12 . b 

14 .~ 1 3.7 13. 2 12 .? 
14.'I 14 .1 1 3.) I J . 2 
15 .'I 1~.0 14 . 4 14 .I 
11 .2 16. 2 15.b l>. 2 
18.8 11. u 11. 1 lb.b 

20.8 19.7 18 . 9 10 . 4 

14.5 I l.b 
14.b 13.b 
l'o.b 13.1 
14 .6 l J. 1 
14. 1 13. u 

13.0 
t 3. I 
l 3 . l 
l 3 . l 
13.2 

12 .7 
12.1 
12.a 
12 . u 
12. 'I 

14.6 13.9 13. 3 12.'I 
l4. 9 14.0 1 3 . 4 1 3.1 
IS ,5 14 . ) ll . 9 1 3 . b 
lb . 3 l~.3 14.b 14.l 
11. 4 l b .) l 5.b 15. l 

18 . U 17.7 l b.9 16.4 
20 .b 19.4 I U.~ 18 . 0 
12.1 l l. b 20.b 10 . 0 

15.? 
15 . 9 
l5.9 
lb.U 
lb.I 

14 . 0 
14.H 
14.'I 
14 . 'I 
15 . 0 

! 4 . I 
14. l 
14.Z 
14.2 
14.) 

I 3 . 7 
I l. ll 
l l. u 
ll.b 
13.9 

l b .I 1 ~ .I 14.4 14 . 0 
16.3 1) .2 11 • • 5 14.l 
16.b l ~ .~ 14.U 14.4 
lb.'I l ) . U 15 .1 14.7 
17. J lb. l 15.4 1 5 . 0 

11.u 16.7 15 . ? 1).4 
10.4 17. 2 l b . 4 15.'I 
19 . 0 17. 8 1 1 . 0 l b .~ 
l '1.11 l 11 . 5 1 7. b I I . l 
20 .1 19 . 3 l A. 4 1 1.9 

1-l 
O:l 
~ 



POl ~T LAB 
A~GLE 

bS-IC22 
70-1 023 
1 ~ - l el'o 
d0- 1026 
db - l C27 

39.1 
4Z.1 
46.J 
50.1 
54.0 

91-1028 58.2 

6 - 1117 
8-1111 

10-111 8 
12-1 118 
14- l ll tt 

16-11 17 
20- 1 11 6 
25-1118 
J.:l- l 118 
JS- 1116 

40-1 11 9 
45-1119 
~0-1120 
'>5-112 l 
60-1122 

6S-l lH 
/ O- l 126 
75- 1 126 
UO- l 1211 
06 - l no 

J. ] 
4 . 4 
5.h 
t. . 6 
1. 1 

6.8 
11. 0 
D.8 
16.b 
19.4 

22.] 
25.] 
28.] 
31.5 
34. 7 

38.0 
41.4 
45. 0 
48. 1 
52.6 

'H- llll 56.b 

t.-1 ?7 1 
o- 1a 1 

10-122 1 
12- l i2 l 
14-1 2? 1 

lt.-1 22 1 
LO- l 120 
15-l tlO 
w-1 no 
l5-l ll0 

40- l '2 1 
',0-1122 
,,()-1/11 
10-1 226 
U0-1/30 

J.2 
4.] 
5 .4 
6.5 
7.5 

u . 5 
10 .7 
l l.4 
l b . I 
18. H 

2 l. 1 
27 . 5 
ll. 1 
40 • . , 
41. 4 

'Jl -IU4 56.2 

PO 

808.b 
781.0 
752 . 5 
7 B .] 
69) . 5 

EO 

IH8,0 
11 58 . 2 
ll 5U.2 
1148 .0 
11 58 . 2 

66] .1, 11 58 .2 

11 04 .9 
II OJ. 5 
11 0 1.1 
I O'JU .5 
1095 .4 

109 1. 6 
1083.6 
10/0 . 6 
1054 . 9 
1016.7 

1016.2 
'193 . 5 
'J60 . 1 
942.1 
'113.9 

884.l 
653.0 
020.1 
18 1 . 1 
7 54 . I 

1250.5 
1250.5 
125 0.5 
1250.5 
1250 .5 

1250.5 
1 250 .S 
1250.5 
1250.5 
1250.5 

U 55 .6 
12S0.5 
1250.5 
1250.5 
1Z50 . 5 

1 2S0.5 
1250 .5 
1250.5 
1250 .5 
1250.5 

120.1 1250 . s 

1208.9 
1206. 9 
120'- ·" 
120 1.4 
1 19 1 .b 

11 9 I. 1 
11 84.0 
I I t.?. I 
l 151. 4 
l l l0. '1 

l 107 . u 
10 54.1 

'l 'l2 . l 
'174. I 
U ~ I. I 

1353.0 
I ;53 . 0 
135 ) . 0 
1 353 .0 
1l5l . 0 

l l5 3. 0 
IJ53 . 0 
l l 5 3 . 0 
1 353 .0 
l l'> 3 . 0 

I l~]. 0 
1 l5LO 
l l5J .o 
l l53 . 0 
115 l . 0 

/1 5.u 13 53 . 0 

C:M ANGLE 
A B C 0 

66.3 6 5. 7 65.1 64.6 
71 .3 70.7 70.I 69.6 
76.4 75.6 75.l 74.5 
8 1.5 60.6 00.1 79 . 5 
06. 6 85.0 85 .l 84. 5 

9 1.7 90.9 90 . 2 89.5 

6.2 
8 . 2 

10. 5 
12.5 
I•. 5 

6,2 
a.2 

10.4 
12. 3 
14 .3 

6.1 
ti. 1 

10.3 
12 . 2 
14 . 2 

6.1 
8.0 

10 . 2 
12. I 
14.I 

16. 5 16.3 16 .2 16. 0 
20.s 20.1 20 . 2 20 . 0 
25 .b 25.J, 25 . 1 24.9 
30 . 6 30 . 4 JO .I 29.8 
35.7 35.4 )5 .1 34.8 

40.8 40.4 40.1 39.7 
45.9 45.5 45. 1 44.7 
51 . 0 50.5 50 .1 49.7 
56 .I 55.b 55 .1 54 . 6 
61.2 60. 6 60.1 59 .6 

66.3 65 .7 65 .1 61,.6 
71.4 70 .7 10.1 69.5 
76. 5 75 . 8 75.l 74. 5 
81.6 U0 .8 80.1 79.5 
Ob . I 85.9 85.l 84 .5 

9 1.7 90 . 9 90 .1 89.4 

6.3 
8.J 

10 . 5 
12 . 5 
14. 5 

6.2 6.1 
8.2 u . l 
10.~ IU. 3 
12.4 12. 3 
14 .4 l'•. 2 

6.1 
8.0 

10 . 2 
l 2. 2 
14. I 

16.5 16.4 16 . 2 16.I 
20 . b 20.4 20 . 2 lO . O 
25 . 6 25 . 4 25 .1 24. 9 
30.7 30.4 30.1 29 . 8 
J5.8 35.4 35.l 34.8 

40.9 40.5 40.1 39 .7 
51.0 50.~ 5U. l 49.b 
6 1. 2 60.b 60.1 59 .5 
71.4 70.7 10 .1 69 . 5 
u1.o uo . 0 80 .l 79.4 

9 1.6 9 1.0 QO .I 8Q.4 

A 
LAB K 
0 c 0 

1072 1037 1005 9 74 
1075 1039 1005 974 
1079 1041 1006 973 
1082 1043 1006 9 73 
106b 1045 1007 9 72 

1090 t u4 7 1001 97 1 

1162 
11 62 
1162 
11 62 
1162 

1131 
1131 
l 131 
l 13 l 
113 l 

1102 
1102 
1102 
1102 
1102 

1074 
1075 
10 75 
1074 
1014 

1162 11 31 11 02 1074 
11 63 113 1 11 02 1074 
1164 1 132 1102 1074 
1165 1132 11 02 1073 
1166 11 33 1102 1073 

llb7 1133 11 02 10 72 
llb9 11 34 11 02 10 72 
1171 1136 1102 1072 
117 3 11 37 1103 1071 
ll7b 11 3~ 11 04 1071 

1179 1 140 1104 107 1 
11 83 11 42 11 05 10 70 
1187 1144 11 05 l0b9 
11 9 1 11 47 ll 06 1069 
1196 1 149 1107 1066 

1201 11 52 1100 IOb1 

1269 
1269 
12 70 
1270 
1270 

1235 
1235 
1236 
123b 
1231> 

1204 
1204 
1204 
1204 
1203 

1174 
1 174 
1174 
!l 74 
1173 

12 70 1235 12 03 1173 
1270 1235 1203 11 73 
12 70 1235 1203 1 172 
12 71 1236 1202 1171 
1272 1236 1202 1171 

12 74 123 7 1202 1170 
1217 1236 1202 1166 
1283 1241 1203 l lb7 
12 90 1 2 4~ 1204 ll 6b 
llOO 125 1 1206 1164 

1311 125 7 1208 1 162 

LAB K 2P! 
A 8 C D 

1257 1220 1187 ll 55 
1266 1229 11 93 1161 
1277 12 38 1201 11 67 
1289 124 8 1209 1174 
1303 1259 1219 1102 

1317 1271 1228 11 90 

1306 12 77 1248 
1309 12 70 1249 
1309 1278 l 24'J 
1310 1279 1249 
1310 1279 1250 

1221 
122 1 
1222 
1222 
1222 

13 1 1 12 79 1250 1222 
13 1 3 1281 12 5 1 1224 
1315 1283 1253 1225 
1318 1286 12 55 1227 
1322 1289 1250 1229 

1327 1293 1261 1231 
133 3 1290 1265 1235 
1339 1303 1270 1238 
13•7 13 10 1275 124 2 
1355 1317 120 1 124 7 

1365 1325 1287 1253 
1376 1334 1295 1258 
13U8 1343 1303 1265 
1401 1354 1 312 1272 
14 16 1367 1322 1280 

1432 1380 1332 1289 

1416 !382 1 350 
1416 1382 1350 
1417 1383 1 351 
!417 1383 135 1 
1417 1383 13 5 1 

1320 
1320 
1321 
1321 
1 321 

141 8 1384 1 352 1 321 
1419 1305 13 52 1322 
1422 1387 1 354 1323 
1425 1389 135b 1325 
142 9 1393 135 9 132 7 

1434 1397 1362 1 329 
1446 1407 1370 1335 
l46l 1420 1301 1344 
1484 1430 1395 1355 
1512 1460 1413 1370 

154 6 1488 14 35 1387 

RMS OELTA K 
A U C D 

2 1.5 20.2 19.3 16 . 7 
22 .7 21 . 3 20 .3 19 . b 
23 . B 22.5 2 1.J 20.6 
24.4 23 .7 22 .b ll.U 
26 .l 25 . 2 23 . 9 23 .I 

27.3 26 . 8 25 . 5 24.5 

17.2 lb.O 15.2 14. 8 
17.2 lb.I 15.3 14. 8 
17.3 lb.I 15 . 3 14.b 
1 7 . 4 l b.2 15.3 14 . 9 
17 .4 lb.l 15 . 4 15 . 0 

17.5 16. 3 15 . 5 I S.I 
11.1 lb.5 15.7 l). l 
18 . 0 16.8 15 . 9 15.5 
18 .4 17.1 16 . 3 15 . 8 
10 . 0 11.b l b .1 lb . 2 

19 . 4 10 .1 17.2 16 . b 
20.0 10.7 17 . 7 17.2 
20 .7 19 . 4 18.4 17.8 
2 1.5 20 . 1 19.1 lU . 5 
22 . 4 2 1. 0 {0.0 19 . 3 

2) . 2 22 . 0 20.9 20.2 
24.2 23.2 22.0 21 . 2 
25 .1 24.5 23 . 2 22.4 
2b . O 25.9 24 . 5 23 . 6 
26.9 27.5 26 . I 25 .1 

27 . 9 29 . 2 27 . 8 26.I 

18.b 
18.6 
18.7 
10.7 
18 . U 

17.3 16.4 15.9 
1 7. 3 16.4 15 . 9 
17.4 l b . 5 15 . 9 
1 7 . 4 16.5 16.0 
17. 5 lb . b lb .I 

18.9 17. b 16 .7 16 . 2 
19.l 1 7 . U 16. 9 16 . 3 
19 .5 IU.I 17.2 16 . b 
19.9 16 . 5 17 . S 11 . 0 
20 .4 19 . 0 I R.O 17. 4 

20 . 9 I ? . ~ 10 . 5 17.9 
22 . 3 20.9 19 . 8 19.I 
24.0 22 . H 2 1. 5 20 . u 
25 . 7 25.I 23. U 22.9 
21.4 2U .l 2b . 6 25.5 

30 .l 3 1. 5 30 . 2 28,9 

,_. 
o::> 
w 
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TABLE 17 

Sample Yields 

For each point the results of a typical run are given and 

a corresponding empty target run {denoted by B after the run 

number). Points lacking an empty target run were corrected by 

averaging two runs adjacent in angle at the same energy. vV is 

in units of 1015 MeV. 
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POINT w EO RUN COU NTS KAPPA 
A 8 c 0 A B c 0 

6 - 611 5 . 446 73 &. 0 917 912 961 833 858 8.90 8. 6'· 8.30 7.88 
3.262 738. 0 9038 '• 2 44 47 5 '• 

8 - 611 ~. "'• 9 73 8. 0 918 8'•0 864 86 8 761 8.89 8 . 63 8 . 28 7. 87 
2.174 73 8 . 0 90'16 19 17 18 2'• 

10- 611 '• . 384 738 .o 9 12 1717 1655 1572 1 550 23.49 22. 81 21 . 89 20.80 
1.088 738.0 9056 25 29 16 31 

12- 6 11 2.2 1 5 73 8 . 0 92 7 789 762 735 7 2 7 2 3. 4 '• 22 .75 21.84 20.75 
i. oa0 738.0 9068 18 20 20 21 

14- 611 4. 38'· 73 8 .0 ~13 1480 1379 13 6 8 1294 23.3 7 22 . 68 21 .77 20.69 
16- 611 2.75 3 nu . o 928 837 880 790 798 23 .29 22 . 6 1 21.70 20.62 

l.088 73(l. 0 9070 14 16 15 19 
20- 61 l 3.296 73 8 .0 9 14 796 823 795 77 2 21. 19 20.57 19.75 18.77 

l.088 73 8 . 0 9088 13 18 17 11 
25- 611 2 .1 88 7 38 .0 929 552 521 494 4 86 20.8 7 20 .26 19 .45 18.48 
30- 612 3 . 266 738 . 0 916 77 2 713 709 6 96 20.54 19 . 95 19 . 15 18 . 20 

1.089 73 a . o 90 18 10 11 6 8 
35- 612 2.193 73 8 . 0 925 502 489 505 418 20.17 19 . 59 1 8 . 80 17.87 
40- 612 3. 289 73 6 . 0 923 762 731 703 64'· 19.7 5 19.18 18 . 41 l 7. 51 

1. 076 73 8 . 0 9006 13 12 16 11 
50- 61 2 2 .1 87 738 .0 'HO 461 464 387 3()9 18.76 18 .23 l 7. 51 16. 6 5 

3.279 73 8 . 0 9096 34 24 35 22 
60- 613 4.353 73tl.O 9 11 843 808 757 70 3 17.62 l 7. 13 16. 45 15. 65 

2.2 02 73 8 . 0 9 10 6 15 20 15 11 

6- 672 4 . 6 79 79 9 . 5 835 725 802 7 29 74 8 8 . 67 8.43 0. lo 7. 70 
2.3 24 799.5 8906 35 27 32 3 8 

8- 672 4 . 684 799 .5 836 645 6 60 730 627 8.65 8.42 8 . 09 7. 69 
2 .3 24 799.5 89 16 21 34 24 22 

10- 672 2. 31, 9 799 . 5 831 8 1+2 912 820 785 22 . 87 22.24 21.37 20.31 
1.163 799 .5 8926 2 1 25 30 26 

12- 672 2. 339 7 99 .5 838 814 752 732 748 2 2 .81 22 . 19 21.32 20.26 
l. 16 3 799 . 5 8936 16 19 26 24 

14 - 67 2 2.349 799 .5 832 760 735 710 71 9 22 .74 22 . 12 21.25 20.20 
16- 672 2.334 799 . S 839 691 b59 675 668 22 . 66 22 .04 21. 18 20.13 

l. lb 3 799.5 8946 23 21 15 13 
20- 672 2.338 79 9 .5 840 557 624 559 537 21.01 20 . 43 19 . 64 18.6 6 

l. 16 l 799.5 8956 15 9 20 11 
2 5- 671 2.335 799 . 5 834 58 9 540 515 424 20 . 68 20.12 19.33 18 . 38 
30- 6 7 3 3 . so 3 7'19 . 5 829 824 815 746 723 20.35 19 . 80 19.03 18 .1 0 

l. 16 3 79 9 . 5 8890 12 13 7 10 
4 C- 673 2.257 7"19.5 790 529 53 6 482 436 19.55 19 .03 1 8 .29 17. 40 

1.1 52 799.5 888tl 11 15 10 10 
SC- 674 2 . 349 799 . 5 833 496 517 4 62 476 18 . 55 18.07 17.38 16.5 '· 

l. l 5 l 799 . 5 8870 9 10 10 9 
6C- 674 2.349 79'J . 5 830 446 451 444 422 17 . 39 16. 96 16.32 15.5 4 

1. l 61 7 99 . 5 8968 9 9 8 12 
7C- 675 2.342 79'1 . 5 83 7 391, 418 35C 343 16 . 10 15. 73 15 . 15 14. 43 
8 0- 676 4. 660 799 . 5 841 b20 623 566 521 14. 7 2 14 . 41 13 . 90 13 . 24 

2.351 -7 99 . 5 8 'Htl 9 10 14 11 
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PO INT .. EO RUN COUNTS KAPPA 
A B c D A B c D 

6- 74 3 7.208 8 71. 2 779 934 921 955 1039 8. 1,9 8.28 7.96 7.56 
4.910 !j 71. 2 822B 38 77 68 69 

8- 74 3 7.183 811. 2 780 88'• 926 891 867 8.40 8.26 7.95 7.5 5 
4.910 8 71. 2 8238 45 43 57 52 

10- 74 3 4.797 871. 2 77 2 1355 1408 1479 151 9 22.1.0 21. 04 21.00 19.96 
l.207 871.2 u 12 El 20 23 32 27 

I2- 744 4.841 ti7 l. 2 775 1320 1336 13 44 1420 22.34 21.78 20.95 19.91 
2.422 8 71. 2 8198 38 52 58 40 

14- 744 4.800 871. 2 77 3 llH 1262 12?0 1275 22.21 21.72 20.88 19.85 
16- 744 4. 770 871. 2 777 1096 1112 1157 1228 22.19 21. 6'· 20.01 19.78 

2.458 811. 2 820f.l 33 33 32 25 
20- 741, 4.760 871 .2 784 933 973 1009 1039 20.76 20.25 19.47 18.51 

4.825 8 71. 2 8168 44 49 53 55 
25- 7't4 2.380 871.2 78 3 434 481 458 466 20.43 19. 92 19. l 7 18.22 
3C- 744 2.388 8 71. 2 769 406 432 494 497 20.10 19.61 1 8.87 17.94 

2.453 871.2 825B 18 17 17 17 
35- 744 2. 37 3 8 71. 2 782 429 424 41,2 463 19. 71 19.24 18.52 l 7. 6 l 
40- 7't 5 4.785 8 71. 2 768 837 936 956 1012 19.28 18.82 18. 12 17. 24 

2.422 871. 2 8 188 18 25 23 32 
50- 74 5 2.379 8 71. 2 778 373 439 453 485 18. 27 17.86 17.20 16.37 
60- 746 2.403 871.2 771 318 393 401 453 17.09 16.74 l 6. l3 15.37 

2.458 871.2 8218 10 24 17 21 
70- 74 7 2.424 8 71. 2 7 81 266 346 401 390 15.76 15.50 14.95 14. 26 
80- 748 7.139 8 71. 2 785 623 793 940 952 14. 36 14.t7 13.69 13. 07 

4.90 7 811. 2 8248 25 19 24 28 

6- 824 10.031 953. 2 705 1219 1288 1247 1230 8.43 8.24 7. 91 7.5 2 
7.490 953.2 716 8 69 83 75 98 

8- 824 10. 014 953.2 706 1110 1197 113 7 1054 0 .42 8.23 7.90 7. 5 l 
7.490 753.2 7178 58 73 77 75 

10- 824 4.925 953.2 701 1358 1329 140 3 131 6 22.24 21. n 20.87 19. 83 
5.010 953.2 7196 81 92 11 l 11 5 

12- 824 4.983 953.2 710 1203 1247 1261 11 85 22. 18 21.67 20.02 19.78 
14- 825 .s.010 953.2 702 1114 11 51 1152 1114 22. 11 21.61 20.76 19.72 

5.010 953.2 7208 53 69 55 91 
16- 825 5.065 953.2 713 1024 1029 1047 1040 22 .02 21.53 20.68 19.66 
18- 825 4.980 953 .2 711 162 928 1021 '99 21.93 21.44 20.60 19.5 8 

5.005 953.2 7220 52 54 58 63 
20- 825 3.714 953.2 708 682 649 641 671 21. 8 3 21.34 20.51 19. 4 9 

2.415 953 . 2 6648 21 31 25 21 
25- 825 3.340 953.2 714 565 538 5 77 556 20. l 7 19.70 18.97 18.03 
30- 825 4.715 953.2 6B 695 739 749 748 19.83 19.38 18.67 17.75 

4.226 953.2 7236 23 37 28 41 
35- 826 4.984 953.2 712 763 733 756 706 19.41 19.0l 18.31 17.42 
4C- 826 4.721 953.2 692 617 654 635 689 18.97 18.59 l7. 9 1 17. 04 

2.504 953.2 7158 18 12 14 17 
SC- 827 3 . 52? 953.2 694 185 3 70 411 427 17. 94 17.61 16.99 16.17 
6C- sza 5.014 ~5 -~. 2 707 434 428 452 512 16.74 16.48 15.91 15.1 6 

3.699 95J.2 6658 14 14 8 21 
7C- 829 4.981 953.2 704 271 300 347 450 15. 41 15.22 14.72 14.05 
8C- 83l 4.978 953.2 709 201 268 30 3 384 13.96 13.88 13.45 12.8 5 

2.520 95 3. 2 7218 6 7 9 6 
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PC INT w EO nu~. COUNTS KAPPA 
A B c 0 A B c 0 

6 - 9 15 9 . 785 1045 . 5 682 962 1062 1066 1110 8 . 24 8.oo 7 . 78 7 . 38 
6 . 6 12 1045.5 65913 65 51, 6 1 75 

8- 9 15 '• · 263 1045.5 6 73 323 391 403 40 1 8 . 23 8 . 07 7 . 77 7 . 37 
7.636 l0 1t5 . 5 7308 49 60 50 72 

10 - 9 15 5.017 1045.5 660 967 1108 1154 1126 2 1. 73 21. 32 20.52 19 . 47 
5.2 14 1045.5 7268 91 77 88 95 

12- 915 4.911 1045 . 5 677 966 1074 1036 1073 21 . 67 21.26 20 . 46 19 . 42 
1'1- 915 4. 91 l 1045 . 5 678 865 926 lO l 'o 970 21.60 21. 19 20.40 19.35 

5 . 214 10 1t5 . 5 7 2 76 50 4 7 84 66 
16- 9 16 4.911 1045.5 679 898 890 900 916 21 . 5 1 21. 11 20.32 19.29 

2 . 548 1045 . 5 7328 27 20 34 27 
20- 916 4 . 904 10 115. 5 670 829 851t 807 7 71, 20 . 26 19 . 89 19. 15 18.17 

2 . 548 l 045 • .S 733tl 14 35 22 13 
30- 9 16 4.9 70 1045.5 667 815 820 800 71 7 19 . 56 19 . 22 18 . 5 1 1 7.58 

7 . 264 1045.5 6568 55 43 4 7 72 
40- 917 4 . 983 10 1t5. 5 666 759 760 683 632 18 . 69 18 . 39 17. 7 3 16 . 85 

6.609 1045 . 5 65SB 54 40 40 31 
so- 918 4 . 909 1045.5 6 71 703 629 595 5 1 2 17. 61 17. 37 16 . 76 15 . 95 
60- 920 4 . 898 1045 . 5 669 448 440 390 305 16 . 35 16.20 15 . 67 14 . 94 

2.551 l 0 1t5 . 5 7348 12 14 10 10 
70- 92 1 4. 921 1045 • .S 675 305 285 264 241 14 . 98 14. 92 l'• · 4 7 13 .81 
80- 923 4 . 916 104?.5 676 159 193 199 178 13 . 47 13 . 56 l 3 . 19 12 . 61 

2 . 545 1045.5 7318 8 3 1 2 7 

6-1016 .S . 059 1148.0 457 326 340 427 446 8. 16 8.04 7. 75 7.34 
4 . 926 1148 . 0 4126 37 4 1 50 . 60 

8- 1016 7 . 249 1148 . 0 580 434 492 497 558 8 . 08 7.96 7.67 7 . 21 
6.992 11 48.0 62 18 4 5 43 55 53 

l C-10 16 4.'~69 11 4 8 . 0 2 72 735 780 830 889 2 1.5 1 2 1. 20 20 . 43 l'l . 37 
4 . 9 16 l ~48 . 0 4098 65 65 78 101 

12- 1016 7 . 314 11 4 8 .0 570 979 1130 1164 1269 2 1. 27 20 . 95 2 o. 19 19 . 15 
7 . 150 1148.0 625 8 86 80 103 88 

14-1016 7. 2 1 3 ll4 8 .0 588 1032 1161 114 7 1200 2 1 . 19 20 . 88 20. 13 19.09 
6 . 986 ll48.0 617 8 67 71 78 96 

16-1016 7.3 14 1148 . 0 571 1041 1123 1156 l l'H 20 . 20 19.9 1 19.19 18 . 20 
7 .1 50 11 48. J 6268 64 64 73 89 

20-1016 4 . 97 7 1148.0 2 71 726 71 5 7 56 704 20.00 19.72 19.01 18.03 
4 . 906 114 8 .0 4 l 4d .i, o 4 0 50 48 

25-1017 7. 3l4 l l48.0 572 1156 1305 1226 1182 19 .70 19 . 43 18.74 17.78 
7. 25 1 1148.0 6328 43 5 3 't9 6 1 

3C- 101 7 7.242 114 8 . 0 563 l l 3l 1312 1258 1184 19.28 19.03 18 . 36 17.43 
6.979 1148.J 6198 48 67 5 7 65 

'\5-10 l7 7.21 6 11" 8 . 0 58 7 1184 1385 1294 1189 18 . 86 18.64 1 7.99 17 . 08 
7 . 148 11 48.0 6288 29 58 47 49 

40- 101 8 7.225 ll4 8 .0 602 1 1 75 1240 1241 1250 18 . 38 18 . 19 17.56 16.69 
6 . 996 ll 48 . a 6 188 43 45 37 53 

45- 101 9 7 . 251 1148 . 0 58 l 1085 1267 1244 ll45 17 . 85 17 . 69 17.0'l 16.2 5 
7 .1 55 l l4 b.O 62 70 36 39 52 48 

5C - 1019 4 . 987 1148.0 281 636 67 1 727 699 17.27 l 7. 15 16.59 15.7 8 
55-1020 7. 320 114 8 . 0 569 75 5 g ll 1024 878 16.64 16.56 lo.04 15. 27 

7 . 262 ll4 e.a 63313 25 l 8 3 2 38 
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PCJNT w EO RUN COUNTS KAPPA 
A B c D A a c D 

6C-l021 5. 0'• 1 115 8 .2 277 480 503 503 49 7 16.03 15. 89 15. 37 14. 62 
4 . 929 l l't!.\ . 0 4 10 13 14 29 22 1 5 

65-1022 7. 309 11'1 8 . 0 573 4 88 632 633 593 15.26 15.30 14.83 14.15 
70-1 023 7 .304 11 4& . 0 575 396 508 512 49 3 14.51 14.61 l '• • 2 2 13. 'j 1 

6 . 952 1140.0 6 14 & 16 21 22 17 
75-1024 7. 256 1158 .2 58 3 302 36':i 399 351 13 . 84 13.90 1 3. 5 0 12.89 
8C-1 026 7. 508 11 58.2 567 22 8 2 79 306 273 13.05 13.20 1 2 . 85 12. 28 

6.975 ll 4tl.O 6 158 9 8 12 13 
86- 1027 7. 256 1158 . 2 584 180 196 226 237 12. 22 12.50 1 2. 19 ll. 67 
9 1-1028 111.488 11 58 .2 598 2 52 342 341 351 11. 34 l l. 79 11. 5 3 l l . 0 11 

8 .40 0 114 &.o 623B 10 11 11 13 

6-1117 7.39 7 1250.5 530 344 38 5 427 423 7.97 7.89 7.62 7. 22 
l'+. 442 1250.5 639d 71 84 113 126 

8-1117 14.296 125 0 . 5 5 17 601 6 54 650 75 2 7.95 7. 88 7.60 1. 20 
14.442 1250. 5 6408 58 75 100 98 

10-111 8 7.37 0 1250 . 5 525 677 824 905 930 21.00 20.80 20 . 08 19.03 
7.134 1250 . 5 6368 66 90 89 106 

12- 111 8 5 . 228 1250. 5 197 466 536 596 611 8 21.03 20.84 20. 12 19.06 
5.190 12 50.5 41, 1 a 37 52 64 6 1 

14- 111 8 .5.065 1250 . 5 437 516 602 609 642 20.95 20.76 20.05 19.00 
5 . 4 79 1250 . 5 ll 1 '18 32 44 56 54 

16- 11'17 7 • . 370 1250 . 5 535 699 817 931 905 20 .11 20.58 19.87 18. 83 
7.082 1250 . 5 6508 45 49 66 67 

20-111 8 7.286 12 50 .5 557 136 798 883 931 19. 76 19.60 18.93 17 .94 
7 .0tl2 125 0 . 5 65 18 40 52 54 56 

25-111 8 7.286 12 50 . 5 558 7 5 7 813 960 1006 19.45 19.30 18.65 17.60 
7.08 2 12 50.5 6528 3 7 55 45 57 

30- 111 8 .S .71 6 1250.5 518 553 662 701 827 19. 02 18 . 89 18. 26 11. 32 
7.191 125 0 . 5 6388 35 37 48 '>6 

35-111 8 7 . 141 1250 . 5 5 19 629 715 856 103 3 18. 58 18. 48 17.87 16 .96 
10 .1 81 1250.5 6458 43 55 46 56 

40-111 9 7. 037 1250.5 5 1 l 6 8 1 753 888 1057 18.09 18.01 17. 43 16. 55 
0. l27 1250 . 5 63 78 32 37 45 44 

4.5-111 9 8.890 1250 . 5 551 1 22 804 993 1234 17.54 17.50 16.95 16. l 0 
9 .63 6 125 0 . 5 6't9B 29 36 59 47 

50-112 0 7.4 30 1250 . 5 53 6 4 6 4 622 778 879 16.94 16.95 16 . 43 15. 62 
7.085 1250 . 5 6448 18 26 26 21 

55-1121 7.421 1250 . 5 52 4 377 517 630 804 16.29 16.35 15.87 15. l 0 
7 . 10 1 l 25U . 5 648d 12 19 21 31 

6C-l 122 l. 90 7 1250.5 5 l3 77 103 l3B 160 15.58 15.72 15.28 14. 55 
7.110 12 50 . 5 6343 15 15 17 23 

65-112 4 .1. 3 36 1250 . 5 553 203 31 2 426 507 14 .82 15.06 14 . 66 13. 98 
7.108 1250.5 6 16 8 10 12 16 20 

70-1125 7. 150 1250. 5 515 158 228 31 7 406 14.00 14 . 38 14. 02 13.38 
1.101 1250 . 5 6358 6 9 15 18 

715-1 126 7 .326 1250.5 554 ll 6 146 223 286 l3. 10 13.67 13.36 12.7 6 
7.179 12 50.5 6 l 7t3 6 10 11 16 

SC-112 8 .5. 2 89 12 51) . 5 4 30 8 1 103 14 7 19 3 12.14 12. 93 12.68 12.14 
5.213 125 0 . 5 45 28 5 5 12 12 

86-11 30 7. 31 6 l2'i0 . 5 555 76 109 148 181 11. 0 7 12.20 12.01 ll. 5 2 
'H-1131 14. 618 125 0 . 5 556 99 180 22 2 290 9.98 11. 4 6 11. 33 10. 89 

7 . 260 1250 . 5 6428 4 3 6 5 
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PC INT w EO RUN COUNTS KAPPA 
A B c 0 A B c 0 

6-1221 8.752 lt353.0 869 338 366 363 425 7.00 7.79 7.54 7.14 
7.9 32 1·353.0 8798 32 4'• 40 60 

8-1221 8 .763 1'353.0 871 235 303 330 372 7.7 9 7. 77 7.52 7.12 
7.932 1353. 0 8808 26 34 30 40 

10-1221 4 . 423 1·353.0 8 7 2 309 370 425 437 20 .55 20 .52 19.86 18. 8 2 
3.966 1353 .0 8816 32 26 36 4 1 

12-1221 2.032 1353.0 860 146 175 10 7 195 20.49 20.46 1 9 . 80 18 .76 
3. 906 1353 . 0 8828 24 43 32 ... 1 

14-1221 4.'t4 7 1-353 . 0 846 340 387 392 370 20 . 41 20 .38 19. 73 18.69 
16-12 21 4. 351 1'3 5 3 . 0 873 313 375 344 404 20.38 20.35 19.70 18.67 

4.309 1353.0 8838 26 30 28 44 
20-12 20 '•. 499 135.3.0 84 7 382 374 378 362 19 .52 19.50 1 8 . 88 17.90 

5.386 1353.0 8846 20 28 3 2 30 
25-1220 4. 0'tl 1353.0 862 377 376 364 405 19.20 19 .20 18.59 17.63 
30-1220 2.244 1353.0 851 173 180 225 215 18.76 18. 77 1 8 .1 9 17.25 

l . 98 3 13 53 . 0 8 7 8B 9 10 10 13 
35-1 220 2.167 1353.0 858 185 168 192 169 18. 31 18 .35 17.79 16.88 
40-1 221 ·0. 866 1353. 0 843 607 621 619 733 17. 80 17.87 17.34 16 . 46 

6.011 1353.0 8778 19 23 19 17 
50-1222 4 . 320 13 53 .0 868 187 197 240 283 16.60 16.78 16. 30 15 .50 

1. 959 1353.0 8768 10 7 12 7 
60-1223 4 . 551 1353.0 848 114 144 149 189 15.17 15 . 52 15. 13 14.41 
70-1226 4 .5'+9 1353.0 849 65 70 108 99 13.42 14. 15 13. 84 13. 22 

5.386 1353.0 8856 5 5 1 8 
80-12 30 4. 440 1353.0 850 34 37 56 67 11. 32 12.68 12.49 11.96 
91-1234 16.392 1353.0 863 83 107 139 140 8.93 11.13 11.10 10. 68 

7 .447 1353.0 8868 3 5 5 8 
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TABLE 18 

Average Cross Sections 

The cross sections listed are averages over D + 1 runs. 

Units are microbarns/steradian for cross sections, and MeV for 

K. 
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MlGLt K SECTICN SQ ANGLE K SECf ION SCJ ANGLE K SECTION SCJ ANGLE K SECflON SU 

6.2 1162 5.35+-0.17 I. 2 4 6.2 1131 5.52•-0.17 10.3 4 6.1 1102 6.49•-0.20 5 . 2 4 6.l 1074 1.01+-0.21 2 .1 4 
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llo.S 1162 4.44+-0.lb 0 .7 l 14. 3 1131 5.12+-0. ltJ 1 . 3 l 14.2 1102 5.2fl+-O.ltl I • l l 14.l 1074 5.<J2+-0.20 l. 3 I 
16.5 1162 4.16+-0.ll 2.3 I. 16. 3 1131 4. n+-0.13 4.3 2 16.2 1102 5.49+-0.14 4.7 2 16.0 1074 5.9'1+-0.15 3.4 " iO.S llcd 4.51+-0, ll 4. l 2 20.3 1131 4.'ll+-0.13 4.6 2 20.2 1102 5.85+-0.15 0.11 l 20.0 1071, 6.5tl+-O. lb o.6 2 
25.6 1164 5,04+-0.13 o. 2 25 .3 1132 5. 35+-0.14. 1. 2 2 25 .1 ll02 6 .42+-0.l b 3. l 2 21 •• 9 1074 7.55+-0. lfl 2 . 8 2 
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j5.7 1166 4,6U+-0, 10 2 .1 3 35.4 1133 5.47+-0. I l 7.4 3 35.1 1102 6.43+- 0 .13 0.6 :i 34.8 1073 !l.26+-0.15 0.2 3 
1,0. ti lt6 7 4.62•-0.06 lb.9 D 40.4 1133 5.54+-0.0b 'I . 5 13 'tO. l 1102 6.81•-0.07 3. 9 13 39.7 1072 8 .37+-o.oa 17.o 13 
45.9 116'1 4.33+-0.12 l.4 l 45.S ll34 5.09+-0.13 O.'I 2 45.l 1102 6.38+-0.15 0. 6 2 41,.1 1072 e.n+-0.11 1.4 2 
'Jl.C ll 71 3 . 5u+.-O. l2 0.3 2 50.5 1136 4.59+-0.13 1.0 2 50.l 1102 6.0l•-0.16 0 .1 2 49.7 1072 7 .41+-0. lU 9.0 l 
~6. l 1173 3.04+-0 .10 0.1 2 55.6 1137 4.22+-0.12 0.6 2 55.l l l 0 3 5.24+-0.14 0.6 2 54.6 1071 6.90• - 0 .17 5. l 2 
td.l 1176 2.34+-0.06 0.7 5 60.6 l 139 3.10•- 0 . 07 0.8 5 60. l 1104 '•·19+-0.09 2.2 5 59.6 107 i S.57+-0.10 4. 5 5 
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•.0.9 1274 3.70•-0.ll 2.9 2 40.5 1237 3. 77+-o. 12 l. 4 2 40.1 1202 3.99+-0.12 1.4 2 39.7 1170 1, .79 •-0.! 4 3 .4 2 
'>l .O 1217 2.49+:-0 . l"t J.l l 50 .~ 123U 2.70+-0.17 3.3 l 50 .1 1202 3 . 28+-0.20 J.7 l 49.6 1166 3.99+-0.21 o. l 
() l • 2 l 2u ·i 1.52+-0. lb o. 0 o0.6 1241 l.93+-0.10 o. 0 60.1 120 3 . l.99+-0.19 o. 0 59.5 1167 2.74+-0.22 o • 0 
11.1. 1290 O.'l<J+-0.14 o. 0 70.7 1245 l.02+-0.13 o. 0 70. l 1204 l.62+-0.17 o. 0 69.5 tl66 l.53+-0.17 o. 0 
111.t.. 1300 0.62+-0. I;/ o. 0 uo. ll 1251 o.oo+-0.11 o. 0 80. l 1206 0 .9 3+ - 0.14 o. 0 79.4 1164 l.16+-0.16 o . u 
'I I. U l 311 0 . 52•-0.0b o. 0 •) l .O 1257 o.53•-0.0b o. 0 90.1 1208 0 .70•-0.07 o. 0 89 . 4 1162 0.70 +-0.07 o. 0 



(/) 
l9

 
z f
­

f
­

w
 

(./) 

u _. 
r-­<

 }: 
L.Ll 
z ........ 
~
 

194 

I 
i 

i 
I 

I 
; 

i 
I 

I 
I 

~-~~ i~~~r~~t~~~~1~~~~~~~·· i_ir ~1-ffiHf ~ 
===~ -· =-~= =

 --=I1 =IT -llIITIU
IT= -

------T~L -+_ -H
-,JJJr_·r-LI-1-tJfL[[_ 

====t\f ft_ -=ttrtttiJ::ptm
c 

0 

"
'
 

---~i-1k]5--.-~b-~· -J-~h--J-t-
-o-llJ_

JU
J.l_ 

===t=~~~1!= JJJ1±1E±=dillfL ~ 
>

 ~ 
. 

\· 
1 

i 
0 

w
 

c::; 
----~---r--.----. ---r--~----0---1:

m
w

-
" s 

=
 = = =: =

 = = = ~=== t == =
 [ ===

t=
 J=

 = = t= =
 = = c ~~H~ =-

;;-; 
---------•· ----&

---.l----&---1--. _ t __ -~-..... ~.J .. Vi.--
----~ --.-f---1----1---

_o _
_

_
 -1--0. -

0
-~
 _,n·rrrr-J"'r--

_
_

_
_

 7' _
_

_
_

_
_

_
_

_
_

_
_

_
_

_
_

_
_

 .l ___ l~Jr-t±-rr~~+~+t--
~ 

_________ l ___ .l ---t=---r----
-

·'>
-··-

_
_ .............. u..llr--

_
__ , __

_ .. _ \-.. -T
--

---·--
···---

, _ 
r .. rrrri

rr 
.

.. 
a 

---------;:,----c
r----

-
-
-

-
-
-
-

-
~
-

-<
>

----:>
•:>•Z

•o/J".>
•:>

•_,---
C

>
 

-----
___ j ____ +-----r----t;> ____ .;:> _

_
 Q

.. -1-~-1~-111-n-
-~ 

0
0

 
____ ~ ____ t ___ 2 _

_
_

_
 ~ _

_
_

 j ____ .
L
-
~
 _ _ -1>---r-~

~
>
L

'.>.~ _ 
----~ ----\---_ Il _ --i-----~ ---+--~ -· -+-·" _.u++~~ -
--------

-
----

---
~----o----~-o)-

:.-->-~-I~-J->->!,..-1 
. 

Q
U

 
0

'-' 
~
 

• 

: =-=
 =·:·:·:: ~t:·:: 1::: =

 l::: t :·=
 = t =

 = = ~=} =t =."(dttt =
 j 

====. ====~===t===i====t===~t===t±=i=tttttt=­
-------

-~ ----;----1--
-~

---
~--?--l-r-t ~

m
n
-
r
-

-
----

-------------
----~

----t--·~ -· -
-
v
-

-
· -r·~rr-\.L _ 

-.---
--

_______ ;... -.-
-

..:.-
-----

_______ ,i,. ______ -r-
-

·~ ----A
--

--?-~-~
~
~
~
 --

a 
----

-
-
-
-
-
-
-
-
-
-
-
-
-
~
-
-
-
-
h
-
-
-
-~
-
~
-
-
6
-
-
~
-
b
-
~
~
~

-
C

>
 

I 
! 

i 
l 

I 
; 

' 
i 

(.!) 

..____...____._ _
_

_
 

I 
~

'-
~

' _
_

 ; 
I 

: 
; 

0 0 _
, 

0 CD 
0 lD

 

5
3
3
~
8
3
0
 

C
>

 
N

 

3
1

8
N

V
 

1-JJ 

0 



195 

TABLE 19 

Computer Programs 

Program Author(s) 

SPECTR¢METER Dr. C. W. Peck 

. 009,DATA 

PIMU 

MUF 

BPAKl 

BR 

CR¢S 

M¢N 

015 

M~RF,M¢RG 

PTA 

PH¢T 

Dr. H. A. Thiessen 

Dr. J. Boyden . 
Dr. J. Kilner 
Dr. H. A. Thiessen 

Dr. H. A. Thiessen 

F. B. Wolverton 

M. G. Hauser 

Dr. H. A. Thiessen 
S. D. Ecklund 

S. D. Ecklund 

s. D. Ecklund 

s. D. Ecklund 

s. D. Ecklund 

C. R. Cline smith 
S. D. Ecklund 

Purpose 

Calculate spectrometer 
acceptance and orbits from 
fringe field measurements . 

Integrate acceptance to 
obtain R(Q). 

Calculate decay pion 
resolution D(Q, P ). 

0 

Parameterize D(Q, P ) for 
use in CR¢S. 0 

Provide bremsstrahlung 
spectrum. 

Average bremsstrahlung 
spectrum and pr~)Vide a table 
interpolation function for 
use in CR~S. 

Calculate cross sections. 

Sort data and calculate 
rates for use in CRY'S. 

Interpolate data in K. 

Fits to angular distributions. 

Generate plots. 

Born term and multipole 
fitting of data. 
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