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ABSTRACT

Measurements of the cross section for photoproduction of t

mesons from hydrogen have been extended to angles as small as 5° in
the c. m. system, using a magnetic spectrometer. At a photon energy
of 1025 Mev, the cross section decreases as the angle changes from
5° to 13°, reaching a minimum before increasing again to the maximum
near 40° which has been previously observed (5). Less extensive
measurements at energies 700, 800, 900, and 960 Mev all show a
similar rapid decrease with angle in the angular range less than 15° c. m.,
although below 960 Mev no actual minimum is observed. These effects
at small angles arise presumably from the "retardation term?, or
"meson current" term and its interference with other contributions to
the photoproduction amplitude. It is interesting that a minimum near
15° is characteristic of the pure Born approximation (retardation term
plus "S-wave').

Values of the 0° cross section that are much more accurate
than previous estimates have been obtained. - An attempt has been
made to extract a value of the pion-nucleon coupling constant by an
extrapolation into the region cos o' > 1 Using the best set of data,

the value obtained was f> = 0.12 + 0. 03,
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I. INTRODUCTION

A great wealth of work, both experimental and theoretical, has
gone into the attempt to understand the relationship between the pi meson
and the nucleai' force since Yukawa first proposed the existence of such
a particle in 1935 (1), and it was discovered in emulsions in 1947 (2);

The most fruitful experiments have been pion-nucleon scattering
and the photoproduction of pions. The most prominent feature of the
data to appear thus far is the strong resonance behavior at approximately
185 Mev pion energy in the pion scattering and at approximately 330 Mev
laboratory photon energy in the photoproduction experiments. The data
in this region have been analyzed and the resonant state has been found
to have isotopic spin I = 3/2 and angular momentum J = 3/2 with even
parity. The original static theory of Chew, improved by Chew and Low,
and the more recent dispersion theory of Chew, Low, Goldberger, and
Nambu (3) have been quite successful at reproducing the experimental
results at energies in the vicinity of this resonance and lower. At higher
energies no successful theory exists as yet.

The higher energy photoproduction measurements at Cornell (4)
and by Dixon and Walker of this laboratory (5) have shown a resonance
behavior of the nt cross section in the vicinity of 700 Mev laboratory
photon energy, and a possible third resonance near 1000 Mev. These
resonances have also been seen in pion scattering. The fact that 7r+, P
total absorption data show little evidence of the resonances that are seen
in 7, p total absorption indicates that the resonance occurs in a state

with I =1/2. The angular distributions near the second resonance lead



-2-

to the assignments I =1/2, J = 3/2. Other arguments suggest an odd
parity state, and thus a D?)/2 rather than a P3/2 assignment., The

third resonance assignments are somewhat less firm but are certainly
I=1/2and Very likely J =5/2. The parity is not known.

The experiment to be described here was a measurement of the
differential cross section for photoproduction at the most forward
angles that could be reached experimentally, in the energy range 700
to 1025 Mev. In order to demonstrate why the small angie region is of
special interest, certain features of the theory will be discussed.

The lowest order Feynman diagrams which one can write are as
follows:

(1) The "shaking off" production

5 -
'1.‘_‘ f,f
Y el
id P ¥1

(2) The crossing reaction corresponding to (1)

QVK {ﬁ‘t

£ i 1
(3) The "photoelectric’, or meson current, production
¥
\\‘L‘_‘\ ~ 7T
- »
- e
7

’
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Diagram (2) will not contribute to the cross section unless the
anomalous magnetic moment of the neutron is included. It is diagram (3)

that is most interesting in the light of this experiment. Its effect on the
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cross section can be studied by calculating the Born approximation for
the above diagrams.
The low energy Born approximation amplitude for pion photo-

production, for no anomalous moment, is:

- (k-4g)g- e
B:g.f_;-*‘ kEﬂ_g. k

where o is the usual spiﬁ operator, e is the photon polarization vector,
k is the photon momentum, g is the pion momentum and Eﬂ is the
total pion energy, all ’in the c. m. system.

The first term arises from diagram (1) and the second term from
diagram (3). The first term alone leads to productién of pions in S-
states due to an electric dipole interaction. If relativistic corrections
are made there is an additional small magnetic dipole interaction leading
to p-wave states. The contribution to ¢(0') from this term is shown
in fig. 1(a). The second term has a more complicated behavior. Aver-

aging over spins and polarizations, we can obtain

, 12 . 2.1 12 12 1oy ;
o(0') (diagram (2) ) ~ P sin 8(1+p "y -226 y cos 0)
(1-p'cos @)

where
! q
6 = B = J—
T E.
.t E7T
Y ° X
T
cos 6 = = cos (pion angle)
gk

(The primed quantities are used to agree with the c. m. notation which



Figure 1. "Shaking Off" and Retardation Terms Alone

The separate contributions from the two terms used in the calculations

for fig. 1 are shown for k =900 Mev.
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will be usedv later.) In fig. I(b) is plotted the cross section due to this
"retardation®” term, so-called because of the characteristic denominator.
The combination of these two terms, including interference, leads to
results which are plotted in fig. 2, for several values of laboratory
photon energy. Note that the interference between the "S-wave" part,
from the "shaking off" production, and the retardation term produces
a minimum in the cross section at a small angle.

It is the effect of the retardation term that makes small angle
measurements of the cross section interesting, for three reasons:
(1) The interference of the retardation term w'i‘th states having high order
multipoles might give information concerning these states, in particular
near a resonance. In practice the interference with low order states
tencis to completely mask or distort the high order effects and makes
interpretation difficult or impossible.
(2) At 0° and 180° the retardation term and its interference with
other terms vanish. Therefore data at these extreme angles are of
value in interpreting the results without the obscuring effects of the
retardation term. Because of the rapid variations in the cross section
in the small angle region that cah be induced by this term, it is neces-
sary to have small angle data in order to extract an accurate value of
the 0° cross section.
(3) It is possible in principle to obtain a measurement of the pioh—
nucleon coupling constant by extrapolating the measured cross section
into the non-physical region where cos 8'>1, as suggested by Moravcsik

(10). The details of this procedure will be given later in Section VI,



Figure 2. Born Approximation

* gifferential

The two diagram Born approximation results for the =
cross section, with relativistic effects included, are shown for several

values of laboratory photon energy, k.
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Analysis. However, it is obvious that the accuracy of the value obtained
will improve as the available data points move closer to cos o' > 1, i.e.
as close to 0° as possible,

It should be pointed out that the characteristic form of the retar-
dation term does not arise solely in the case of the Born approximation.
Indeed, in any theory that can be written such a term must appear. Of
course the interferences with other states will change, but it can be ex-~
pected that the general behavior will be similar to that suggested by the
Born approximation.

This experiment consisted of a measurement of the differential
cross section for the photoproduction of positive pions from hydrogen
at laboratory angles of about 3°t015°, and laboratory photon energies
of 700, 800, 900, 960, and 1025 Mev. There were additional in.easure-
ments at 1025 Mev at angles up to 55° in the laboratory. The 700, 800
and 900 Mev measurements extend the Dixon-Walker data, which yielded
angular distributions above 20° c. m. , to c.m. angles as small as 5°,
Data were taken at 1025 Mev because of the beam energy requirements
of another experiment in progress and unfortunately do not tie onto other
data at larger angles. The 960 Mev data was a spot check of the small

angle behavior in the vicinity of the third resonance.
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II. THE EXPERIMENTAL METHOD

A. GENERAL
A target containing liquid hydrogen was irradiated by the photon
beam of the California Institute of Technology synchrotron. The t ;

mesons created in the reaction

\(+p—>71‘++n

were then selected in momentum and angle by a magnetic spectrometer.
The kinematics of this process are shown in fig. 3. In order to avoid

counting those mesons arising from the double pion production reactions

T 4+ n
Yep— T 4 <

the synchrotron energy, Eo’ was chosen so that all photons were of
energy below that required for producing mesons from these reactions
with high enough momentum to be within the acceptance range of the

spectrometer.

B. PROBLEMS AT SMALL ANGLES

There are several experimental problems which are peculiar
to measurements at small angles:
(I) A large number of particles, mostly electrons (and positrons), are
produced at forward angles. Some of these are produced in the hydrogen.
Others are due to the presence of target material other than the hydro-
gen, and to production in the collimator and scrapers which define the

beam.
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Figure 3. Pion Momentum Vs. Laboratory Angle

k 1is the laboratory photon ‘energy.
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The great majority of these particles are of low energy and are rejected
by the magnetic selection. However they would flood any scintillation
counter placed in front of the magnet to define the aperture, as was done
in the previous exiaeriments (5), and make coincidence measurements
unreliable. Those electrons whose momenta are within the spectro-
meter acceptance must be distinguished from the pions. Since pions of
these energies have a velocity very nearly equal to ¢ (within 2%) it is
difficult to construct a velocity discrimination system.
(2) When the spectrom,efer is set at angles smaller than 15° (lab angle)
the beam strikes the magnet yoke or coiis. This creates two problems:
a) The large number of shower particles created can cause a
flooding of aperture defining counters if they escape from the
steel or copper and enter the magnet gap.
b) The interruption of the beam causes difficulties in the intensity
monitoring system.
(3) The angular resolution of an aperture of fixed dimensions deteriorates
as the angle decreases. This is illustrated in fig. 4.
The solution to each of these problems will be discussed in the following

sections, together with a description of the experimental arrangement.

C. THE SYNCHROTRON BEAM GEOMETRY

In fig. 5 is shown an overall view of the synchrotron and the ex-
perimental area. The photon beam emerges from the synchrotron, 7
passing through the primary collimator which defines the beam size.
Then it passes through two Pb scrapers, which clean the beam of

scattered photons and particles created in the collimationprocess. A set
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Figure 4. Angular Resolution of an Aperture of Fixed Size

This drawing shows why the angular resolution of an aperture (the cross-
hatched areas) deteriorates as one moves from an angle 0, toa smaller

angle 61, due to the poor matching of the rectangular area to the circular

projections from the target.
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Figure 5. The Experimental Area
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of permanent "radar" magnets serves to sweep out electrons produced
either in the collimator or in targets for other experiments. Actually,
two arrangements were used during the experiment. The one shown

in fig. 5 replaced an earlier version dictated by the requirements of
other experiments. The radar magnets were closer to the second
scraper in the earlier arrangement and did not give adequate sweeping.
It was necessary to use the additional sweeping effect of the low energy
spectrometer magnet which was mounted along the beam line just south

of the first scraper at that time.

D. THE HYDROGEN TARGET

The target consists of a 3" diameter cylinder of liquid hydrogen
contained in a Mylar cup. Surrounding this is a vacuum and a series
of heat shields cooled by liquid nitrogen. The target was designed by
V. Z. Peterson, and modified by R. L. Walker. The target used in
this experiment differs from that previously used (5) mainly in that a
"foghorn" shaped aluminum shield with large Mylar windows replaces
a 360° Mylar window. This is shown in fig. 6. The amount of material
in the path of the beam is substantially reduced, yielding a smaller
background from the target structure. The Mylar windows are quite far
from the target center and are not "seen” by the spectrometer except at
the smallest angles, thus further reducing the background. At small
angles, where the electron background becomes a major problem, this
reduction of material in the beam is quite essentrial and was one of the
reasons for redesigning the target.

The target can be used in either of two positions. For angles
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smaller than 15° or larger than 45° the target is set so that the large
Mylar window faces the spectrometer. In this position the small angle
particles pass through the thin window and those at large angles through
the 1/16" aluminum outer shield. Between 15° and 45° some of the
particles would have to pass through the thick flange holding the Mylar
window or the weld bead joining the horn to the outer shield. In order
to avoid this the target is rotated 180° into its alternate position with
the small window facing the spectrometer. This position is suitable

for measurements at any angle greater than 15°,

E. THE SPECTROMETER

The magnetic spectrometer with its counter system is shown in
fig. 6. Its properties as used in this experiment are summarized in
Table 1. A detailed description of the magnet and measurements to
determine its characteristics is given in an internal report (6). Angular
settings are made by rotating the magnet about its pivot, below the tar-
get, on steel tracks. By this means angles can be set quite quickly,
with an error of less than 0.1 degrees., When the spectrometer was set
to 30, the smallest angle used, the beam hit the magnet coil only 1"
from the inside edge and there were many singles counts induced by the
shower particles which escaped from the copper windings and entered
the magnet gap. Pb shielding was placed along the magnet coils on the
beam side, and a 4" Pb beam stopper was placed in front of the coils.

This reduced the singles counts to an acceptable level.

F. THE COUNTER SYSTEM

The particle detection system consisted of five scintillation
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Figure 6. The Hydrogen Target and Spectrometer

The spectrometer is shown in the high energy position, in which it

was used throughout the experiment.
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Table 1

Properties of the Spectrometer as Used For This Experiment

Acceptance %E-AQ : (1) 1.08x 107 ster.
o
(2) 0.54 x 10™% ster.

(for two sizes of A2 scintillator)

Angular resolution: 1° (in lab. system)

Momentum dispersion Ap . 0. 099
Py
Maximum momentum: 1200 Mev/c
Maximum angle: - 57°
Current regulation: 0.1%
Figld me‘asurement: proton resonance magnetometer

whose resonant frequency, F, is given by

= a * where is in Mev/c
mec. po Py /

a is obtained from floating wire measurements and can
be represented, with sufficient accuracy, by
0.05426 , P, S 575

0.05426 + b(p_-575)°

+ d(p,-575)% , p_ =575

+ c(p,-575)°

where b = 5,616 x 10-9

= ~11,30 x 10—12

15

(¢l
i

[oR
i}

= 17.17 x 10~
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counters and one Cherenkov counter, and is shown in fig. 6

There was also a set of pole-face veto counters ("fan counters")
which served to eliminate particles which scattered from the pole
faces. A description of the individual counters appears in Table 2.
Counter Al, which served to define the vertical angular aperture in
previous experiments could not be used in this way at small angles
because the large number of low energy particles (mainly electrons)
produced at small angles flooded this counter and made it unreliable
for coincidence measurements. This prompted the use of a new aper-
ture counter, A2, placed behind the magnet, The low energy particles
were swept out by the magnetic field, giving an acceptable counting rate
in A2 even at small angles. The aperture is made slightly "fuzzy" due
to the momeﬁtum dependence of the angular limits but this effect is
insignificant.

A2 was designed to give a smaller vertical aperture than Al
because at small angles the angular resolution would deteriorate if the
counter were too long, as mentioned in section B. It is of course
advantageous to have as large an aperture as possible in order to in-
crease the counting rate. Therefore, two sizes of scintillators were
used, the smaller one being necessary only at 3° or 3.2° The
scintillators could be interchanged quickly, being attached by a pair of

collars and set screws.

G. PARTICLE SELECTION AND ELECTRONICS
Particles of the same momentum and charge but different mass
were distinguished on the basis of the pulse heights produced in the five

counters.
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Table 2

Description of the Counter

Desig. Type Size, in Use
Al scint, 12.34 x 3.24 x 0, 250 calibrations and efficiency
measurements
Fans scint. two arrays of 4 rods, veto of particles scattered
1/2 x 3/4 (see fig. 3) from pole tips
A2 scint. (1) 11,84 x 2. 99 x 0.46  aperture definition
(2)6.00 x 2,99 x 0.46
(interchangeable)
Cl scint, 5,75 x11.0 x 0.787 dE/dx particle selection
Cc2 scint, 4.75x11.0 x 0,787 dE/dx particle selector
(and shower detector)
N
c Cherenkoy 6.0 x11.0 x 1, 50 velocity particle selector
C3 scint, 5.75 x 11. 0 x 0,394 dE/dx particle selector

{(and shower detector)
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Al, AZ, Cl, C2 and C3 were scintillation counters in which the
pulse height was proportional to the specific ionization, dE/dx. \gl was
a Cherenkov counter of the total internal reflection type, giving an output
pulse only if the. particle velocity exceeded a velocity of about 0. 85 c.
The pulses were analyzed and counted by the electronics system shown
in fig, 7.

Pions were selected on the basis of their pulse heights exceeding
lower limiting values in all five counters, and not producing a pulse in
the "fan" counters. Protons were rejected by the velocity selection of
%. Since the major problen1ai small angles is the electron background
special attention will be devoted to the electron detection scheme.

The electrons cannot be distinguished from the pions by means
of velocity selection unless gaseous Cherenkov counters are used. The
complications in the design of such a counter prompted the use of a
much simpler scheme which relied upon the tendency of an electron to
initiate a shower.

At most angles, a 1/2" Pb convertor was placed in front of C3,
The shower initiated by an electron produced a large pulse in this counter.
Those pulses which exceeded a high limiting bias (corresponding to
approximately three times the pulse height produced by a minimum
ionizing particle) were counted in a special "electron” scalar.

At the smallest angles it was necessary to use a second 1/2" Pb
convertor placed in front of C2. Events producing larger pulses in
either C2 or C3 or both C2 and C3 were counted as "electrons™. This
additional convertor was used to increase the detection efficiency and

to eliminate some spurious counts that were observed at the smallest
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Figure 7. Electronics Block Diagram

The numbers 6810 and 6655 are phototube types. HP means Hewlett
Packard. All other units, except of course the oscilloscope, were
specially built. The phototube circuit shown in dotted lines was used

only for calibration and efficiency runs.,
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angle, 3%, These events were discoveredwhen reverse magnetic field
(negative charge) runs were taken and "negative pions" were observed,
after backgrounds were subtracted, when using the single convertor.

It is believed that these spurious counts arose from low energy photons
or electrons produced in showers in the magnet material, but no definite
identification could be made. At 5° no "negative pions® were observed
even with the single convertor. At 3°, the single convertor positive
"pion counting rate" was approximately 10% higher than the double con-
vertor rate, due to these events. The double convertor ''negative pion''

counting rate was zero within statistics (approximately 4% . In fact

the result was actually slightly negative.
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III. DATA

A list of the data points and the associated kinematical quantities
and experimental configurations is given in Table 3. The counting rates
obtained for each point for full target and "empty" target runs are given
in Table 4. (The empty target contained one atmosphere of hydrogen
gas at liquid hydrogen temperature. ) -

The proton runs were made separately by requiring the Cherenkov
counter in veto rather than coincidence.

The errors listed are purely statistical, i.e. simply
(éounting 'rate)/{ml(f, where N is the number of counts. Since C and
E are not statistically independent the errors given reflect only the
number of counts for each of these quantities separately, and are not

indicative of the errors in the final pion counting rate.
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Table 3

Data Point Kinematics and Configuration

The designation of the data point accord‘ing to laboratory photon

energy and angle.
Mean laboratory photon energy, Mev.
Central angle of spectrometer.
Pion center of momentum angle corresponding to ‘90.
Mean momentum of spectrometer, Mev/c.

Pion momentum at center of hydrogen target, before losing
momentum in the target and counter material in front of

the magnet.

Maximum. photon energy in the beam (or the electron energy

of the internal beam).

The two variables in the configuration are the size of the

scintillator on counter A2 and the number of Pb converters

used.

1 12" scint.

2 6" scint.

S single 1/2" converter, in front of C3

D double converter. One in front of C3, one in front

of C2 (each 1/2").
e.g. 1D means a 12" scintillator was used with a double

converter.
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Table 3
Point k o, cm P, pz E_  config.
700-5 700 5° 8.0° 680. 2 683. 8 800 1D
700-7.5 700 7.5°  12.0° 677.7 681.3 800 1S
800-3.2 800 3.2° .3° 782.9 786.5 900 2D
800-5 800 5° © 781.5 785.0 900 1D
 800-7.5 800 7.5° 12.5°  778.2  781.8 900 18
900-3 900 3° 5. 2° 884. 2 887.8 990 2D
900-5 900 5° 8. 6° 882. 1 885.7 990 1S
900-7.5 900 7.5°  12.9° 878.0 881. 6 990 18
900-10 900 10° 17.2° 872.3 876.0 990 18
900-15 900 15° 25. 6° 856. 5 860. 2 990 18
960-3 960 3° 5.3° 944. 8 948,4 1050 2D
960-5 960 5° 8. 8° 942. 4 946.0 1050 1S
960-7.5 960 7.5°  13.2° 937.7 941.3 1050 1S
960-10 960  10° 17.6°  931.3 934.9 1050 1S
960-15 960 15° 26.2° 913.3 917.0 1050 1S
1025-3 1025 3° 5.4° 1010.2 1013.8 1130 2D
1025-5 1025 5° 9.0° 1007.5 1011.1 1130 18
1025-7.5 1025  7.5° 13.5° 1002.2 1005.8 1130 1S
1025-10 1025  10° 17.9°  994.9 - 998.5 1130 1S
1025-15 1025 15° 26.7° 974. 5 978.2 1130 1S
1025-20 1025 20° 35,3° 947.0 951.4 1130 18
1025-25 1025 25° 43, 6° 914.8 919.2 1130 1S
1025-35 1025  35° 59.3°  840.2 844.5 1130 1S
1025-45 1025 45° 73.7°  .760.0 764.3 1130 1S
1025-55 1025 55° 86.7° 682.0 686.2 1130 18
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Table 4

Data

Point: As in Table 3, the energy and laboratory angle.

C: The number of 23456 coincidence counts per BIP.*

E: The number of "Electron® counts per BIPS for either single or
doubie convertor.

C. : The number of proton counts per BIP*when running with the
Cherenkov counter in veto rather than in coincidence.

The errors listed are discussed on page 29.

#*One BIP is approximately 0.95 x 101‘2 Mev. See Appendix I for

the exact definition, which depends slightly on the end point energy, EO.
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Table 4
Foreground
Point C E C
P

700-5 1.92  *+0.05 0.94 = 0.05 1.68 = 0,16
700-7.5 1.08 + 0,04 0.17 =% 0,02 1.34 £ 0,15
800-3, 2 2.95 0,05 2.42 +0.04 0.86 0,11
800-5 1.25 =*0.04 0.54 +0,02 1.40 +0.13
800-7.5 0.82 *0,03 0.12 = 0.01 1.43 +0.14
900-3 1.92 = 0.04 1.48 = 0,03 0.74 = 0. 09
900-5 0.99 *0,03 0.24 *0,02 1,07 =£0.12
900-7.5 0.69 0,03 0.08 = 0.0l 0.98 £0.11
900-10 0.56 =* 0,02 0.06 =% 0,005 1.11 0,12
900-15 0.54 #0,03 0.04 #0,01 0.80 % 0. 10
960-3 1.64 =0.03 1.32 =+ 0.03 0.82 0,10
960-5 0.90 =% 0.03 0.18 =*=0,01 1,27 £0,12
960-7.5 0.52 0,02 . 0.08 0.0l 1.08 £0,11
960-10 0.48 = 0,02 0.05 =+ 0,01 0.83 £0,10
960-15 0.53 0,02 0.05 =+ 0,01 0.76 £ 0,09
1025-3 0.98 0,02 0.71 =% 0,01 0.73 + 0,08
1025-5 0.60 =0,02 0.14 =+ 0,01 1.36 0,15
1025-7.5 0.45 = 0,01 0.08 =+ 0,005 1,01 + 0,08
1025-10 0.44 +0,015 0.04 =+ 0,004 0.93 + 0,08
1025-15 0.49 =+ 0,015 0.05 =+ 0,005 0.68 = 0,08
1025-20 0.50 =% 0,02 0.04 = 0,006 0,81 % 0,09
1025-25 0.53 % 0,02 0.05 =+ 0,007 0.69 + 0,08
1025-35 0.35 *0,02 0.04 % 0.006 0.34 = 0,06
1025-45 0.161 = 0,008 0.015 % 0, 003 0.22 + 0,05
1025-55 0.088 = 0,009 0.04 = 0,02

0.008 £ 0.003
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Table 4
‘ Background
 Point c ' E c,
700-5 0.99 = 0.05 0.90 =+ 0.05 0.58 = 0.08
1 700-7.5 0.15 +0.025 0.07 =% 0.02 0.63 £ 0. 12
800-3. 2 2.19 *0.04 2.07 * 0.04 0.44 * 0. 09
800-5 0.37 % 0.04 0.28 = 0.03 0.63 =0, 11
- 800-7.5 0.15 *0.03 0.04 = 0.01 0.37 = 0. 10
900-3 1.38 +0.05 1.29 =+ 0.04 0.34 = 0,08
900-5 0.22 *0.02 0.10 = 0.02 0.38 £ 0.08
900-7. 5 0.09 = 0,02 0.02 =+ 0.008 0.26 = 0.08
900-10 0.05 = 0.0l 0.002 % 0.002 0.26 % 0.06
900-15 0.03 = 0.0l 0.008 = 0.006 0.12 + 0. 04
960-3 0.98 *0.04 0.91 =+ 0.03 0.44 % 0.08
960-5 0.16 = 0.02 0.07 = 0.01 0.60 = 0. 10
960-7.5 0.04 =0.01 0.012 # 0.006 0.34 £ 0,08
960-10 0.02 =+ 0.01 0.002 % 0.002 0.20 % 0. 07
960-15 0.03 % 0.0l 0.007 % 0.005 0.04 = 0.03
1025-3 0.50 = 0.02 0.45 = 0.02 0.48 = 0. 09
1025-5 0.10 = 0.01 0.05 . +0.007 0.33 £ 0.08
1025-7.5 0.072 % 0. 008 0.031 + 0.006 0.19 £ 0.03
1025-10 0.044 % 0,008 0.010 + 0.004 0.17 +0.03
1025-15 0.020 % 0. 007 0.004 + 0,003 0.04 = 0. 015
1025-20 0.026 + 0.009 0.009 = 0.005 0.10 £ 0. 04
1025-25 0.023 = 0. 009 0.003 + 0.003 0.05 = 0. 03
1025-35 0.010 % 0.006 0.000 * 0.003 0.05 + 0.02
1025-45 0.013 +0.006 0.000 % 0.003 0.04 + 0. 03
1025-55 0.013 % 0.006 0.006 % 0.004 0.02 = 0.02



-~35-
IV. DATA REDUCTION

A. CROSS SECTION FORMULAS
The counting rate can be expressed in terms of the cross section,

kinematical quantities, and geometrical factors:’

1
Cm | (a0 2 R_A N _N(In(x, y) dx dy dz dkag

LIRS D H
where
C, = number of counts per BIP observed
o(k, G')dﬂl = differential cross section for producing a pion in
d' at ' from a photon of energy k. Primed
-quantities refer to c.m. system.
.
-g—g = transformation from c.m. solid angle to laboratory
solid angle
RD = correction for pion decay, including resulting muon
background
- = correction for pion absorption
H = the number of hydrogen nuclei per unit volume
effective in the reaction
N(k)dk = the number of photons per BIP with energy from
k to k+dk.
n(x, y) = the relative intensity of the beam at point x,y in
a plane perpendicular to the beam at the target.
d2 = laboratory solid angle increment.

An integral over the variables indicated yields the observed counting
rate. This integral is quite complicated if carried out in detail, In
practice, if the spectrometer acceptance region is illuminated nearly

o 1
uniformly with pions, the quantities o*(de'), g—g, RD’ A7r’ and N(k)
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are nearly constant over the range of integration where there is a non-
zero integrand. Therefore we may write a more convenient expression

containing average quantities:

o(k, 9!) = C,j'r/l{

where
a0, Ok ] e e

K = (aﬂ)( 3p) ( Q ) DAWNH N( )po

AL = the average solid angle of the spectrometer.
7 = the mean path length for the beam through the hydrogen.

N(k) = an average over N(k), taking into account the photon spectrum
and the spectrometer resolution,

%‘E = the momentufn dispersion of the spectrometer,

o

in this experiment all configurations were such that the use of average
quantities rather than the integral expression is quite adequate. Since
there is some energy .loss of the pion in the target and in the counter Al,
the momentum setting of the magnet, Py corresponds to a pion pro-
duced'with higher average momentum, pi . This is taken into account

p
by multiplying by ——2 to obtain the effective momentum dispersion. Cor-
‘ Po
rections for the pion decay, expressed by the factor Ry, are discussed

in Appendix III, The absorption corrections, Aﬂ, are discussed in

Appendix IV,

B, CALCULATION OF Kk
1. .Acceptance of Spe¢t~rometer

The value of the product 2p A2 is known from floating wire
o
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measurements for the configuration in which Al is used to define the
aperture (5). Rather than perform a similar measurement of this
quantify for A2 the ratio of the acceptance using A2 to that using Al was
measured directly with a statistical accuracy of 1. 5% by counting
particlés produced in a carbon target at 25° (lab) with both configura-
 tions simgltaneously. The results agree well with estimates from
graphical ray tracing. The ratio obtyained,was

(ap 2P

Py

Ap
(AQ N )an

N
= 1. 81 (x1. 5%)

for the larger scintillator on A2. This result was used to calculate the

values for the acceptance given in Table 1.

2. Effective Length
T is calculated by averaging the target thickness over the cylinder

of liquid hydrogen, weighted according to the beam density. This pro-
cedure requires a knowledge of the spatial distribution of the beam
density, which has been measured recently as part of an experiment
to determine the beam spectrum. A computer program was written to
calculate £, using the measured beam density, for rectangular or cir-
cﬁlar collimation, both of which were used during this experiment. The
change of density with machine energy causes [ to be a funétion of

energy. The results are included in Table 5.

3. Hydrogen Density
The liquid hydrogen operates at 1/2 psi above atmospheric pres-

sure, which corresponds to a density of 0.0707 gms/cc. The "empty"
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Table 5

Calculation of K

s 5 °
~ 7 a s
L I R
< =~ = 3] S 3 > o =
$ g & R A GRS = &
700-5 2.525 0.842 0.920 1,08 7.16 0,945 0.912 1.539 6,583
700-7.5 2.525 0,892 0,920 1.08 7.16 0.945 0.912 1.539 6,949
800-3.2 2.734 0,842 0.930 0.54 7.17 0,953 0.907 1.200 3,236
800~5 2.734 0.842 0.928 1,08 7.17 0.953 0,907 1.200 6.445
800-7.5 2.734 0.892 0.928 1.08 7.17 0.953 0.907 1.200 6,800
900-3 2.949 0,842 0.936 0.54 7.17 0.951 0.894 0,933 3,083
900-5 2.949 0.892 0.936 1,08 7.17 0.951 0.894 0.933 6,516
900—7.,5‘ 2.948 0.892 0.935 1.08 7.17 0.951 0.894 0.933 6,477
900-10 2.947 0.892 0.936 1.08 7.17 ©.951 0.894 0.933 6,441
900-15 2.946 0.892 0,935 1,08 7.17 0.951 0.892 0.931 6.302
960-3 3.086 0.842 0.939 0.54 7.18 0.949 0.890 0.838 3.110
960-5 3,085 0,892 0.939 1.08 7.18 0.949 0.890 0.838 6.570
960-7.5 3.085 0,892 0,938 1.08 7.18 0.949 0.890 0.838 6.530
960-10 3.085 0,892 0.938 1.08 7.18 0.949 0.890 0,838 6,486
960-15 3,083 0.892 0.937 1.08 7.18 0.949 0.888 0.836 6.335
1025-3 3,219 0.842 0.942 0.54 7,18 0,940 0.896 0.727 3.018
1025-5 3.218 0,892 0.943 1.08 7,18 0.940 0.896 0.727 6,381
1025-7.5 3,218 0.892 0.942 1.08 7.18 0.940 0.896 0.727 6,341
1025-10 3,217 0.892 0.941 1.08 7.18 0.940 0.896 0,727 6,286
1025-15 3.214 0.892 0.941 1.08 7.18 0,940 0.894 0.726 6,144
1025-20 3,211 0.892 0,938 1.08 7.18 0.940 0.892 0.724 5,935
1025-25 3,207 0,892 0.936 1.08 7.18 0.940 0.892 0.724 5.715
1025-35 3.198 0.892 0.929 1.08 7.18 0.940 0.890 0.722 5.182
1025-45 3.183 0.892 0.920 1.08 7.18 0.940 0.886 0.719 4,604
1025-55 3,165 0.892 0,911 1,08 7.18 0.940 0,881 0.715 4,047
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target used for b‘ackgfouhd runs actually contained one atmosphere of
hydrogen gas at liquid hydrogen tem.per(ature, with density 0. 0015 gms/cc

Therefore the effective density for calculating the cross section is:

Py = 0.0707-0.0015 = 0. 0692 gms/cc.
Using an atomic weight of 1. 008 and Avogodro's number 6. 024 x 1023,
we obtain:

N.. = 0.4136 x 1023 nuclei/cc.

H

4. N(k)
The photon population is discussed in Appendix I, Beam

Monitoring.

5. Correction Factors
The values for RD and Aw are obtained from the results of
calculations and‘ measurements discussed in Appendices III and IV
respectively.
The values of the separate factors and the final values for K

are given in Table 5, for each of the data points.

C. COUNTING RATE FORMULAS

Because the counter system does not perfectly discriminate
between the pions, protons and electrons that pass through the spectro-
meter, the counting rate for pions must be calculated from the observed

number of counts, taking into account the system efficiencies.
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Definitions:

i

C,’r, Cp’ Ce the number of pions, protons, and electrons,
respectively, passing through the system per
BIP, within the acceptance range of the spec-
trometer. In the case of the pions C'n' refers

to the number remaining after absorption.

Mg nEp’ Mpe = the efficiencies of the electron detection system
for counting pions, protons and electrons re-

spectively. .

N&ge nép, née = the efficiencies of the Cherenkov counter for
’ counting pions, protons and electrons respec-

tively.
[ All other efficiencies are assumed to be 1. 00.]

C ' = total number of counts per BIP (23456 coinci-
‘dence, referring to the electronics diagram,
fig. 7).

E

i

"electron" counts per BIP.

We can write C and E in terms of the other quantities above:

L

C C C C

MenCr ¥ 1ceCe ¥ T]Cp P

E= C C C

TerEr~n * ce"Ee“e * néanp P

We can express C7r in terms of measured quantities:

n

= e (G- - g (- 2)C)

Cr a__nEﬂ) Ee p Ee p
nEe

Errors:
In order to calculate the statistical error, we use the fact that

né‘,”, Ter Tpe’ nép, nEp and Cp are independent quantities. C and
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E however are not independent since all of E must also be a part of

COV
.. E
We divide C - —— as follows:
Ee ’
C--2 =[C-E +[(1-=)E]
nEe T‘Ee

It is easy to see that the two quahtities in brackets are statistically
independent, since [C - E] could have been counted directly by using
a veto circuit and then this quantity would certainly be an independent
vériable. Once the counting rate is written in terms of independent
quantities the error formula can be calculated in a straightforward

manner. The result is:

"r" .
2 1 2 1 22 .2 Ep,2 2
€ = {e (1~ —=— )% +n% (1-——=5)%
Cr 2 Mgg & C-F "Ee Cp™ Mg, ©P
N&r 1 -5 )
Ee
2 n 612 nz
+ B 2wl BB 4l (R +ER2 )
P n N C 2 4 ®n
ke Ee Ee Cp e Mge Fe
1 "Ep, ~ 12
+{C-E) + (1 - =—)E - mi (1 - =—)C_]
MEe P Mg, P
2
2 n
1 1 Er 2 1 2
{s ( € tege s ) F —e .}
2 "Er 4 n2 TEr Ee 4 "gr 2 Cr
Nepll- 72 )% "Ee Ee el - =)
Ee Ee

where €, = statistical error in x,
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V. RESULTS

A, TABULAR LISTING.

The final values fqr the differential cross section as obtained
from this experiment are listed in Table 6.

The errors listed arise solely from counting statistics and do
not include systematic errors. Errors due to counter efficiency
measurement statistics are included.

The absorption correction error has been treated in a special
way. No error has been assigned to those points which were obtained
usiﬁg the single convertor since such an error would shift all of the
points together without changing the shapé. However at the smallest
angles, where the double convertof was used, the error in the difference
in absorption for the single and double convertors has been included in
the overall error since such an error would shift one point with respect
to the rest,

The error in the measurement of the spectrometer‘acceptance
has been regarded as a systematic error and is not included in the
errors listed.

The results of the ‘preceding experiment of Dixon and Walker (5)
are listed in Table 7. Corrections have been made to these results
for improved values for the decay correction and for the more accurate

spectrum shape.

B. GRAPHICAL DISPLAY
The results from both experiments are displayed in figs. 8(a)
to 8(e). The curves are least squares Moravcsik type fits, the details

of which are given in Section VI B.
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Table 6
Results
f
Point 0 (cm) C. counts /BIP o-(el), pb/ster
700-5 - 8.0° 0.997 + 0.052 15.14 £ 0,79
700-7. 5 12.0° 0.903 % 0, 049 12.99 + 0,70
800-3,2 5,3° 0.451 % 0.032 13,94 = 0,99
 800-5 - 8.3° 0.700 % 0,042 10.86 * 0. 65
800-7.5 12.5° 0.638 £ 0,043 9.38 % 0. 63
900-3 5, 2° 0.399 % 0,027 12.94 =+ 0. 88
900-5 8. 6° 0. 674 + 0,039 10.34 £ 0. 60
900-7.5 12.9° 0.577 £ 0.036 8.91 £ 0. 56
900-10 17.2° 0.478 + 0,021 7.42 + 0,33
900-15 25. 6° 0.508 # 0,031 8,04 = 0,49
960-3 5.3° 0.268 % 0,023 8.62 % 0,74
960-5 8. 8° 0.496 + 0.034 7.55 % 0, 52
960-7.5 13.2° 0.445 = 0,028 6,81 % 0,43
960-10 17. 6° 0.443 + 0,026 6.83 = 0. 40
960-15 26.2° 0.481 = 0,028 7.59 £ 0,44
1025-3 5, 4° 0.249 £ 0,015 8.25 % 0. 50
1025-5 9,0° 0.427 = 0.020 6,69 = 0,31
1025-7.5 13, 5° 0.352 + 0,017 5,55 % 0, 27
1025-10 17.9° 0.392 % 0.019 6.24 % 0,30
1025-15 26.7° 0.452 + 0,019 7.36 £ 0, 31
1025-20 35.3° 0.466 £ 0.026 7.85 + 0,44
1025-25 43, 6° 0.497 % 0.027 8.70 % 0.47
1025-35 59, 3° 0.320 + 0,021 6.18 = 0,40
1025-45 73.7° 0.143 + 0.012 3,10 = 0, 26

1025-55 86.7° 0.080 £ 0,011 1.98 & 0, 27
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Table 7

Results From the Experiment of Dixon and Walker (5)

Point: In this table the point designation refers to the c.m. angle

instead of the laboratory angle.

The results given here have been corrected for an 'imp,roved
calculation 6f the decay corrections and for a more accurate photon
spectrum shape.

* Indicateé a point obtained from an average of data from more

than one experimental configuration.
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. Table 7
Point a(et), p.b/ster'
700-20 12.42 % 0. 67
700-30 10. 86 % 0. 61
700-45 11.14 £ 0.59
700-60" 10.66 = 0.18
700-75" 9.86 + 0. 31
700-90 8.60 % 0. 30
700-105 " 6.40 £ 0.30
700-120 4.46 % 0. 21
700-135 3.51 £0.18
700-150 2.74 0. 20
700-163 2.35% 0,19
800-20 9.31 = 0. 46
800-30 8.00 £ 0.47
800-45 7.25 % 0. 39
800-60 5.88 £ 0.41
800-75" 5.35% 0,17
800-90" 4,65+ 0,14
800-105 4.06 +0.18
800-120 3.39 £ 0.16
800-135 2,69 %0.15
800-150 2.56 +0.16
800-163 2.26 +0.17
900-20 8.61 % 0.47
900-30 8.06 % 0. 51
900-45 7.78 % 0, 46
900-60 5.04 £ 0. 29
900-75 3.00 0. 20
900-90 2.69%0.13
900-105 2.72 £0.14
900-120 2.66 % 0.13
900-135 ' 2.97 £ 0.11
900-150 2.15+0.14

900-164 2.14 £0.15
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Figure 8. Angular Distributions

The measured differential cross section, from this experiment
and that of Dixon and Walker (5), are shown for 700, 800, 900, 960
and 1025 Mev laborafory photon energies., The errors shown are
statistical and do noﬁ indicate systematic errors other than counter
efficiency errors, which are themselves statistical in nature.

The solid curves are least squares fits with the Morovcsik

form ‘g B cosnet
¥ Lod n

o(6) = n=0 5

(1 - B«'coskel)

In each case N = 6,
Some artificial data points not shown have been included in
making the fits (see text). For k = 1025 Mev, fig. 8(e), the simple

polynomial fit

N
cr(el) = y Ancosne'
n=0

is also shown to illustrate the poor fit obtained as compared with the

Morovcesik form.
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IVv. ANALYSIS

A, GENERAL

Since there exists no satisfactory theory for predicting the photo-
production cross section in the energy range of this experiment, one
must extract as much information as possible on the basis of a pheno-
menological analysis of the data.

The cross section can be written in terms of all of the multipoles
that can contribute. (7). However, there are so many unknown complex
coefficients that it is not possible to uniquely determine them from the
data at present. The only method of attack which has any hope of suc-
cess is to simplify the form of the cross section as much as possible
by assuming that all of the interactions take place in resonant states in
which one multipole predominates in the vicinity of each of the resonance
energies. In addition to these resonant states one must insert the
retardation term and "background" states of low angular momentum,
the only available procedure being to use the Born approximation,
perhaps with variations in the amplitudes of the two terms. Such a
program of analysis is being carried out by J. Link and R. L. Walker,
using standard resonance formulas to suggest the energy dependence
of the multipole amplitudes and phases. By using the currently accepted
state assignments for the first and second resonances the possible
choices for the muliipoles become sufficiently restricted that there
is some chance that one can distinguish between the possible state
assignments for the third resonance by comparing the calculated angular

distributions with experimental results. In fact, this possibility was
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one of the reasons for initiating this experiment. It was hoped that
interferences with the retardation term.  at small angles would dis-
tinguish between multipoles in the vicinity of the third resonance.
However, interference with the low angular momentum states obscures
any such effects, as may be seen by examining the Born approximation
results, fig. 2. |

A description of the detailed procedure used by Link and Walker
would be rather lengthy. It is sufficient to séy that at the present stage
of the program no definite decisions can be made with regard to the
third resonance assignments. None of the synthesized expressions
agree well enough with experiment, or for that matter disagree violently
enough, that an unambiguous choice can be made. The analysis will
continue, aided in the future by measurements at 1100 and 1200 Mev. (11)

There are some features of the theory which are especially
related to the small angle measurements of this experiment, and even
though a multipole analysis is not possible the data will be analyzed
with regard to these special points, namely the effect of the retardation

term and the importance of the 0° cross section.,

B. MORAVSCIK CURVE FITTING

Moravcsik (8) has pointed out that the presence of the retarda-
tion term should be specifically taken into account when making a fit
to at photoproduction data. The simplest procedure in fitting angular

distributions is fo use the polynomial form
& |
£
G(GY) = ;7 A cos™@
Ld n

n=0
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However, the retardation term introduces a term into the cross section
of the form
F(k, 0')
(1-ﬁ'cos 9')2

where F(k, e') is a smooth function of photon energy and c. m. angle,
and B' is the velocity/c of the pion in the c.m. system. Since B'
is quite close to 1.0, an expa‘nsion of this function in terms of powers
of cos 6' is very 31o‘wly converging and requires a large number of

terms to give an adequate approximation. If the functional form

N
; B cosnel
fod n
=0

(o) = 2 ! -
{(1-B cos 0)

is used, many fewer terms (smaller N) will give a satisfactory fit.
The terms in the cross section that do not have this characteristic
denominator will be effectively multiplied by cos 9X or coszels Thus
we can expect that a satisfactory fit will be obtained for N greater by
no more than two than the value which would be obtained if the retar-
dation term were not present. Fits were made to the data by the usual
method of least squares, using the Moravscik form.

The principles of the least squares procedure has been treated
by many authors but a most convenient summary of all of the features
necessary for the analysis here is given in a paper by P. Cziffra and
M. Moravesik (9). The fitting involved the inversion of matrixes and
was performed on the IBM 709 computer at the Western Data Processing

Center. Even though the data points have a statistical accuracy on the -
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order of 5%, it was necessary to use double precision arithmetic (six-
teen significant figures) in order to obtain meaningful results. This is
due to the large range in orders of magnitude of the elements of the
initial matrix. It would have been possible to avoid double precision
by multiplying the rows and columns of the matrix by appropriate
factors to reduce the range of the elements but it was more straight-
forward to use available double precision routines. The program also
calculated statistical properties which allowed the application of the
X{Z test to determine the relative goodness-of-fit for different values
of N. The value of the fitting function, together with its statistical
error, could be calculated ét any point.

B, B

sy oee 3 Boo, XZ and the xZ robability have been com-
o’ T " N P Y

puted for several values of N for the data listed in Tables 6 and 7.
The results are given in Table 8.

At each energy an artificial data point has been inserted in the
non-physical region at cos 9l = l/ﬁre The origin of this point will be
made clear in section (C) below,

At 960 Mev and 1025 Mev there are no data at large angles. In
order that the fitting curve would have a reasonable behavior in this
region several data points, obtained by interpolation and extrapolation
of data at nearby energies, have been added with appropriately large
error assignments. These artificial points are listed in Table 9.

The fitting curves for N = 6 are shown in Figure 8.

There are three items which should be pointed out with regard

to the uniqueness of these curves:
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Table 8. Least Squares Fitting Coefficients and )(2

The results of least squares fits to the data, including the arti-
ficial points mentioned in the text and listed in Table 9, are listed.

The fitting function used was

N

t
‘)_‘ B cosne
fd D

T n=0

o(6) =
1-6!cos E)')2

The coefficients Bn’ XZ and p, the XZ attaining probability, are
listed for several values of N. D is the number of degrees of

freedom. [D = no. of data points - (N + 1)]
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Table 9. Artificial Data Points

The data points inserted at the pole were calculated from theory
using a value of the coupling constant fz = 0, 081.

The points added to the 960 and 1025 Mev data to force the
proper wide angle behavior were obtained from the Dixon-Walker data

by interpolation and extrapolation.
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Table 9

1
A. Residues at the Pole cos 8 ::.—]{.-

p
k, Mev l/ﬁ’ (1-ﬁ'cos 9')20-(6l) pb/ster.
700 1.0521 0.04414 + 0.00290
800 1.0429 0.02836 = 0,00190
900 1.0363 0.01925 = 0,00130
960 1.0332 0.01559 + 0. 00110
1025 1.0304 0.01258 = 0.00084

B. Wide Angle Points

960 Mev (Interpolated)

_it_ O'(GE) ub/ster.
60° 6.13 = 1,00
90° | 2,20 % 0,40
120° 2.70 % 0,40
150° 2.46 = 0.40

1025 Mev (Extrapolated)

1
¢] (0 ) ub/ster.
120° 2,50 = 0.50
150° 2.70 = 0. 60

164° 2.20 %+ 0.50
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(i) The xz test gives an ambiguous decision about the best
degree polynomial to use in some cases. This is especially true for
the 900 Mev data. The XZ probability indicates that there is no
order of polynomial which gives a really satisfactory fit. This indi-
cates that there is probably some inconsistency in the data, as might
be guessed from the appearance of the points in fig. 8(c).

The 1025 Mev data, on the other hand, yields a quite definitive
answer to the question of which is the most suitable order of polynomi-
al. The greatest effort was expended on the measurements at this
energy and the statistical errors are somewhat less than for the other
data. Also since all points were measured with the same apparatus
there is less chance for systematic errors to affect the shape of the
angular distribution.

(ii) The advisability of using the Moravscik form rather than
a simple polynomial is demonstrated in fig. 8(e), in which the same
number of terms are used in the two forms at 1025 Mev. It is obvious
that more terms would be required in the simple polynomial to give as
good a fit as does the special form.

(iii) There is some question of absolute normalization between
this experiment and that of Dixon and Walker. Moving all of the points
obtained here upward with respect to the earlier data by 4% reduced
the value of XZ slightly. For example, at 800 Mev XZ changed from
11. 98 to 10. 35 for N =5, This is not sufficient evidence to warrant a
renormalization. The general shape of the curves was unchanged by
such a shift, and therefore none of the arguments presented will be

affected.
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C. THE COUPLING CONSTANT

Moravscik et al (10) have discussed the possibility of obtaining
from 7r+ photoproduction data a value of the pioﬁ—nucleon coupling
constant. It is shown that in any theory which one can propose there
exists a term in the differential cross section which has a second order
pole, i.e. becomes infinite, when cos [3t = 1/5t. This term is of course
just the retardaﬁon term which we have been discussing. At this pole
the contributions from all other terms, no matter how complicated,
are negligible. The coefficient of this term is simply related to
kinematical quantities and the pion-nucleon coupling constant. One can -

express this behavior by

2

(1 - p'cos 69%x(0") | L i e S , +0(0)
“cos 8 =1/B k> (1+ w/M)

where
fz = derivative coupling constant (squared)
q = pion momentum in (Mev/c)/pion mass (Mev)

k = photon energy / pion mass

t

B = pion velocity/c

M = nucleon mass/pion mass
w _ k { k2
MM ()

all in the c. m. system. The prescription for obtaining 2 from
measured quantities is to extrapolate the cross section data, multiplied
by (1 - ﬁicos 6')2, into the region cos 6t > 1, which is obviously inac~-
cessible to physical apparatus. The value of the extrapolated function,

i.e., the residue at the pole, yields fz immediately from the preceding
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formula.

Such a procedure is relatively straightforward if one has very
accurate data at many angles, especially near 0°. Then the fitting
function can be chosen relatively unambiguously and the error in the
extrapolation will be small,

As the energy becomes higher, {3, approaches 1. Therefore
the pole is closer to the physical region at high energies. However,
the value of the residue becomes smaller with increase in energy.

The combination of these two effects gives an optimum energy for ob-
taining fz for a given number of data points of specified accuracy.
Moravscik et al give this energy as about 500 Mev (laboratory photon
energy), but point out that the maximum is very broad.

The data from this experiment has been used in an attempt to ob-
tain a value of fz,, whose current value, obtained from pion scattering
and low energy photoproduction experiments is 0. 081+ 0.0l. An illustra-
tion of an extrapolation curve is shown in fig. 9. The results are listed
in Table 10, for various values of N at the different energies. The
errors given are based on the stati_sticél properties of the fit, calculated
‘from inverse matrix elements, etc. (see Cziffra and Moravscik (9) ).

It is obvious thatthe procedure leaves something to be desired with re- ,
gard to self consistency. As may be seen by examining the values
obtained for different N, the choice of fitting function is important and
it is probably this ambiguity which leads to the inconsistency. In the
case of the 1025 Mev data the order of fit choseﬁ by the XZ test was
quite definite. Also the choice, N = 6, is consistent with the currently

accepted (J =5/2) assignment for the third resonance. In order to see
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Figure 9. Extrapolation to the Pole cos o' = —l-T .
' P

6
. ¢ .
The solid curve is the polynomial S Bncosne resulting from a least

Loed

n=0
squares fit of the Moravscik type to the 1025 Mev data, some of which
extends beyond the limits plotted. The dotted curves indicate the probable
error limits on the fitting curve, based on th‘e statistical properties of

‘ t

the least squares procedure. The value of the ordinate at cos 6 = -—17- =

1.0304 vyields a measure of the pion nucleon coupling constant when

multiplied by some kinematical factors.
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Table 10. Experimental Values of the Coupling Constant

The values of fz obtained from an extrapolation to the pole at
cos 9' = -—lr are listed for each order of polynomial. The most likely
p

choice, based on the xz test, is underlined.

The numerical coefficient a, in the formula

fz =a- (1- ﬁlcos Bt)zo'(et)

is given for each energy.
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that this is the case we remember that the Moravscik fitting form ef-
fectively adds two powers of cos 92 to allow for the retardation term.
Thus N = 6 implies an angular distribution, due to interactions other
than the "photoelectric effect”, with powers of cos 9t up to the 4th.

Thié is just what would be produced by a DS/Z state, from either a mag-
netic quadrupole or electric octopole, or an FS/Z state from an electric
quadrupole. In order to produce higher powers of cos BE it is necessary
to have both a photon interaction of higher order than quadrupole and

a pion angular momentum greater than 2 (D wave).

More accurate data with a finer angular mesh is needed before
a useful measurement of fz can be obtained from this method.

Since fz could not be obtained independently from this experi-
ment, although there was no gross inconsistency with the currently
accepted value, it was decided to use the residue at the pole as an
artificial data point in order to obtain the best value of the cross section

(o]

at 07. The interpolation procedure introduced by having points on both

"sides™ of 0° is superior to an extrapolation from the small angle data

1 1 1=
alone, The actual values of (1- cos © )20'(6 )%cos N

et

':1/‘32 used in the

analysis are listed in Table 9.

©, 180° CROSS SECTIONS

D. 0
At 0° and 180° the effect of the retardation term disappears.

Therefore the cross section at these two angles is a measure of the

interaction in states which do not arise from the "meson current® coup-

ling. In tig. 10 is plotted the 0° and 180° cross section vs. energy,

using the extrapolated values from this experiment together with some
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Figure 10. 0° and 180° Cross Sections vs. Energy

The values of the 0° cross section obtained from this experiment
were obtained from the intercept at 07 of the least squares fitting

t t
curves, using artificial data points at the pole, cos & = 1/p .
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data from low energies. There are features of this plot which are most
interesting. One of these is the cross over, or reversal of asymmetry,
af the first resonance. Another is the notable lack of fluctuations in
the curves over the region of the second resonance. At the highest
energies there is a drop in the 0° curve.

It is possible to express the photoproduction amplitude in terms
of the contributions from each of the multipoles that can occur. As
pointed out previously, it is advisable to separate out the retardation
term in order to reduce the order of the multipoles required, and to give
better correspondence to the physical situation. If one does this at 0°

and 1800, comparatively simple expressions result (from R. L. Walker
(7)):

¢(0°) ~ |0|% + |E|? + 2Re(O x E)

«(180°%) ~ |0|% + |E|? - 2Re(O x E)

where O and E are the odd and even parity multipole contributions

from interactions other than the "meson current® coupling, of the form:

O=+2 Ell -2 E13 +16 l\/I23 -6 M25 +712 E35 ...
E=+2 Mll - 72 M13 +76 Esg =16 E25 +712 M35 +...
where Ej 3 is the amplitude for production from an electric multi~
**Tot

pole having photon angular momentum j in a state of total angular

momentum is the similar amplitude for a magnetic

1.
=] ‘ . s
2 "Tot Jadmot

multipole. The numerical coefficients depend of course on the normali-
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zation of the multipoles. (7)

The comparative simplicity of the OO; 180° expressions makes
them useful for testing the agreement between experiment and trial
combinations of multipoles, prior to examining the complete angular
distributions. |

One would hope that, even though each of the multipole ampli-
tudes cannot be obtéined from the data at present, at least the quan-
tum numbers of the resonant states, in particular the poorly known
third resonance, could be obtained in this way. However, even this
does not seem possible. A preliminary attempt at synthesizing the ob-
served cross sections from various multipoles has shown that the be-
havior at 0° and 1800, as well as in the rest of the angular range, is
insensitive to the choice of angular momentum and parity within the
experimental uncertainties. There seemé to be little hope of making
a definite assignment of parity on the basis of this analysis. The
effort will be continued however,

E. TOTAL CROSS SECTION
The total cross section can be obtained by integrating the least

squares fitting curves:
T

o 1 . ! 1
Trotal = 2m '§O o(0')sin 0' 46

The forWard angle region contributes little to the total cross section so
the values at 700, 800, and 900 Mev will not be very different from those
previously obtained (5). The 960 Mev data are too incomplete to give a
significant value, while the 1025 Mev data yield a total cross section with
a rather large error, as calculated from the properties of the least
squares fit.

Table 11 lists the values obtained, together with the values ob-

tained by Dixon and Walker.
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Table 11

Total Cross Section

k, Mev T otal’ pb [ﬂ_total’ Dixon, pb]
700 ©96.94+1.17 94, 62 +1.19
800 62.10 + 0.93 ’ 60.11 + 0. 89
900 49. 48 + 0.86 48. 88 + 0,92

960 50. 20 + 3.55 --

1025 47.89 £ 2.11 | ‘ -
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VII. CONCLUSIONS AND SUGGESTIONS

This experimenf has demonstrated conclusively the stfong effect
of the retardation term  on the 7r+ photoproduction differential cross
section, especially in‘the small angle region, at high energies. The
rather marked resemblence of the small angle behavior to the results
of a simple Born approximation calculation suggests that the influence |
of the interference betwe;en the retardation term and low angular momen-
tum states, which predominate in the Born approximation, is so great as
to mask or at least obscure effects due to higher angular momenta such
as the high energy resonance states.

The much improved values of the 0° cross section giveh by this
experiment are useful for comparison with theory. In particular, a
phenomenoclogical synthesis of the contributing states from experimental
data can be carried out at OO, unhampered by considerations of the re-
tardation term.

A knowledge of the behavior of the forward-backward asymmetry
of the cross section at still higher energies, above the third resonance,
would be helpful in dete}rmining the contributing states. An experiment
is now in progress to measure the differential cross section at higher

energies, including the small angle region (11).
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APPENDIX I

BEAM MONITORING AND BREMSSTRAHLUNG SPECTRUM

A. GENERAL

The beam intensity was monitored by a thick walled sealed copper
ion chamber filled with an argon - CO2 mixture. This chamber was
calibrated against the Cornell type quantameter (12). This heavy cham-
ber (called Chamber IiI) also éerved to stop the beam and was placed
as far down stream as possible. When the spectrometer was set to
angles smaller than 15° the beam was stopped by the magnet ryoke or
coil windings rather than in the ion chamber and another monitoring
system was required. A second "thin® chamber consisting of two
parallel plates which collected ions produced in the air as the beam
passed between them, was placed near the primary collimator. Because
this type of chamber is sensitive to atmospheric changes and to charged
barticles as well as photons, it was calibrated against Chamber III
before and afte;: each run by moving the spectrometer magnet out of the
beam path.

The charge on the ion chamber collectér plates was integrated
and recorded in units called BIPS, which are related by the integrator
constant and the ion chamber calibration to the total beam intensity,
including all photon energies. A knowledge of the beam spectrum then

yields the number of photons per BIP in the energy region of interest.

B. CHAMBER CALIBRATION
The sensitivity of the quantameter can be calculated from shower

theory, and is designed (12) to be independent of the spectrum, giving a
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response which is proportional to the total energy in the beam. The

calculated response for p/T = 2.782 mm/oK is

U~ =4.93x 1012 Mev /coulomb

Q

Unexpected difficulties were encountered in the calibration of Chamber
III. Three separate calibrations were carried out, none of which agree
within the errors ascribed to the measurements.

The first was ‘performed soon after the installation of the chamber,
before its use with any experiments, and involved only a few runs. It
is not known whether the beam was properly centered on the chamber at
that time.

After this experiment was completed the other two calibrations
were made, one month apart. Although the runs were self consistent
within 1% or better for one calibration, the two separate measurements
disagree by 4%, after allowance is made for a slow leakage of the gases
out of the chamber between calibrations. No explanation of this dis-
crepency can be found. The response before and after emptying and re-
filling the chamber was the same (third calibration). It is known that the
quantameter was not unstable because a calibration of a small portable
chamber that had been calibrated repréducibly several times before gave
excellent agreement with previous results. An inspection of the interior
of Chamber III showed no signs of mechanical or electrical failure.

There was one other calibration by T. Terman, whose experiment
ran concurrently with the beginning of this one. This was a very limited
measurement, consisting of only ore run on each chamber, but a careful

reduction of the data yields agreement with the second calibration men-
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tioned above, with an estimated accuracy of about 2%.

Since the choice among calibrations is somewhat arbitrary, and
the second seems to agree with the only availablé independent measure-
ment, that is the one I have chosen for reducing the data. The values
are given in Table Al. A systematic error of approximately 3% should
be assigned to the absolute normalization due to this unfortunate circum-
stance. This error affects the matching of the data from this experiment
to that of Dixon and Walker (5), and in retrospect more overlapping data

points should have been taken.

C. THE SPECTRUM
The number of photons per BIP in an energy range k to k +dk

~is given by
WB(k, EO)

Expressed in this way, the function B(k, EO) is nearly constant up to
k = Eo’ where it vanishes. The normalization factor W is chosen so
that

Eo

§ B(k,E )dk = E
o o

0
In principle B(k, EO) could be calculated if the detailed behavior of the
electrons striking the radiator were known. However such is not the
case, and one must measure the spectrum in order to obtain an accurate
value of B(k, EO). Such a measurement has been performed by R. L.
Walker and the author, and the reduction of the data is still in progress.

A preliminary analysis however gives some information which is
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Table Al

Ion Chamber Calibration

Quantameter:

8129 Mev/coulomb @ p/T = 2.782 mm/°K

independent of energy

UQ=£9SX1&

Chamber III: @ p/T = 2.555 mm/OK

E_, Mev U, Mev/coulomb W, Mev/BIP
800 4.45 x 10'8 0.945 x 102
900 4.49 0.953
990 4,48 0. 951

1050 4.47 0.949

1130 - 4,43 0. 940

W was computed from the integrator calibration:

Integrator #0249 : 0.2123 % 107° coulombs /BIP
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of use here. Using the theoretical formula for the pair production cross
section (13), including production from the electrons and screening
effects, one can calculate a value of B(k,EO) from the measured
counting rates, the calculated pair spectrometer response and the
theoretical sensitivity of the quantameter. Using the average of many

runs with several types of convertor materials one obtains a value:

B(k,EO) = 0.900 = 0.040
k/EO =0.7

independent of Eo within errors in the energy range 800 < EO< 1200.
The error assignment is based on errors in the absolute calibration
of the quantameter, the errors in the pair cross section formula
and on uncertainty in the pair spectrometer efficiency. Since all of
these errors are somewhat uncertain the value 0. 04 should be con-
sidered an estimate.

The spectrometer shape near the end point can be obtained from
the pair spectrometer data by approximating the resolution curve of the
spectrometer and "unfolding" the measured spectrum by trial and error.
One must take into account the variation of the spectrum with angle in
the photon beam and average over the collimating aperture. Within the
errors inherent at the present stage of the analysis there is no dependence
of the spectrum on end point energy when plotted versus k/EO, for
800 = Eo < 1200. The final spectrum shape used in the data analysis is
shown in fig. A1. The absolute accuracy is the same as that quoted for
B(k,EO)k/EO 0.7 The relative accuracy, i.e. the shape, has accuracy
sufficient to contribute less than 1% to the errors in the cross section.

Since the error due to the spectrum shape is rather independent of pion
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Figure Al. Bremsstrahlung Spectrum B(k, EO).

This curve was obtained from a preliminary analysis of data from a

pair spectrometer measulrement of the spectrum. A weighted average
over the collimated beam cross section has been taken, and the normal-
ization at k/EO is based on the theoretical pair production cross section

and the calculated response of the Cornell quantameter.
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angle, the error made in the shape of the differential cross section will
be quite small.

The value of N(k) is obtained for each data point by integrating
N(k) over the spectrum weighted by the spectrometer resolution function,
which can be obtained either from the magnet report (6) or from the

decay correction curves in Appendix IIIL.
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APPENDIX II

COUNTER EFFICIENCIES

A. THE CHERENKOV COUNTER

1. Cherenkov counter efficiency for pions.

N
The inefficiency, 1 - N&qe Was measured by selecting pions
with a time-of-flight circuit using Al, with the spectrometer set at a

large angle so that electrons were not present. The ratio of counts

with the Cherenkov counter in veto to those with it in coincidence is

the inefficiency (neglecting second order terms).

2. nép’ Cherenkov counter efficiency for protons.

The same tiﬁe~o£~ﬂight circuit that was used for the né’w
measurement was set to select protons. The ratio of Cherenkov coin-
cidence counts to veto counts is the efficiency.

When only a few particles are counted, as in these efficiency
measurements, there is some worry about whether the time-of-flight
selector is adequate. The pulse heights in counters other than the
time-of-flight circuit showed that the particles being counted were in-
deed those desired. That is, the particles that were all supposed to
be protons were heavily ionizing in C2 and C3, and those that were sup-
posed to be pions gave a pion-like pulse distribution in C2 and C3; i. e.
they were not heavily ionizing in both C2 and C3. The results of the

measurements are shown in fig. A2,

B. THE ELECTRON COUNTER

Mpe? the efficiency of the electron counter for counting electrons,
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Figure AZ. Cherenkov Counter Efficiencies né,ﬂ, nép

The gquantities actually measured, (1 - néw) and né‘p are plotted. The

bias values refer to the lower limit placed on the pulse resulting from
a coincidence between the Cherenkov counter and Cl. Most of the ex-

periment was carried out with a bias of‘ 23 v.
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was measured by setting the spectrometer at 0° and using a 1/8% Pb
target. A rough calculation shows that the number of electrons accepted
by the spectrometer is greater by 106 than the number of other particles.
By severely collimating the beam and detuning the synchrotron the
counting rate could be reduced to acceptable levels. The efficiency is
then given simply by the ratio of "electrons® counts (the large pulses)

to the total number of counts. The results are shown in fig. A3.

Since this efficiency was a critical point itvwas measured re-
peatedly throughout the experiment. These measurements never differed
from the overall average by more than expected statistical fluctuations.
Each measurement had a statistical accuracy of about 0.3%.

Mgy the efficiency for counting é pion as an electron, was
measured by using a time-of-flight circuit to eliminate protons, and
operating at a large angle to eliminate electrons. The ratio of "electrons®
counts to the total number of counts is Mgy shown in fig. A4. The
bias chosen for the electron counter was a compromise between too small
MTEe and too large Mege

nEP, the efficiency for counting a proton as an electron, was
measured in the same way as e except that the time-~of-flight was
set for protons and the Cherenkov counter was used in veto rather than

coincidence. The results are shown in fig. A5.

C. GAIN AND BIAS STABILITY
In order to insure that the system efficiencies would be stable
against day to day variations in the electronics a simple but sensitive

procedure was adopted which would allow an adjustment of gains and
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Figure A3. Electron Detector Efficiency MTre

The single convertor was 1/2% of Pb placed in front of counter C3. The
double convertor system had an additional 1/2" piece in front of counter
CZ. The efﬁciency ke is the probability that an electron will produce
a large pulse in C3, for the single convertor, or a large pulse from

either C2 or C3 or both, when the double convertor was used.
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Figure A4. Electron Detector Efficiency Mer

Mo is the efficiency for pions to count in the electron detection system.
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Figure A5. Electron Detector Efficiency Mgp

nEp is the efficiency for protons to count in the electron detection

system.



1.0

0.9

0.8

0.7

0‘6

0.5

0.4

0.3

0.2

0.1

0.0

EFFICIENCY, Mgp

_93_.

SINGLE
CONVERTER

] !

DOUBLE
CONVERTER

700

ME AN

800
MOMENTUM,

900
MEV/C

1000




~94 -

biases at the beginning of each day's running and after several hours
of extended running.

The abundant supply of electrons at 0° was used as a source. At
preselected bias values, amplifier gains were adjusted one by one to
give 50% efficiency for each counter. Then biases were restored to
normal operating values, on the assumption that variations in biases
would occur merely as a linear change in scale and not as a uniform
displacement. The long term stability of the electron detector efficien-
cies indicates that this method has merit.

It should be mentioned that in adjusting the gains of C2 and C3
the Pb convertors were removed since otherwise almost all pulses

saturated the amplifiers.

Pulse Bias Adjusted Running Bias, v Test Bias Test
C~Cl coinc. Ch. 4 of 6 Ch. 23 40 %%_g.g)g :.12
Coinc. Box .
A2- Al coinc. Ch. 3 of 6 Ch. 40 85 (§456)85 I}z
Coinc. box ' 40
"EZ ¥ _ 1
c2 Ch. 2 o.:E MOD100 65 34-1/2 IR <2
‘ 1
c3 Ch. 3 of MOD100 60 34 tEs 1

Coinc. box (3456) 2

Refer to electronics block diagram, p. 26.
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APPENDIX IIT

DECAY CORRECTIONS

Charged pions decay into muons by the reaction

ot Wy

with a mean life at rest of (2. 56 = 0.05) x 1078 sec. This means that a
fraction of the pions will decay before they reach the counter telescope.
Since the counter system cannot distinguish between pions and muons
one must investigate in some detail the effect of the decay on the counting
rate. There are two effects, which tend to compensate: (1) Pions which
would have been counted were it not for the decay can be lost due to the
angle of decay and/or change in momentum. (2) pions which were not
within the acceptance range of the spectrometer, in angle and/or momen-
tum, decay into muons which might then be accepted.
For the geometry of this experiment and a typical pion momentum,

about 10% of the pions degay in passing through the system.

' The correction to the pion counting rate can be calculated exactly
by setting up a multiple integral containing the decay kinematics and
the spectrometer geometry. However, the variable limits of integration
and the complicated integrand make the evaluation of the integral very
difficult. Previous attempts at this problem (5) approximated the inte-
gration procedure, not treating the region inside the magnet except as
an extension from the regions outside. Even in these approximations a
digital computer was used to reduce the labor involved.

Availability of the higher speed IBM 709 at the Western Data
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Processing Center prompted the use of Monte Carlo techniques for this
problem. This method has the advantage that the physical situation can
be simulated to a rather good approximation and the computation pro-
cedure becomes quite simple in comparison with an evaluation of the

multiple integral.

The computer program:

The spectrometer magnet is simulated by two Yeffective edges®
inside of which the field is uniform and outside of which there is no
field. Horizontal deflection due to the fringing field is included approxi-
mately., The coordinate system used is shown in Fig. A6. The H,
target is replaced bf a uniform rectangular sourcé of pions at the focus
of the magnet, and the aperture defining counters are merely limits
within which the paths of the particles must lie in order to be accepted.

The computatior;al procedure is best shown by means of the flow
diagram for the computer pr;)gram, fig. AT.

Briefly, the computer is given a decay distance, R, and the
number of trials to make, From the value of R and the size of the
entrance aperture the computer calculates the range of angles into
which a pion could be emitted with a finite chance of being accepted,
taking into account the maximum decay angle. Then the position in
the source and the two projected angles of emission are selected at ran-
dom, within the previously calculated limits. The pion is advanced by
a distance R. If the counter has not been passed already decay takes
place at a randomly selected direction in the rest system of the pion.

Conversion to the laboratory system gives the angle and momentum of
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Figure A6. Decay Correction Coordinate System

The effective edges of the magnet are shown in heavy lines. The ran-
domly selected mission angles at the source are shown without any

label since they were not named specifically in the computer program.

- The variables shown refer to notation used in the detailed program which

is not given here.
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Figure A7. Block Diagram of Computer Program for the

Decay Corrections

B mewi.m;m\\wm

Y

| N
The symbol = xiy >%. indicates a branch comparison of the

| NS
algebraic quantities x and vy.
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the decay muon. The muon is then advanced to the counter plane and
tested for a hit. Then, unless enough trials have been made, another

"emitted" from the source. If any of the apertures are missed

pion is
during the advance of the particle, a miss is recorded and another trial
started. After the requested number of trials has been completed a

new value of R is selected and the process begins again.

Note that the distance from the source at which decay occurs is
fixed rather than chosen randomly (with proper weight). This simplifies
the program, speeds the computation, and yields a physical picture of
the way in which the decay affects the counting rate. The weighted
integration over R can be carried out easily by hand. The time re-
quired to trace a particle to a successful count is about 0.1 second. If
an intermediate aperture is missed the time is correspondingly reduced.
For a typical set of parameters, about 1000 trials per minute can be made,
half of which are successes if the pion momentum is the same as the
central momentum of the spectrometer and the decay occurs near the
rear focus. The total computer time required to generate the set of
curves necessary to make the corrections is on the order of several
hours. A previous attempt at a Monte Carlo solution to this problem
by P. L. Donaho in this laboratory, using a computer 100 times slower,
yielded results whose statistical accuracy was not adequate because of
the prohibitive computational time involved.

A sample of the intermediate results of the computation, before
the integration over decay length was performed, is shown in fig, AS8.
From such curves a physical piéture of the way in which the decay pro-

cess affects the correction can be obtained. Or, conversely, physical
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Figure A8. Sample Results from Monte Carlo Calculations

A small sample of the computer output, before integration by hand over
the decay distance R, is shown for a spectrometer setting of 1000 Mev/c

(high energy position) and two values of initial pion momentum.
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intuition gives a check on the operation of the computer program. The
final results of the computer and hand calculations are shown in the set
of curves in figs. A9 and Al0. The correction is obtained by integrating
over the decay curve, fig. A9, for a given spectrometer setting, weight-
ing the integration by the actual pion spectrum emitted from the source,
and dividing this result by the value of the similar integral over the
normalization curve (no decay), fig. AlO, for the same spectrum. This
procec‘iure of normalizing with a computer calculated curve rather than
with measured values of the spectrometer response tends to cancel
errors in the magnet simulation\prockess, althoﬁgh this simulation yields
the same effective aperture as in the real system within 2%. The final
corrections are given in Section IV, Data Reduction.

Additional decay correction curves have been included here in
figs. All, Al2, Al3, and Al4. These were used to correct the Dixon-

Walker data.



~-108-

Figure A9. Muon Counting Rate, High Energy Position

with Counter A2

| The number of muon counts per 1000 pions emitted from the source,
per 0. 001 steradiaﬁs, weighted by the probability of decay at distance
R and integrated over R is shown for several values of spectrometer
central momentum as a function of initial pion momentum., The errors

of the points due to the Monte Carlo statistics are of the order of 10%.
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Figure Al0. Momentum Response, High Energy Position

with Counter A2

The response of the spectrometer to particles that do not decay is
normalized in the same way as for the decay curves shown in fig, A9
except that there is no weighting for the decay probability., The errors

of each of the points are on the order of 10%.
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Figure All. Muon Counting Rate, Medium Energy Position

The decay curves similar to those in fig. A9 are shown for the medium
energy position, using Al instead of A2. These curves were used to

correct the Dixon-Walker data.
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Figure Al2. Momentum Response, Medium Energy Position

This curve, similar to fig. Al0, complements the decay curves in fig. All
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Figure Al3. Muon Counting Rate, High Energy Position

with Counter Al

The decay curves similar to those of fig., A9 are shown for the case in
which the aperture is defined by a 12% counter Al, instead of A2, and

by the fan counters. These curves were used to correct the Dixon-

Walker data.
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Figure Al4. Momentum Response, High Energy Position

with Counter Al

This curve, similar to fig. Al0, complements the decay curves of

fig. Al3.
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APPENDIX IV

ABSORPTION MEASUREMENTS

The nuclear absorption of pions in the material of the counter
system was measured and used as a correction to the observed counting
rates. The method chosen for measuring the absorption depends on the
fact that C3 is not really required in order to define a pion if there are
no electrons present. This was determined by measurements at large
angles with the Pb absorber removed and C3 not required. Only about
1% of the events that counted as a pion in the other counters did not
count in C3.

In order to determine the absorption, the requirement for C3 in
the coincidence-anticoincidence c’ircuit was changed from coincidence to
veto and a photograph was taken of the pulse heights of every event which
counted as a pion in all counters except C3. Therefore, only events
which were likely to be absorption events were accepted for further
examination. Absorbing material was placed between C2 and C3. The
number of absorption events was determined by subtracting absorption-
like events which occurred with no absorber, and throwing out.a few
events which appeared to be accidental. These measurements required
considerable running time, even with the relatively poor statistics, be-
caus e the energy dependence had to be checked, as well as geveral
absorbers. The results are given in Table AZ.

This method of meas uring the absorption is believed to be superior
to that previously used (5), in which an absorption length, L, was meas-

ured by adding thick Pb absorbers in front of the counter telescope. The



-122-

Table A2

Absorption Measurements

Aw = fraction of pions not absorbed
Ca = counting rate per BIP of absorption type events, counter 3 in veto
Cf = counting rate, counter 3 not required at all
Data
Py» Mev/c Absorber Ca Cf
700 0" Pb 0.075 % 0.011 -
700 1/2% Pb 0.154+ 0,018 -
700 1% Pb 0.256% 0,023 -
700 -- - 2.40 £0.11
900 0" Pb 0.029 = 0,008 -
900 1/2% Pb 0.079 £ 0.011 -
900 1* Pb 0.154 % 0.018 -
900 2" Pb 0.310 = 0,028 --
900 1/2% Pb +2-1/2" Lucite 0,143 + 0,014 -
900 - -- 1.50 + 0,07
Results
P, Absorber (1~ Aﬂ)
700 1/2% Pb 0.033 + 0.009
700 1" Pb 0.075 % 0.009
900 1/2% Pb 0.033 £ 0,009
900 1" Pb 0.083 0,013
900 2% Pb 0.187 0,019
900 2-1/2% Lucite 0.043 =+ 0,021

(with 1/2® Pb to absorb
secondaries)
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T/

correction was then taken to be a simple exponential law, e . How-
ever, some absorption events produce secondaries with energy sufficient
to escape from a thin absorber but not a thick one. Therefore the ab-
sorption of a thin piece of material wiil effectively be smaller than
would be calculated on the basis of an absorption length measured with

a thick piece, due to counting the secondaries which emerge. This effect
can be seen in the results of the absorption measurements. Since there
is no energy deéendence of the absorption, within the statistics of the
measurements, the same value was used at all energies. There will be
some error, believed to be small, due to the difference in scattering
loss for the absorber placement during the absorption measurement and
the actual placement during the experiment.

In the previous experiment (5) the absorption correction was
satisfactory, except for geometrical effects due to scattering because
all events giving large pulses in C3, using a 1/2" Pb convertor, were
subtracted, on the assumption that they were due to absorption events
and not electrons. At the angles used this was quite valid.

The effective absorption length, I, obtained from the measured

values of (1 - A are plotted in fig. Al5, together with the calculated

x

geometrical asymptote. - The measurements of Dixon and Walker were

consistent with this calculated value.
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Figure Al5. Effective Absorption Length vs. Thickness of Pb

The measured values of the pion absorption have been used to calculate

an effective absorption length from the relation Aﬁ = e-T/L. This is

compared with the geometrical value of L calculated from

M
N 7R%A%/3,
O O

Lg

where

M = atomic weight

N_ = Avrogodro's number

-13
Ro = effective nucleon radius = 1.37 x 10 cm.
A = mass number

p = density
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APPENDIX V

ELECTRON COUNTING RATES

It may be of some interest to give the observed counting rates
for electrons (positrons) as calculated from the expressions in Section

IV C.

Ce = 75 [E - gy + 18, Mpr g, Cp ]

The number of positive electron counts per BIP is given in Table A3.
The counting rate from the hydrogen (background subtracted) is shown
in fig. Alé.

Some data were taken at small angles for reverse field, i.e.
counting negative electrons. The following results were obtained, after
subtracting backgrounds:

At 30, with smaller scintillator on A2
C,q =0.225%0.038 counts/BIP
Ce_ = 0.380 = 0.049

cC -C
e

e_

+ = 0.155 £+ 0, 062

It appears that the predominance of negatives may be statistically
significant. The only source of purely negatives must be Compton
scattering in the hydrogen target. A calculation of the counting rate to
be expected from Compton scattering alone gives too small a contribution
due to the strong forward peaking of the high energy electrons. Multiple

or plural scattering would have to account for the number seen. This
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Table A3

Electron Counting Rate

Point: Photon energy in Mev and laboratory angle.

Cef: Foreground (full HZ target) counting rate of positive electrons,
normalized to unit solid angle and unit momentum dispersion.
Ceb: Background (target with H, gas only) counting rate
C.,-C |
e

Ced®  Coet b



Point

700-5
700-7.5

800-3. 2
800-5
800-7.5

900-3
300-5
900-7.5
900-10
900-15

960-3
960-5
960-7.5
960-10
960-15

1025-3
1025-5
1025-7. 5
1025-10
1025-15
1025-20
1025-25
1025-35
-1025-45
1025-55

Cef

x 10

-4

. 806
. 106

4,531

0.422
0.051

O O o O N

S O O O ™

O O O O O O O O O -

. 702
. 182
. 029
. 020
. 001

.420
. 127
. 034
. 010
. 012

. 248
. 087

. 039

. 003
. 009
. 000

¢

006

.013
. 002
. 003

= 0,

= 0.

+ 0,
= 0,
+ 0,

* 0,
+ 0,
+ 0.
+ 0,
+ 0.

+ 0.
+ 0.
= 0.
= 0.

+ 0,

+ 0.
= g,
+ 0.
* 0.
+ 0.
+ 0,
+ 0,
+ 0,
= 0,
=0

073
067

161

056
050

113
048
045
024
041

100
042
035
034
036

056
024
020
022
0625
033
034
028
013

. 014
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Table A3

Ceb

x 10~

4

0.870 = 0.
0.068 = 0,

3.965 %= 0.
0.255 x 0.
0.028 £ 0.

2.442 = 0.
0.097 £ Q.
0.010 £ 0.
. 004 £ 0,
. 006 = 0.

o © O O

. 707 £ 0.
.062 0.
. 009 = 0.
. 000 = 0,
.006 = 0.

.831 £0.
.042 =0,
.026 = 0.
. 007 £ 0.
.002 20
. 006 £ 0,
. 002 £ 0.
. 001 £ 0.
. 002 = 0.
. 006 = 0.

056
033

156
039
038

111
031
023
014
016

085
028
015
009
015

044
014
011
0l1

. 009

012
013
008
010
009

-4
Ced x 10

-0.070 % 0. 092
0.037 £0.075

0.567 £ 0. 224
0.168 = 0.068
0.023 = 0,062

. 257 £0.157
.084 = 0.057
.018 =£0.051
.024 £0.028
. 006 = 0.044

o O o o

o

. 713 £0.130
. 065 =+ 0,050
. 025 £ 0.039
.010 £ 0.035
. 006 = 0.040

OO0 O O O

0.417 £0.070
0.045 +0.028
0.013 £0.023
~-0.005 £ 0.025
0.007 =£0.027
-0.007 = 0.035
0.004 £ 0.037
0.014 £ 0.029
6.004 £0.017
-0.004 £0.017
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effect has not been calculated.

Since the measurement of Mre depends on electrons being absent
at large angles one must be sure that such is the case. The argument
for a small number of electrons is based on the constancy with angle
of the measured MTeq for angles greater than some value, e.g. 15° in
the laboratory. However if the electron background should for some
reason become constant with angle for large’ angles there would be no
way of determining this from the data. Electrons produced by photons
from 7° decay could conceivably produce a flat angular distribution,

but not at such a high energy.
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Figure Al6. Counting Rates of Positive Electrons

from Hydrogen

The counting rates for e+ , after subtracting the empty target back-
grounds, are shown for each energy, normalized to unit solid angle

and unit momentum dispersion.
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