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ABSTRACT

The angular correlation between the two pions from the
reaction y+ P—> P + a' + 77 has been studied by observing
coincidences between two pions produced simultaneously in a hydrogen
target in the 1. 1 Bev x-ray beam of the Cal Tech synchrotron. The
negative pion was detected in a magnetic spectrometer set to accept
150 Mev pions at an angle, 0 , of 35° with respect to the x-ray beam.
The positive pion was detected in a counter telescope which was set at

various angles, 0,, with respect to the x-ray beam, and at azimuthal

+
angles, ¢+, with respect to the azimuthal angle of the negative pion, of

o0

s 900, and 180°, For each set of angles the absorbers between the
counters of the telescope were chosen such that the observed pairs
could be separated into two groups: those produced by photons with
energies between 650 and 825 Mev, and those produced by photons with
energies from 825 to the bremsstrahlung cut-off energy of 1080 Mev.
For pairs produced by photons in the lower energy group the cross-
section shows no azimuthal dependence in the C. M. system within the
statistical error of about 20 %o at either of the two C. M. zenith angles

1

O+ = 70° and 120°. For a C. M. azimuthal angle of 180° the cross-

1
section appears to be independent of zenith angle, O+ , except at the

1
most forward point (0+ = 350) where the cross-section is about 30 %o
larger than that observed at other angles. The value of the cross-
section integrated over all nt directions is consistent with a direct

measurement of the cross-section for the production of negative pions.
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I. INTRODUCTION

The photoproduction of pions from the interaction of high energy
quanta with protons has been studied for quantum energies up to 1100>
Mev. The most comprehensive work has been concerned with the two
reactions:

y+P—sN+ 1r+
Y+ P—»P + w°

in the quantum energy interval from threshold to 500 Mev (1, 2). The
outstanding feature of the results is the appearance of a resonance in
both production processes at 300 Mev. This resonance occurs in the
pion-nucleon state with total angular momentum 3/2 and an isotopic
spin 3/2 . More recent work has extended the experimental data to
quantum energies of 900 Mev for the neutral pion production
(3,4, 5,6) and to 1000 Mev for the positive pion production (7, 8).
These results have shown a second resonance at 700 Mev which occurs
in the pion-nucleon state with an isotopic spin 1/2 but, as yet, an un-
known total angular momentum (9, 10).

At quantum energies above 400 Mev the photoproduction of

pion pairs through the processes:

'\]+P——'P+Tl'++1T—

y+P—bN+'n'++'rro

y+P—rP+Tro+-rro

becomes energetically possible. The photoproducti'on of pion pairs



-2-

was first observed in the 500 Mev bremsstrahlung beam of the Cal Tech
synchrotron by observing the negative pions emitted from a hydrogen
target (11, 12, 13, 14). The conservation of charge requires that at
least one other positive light particle also be emitted, the negative
pions are therefore presﬁmed to arise from the pair reaction or from
a reaction in which three or more pions are produced. Other workers
(15, 16, 17) have extended the measurements of the yields of negative
pions to higher bremsstrahlung energies. The most extensive work is
that of Bloch and Sands (18, 19, 20, 21). They have measured the
ﬁega‘cive pion yields at 60° and at 120° for several pion energies and
for several bremsstrahlung cut-off energies between 600 and 1100 Mev.
The differences in the pion yields for successive cut-off energies were
used to obtaiﬁ the cross-section for photons of a particular energy.

The cross-sections are given as a function of the negative pion energy
for photon energies of 670, 830, and 1010 Mev. For all three photon
energies the C. M. cross-section peaks at the lower pion energies, and
there seems to be no strong dependence on the C. M. pion angle from
90° to 150°. The total cross-section from 670 to'IOlO Mev is
consistent with a constant value of about 5 x 10_29 cmz.

Information about states which contain a nucleon and two pions
has also been obtained from the study of inelastic nucleon-nucleon and
pion-nucleon collisions. The results are said (22, 23, 24, 25) to indicate
the formation and decay of a metastable pion-nucleon system which
corresponds to the T = 3/2, J= 3/2 resonance in pion scattering. The
cross-sections obtained by Bloch and Sands were compared to the

predictions of such an "isobar model.'" The data agrees fairly well
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with the negative pion spectrum predicted by a proton-negative pion
isobar at 1010 Mev, the comparison is inconclusive at 830 Mev, and
at 670 Mev the data agrees fairly well with the spectrum computed
from a proton-positive pion isobar.

Cutkosky and Zachariasen (26) have attempted to describe
theoretically the photoproduction of pion pairs using the Chew-Low
theory (27). The predictions of the Cutkosky - Zachariasen calculation
were compared with the results of Bloch and Sands at their lowest
energy (670 Mev). Even though this energy is well above the energies
for which the theory is expected to be valid, the agreement is quite
satisfactory.

The work reported in this thesis is a study of the angular
correlation between the two pions produced in the reaction
y+P—P + 'ﬂ'+ + m . The negative pion was detected in a magnetic
spectrometer, and the positive pion was detected in a three-counter
telescope. The coincidence rate between negative pions accepted by
the spectrometer and the pions which traversed the telescope was
measured for several angular positions of the telescope. In this
experiment it was not necessary to make measurements with more
than one bremsstrahlung cut-off energy because a knowledge of the
direction and energy of both pions determined the energy of that photon
in the bremsstrahlung beam responsible for the reaction. The counting
rate was low, and in order to get reasonable statistics the measure-
ments were restricted to one angle and one energy of the negative

pion and to two photon energy intervals. The angle and energies used
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were those at which a reasonable coincidence rate was expected.
Negative pions were counted at 35° with the spectrometer set for an
energy of 150 Mev. The observed pairs were divided into two groups:
those produced by photons in the energy interval from 650 to 825

Mev, and those produced by photons in the energy interval from 825
to 1080 Mev. The production of negative pions without the require-
ment of a coincident positive pion was also studied at 35° for several
pion energies and bremsstrahlung cut-off energies. These results
were used to obtain an independent value for the pair cross-section
integrated over all positive pion directions.

After the completion of this experiment, preliminary results
were received from Sellen et al. (28, 29) on the measurements of
photoproduced pion pairs observed in a hydrogen-filled diffusion
cloud-chamber. In the C.M. system, for those events initiated by
photons in the energy interval from 500 to 700 Mev, the measure-
ments indicate that: (a) the energy spectrum of the 1r+ peaks at
higher Tl'+ energies; (b) the energy spectrum of the m peaks at lower
m energies; (c) the 1T+ is emitted isotropically; and (d) the m is
emitted preferentially in the forward direction. The measurement of
the total cross-section for multiplet production indicates that: (a) the
total cross-section for pion pairs peaks about 600 Mev and falls
slowly from 600 to 1000 Mev; and (b) the total number of triplets
compared to the number of pairs produced by photons from threshold
to 1000 Mev is roughly 4 °o (they reported no cases of more than

three pion production).
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II. EXPERIMENTAL APPARATUS AND TECHNIQUES

A. The Experiment

A diagram of the experimental arrangement is given in figure 1.
Negative particles produced in the hydrogen target by the 1. 1 Bev
x-ray beam and emitted at an angle of 35° with a momentum of
255 Mev/c were accepted by the magnetic spectrometer and were
detected in a set of three scintillation counters and a Cerenkov counter.
The Cerenkov counter permitted some discrimination against particles
with a high velocity and hence allowed the separation of pions and
electrons of the same momentum. A second particle emitted simul-
taneously with the negative meson was detected in the counter telescope.
This particle and the coincident m traversing the spectrometer were

++'n'_

assumed to be the m' and 7 from the reaction Yy+P—sP+4o
(see Section III. B. 3). The absorbers in the telescope were chosen
such that if the observed pair had been initiated by a photon in the
energy interval from 650 to 825 Mev, the nT would be able to penetrate
the first two absorbers but not the third absorber, therefore, giving a
pulse in 05 and C6 but not in C.?. A second photon energy interval
from 825 to 1080 Mev was defined by those 7T from the observed pairs
which penetrated all three absorbers, therefore, giving a pulse in C5,
Cé’ and C.7 . The upper limit of this second interval was set by the
bremsstrahlung cut-off energy which was 1080 Mev throughout the
experiment. The number of coincidences between a count in the

spectr,ometer and a count in the telescope was measured for each of

several angular positions of the telescope.



Figure 1. Experimental Layout for Angular Correlation Measurement.
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Using the magnetic spectrometer alone, data was also taken
of the m production at 35° for several pion energies and several
bremsstrahlung cut-off energies. The cross-section for m pro-
duction was deduced from the measured rates by the method described

in the work of Bloch and Sands (20, 21).

B. The X-Ray Beam

The x-ray beam was collimated at the synchrotron and was
3 cm.high and 2.5 cm,wide at the target. The target was aligned so
that the beam passed through without striking its side walls. A lead
scraper immediately in front of the target prevented radiation
scattered at the primary collimator from striking the target walls,
but did not intercept any of the primary beam. After passing through
the target, the beam traversed the scrapers and target of another
experiment and entered a monitoring ionization chamber. The charge
collected from the chamber was recorded by an integrating electro-
meter, and at each synchrotron energy was proportional to the energy
flux in the beam. The proportionality constant varied slowly with the
synchrotron energy and has been measured (30) with a quantameter
constructed according to the design of Wilson (31). Itis customary
in this laboratory to normalize data to a standard beam monitor read-
ing called BIP (beam integrator pulse). One BIP corresponds to
2. 22 x 10_7 coulombs collected from the ionization chamber, the energy
flux in the x-ray beam corresponding to this integrated charge is
0.99 x 1012 Mev at a bremsstrahlung cut-off energy of 497 Mev. The

value of the BIP for other cut-off energies is shown in figure 2.



Figure 2. Energy Flux in the X-Ray Beam per BIP as a Function
of the Synchrotron Energy.
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The synchrotron was operated so that the electrons struck the
internal radiator at a more or less constant rate during a 20 milli-
second ''plateau'' interval over which the magnetic field in the
synchrotron was held constant to about 0. 1 O/o, The energy of the
electrons Which struck the target in this interval was determined from
a continual measurement of the magnetic field at the '"plateau. ' The
energy measurement has an uncertainty of perhaps a few per cent due
to the unknown details of the orbit shape, but was reproducible to
0.1 o/o and had this accuracy for relative measurements at nearby
energies.

The spectrum of the bremsstrahlung has been measured by
Donoho, Emery, and Walker (32) using a pair spectrometer. The
number of photons with energy in the range between k and k + dk

per unit energy flux in the beam can be expressed as:

1 1
N(E_, k)dk = el B(E_, k)dk . (1)

where 'EO is the energy of the electrons at the target (bremsstrahlung
cut-off). The function B(Eo, k) was found to be the same function of
k/Eo for E_ =700 Mev and E_ = 1100 Mev. We have, therefore,
taken B(Eo,k) to be only a function ‘of k/EO for all synchrotron
energies encountered in this experiment. B(k/Eo) is shown in figure
3, and, as seen from its definition in equation 1, satisfies the condition
,fl B(k/Eo)d(k/Eo) = 1. The solid curve in figure 3 was computed for

0
a thin tantalum radiator with E,= 750 Mev (using the Bethe - Heitler
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Figure 3. Bremsstrahlung Energy Spectrum.
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formula (33)). The measured spectrum agrees with the ''thin-target"
spectrum for photon energies k = 0. 7E0, but at higher energies
shows neither the gradual rise nor the smooth drop for k near Ey
During this experiment the synchrotron was generally operated
with a mean x-ray flux through the collimator of about 10" Mev per

pulse at one pulse per second.

C. The Gas Target

The hydrogen target consisted of a cylindrical vessel with
hemispherical ends 43 cm.long and 5 cm.in diameter with a 0. 075-cm.
thick steel wall, surrounded by a 4-cm.layer of styrofoam insulation
(see figure 4). The vessel was cooled, by thermal contact with a
liquid nitrogen reservoir, to a mean temperature of about 100°K as
measured by thermocouples in contact with the walls at two points.
Hydrogen gas held in the target at a pressure of 150 atmospheres
(measured with a calibrated bourdon gauge) was assumed to be in
thermal equilibrium with the target wall. The hydrogen density,
determined from the measurements of pressure and temperature by
Johnston et al. (34), was typically 0,03 gm/cm3. The error in the
determination of the gas density was about 3 o/o, but the relative
error in the density measurement for different runs is estimated to

be about 1 0/0.

D. The Magnetic Spectrometer

The origin of the negative particles accepted by the magnet

was restricted to a region between the ends of the target (thus
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Figure 4. The Hydrogen Gas Target
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excluding the particles produced in the steel ends) by a tungsten and
lead slit system placed near the target. The solid angle of

acceptance of the spectrometer, 0. 02 steradians, was determined by

a lead aperture placed within the 10 cm,gap between the pole pieces
120.cm,from the target. This aperture was 25 cm.wide, about 6.5 cm.
high, and was defined by lead which was about 10 cm.thick (in the
direction along the trajectories) and was placed so that it intercepted
particles from the target which were scattered from the pole surfaces.
The dispersion of the spectrometer was such that particles accepted by
the counters had momenta within + 8 /o of the central momentum. The
central momentum was adjustable to a maximum of 255 Mev/c at a field
of 1.4 W/lrnZ (corresponding to a pion energy of 150 Mev). Lead
"bridges' between the target and the magnet shielded the entrance of
the spectrometer from charged particles produced in the air. Additional
lead shielded the counters of the spectrometer so that only particles
which traversed the spectrometer were detected. The design of the
spectrometer and experimental tests of the magnet are described in

a separate report (35).

E. The w Counter System

The 7 counter system consisted of three scintillation counters
(Cl’ C,, C3) and one Cerenkov counter ,(C4). The first two counters
were 15 cm.wide and determined the momentum acceptance interval.
The last two counters were 18 cm.and 20 cm,wide, respectively, and
they ihtercepted all particles which traversed the first two (see Table

I for the dimensions of all counters). Minimum ionizing particles gave
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a pulse spectrum with a well-defined peak in all three scintillation
counters. The Eerenkov counter response depended on the velocity

of the particles, consequently, pions and electrons with the samé
momentum could be distinguished. I.ead absorbers about 0.3 cm.
thick each were placed after the first and after the second scintillation
counters. These had little influence on the pions traversing the
counters, but served to remove a large background of spurious
coincidences. This counter system was identical to the one used by

Bloch who described the design of the system in detail (20).

F. The 11'+ Telescope

The TI'+ telescope consisted of three scintillation counters
(C5, Cé, C7) and three lead absorbers (A5, A‘6’ A7) (see figure 1).
The dimensions of the counters are given in Table I, and the
absorber thicknesses are given in Table IV. The largest counter (C7)
was placed in the last position and intercepted all particles which
traversed the first two counters and penetrated all three absorbers.
For those particles which traversed the first two counters or which
traversed all three counters, the solid angle subtended by the telescope
was defined by the second counter. The solid angle was typically 0.1
steradians. Minimum ionizing particles gave a pulse spectrum with
a well-defined peak in all three counters. The energy interval of the
particles traversing the telescope was determined from their range
in the lead absorbers. By a suitable selection of lead bricks and
lead sheets any desired absorber thickness could be obtained to within

0. 6 cm.
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G. Electronics

Figure 5 is a block diagram of the electronics used in this
experiment. The outputs of all seven counters were first amplified
and shaped in preamplifiers located near the counters. The Model 25
Preamp. has a rise time of less than 0. 05 microseconds and delay
line clipping. The Cerenkov Preamp. has a rise time of 0. 15 micro-
seconds and delay line clipping. The pulse width for each counter is
shown in figure 6. The signals were brought from the experimental
area on 2‘5 meters of RG-114 U coaxial cables. The outputs from
counters 1, 3, 4, and 5 were amplified (the Model 522A Amplifier has
a rise time of 0. 07 microseconds), and the amplified signals from
counters 1, 3, and 5 were fed to a coincidence circuit which was biased
to operate on pulse amplitudes well below the peaks of the pulse
distribution from each of the three counters. The coincidence circuit
registered those events which gave pulses in all three counters within
the resolving time of 0, 25/u. sec. The signals from counters 2, 6, 7,
and the unamplified signal from counter 1 were passed through different
lengths of delay cable and mixed in a linear adding circuit. The
amplified signals from counters 3, 4, and 5 were delayed by different
amounts and combined in another adding circuit. Finally the pulse
train (3, 4, 5) was attenuated and mixed with the pulse train (1, 2, 6, 7).
The single pulse train which contained the outputs of all seven counters
went to the vertical input of a Model 531 Tektronix oscilloscope. The
output signal from the coincidence circuit was used to trigger the

sweep circuit of the oscilloscope, and the trace was photographically
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Figure 4. Electronics Block - Diagram:.
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recorded. (The details of the data presentation and recording are
given in the following section. ) Because of the faster rise time of
those pulses which were not amplified in the Model 522A, they were
assigned the shortest pulse widths (with the exception of counter 1).
The high frequency response of the delay line was such that these
short pulse had to have the shortest delays in order to preserve this
fast rise time, therefore, the pulses from counters 2, 6, and 7 are
first in the sequence shown in the pulse train in figure 6.

The number of single pulses from either counter 1, 3, or 5
was monitored during each run by a binary scaler followed by a
decimal scaler. The (1-:3) and (1:3:5) coincidence rates were
registered in decimal scalers. All scalers and the oscilloscope
sweep trigger were turned on only during the x-ray spill-out time by
a "beam-gate' pulse (about 40 m.sec.long). The total on-time of
each run was determined by counting in one of the gated scalers pulses
from a source which provided pulses at a uniform rate of 120 pulses

per second.

H. Data Recording

A drawing of the pulse train for a true coincidence in all
counters is shown in figure 6. The shape, width, and sign of any pulse
was distinctive so that a pulse from a particular counter was easily
identified. The oscilloscope trace was photographed by a Model 200-P
Bell and Howéll 16 mm.movie camera which was modified by the Traid
Corporation so that it would advance the film one frame when supplied

with a 28 v, pulse for 1/4 second. The camera shutter had been
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Figure 6. Pulse Train Showing True Coincidence in all Seven Counters.

(1+2+3-4-5-6-7)
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removed so that the camera was always open and recorded all
oscilloscope traces. The film advanced one frame after each x-ray
spill-out time interval during which the coincidence circuit registered
a (1-3-5) event. The trigger to the sweep circuit of the oscilloscope
aﬁd the pulse to advance the film were both supplied by the Sweep
Trigger and Camera Advance circuit which was itself triggered by the
output of the coincidence circuit. The camera lens was a Bell and
Howell Augenieux with a focal length of 2.4 c¢cm, £/0.95, and a
minimum object distance of 18 inches. A 1/16 inch spacer was placed
between the lens and the camera so that the image of the oscilloscope
trace was 9 mm. long on the film, and the object distance was 12 inches.
The magnification was 0.09. The camera was operated at £/0. 95 and
with the distance setting at 10 feet. The film used was Cine-Kodak
Tri-X Negative.

The w production data was recorded electronically as described

in the work of Bloch and Sands (20, 21).

1. Data Reading

The data film was examined frame by frame in a projector which
magnified about 3x and presented the image on a ground glass with a
graticule. The graticule allowed a measurement of pulse heights and
relative positions of the pulses in the train. In fact, millimeters on
the graticule were used as the time scale for measuring the relative
time between pulses. One millimeter corresponded to about 0. l/u sec.
A picti:.re of the pulse train for a true coincidence in all counters was

obtained by introducing a signal from a pulser in parallel with each
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counter, From this picture an overlay was made and all frames

were checked against this standard. The resolving time of the
coincidence measurement §vas determined by the ability to resolvé
visually the displacements of 1ﬂae pulses from their expected positions
as shown.on the overlay. The "resolving time' was estimated to be

+ 0.2 mm on the graticule, and hereafter will be called the resolving
displa\cement,

For those events listed below the pulse amplitude from each

counter was recorded. The following biases were set on the pulses

(in units of mm. on the graticule). Counters 2, 6, and 7 had biases set
at 1 mm, pulses smaller than this could not be definitely identified in
the visual scanning; counters .1, 3; and 5 had biases set at about 3mm.
by the electronic biases of the coincidence circuit (see figures 11 and
12); and counter 4 had a bias set at. 2 mm. (see Section III.B.1.). In
the case of all counters except co.unter 4 the biases were well below
~ the peaks in the pulse spectra. The information which was recorded
from the film was the number of each of the events listed below for each
telescope setting/{in units of the number of events per unit energy flux

in the x-ray beam).
Ng, = (1.2:3:2:5.6.7)

N (1:2:3.Z.5:6.7)

567

Nygo=(12:34:5:6:7)

=(1°2:34:5:6°7)

Nyse7
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a

N56 = (1+2:3.4) event and a (56 -7 ) event within
the resolving displacement of £ 2. 0 mm.
NE5L€)7 = (1-2:3-4) event and a (5- 6-7) event within

the resolving displacement of £ 2. 0 mm.

The conventional is used of a bar over a number to indicate no pulse
from that particular counter. Figure 7 shows an enlargement of the

data film with some typical events.
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Figure 7. Oscilloscope Traces Showing Typical Events.
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IIn. EXPERIMENTAL PROCEDURE

A. Kinematics

There are a total of ten kinematical parameters which describe
the pair reaction. Of these ten, one is arbitrary (the plane from which
azimuthal angles are measured), and four can be expressed in terms of
the others from energy and momentum conservation. This leaves five
independent variables and the one arbitrary choice. The angular
coordinates of all the ﬁarticles in the reaction are defined in figure 8,
and we have defined the five independent parameters to be the zenith
angle (0_) and the total energy (E_) of the m, the zenith angle (O+)
and the azimuthal angle (¢+) of the 1T+, and the photon energy. The

expression for the momentum of the 7t in terms of these quantities is:

1
AB+C[AZ-}JZ(CZ-BZ)]a
p, = (2)
c’-B

where:

A = KM+kp_cos 0_+ p°-KE_ - ME
B = kcos O+-p_ (s11r10+ sin @_ cos <]>++cosO+ cos 0 )
C =k+M-E_

k = photon energy

M = proton mass
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Figure 8. Definition of the Angular Coordinates for Each Particle

in the Pair Process.
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pion mass

>

T momentum

o
1

E = 7w total energy

Setting 0 = 35° and E_ = 290 Mev, the kinetic energy of the n was
computed as a function of 0+ for several photon energies and is shown
in figures 9 and 10 for ¢+ = 180° and 900, respectively.

From the kinematics of the reaction and the range-energy curves
for 1ead; it was possible to choose the telescope absorbers so that those
Tr+ (in coincidence with a m event in the spectrometer) which penetrated
A

and Aé but not A. were produced in pairs initiated by photons in

5 7
the energy interval from 650 to 825 Mev. Those ot (in coincidence
with a 7 event in the spectrometer) which penetrated .A5, A.(), and A7
were produced in pairs initiated by photons with energies greater than
825 Mev but less than 1080 Mev (the bremsstrahlung cut-off energy
throughout the experiment). The windows set by the telescope are
shown in figure 9 in the case 9+ = 45° and b, = 180°. Due to multiple
scattering the effective path length of n' in the absorbers was greater
than the absorber thickness (this problem has been studied by

Worlock (36) ). When the absorbers were chosen for each 1r+ direction,
it was this effective length which was used to determine the correct

‘thicknesses from the range - energy curves. In Table IV both the

geometric and effective thicknesses are given.
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Figure 9. Kinetic Energy of the nt as a Function of O+ for ¢+: 180°,
The window set by the telescope is shown for O+ = 45°,

Figure 10. Kinetic Energy of the 7' as a Function of O+ for b, = 90°,
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B. Preliminary Measurements

Measurements were made of the response of the m counters
to pions and to electrons, and the response of the 1'r+ counters to
minimum ionizing particles. The results of these measurements were
used to check the identity of the particles being counted in the
coincidence between the spectrometer and the telescope. Other
measurements were made to check that the observed reaction was pair

formation. These measurements are described below.

1. 7 Identification

The requirements which had to be satisfied in order that the
negative particles traversing the magnet could be identified as pions
were: (a) a 3-fold coincidence in the scintillation counters, (b) a pulse
height spectrum similar to one obtained with only pions traversing the
counters, and (c) a pion-like response in the Cerenkov counter. To
obtain an intense, essentially pure pion beam traversing the counters
a low Z, high hydrogen density material (CHZ) was used as a target,
and the magnet was set to accept high energy positive particles
(150 Mev). Under these conditions the number of electrons counted
was negligible within the counting statistics and knowledge of the
Cerenkov efficiency for pions and electrons. The pulse height spectrum
of these pions in all three counters was measured with an 8-channel
pulse-height analyser, and it was assumed that these distributions
would be the same for both positive and negative mesons. In order
to check these distributions against the pulse-height distributions in

the three counters taken from the data, the analyzer and the amplitudes
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of the pulses on the data film were calibrated with a pulser. In figure
11 the comparison of the two distributions is shown for counter 1. The
smooth curve is the distribution measured in the analyzer and the
histogram is taken from the data film for nt - 7 coincidence events.
The agreement is satisfactory.

The pion beam was also used to measure the pion response
of the Cerenkov counter. A coincidence in counters 1, 2, and 3 was
used to trigger the oscilloscope sweep, and the trace containing the
normal pulse train was photographed. The film was examined and the
height of the pulses from counter 4 was recorded for each (1. 2.3)
event. The result of the measurement was that 5 */o of the pions gave

a pulse in counter 4 greater than 2 mm. The Cerenkov response was
assumed to be the same for both positive and negative pions.

The Cerenkov response to electrons was measured with a
pure electron beam traversing the counter system. This electron
beam was obtained by using a lead target, and setting the magnet for a
low enough momentum (90 Mev/c) so that pions of this momentum were
not able to penetrate the two absorbers in the counter system. The
result of this measurement was that 75 /o of the electrons gave a
Cerenkov pulse greater than 2 mm. At the momentum 90 Mev/c the
electrons are extremely relativistic (B=1-1.5x 10-5). Neither the
intensity nor the angle of Cerenkov emission is sensitive to small
changes in B for velocities above the threshold (the threshold for
‘Cerenkov light was B = 0. 67, however, the counter was designed by

Bloch (20) so that little of the Cerenkov light reached the phototubes
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Figure 11. Comparison of the Pulse - Height Distributions for Pions
and those Particles Assumed to be m from the Pair

Reaction. (Counter 1)
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until the B for internal reflection was exceeded (B = 0.9). The
Cerenkov response to 90 Mev/c electrons was, therefore, assumed to
be the same as for 255 Mev/c electrons (B = 1-2 x 10_6) which
corresponded to the magnet setting at which the experiment was done.
As stated in Section II. I., the bias set on pulses from counter
4 wa;s 2 mm. From the measurements described above, the Cerenkov

efficiencies for pulses greater than 2 mm are:

€ 0. 05

™

c 0.75

e

These efficiencies are used in Section IV. B. 2 to determine the number
of events in which an electron was detected in the spectrometer in

coincidence with a 1'r+ in the telescope.

2. 1r+ Identification

No restriction was placed on the charge of the particles
traversing the telescope, and the only requirement which had to be
satisfied in order to accept the particles as pions was their ability to
penetrate at least the first two absorbers. The identification of these
particles in the case of a coincidence between the telescope and the
spebctrometer is discuséed in the following section. It was possible,
however, to estimate the contribution to all the particles traversing

the telescope due to nucleons, electrons, or mesons.

(a) Nucleon Component
No proton produced in a photo-reaction would have enough

energy to penetrate the first two absorbers, and a neutron would not be
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detected by the scintillation counters (neglecting the effect of the
neutron producing a charged knock-on in each counter). Nucleons
could produce penetrating charged secondaries by inelastic collisions
in the absorbers, however, and these secondaries could be counted.

‘ Several workers have examined the problem of meson production from
nucleon-nucleus collisions (37, 38, 39), and using their results it was
possible to compute the counting rate due to nucleon-produced
‘secondaries. This counting rate was less than 1 ®/o of the observed

(5-6) rate from hydrogen.

(b) Electron Component

Electrons or y-rays striking the front absorber would initiate
showers which would dissipate themselves in the absorbers. It was
possible to compute the number of electrons emitted from the steel ends
of the hydrogen target in the direction of the telescope, and using
Wilson's shower curves (40), it was seen that electron initiated showers

~

contributed much less than 1 /o of the observed (5 - 6) counting rate.

(c) Meson Component
Using the cross-section for the photoproduction of at from
hydrogen measured at Cal Tech (8), and assuming that the cross-section

/3

increases as A2 for more complex nuclei, it was possible to
estimate the number of mesons emitted from the hydrogen target
(including the steel ends) in the direction of the telescope. Assuming,

further, that the absorption cross-section for mesons in the telescope

absorbers was geometric, the (5« 6+ 7) counting rate was computed to
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be 130 + 10 %o counts/BIP at 90°. The measured rate was 120 + 11
which is satisfactory agreement and indicates that essentially all the
telescope counting rate was due to mesons. (The number of mesons
of both charge from the steel ends of the target was computed to be

20 o/0 of those from the hydrogen, consequently, roughly 90 ®/o of the
telescope counting rate was due to 11'+. )

The pulse-height spectrum in all three counters was measured
for minimum ionizing pions. For counters 5 and 6 the spectrum was
measured with an 8-channel pulse-height analyzer which was gated so
that it accepted pulses when there was a coincidence in counters 5, 6, and
7. Absorber A7 was chosen so that pions which gave (5- 6+ 7) events
were energetic enough to be minimum ionizing in counters 5 and 6. In
order to measure the spectrum in counter 7 for minimum ionizing pions,
a fourth counter (called counter 8) was placed behind the telescope with
4 inches of lead between it and counter 7. The gate to the analyzer was
opened by (5- 6 8) events. Counter 8 was 3" x 3" and so only the
response of a part of the area of counter 7 could be measured at one
time. By moving counter 8 to various positions a map of the response
of counter 7 to minimum ionizing particles over its total area was
measured, and at all points there was a well-defined peak in the pulse
spectrum. The distribution measured in each counter was compared
to the pulse-height distribution taken from the data film for ot owT
coincidences. r].f‘his comparison is shown in figure 12 for counter 5,
and indicates that the particles accepted as ‘IT+ did have the pulse

spectrum of minimum ionizing particles.
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Figure 12. Comparison of the Pulse-Height Distributions for Pions
and those Particles Assumed to be ' from the Pair

Reaction. (Counter 5)
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3. Reaction Identification

Several different measurements were made in order to
demonstrate that the observed events (a coincidence between a count
in the telescope and a count in the spectrometer) were due to the two
pions from the reaction y+ P—sP + 'rr+ +m.

a. The reaction was produced in hydrogen. Empty target runs
gave no coincidences in an accumulated running time which would
normally have given 100 coincidences from the hydrogen - filled target.
These runs were interspersed with the runs with the target filled.

b. The w' and 7~ were in coincidence within the resolving
time of the coincidence measurements. If the count in the spectrometer
and the count in the telescope came from unrelated events, then the time
separation of the two events should be random (within the 0. 25/.;., sec.
re‘solving time of the coincidence circuit which was triggered by a
(1-3-5) event). Such a random distribution was found, but was always
10 0/o or less of those at - m events which had a time separation of
less than + 20 m ja sec. (the "resolving time' of the measurements made
on the projection of the photographs). Figure 13 shows the number of

1r+ -7 events as a function of the time separation of the two events.

The data shown is the sum of all events taken at the angles O+ = 450, 900,
and 120° for ¢ _ = 180°.

c. Two points on an excitation curve were measured. With
the telescope set a O+ = 45° and ¢+ = 900, data was taken in the usual
case for photons in the energy interval from 650 to 825 Mev. The

absorbers were then changed (A5 = 0. 64 cm., A6 = 0.64 cm., and
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Figure 13. Number of (l+ 2-3) and (5 -6) Events as a Function of
Their Relative Displacement in Time. (Unit of time is

0. 1/.» sec per mm. )
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A7 = 5.0 cm. ) so that all at - 7 coincidences which gave a
(1+2¢3-%Z.5.6-7) were initiated by photons in the energy interval from
520 to 610 Mev (holding E = 1080 Mev). The results of the two
measurements are shown in figure 14 and appear to be consistent with
an excitation function falling to zero at threshold, but due to the large
error are not conclusive.

d. The m' - 7 coincidence rate was measured at Q+ = 45°
and ¢, = 18_0O for the three negative pion kinetic energies 50, 100, and
150 Mev, choosing the telescope absorbers in each case so that the
initiating photons were in the energy interval from 650 to 825 Mev
(holding Eo = 1080 Mev). (See Table II for the absorber thicknesses in
each case. ) By the method described in Section IV. B., the cross-
section for the reaction was deduced from the counting rates and trans-
formed to the center-of-mass system of the reaction. The results are
given in Table II. The 7 production rate was also measured for the
two kinetic energies 100 and 150 Mev at both Eo = 825 Mev and
Eo = 650 Mev. By the method described in Section IV. A., the cross-
section for m production was deduced for photons in the energy
interval from 650 to 825 Mev and transformed to the C: M. system.

The results are given in Table II along with the cross-section at

T =50 Mev measured by Woodward et al. (17). If the 1-r+ from the
pair is assumed to be emitted isotropically in the C. M7 system, then
the m C. M. cross-sections should be equal to 41.r times the C. M.
cross-sections deduced from the m' - m~ coincidence rate for each of

the three T . The comparisons are given in Table II and indicate
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Figure 14. Excitation Function at Q+ = 45° and 4, = 90°.
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that within the errors the 'n'+ - ™ cross-section has the same T -
dependence as the m  cross-section.

e. The at T cross-section when integrated over the 'rr+
- directions gave the same result as was obtained by measuring the m_
cross-section directly (see Sections IV. A. and IV.B. ). By extrapolat-
ing the line through the experimental points at ¢+ = 180°, and as suming
azimuthal independence, the Tl'+ - ™ cross-section was numerically
integrated over the 1'r+_ directions. The result agrees within the errors
with the 1r; cross-section measured for photons in the energy intei'val
‘from 650 to 825 Mev.

It has been assumed that photoproduced m~ from hydrogen come
mainly from the pair reaction. The fact that the cross-section deduced‘
from the measur ed 1r+ - ® coincidence rate has the same T dependence
as the m cross-section,and the fact that the coincidence cross-section
integrated over the T|'+ direction equals the m cross-section give
strong evidence that the coincidences are indeed due to the two pions
from the pair reaction.

None of the above measurements would separate the
contribution of triple meson production from the observed ‘coincidences,
but the results from Cornell (29) indicate that this contribution is small

and would be negligible within the statistics of this experiment.

C. Operation

The m~ production data was taken at the values of pion kinetic
energies and bremsstrahlung cut-off ener gies given ih Table III. Empty

target runs were made for the 1080 and 900 Mev data, but the back-
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grounds for the 825 and 650 Mev data were not measured (due to
conflicts in scheduling) and were instead inferred from the 1080 Mev
backgrounds by the method described in Appendix I.

The w1 - w~ coincidence data was taken at the angles given
in Table IV. (Table IV also gives the telescope solid angle and absorber
thicknesses for each case. ) Each run for a particular 1'r+ direction
was long enough to accumulate 50 to 60 coincidence events and was
typically about 5000 BIPS. Empty target runs were made from time to

time but never gave any coincident events.
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TABLE IIL

m Production

Eo (Mev) T (Mev)
1080 150
100
50
900 150
100
50
825 150
100
650 150

100
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IV. RESULTS OF THE MEASUREMENTS

A. Results of m Measurement

The methods used in analyzing the m data have been discussed
in detail in Bloch's thesis (20) and in the paper of Bloch and Sands (21).
Only the briefest outline of the reduction and analysis of the data is

given below.

- 1. Pion Counting Rate

The ‘spectromete.r counting rates for 3-fold coincidences with and
without a coincidence pulse in the éerenkov counter were measured. The
cosmic-ray background, the accidental coincidences, and the empty
farget background were measured and subtracted from these counting
rates. Defining ngy and n, to be the corrected 3-fold and 4-fold count-
ing rates (in counts per unit energy flux in the x-ray beam), the m rate

_is given by:
n .= z———Fe— |03 —F— ny (3)

where €e and E'rr are the \C/lerenkov counter efficiencies for electrons
and pions. Bloch measured Qe and €1T . He found € o Was constant
for electron energies from 100 to 250 Mev and equal to 0. 70 £ 0. 02.

His measured values of € L, 252 function of pion energy are shown in
figure 15 . Table V gives the 3-fold and 4-fold coincidence counting
rates (corrected for accidentals and cosmic-rays) with and without

hydrogen in the target. The last column of the table gives the values of
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v
Figure 15. Cerenkov Counter Efficiency for Pions as a Function

of Pion Energy.
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n_. which were computed. All errors listed are due to the counting
statistics except in the case of nw_where the uncertainties in €e and

En_ are included.

2. Pion Yields

The relation between the measured counting rate and the cross-
section for m production is:

E
o

n__ =N CAQAT | (T, 0,k) N (E_, k)dk (4)

where:
q.(T,6,k) = cross-section for th.e production in hydrogen, by
a photon of energy k, of a m  of kinetic energy T
at the angle 0, per unit energy interval (in T) and

per unit solid angle.

N(EO, k)dk number of photons in the energy interval between
k and k + dk which traverse the target per unit
energy flux in the beam, for a bremsstrahlung cut-

off energy Eo'
ALL

solid angle of acceptance of the magnet.
AT = interval of pion energies accepted by the magnet.
C = number of hydrogen atoms per unit area in the
effective length of the target.
N = correction factor for those pions which are not
counted due to decay in flight or absorption in the

counter system.
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For reactions in which it is not possible to infer the relevant
photon energy from the kinematics of the observed particle, it is
usual to express the observations in terms of a "yield per equivalent
quantum'' which has the dimensions of a cross-section and is defined
as:

E
o

o (T,0,E)=E_ | ¢(T, 0,k N (E, k)dk (5)
0

The yield per equivalent quantum is then given in terms of the pion

rate by:

sk E
U:_ (T, Q, EO) = ° n = (6)

7. CAQAT "

The instrumental coefficient [‘)l_ caQ AT] was determined
in terms of the known cross-section for the single production of
positive pions by reversing the magnetic field and counting positive
pions at a synchrotron energy of 510 Mev. This measurement was made
for 150 Mev pions which are emitted at the resonance in the single
production cross-section. The observed positive pion counting rate is
related to the known cross-section by:

ok

n Tr;, - [17._!_ caQ AT:l NE_, k) T, (0, k) . T° (7)

where:
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k = photon energy responsible for the photoproduction
of a single meson emitted with kinetic energy T
and in direction 0.

dk
S_TO— = rate of change of ko with T holding © constant.

For 0 =35%° and T = 150 Mev, k_ =300 Mev. o (0,k)=

19.0+ 0.9 x 10-30 cmZ/Ster. from the data of Walker et al. (41).
ok
The photon spectrum is known and 35 'I(‘) was calculated, so the

quantity in brackets in equation 7 was determined from the measure-
ment of n_+- The instrumental coefficient was assumed to be the
same for positive and negative pions of the same energy. The part of
M. that corresponds to the correction for decay in flight and AT are
both functions of T, therefore it was necessary to deduce the value of
the instrumental coefficient for the two other kinetic energies at which
the m production was measured from the one measured at 150 Mev.
The energy dependence of the correction for decay in flight is discussed

in detail in an appendix in Bloch's thesis (20), and AT is assumed to

be proportional to Bp . The instrumental coefficients have the values:
23 2
T = 50 Mev 0.41 4 .03 x 107" Ster-Mev/cm
100 Mev 0.84 £ .07
150 Mev 1.24 £ 0.1

The errors in the instrumental coefficient apply to all results given
below, where, however, only the statistical errors of the experiment

are given.
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The yields per equivalent quantufn obtained in this experiment
are given in Table VI and are shown in figure 16. The broken line
parts of the curves are smooth extrapolations to the kinematic thres-
holds for the two pion process which are indicated by the arrows along
the abscissas. The Cornell results of Woodward et al. (17) for
measurements of 40 Mev pions at 35° are also shown in figure 16 and
appear to be consistent with our results. The yields have the same
general behavior as those measured by Bloch and Sands. The three
curves are higher than the corresponding curves at 60° which are in
turn higher than those at 1200, and the yields increase with decreasing
pion energy. For the 50 Mev pions the yield is apparently constant
for Eo greater than 900 Mev which corresponds to the cross-section

being zero for k greater than 900 Mev.

3. Pion Cross-Sections

The cross-section can be obtained in terms of the yields and the

photon spectrum of the x-ray beam.

E
o

%k 2 !
. o |2 E) 3BELE) 4

-

B dE B QE OE

(o] O [e] (o] (0]
0

where the T and 0 variables in the arguments of ¢ and G " have
been suppressed. The quantity B was defined in equation 1, and

B = lim B(E ,k)=0.9. Making the approximations:

o o
k—-E
o
# * %
d o (E,) @ (E,) - o (E))

= (9)

dEo E2 - E1
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TABLE VI

Yields Per Equivalent Quantum

(in units of 10_32'cm2'/Mev—Ster. )

EO(Mev) T(Mev) gi(T, 0, EO)
1080 50 3.48 £ 0. 17
1080 100 3,22+ 0. 11
1080 150 3.13 £0.10

900 50 3.34 £ 0. 15
900 100 2.51 £0,11
900 150 2.32 + 0.09
825 100 2.14 4+ 0.18
825 150 1.79 £ 0. 14

650 100 0.87+£0.13

650 150 0.47 £ 0. 11
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Figure 16. Yields of Negative Pions at 35° with Kinetic Energies
50, 100, and 150 Mev (per Equivalent Quantum) as a
Function of the Bremsstrahlung Cut-Off Energy.
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and

E = — % (10)

one can compute an average cross-section for photon energies between

E, and E, from the measured yields at these successive bremsstrahlung

1 2

cut-off energies. The average N_ between threshold and the first
bremsstrahlung cut-off energy above threshold at which data was taken
(650 Mev) was obtained by setting E1 equal to the threshold energy

and q_ ="(E‘, = 0. The cross-sections deduced from the yields are

1)
given in Table VII. The errors are due exclusively to counting statistics,
all other random errors being negligible compared with these. Of
course the systematic uncertainty of about 10 ®/o in the absolute value

of the vields applies also to the cross-sections.

The cross-section can be referred to the center-of-mass system

of the incoming photon and the proton.

o (T,0,k) = p /p(T, 0, k) (11)

where p and p‘ are the momenta of the pion in the laboratory and

C. M. system, respectively. (Note that as is customary the photon
energy is given in the LAB. system even in the case of the C. M. cross-
section. ) For each entry in Table VII the corresponding energy and
angle in the C. M. system and the C. M. cross-section have been com-
puted. The C. M. cross-sections are given in Table VIII and are
plotted aiong with the data of Bloch and Sands in figurés 17, 18, and 19.

The angle of emission of the pion in the C. M. system is given above or
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TABLE VII

Lab. Cross-Section for Negative Pion Photoproduction

(in units of 10732 cmZ/Mev-S’cer° )

k(Mev) Ak(Mev) T(Mev) a(T, 0, k)
990 180 50 0.5+ 1.4
990 180 100 4,18 £ 0. 97
990 180 150 4,85 4 0.82
860 75 100 4,8 + 2.7
860 75 150 6.8+ 2.1
740 175 100 5.9+ 1.0
740 175 150 6.13 £ 0,83
560 180 150 1.62 + 0. 38

530 235 100 2.15+ 0.32
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TABLE VIIL

C. M. Cross-Section for Negative Pion Photoproduction
(in units of 10-32 cm?%/Mev-Ster. )

— ] 1 1 i

k(Mev) 0 T (Mev) @ (T,9,k)
990 84° 20 0.3+0.8
990 69° 46 2.59 + 0. 60
990 65° 75 3.10 + 0. 53
860 66° 47 3.0+ 1.7
860 62° 78 4,4+ 1.4
740 62° 50 3.85 + 0. 68
740 59° 82 4,14 £ 0. 56
560 54° 90 1.17 + 0. 28

530 56° 56 1. 50 & 0. 23
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Figure 17. C.M. Cross - Section for Negative Pion Production at
k = 740 Mev as a Function of C. M. Pion Energy and
C. M. Pion Angle.

Figure 18. C.M. Cross-Section at k = 860 Mev.

Figure 19. C. M. Cross-Section atk = 990 Mev.
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below each point. The energetic upper limit for m~ from a pair is
indicated by an arrow along the abscissas. In order to compare our
data with that of Bloch and Sands at the photon energy of 740 Mev, a
linear interpolation was made between their data at 830 and 670 Mev.
The curves in the figures are the energy spectra predicted by the
isobar model which is discussed in Section V. C.

Our points appear to be consistently higher than the points
of Bloch and Sands at those T'_ where they can be compared.
Roughly, the ratio of the value »of our data to theirs is 3 to 2, and this
agrees qualitatively with the results of Sellen et al. (29).

B. Results of the Angular Correlation Measurements

1. = - 7 Coincidence Rate

The information recorded from the data film is described in
‘Section II. I. The number of each of the types of events listed in that
Section are given in Table IX for each telescope setting. The errors

are due to the counting statistics.

2. Corrected Coincidence Rates

The rate at which pion pairs were produced with the correct
kinematical parameters to be detected differs from the observed
coincidence rate due to several effects. The following corrections
were made to the observed rates to obtain the corrected coincidence
rates.

_a. Some of the events registered as coincidence events would

be due to unrelated (1-2-3) and (5:6) or (5-6+7) events having a
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time separation less than the resolving time of the coincidence
measurement (+ 0. 2 mm). This accidehtal coinciaence rate can be
computed from the numbers Ng() .and Ng(,? which gave all such
unrelated ev;ents having a time separation less than £ 2. 0 mm.

Figure 13 shows that the time separation of these unrelated events was
randomly distributed, consequeﬁtly, those events with a time

separation less than + 0. 2 mm would be 11 %o of Nzgé and N§67 . The

accidental rates N@‘ZC’ and NA52$ are given in Table X and Table XI,
respectively.
b. The rates of coincidence events which were due to an

electron being counted in the spectrometer and a ( 5:6) or (5:6-7) event

being counted in coincidence in the telescope are given by:

4

e
Ngg = oNygg + B Nygg (13)
e
Nog7 = =< Nyser ¥ PNge7 (14)
where:
1-¢€
< = — T (15)
€ -¢€
e iy
€
B =~ —— (16)
€ -¢€
e ™

(The measurement of €1T and €e is described in Section IIL B. 1. ).

The value of N4567 was zero at each of the telescope settings (see
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e
Table IX) and so N567

are given in Table X.

is taken to be zero also. The values of Ng()

c. Due to the nuclear absorption of the 'rr+ as they traversed
the absorbers of the teleséope, there would be a reduction in the
number of coincidence events detected. The question of the correct
absorption cross-section to be used is discussed in Appendix II, and
the summary of the available information indicates that the cross-
section is geometric. The mean free path in lead is then

N =150+ 15 %/o cm. To correct the coincidence rate for the effect

of the absorption, the (l1-2-3-5-6) rate is multiplied by:

Ay + Ay
cir¥ = e > (17)
and the (1. 2-3-5-6-7) rate is multiplied by:
A5 + A'6 + A.7
c‘g"gj = e > (18)

These corrections are given in Table X and Table XI.

Some of the 1T+ from (1-2-3-5:.6-7) events would be absorbed
in the absorber between counters 6 and 7, and would therefore be
registered as (1-2-3-5-6) events. The rate of such false (1-2-3:5-6)
events is given by:

Al
g, =(e -1) (Nygy - Nog7 - N5EF) (19)

The va.lﬁes of Ngé are given in Table X.
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d. It is convenient to consider the correction arising from
the w' decay in flight as consisting of three parts, and examine these
parts one at a time. (Because of the large statistical errors associated
with the data at k = 950 Mev, the relatively small corrections due to
the decay in flight and multiple scattering in the telescope absorbers
are not made to this data.) The case in which the effect of the 1r+
decay would be rﬁost significant was for 0+ = 120° and b, = 180° where
9 %o of the pions would decay over the total length of their path from
the target to counter 7. The estimate of the size of each correction
listed below was computed for this largest case, and in computing the
estimates all pion decays were assumed to take place before the pions
entered the telescope (in the case at 0+ = 120° and ¢+ = 1800, 75 O/o
of the decays would occur 1b.efore the pions reached the telescope).

(i) The decay muons would be emitted in a cone defined by
an angle of 10° with respect to the direction of motion of the pions.
Some of these muons would therefore miss the telescope counting solid
angle although their parent pions would have been counted. This would
give a loss of less than 2 °/o of the xt - 7 coincidence counting rate.
Some ' which were emitted from the target at the wrong angle to be
detected would, however, decay and their muons could enter the
counting solid angle. This effect should essentially cancel any loss
in counting rate arising from the first process.

(ii) The decay muons would have an energy spread of about
+ 20 /o of the energy of the parent pions. Because of this energy

spread, and the slight difference in range of pions and muons of the
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same energy, the effective energy interval of those photons which
initiated (1-2-3+.5.6) events would be from 620 to 795 Mev for those
events where the 'rr+ decayed. The Ak in this case happens to be the
same as it Waé for the usual photon energy interval, and so if the
cross-section for pion pairs does not change rapidly as a function of
photon energy in the region around 740 Mev, this small shift of the
photon energy interval should have a negligible effect.

- (iii) The experimental arrangement allowed no differentiation
between those (1:2:3-5.6) events from 7 - TI'+ coincidences and
those in which the . decayed and the decay muons traversed the
telescope giving -/A+ coincidences. In computing the corrected
coincidence rate the absorption correction was made to both types of
events. Fast muons are not absorbed in nuclear collisions, however,
and so the corrected coincidence would be systematically too high.

The correction for this effect (C/*) amounts to about 5 “/o in the
largest case at O+ = 22° and b, = 180° (because of the thick
absorbers), and its value is given for each telescope setting in Table X.
e. Due to the multiple scattering of the nT as they traversed
the telescope absorbers, some pions would be scattered out of the
counting solid angle, but also some xt which were emitted from the
target at the wrong angle to be detected in the telescope would be
scattered by absorber A5 into the counting solid angle. (Only those
nT scattered into the counting solid angle by the front absorber would
give the required coincidence in C5 and C6’ otherwise, the scattering

in and scattering out should essentially cancel. ) Using the scattering
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theory given by Rossi (42), the effect of the scattering in and scatter-
ing out was computed and gave a net loss in counting rate of about
10 %o in the largest case when the telescope was set at O+ = 22° and
¢+ = 180°. The r.m. s. scattering angle in this largest case is about
10° for the m' traversing the first two absorber A5 and A6. This
corresponds to a mean lateral displacement from the original direction
of motion of about 1/2 inch at counter Cé' The correction fpr the
effect of multiple scattering (CS) is given in Table X for each telescope
setting.

The corrected coincidence rates are given in terms of the

above corrections by:

_ Abs. e Acc. F
Rgg = CgC, Cgp " (Ngg - Ny - Ny ™ - Ny ) (20)
_  Abs. e _Acc.
Reg7 = Cse7 N7 - Ngeq - N ) (21)

The statistical error in the corrected coincidence rates would be made
up of a great number of terms, each representing the uncertainty in

the value of one of the corrections or the uncertainty in the value of

the uncorrected coincidence rate. An examination of each of these
uncertainties shows that some terms may be neglected because they

are always small compared to the dominate terms. If only the
significant terms are kept, the errors are given to a good approximation

by:
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2 2 2 Aqln 2 2
(ARg ) = (CgCy C%st) [(AN%) + (e -1) (ANg o)

AL+ A 2
e cc. F 2 5 6 AN
+ I}N% - Ngg - Ngg " - Ngg) ( ~ N (22)
‘ 2
2 _, _Abs. 2 2 2(A5 tAL T A A )
(ARggq) = (Cggq’) | (ANgeg) + (Nggq) x X (23)
AN56 and AN567 are due to the counting statistics, and —é%‘- =15 %o0..

The values of the corrected coincidence rates and their errors are

given in Table X and Table XI.

3. Cross-Section and Angular Correlation Function

Let G‘+_ (k, E, 0_, O+, ¢+) be the cross-section for the
production in hydrogen, by a photon of energy k, of a negative pion
with total energy E_ and at the zenith angle 0 , and the production of
a positive pion at the zenith angle Q+ and azimuthal angle ¢+, per unit
energy interval (in E_), per unit solid angle for the positive pion, and
per unit solid angle for the negative pion. The cross-section is

related to the corrected coincidence rates by:

825
R56—_-(72_CAE_A_(1_)A.Q.+fde(Eo,k)O’_I__(k,E_,Q_,9+a¢+) (24)

650
1080

Ry, = (y CAE_AQ ) AQ f dkN(E_,k) 03 _(k, E_,0_,0,,¢,)  (25)

825
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TABLE XI.
Corrections to (1 2-3¢5.6-7) Rates

Counting Rates Per 1015 Mev in X-Ray Beam

: cc. Abs.

by °; N N?é? 567 Rge7
180°  22° 2.0+ 0.6 31 + 0. 06 6.82 1.7 + 7.
45° 2.2+ 0.8 06 £ 0.03 5. 47 11.7 + 6.

67° 2.1+0.7 04 + 0.03 3. 56 7.4 + 3.
90° 2.5+ 0.8 16 + 0. 06 2.72 6.4 + 2.
120° 0.3+ 0.3 02+ 0,02 1.82 0.6+ 0.
90°  45° 2.6+0.9 16 + 0. 07 4,31 10. 6 £ 5.
90° 4,3+1.5 14 + 0. 08 2.01 8.4 + 3.
0° 90° 2.1+0.8 09 + 0. 04 1. 95 4,14 1.
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where (-)Z_CAE_A.O_) is the instrumental coefficient which was
measured (see Section IV. A. 2. ), and its value is 1.24 £ 0.1 x 1023
Ster-Mev/cmZ; N(Eo, k)dk is the number of photons in the energy
interval from k to k + dk per unit energy flux in the x-ray beam for
a bremsstrahlung cut-off energy Eo = 1080 Mev; and AQ.+ is the
solid angle of the telescope. In calculating the value of AQ+, a
correction was made to take account of the fact that the hydrogen
target was not a point source, and that the counter C6 which defined
the telescope solid angle had a plane surface rather than being part
of a spherical surface centered at the target. The effective solid
angle, Aﬂ.+ (eff. ), is given in Table XII for each 1'r+ direction. )

If it is assumed that the cross-~-section is only a slowly vary-
ing function of the photon energy, then equations 24 and 25 can be
solved for the cross-section.

R(k)

0;_(1?) = — (26)
(q.CAE_AQ )AQ, N(E_K) Ak

k is the central value of the photon energy in each of the two intervals,
that is, k = 740 Mev for the 650 - 825 Mev interval and &k = 950 Mev
for the 825 - 1080 Mev interval. N(EO,T<)Ak is the number of photons
_ in each of the two intervals per unit energy flux in the x-ray beam.

It is convenient to express the data in terms of an angular

correlation function which is defined as:



-87-

- . KE,0,0, ¢,)dn
P(K,0,,¢,)dQ = 4r L I S A (27)
o (K, E,0)

where g _(k, E, 0_) is the cross-section for the production of a
at 35° with a kinetic energy of 150 Mev, initiated by a photon of energy

k. O is related to 0’+ by:

o = §d.0.+ S (28)

The angular correlations function equals 4w times the probability of the
at being emitted with direction angles O+ and ¢+, per unit solid angle,
given that the m was emitted with the correct angle and energy to be
accepted by the spectrometer. ‘The correlation function is given in
terms of the measured counting rates by:

R (k)

Pk, 0, ¢ ) =4m (29)

- k
AQ N(E_E) B E,n__(E,) - En. (El):)

where nTr_,(E) is the m counting rate for a bremsstrahlung cut-off
energy E, the values of n__ are given in Table V; the numbers E,
and E2 are the lower and upper photon energy limits, respectively,

of the energy interval in which the a7 - 7" coincidence rate was
measured (E1 = 650 Mev and EZ = 825 Mev for k = 740 Mev, and

E1 = 825 Mev and E2 = 1080 Mev for k = 950 Mev); and BO is defined

in Section IV. A. 3. and is equal to 0. 9.
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The error in the correlation is due both to the uncertainty in
the coincidence rate and to the uncertainties in the m rates, however,
only the statistical errors arising from the uncertainties in the
coincidence rates are given with the values of the correlation function
in Table XII. The error in the value of the denominator of equation 29
is equal to about 20 /o for both the energy intervals corresponding to
k = 740 Mev and k = 950 Mev. The fact that these errors are not
included in the errors in the correlation function has the effect of
making th‘e absolute value of the correlation function uncertain to
about 20 %/o.

The correlation function can be transformed to the C. M. system

of the incoming photon and proton.

_ p dQ.  dE Vo)

1 ] -
P{E 0,¢,)=PE 0, ¢,) ' (30)
T TS 4al ar' 4o

where the primes indicate quantities in the C. M. system. The values
of the w' angles and energies in the C. M. system are shown in three
curves for k = 740 Mev. Figure 20 shows O_;' as a function of O+ for
¢+ = 1800, figure 21 shows O_;_ (the angle between the two pions) as a
function of O;_ for ¢_; = 180° and 90°, and figure 22 shows E_:_ as a

function of 8, . The product of the three derivatives in equation 30

+-
is given by:
! 1 — 1 -
dQ+ \dE_ dQ. i pP_ P, (k+ M-E_)-?—; (k cos O+—p_cos O+_)
1 1 1 _\[T-‘ ! p. !
d.{l+ dE_ d.Q._ P_ P+ M ™4+2kM - E_ + —— COS O+ _

By
(31)
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Figure 20. n7 Angle Transformation. (LAB.to C.M. )

Figure 21. C.M. Angle Between the Two Pions in the Pair as a
1
Function of - C. M. Angle for <{)+ = 180° and 90°.

Figure 22. nt C. M. Total Energy as a Function of the C. M. Angle

Between the Two Pions.
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(The method used to derive equation 31 is due to Dr. Jon Mathews
who reduced a usually laborious computation to a relatively easy
one. The method is described in Appendix III. ) Figure 23 shows
the values of the transformation given by equation 31 as a function of
G__'_ for b, = 180° and for K = 740 Mev. This transformation and the
angle transformation shown in figure 20 are both quite insensitive to
variations in c{>+, changing by only a few per cent over the complete
range of the azimuth angle.

Table XIII and figures 24, 25 and 26 give the values of
P'(T{, O—:— , ¢_L) for k = 740 Mev. The uncertainties in the angles of the
experimental points shown in the figures were due to the finite size
of the counter in the telescope which defined the solid angle. The
straight line at P' = 1. 0 corresponds to an isotropic distribution. The
data seems to indicate that the angular correlation function is nearly
constant in the backward direction and increases in the forward
airection, however, except for the point at 35° the correlation function
could be interpreted to be constant at all angles. The correlation
function appears to have no strong azimuthal variation. An isotropic
angular distribution of the nt would agree with the recent Cornell
results (29), however, their statistics are not good enough to observe
the correlation between the two pions and so it is not possible to check

the forward peaking of the correlation function.

]
+

1
Table XIV and are shown in figures 27, 28, and 29. The errors in P

' ' -
The values of P (k, 0, ¢+) for k = 950 Mev are given in

are so large that no statement can be made about the shape of the
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Figure 23. Laboratory Cross-Section to Center-of-Mass Cross-

Section Transformation
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TABLE XIII.
C. M. Correlation Function

Kk = 740 Mev

' 1 1 1
¢+ O+ Q+ T+ (Mev) P (O+, ¢+)(per ster. )
180° 22° 35° 161 1.30 £ 0. 23
45° 70° 183 0.97 + 0. 19
67° 95° 193 0.77 + 0. 14
90° 120° 197 0.81 + 0. 15
120° 143° 200 0. 64 + 0. 33
90° 45° 71° 150 0.85 4 0. 18
90° 120° 167 0.78 £ 0.12

121 140 0.83 £ 0.18
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1
Figure 24. nT C.M. Correlation Function as a Function of O+ for

1
¢, = 180°% T = 740 Mev.

t
Figure 25. w1 C. M. Correlation Function as a Function of o for
1 f'e) —

O+=7O . k=740 Mev.

1
Figure 26. w1 C.M. Correlation Function as a Function of b, for

0+' = 120°. X = 740 Mev.
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TABLE XIV.
C. M. Correlation Function

&k = 950 Mev

1

. 1 1
¢+ O+ O+ T+ (Mev) P (0+, ¢+)(per ster. )
180° 22° 38° 261 1.4+ 0.8
45° 73° 285 1.1+0.6
67° 100° 303 0.7+ 0.3
90° 123° 306 0.8 + 0.3
120° 145° 307 0.4+ 0.5
90° 45° 73° 250 1.0+ 0.5
90° 123° 268 0.4+ 0.2
0° 90° 123° 231 0.8+ 0.3
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1
Figure 27. n7 C.M. Correlation Function as a Function of O+ for

6, = 180° T = 950 Mev.

’ 1
Figure 28. mt C. M. Correlation Function as a Function of ¢+ for

"= 73° X =950 Mev.

%
1
Figure 29. 77 C.M. Correlation Function as a Function of o for
o, = 123°. K= 950 Mev.
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correlation function except for noting a possible forward peaking in the
i
zenith angle dependence for ¢, = 180°, and a possible azimuthal

1
dependence at O+ = 123°,
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V. INTERPRETATION ATTEMPTS

There is, as yet, no theoretical description of the photo-
production of pion pairs at high energies. Near threshold the theory
of Cutkosky and Zachariasen agrees with the experimental results, and
the predictions of this theory and the predictions of several heuristic
models have been compared with our data. These comparisons have
only been made with the angular correlation function at k = 740 Mev,
the correlation function at k = 950 Mev has such large errors as to

make the comparisions inconclusive.

A. Cutkosky - Zachariasen Calculétioﬁ

The Chew - Low theory has been applied by Cutkosky and
Zachariasen (26) to calculate the photoproduction of pion pairs near
threshold neglecting the effects of the nucleon recoil and considering
only the case in which one pion is produced in an S state and the other
pion in a P state. They give the following expression for the cross-

section:

2 w3p,p
Q= 12°‘<ﬁ> £ +'[p+222F_Z.(%sin20++‘/s)
(4m)2 Mc k

+ 1 pZ > 2 F_l_z(%sinzg_+‘/3)

5 P 2.

1
- 3 P P_ Z_,_ Z_ F+ F_ cos (6+—6_)

5 .
x ('5 cos O+_ - cos O+ cos 0 _ )J (32)
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where:

M
I

-3 .
(pi) sin 6+

2
A

b
i

pion mass

e

3 3 . .
6:’: = ——, —— scattering phase shift
Q+_ = angle between two pions

The values of & were computed from the expression given by

33
the Chew - Loow theory (27).

E E
cot s, = — £ 1-—*% (33)
+ Z 22 5
P, o
where:
£ = 0.08
(.00 = 290 Mev.

pion mass

-

The correlation function is proportional to the cross-section, and the
proportionality constant is equal to 4w divided‘by the integral of the
cross-section over all 1r+ directions holding k, P_s and O_ fixed.
Figures 30 and 31 show the comparison between the data and the
computed correlation function. The predicted curve does not agree

with the observed distribution. It must be noted that the coordinate
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Figure 30. Comparison of the Cutkosky - Zachariasen Theory with
i o
the Data as a Function of 0+ for ¢, = 180°. X = 740 Mev.

Figure 31. Comparison of the Cutkosky - Zachariasen Theory with
1 !
the Data as a Function of ¢+ for O+ = 120°.
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system in which equation 32 was derived is not quite the C. M. system
of the reaction. The system used by C - Z contained an infinitely heavy
nucleon, however, the difference between the two systems has been

neglected,

B. Density of States

A simple model is obtained from the assumption that the matrix
element for the interaction is independent of the at angle and energy.
The angular correlation function is then simply proportional to the three

body density of final states:

2
(E -E, -E )E, p°p E
P(O. ) = (const.) o % -~ ¥4 - - (34)

+ -
P, (EO -E )+ E+ p_ cos O+_

where Eo is the total energy available for the reaction, and O+ is the
angle between the two mesons. All quantities are in the C. M. system.
In order to determine the constant of proportionality in equation 34, the
distribution was plotted and numerically integrated over all 1r+
directions. The value of the constant was chosen so that the integral
was equal to 4w. The correlation function in equatidn 34 depends only
on one angular coordinate, 0+_, and so both the predictions of this
model and the data were plotted on one graph as a function of 0+_ (see
figure 32). The angles next to each experimental point in figure 32
are the values of ¢+ at which the point was measured. The agreement

between the data and the correlation function predicted by the density

of states is not satisfactory.
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Figure 32. Comparison of the Density of States and the Data as a

1
Function of O+_ . k=740 Mev.
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If indeed the experimental correlation function depends only
on O+ , then it is seen from figure 32 that the function is consistent
with isotropy. There is some indication, however, that such a

simple angular dependence is not correct because of the disagreement

between the two points at 0+_ = 95° and O+_ = 104°.

C. Isobar Model

There has been some success in interpreting some high energy
pion experiments in terms of an 'isobar model' which attempts to take
into account the strong interaction between the pion and nucleon in the
T= —3— , J= ;— state by considering this state to be sufficiently
narrow that it plays the role of a '"particle'" in the basic interaction.
Such a model was first applied by Yuan and Lindenbaum (22) in inter-
preting the results of pion production in nucleon - nucleon collisions.

In later work (24, 25) the model was applied to the problem of inelastic
pion - nucleon scattering. Bloch and Sands (21) have investigated the
properties of the isobar model applied to the photoproduction of pion
pairs.

In the case of pion pair production, one considers that one pion
(called the recoil pion) and an isobar with excitation energy Q (in its
coordinate frame) are produced in the initial reaction. A short time
later (~ 10—2'3 sec) the isobar decays into a proton and a pion (called
the decay pion),b If the decay pion is a Tl'+ the isobar is doubly charged,

and if the decay pion is a 7 the isobar is neutral. In order to compute

the anguiar correlation function of the m' from this model the following
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assumptions are made. (a) The probability of producing an isobar is
proportional to two factors. One factor is the two body density of
final states (p(EO,Q)) of the isobar and the recoil meson. The other
factor is a function (F(Q)) which represents the relative probability of
forming an isobar with excitation energy Q, and is gotten from pion -
nucleon scattering data. (b) The isobar is emitted isotropically in the
C. M. system. (c) The decay meson is emitted isotropically in the
isobar rest system. From these assumptions the correlation function
can be computed.
1
dQ  d0g4

P(6,. ¢,) = (const. ) F (Q)p (E_, Q) = oy (35)

The subscript d refers to the decay pion and the subscript r refers
to the recoil pion, the primes indicate quantities in the isobar rest
system, and the unprimed quantities are in the C. M. system of the
initial reaction (y + P). The values of EO, Q,y and p are computed

from the equations:

E, = -,[M2+ 2kM (k in LAB.) ‘ (36)

2 2 '
0 = \EZ + p - 2E B, - M- p (37)
(E,-E)E_p
o = o r’ Trfr (38)
E
]

Other workers (22, 23, 24, 25) have taken F(Q) to be equal to the
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observed total scattering cross-section for pions on protons. Sands (43)
has shown that one should instead take F(Q) equal to the total scatter-
ing cross-section divided by ..r'.é._ , where p is the C. M.
momentum of the incoming pionpand " is the 3,3 scattering
resonance width. This modification corresponds to considering the
scattering as the product of a non-resonant part and an enhancement
factor which introduces the effect of the resonance. Only this
enhancement factor contributes to the probability of isobar formation,
and hence it alone should be used for F(Q). Sands has shown that
dividing the total cross-section by r‘/pz has the effect of removing
the non-resonant part of the scattering. Figure 33 shows F(Q) as a

function of Q and the value of ' was computed from the Chew - Low

theory.

% (39)

where:

sk 2 2 2
w =‘\/).L +p° + 2 (40)

p = C.M. momentum of incoming pion
M= pion mass

M = proton mass

(-UO = 290 Mev
£% = 0.08
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Figure 33. Relative Probability Distribution for the Formation of an

Isobar with Excitation Energy Q as a Function of Q.
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The two isobars (doubly charged and neutral) must now be considered

-separately.

1. Doubly Charged Isobar

In the case of our experiment where the angle and energy of the
m were fixed,the correlation function predicted by the doubly charged
aq’
isobar is simply proportional to da - the other quantities in

+
equation 35 being constant. (In this case, therefore, no assumption

need be made about the form of F(Q) or the angular dependence of the

isobar production. )

.p_'_ M +}J. +0Q
P(Q+_) = 4 5 (41)
P.,i E -E +4-——— cos 0
o - ﬁ+ +-

The correlation function predicted from this model is shown in figure
34 and seems to be in fair agreement with the points lying between 60°
and 130°, At the backward angles of 160° and 180°, however, the
predicted value of the distribution is almost twice the value of the

experimental points.

2. Neutral Isobar

The computation of the correlation function in the case of the
neutral isobar is more complicated, and all the assumptions made in

the general description of the model are necessary.

| dQ dE 4o
P(0, ) = (const.) F(Q) p(E,, Q) — (42)
dE' dE_ dQ
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Figure 34. Comparison of the Isobar Model and the Data as a

i
Function of Q+_ .
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Where:

I =M +)J- + Q (mass of the isobar) v (43)
. IZ +}J.2 - M2
E = (44)
- 21
dQ
I
o= 1 (45)
dE_ I-E
1 1
dQ) dE P
% = - (46)
dQy dE p'

Figure 35 shows how each of the factors in equation 42 varies as a
function of the total m energy in the C. M. The arrows along the
abscissas indicate the kinematical limits of the total energy for the
pair reaction. The constant of proportionality in equation 42 was
determined by numerically integrating the computed distribution over
all w' directions, and choosing the constant so that the integral was
equal to 4m. The correlation function predicted by this model is shown
in figure 34 and the agreement with the data is again unsatisfactory.
Clegg (44) has suggested that one may be able to improve the
agreement between the data and either of the two models by making a
different choice for the angular dependence of the emission of the
isobar in the initial reaction and for the angular dependence of the
isobar decay. Considering only the first two lowest multipole photons,
he has computed the angular dependence for the isobar emission (see

Table XV). The angular dependence of the isobar emission has no
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Figure 35. Curves of the Functions Involved in the Computation of

the Correlation Function for the Neutral Isobar Model.



-126«

0.6

04+

ONY o

UNITS

ARBITRARY

250

270

290 310
E,(CM)~MEV



:

M EOmHONmoo cC+ ¥ saem-d +72/¢ In
owmo..ﬂomﬂ saem-d +2/1 IW
otdoalost SABM-S -27/¢ Td
otdoxjost 2ABM-D -2/1 1H

UOISSTUWI JIeqOS] JO WNIUSWON Iemsuy 23e18 punodwon sarodimA
uopnqrIlsig remsuy Te11qx0 Surodng J0 A11xeg pue uidg Sutwoour

AX HTAVL



-128-

effect on the doubly charged isobar because, as noted above, the
angle of the recoil meson is fixed. In the case of the neutral isobar,

however, the 4 + 3 cos2 4] changes the predicted correlation

Iso.
function and the effect is strongest in the forward direction. The
modified distribution peaks at Q+_ = 60° and falls to about 2/3 of the
peak vélue at 0°. For O+_ greater than 90° the change in the distri-
bution is slight. The modified distribution is not plotted because it
does not improve the agreement with the data at O+_ gryeater than 90°,
and worsens the agreement at 9+_ = 60° and 80°.

Clegg has also pointed out that for each of the four entries in
the Table XV one can compute an angular dependence for the decay of
the isobar. The decay is not isotropic in general because the
magnetic substates of the isobar are populated unequally. For one

incoming multipole and one outgoing angular momentum the magnetic

substates will be populated in the following way:

M +3/2 +1/2 -1/2 -3/2

Z

b b a

I
©

Population

where a and b are given in Table XVI. The angular distribution of the

decay pion in the isobar rest system is given by:

3(b- 2 ! :
‘.%Ta%)" cos” 0 (47)

1 + d

1
where Qd is the angle of the decay pion with respect to the photon

direction in the isobar rest system. In the case of the doubly charged
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isobar, only the distribution corresponding to the second case in
Table XVI produces more than a slight effect, the main feature of
which is the increasing of the correlation function at G+_ greater
than 120° by about 15 ®/o. This is a change in the wrong direction to
improve the agreement with the data. In the case of the neutral
isobar, the distribution corresponding to thé third case in Table XVI
produces only a slight effect; the fourth case produces an effect which
would improve the agreement with the data somewhat, however, the
angular de>pendence' of the isobar emission (see Table XV) for this case
produces an effect which essentially cancels the improvement; and the
first and third cases put a large peak in the correlation function at
0+_ = 60° aﬁd reduce the function to practically zero at O+_ greater
than 130°,

- The comparison of the two isobars with the data seems to
indicate that if the isobar model is meaningful, then at the photoﬁ
energies near 740 Mev one isobar is not strongly preferred to the
other even if the calculations are refined to include reasonable guesses
for the angular distribution of the recoil and decay meson. In fact,
only the case of a magnetic dipole photon interacting with the incoming
proton, forming a compound state of ——:;— +, and having an isobar-
recoil meson p-state improves the agreement of either isobar with the
data. The measurement of Bloch and Sands indicates that at a photon
energy of 660 Mev the pair reaction proceeds through a pure doubly
charged isobar, and at 1000 Mev the reaction prefers.to go only through
a neutral isobar. For lack of better knowledge one might assume that

at intermediate energies the process can go through a mixture of the
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two isobars of the form ot I° + ‘{SI+-§ where o< and $ are functions of
the photon energy. (It is assumed that the two isobars are short-lived,
real particles, consequently, there will be no interference between the
two possible chargé states. ) The mixture which gives the best fit with
the data at 740 Mev is roughly 1/3 neutral isobar plus 2/3 doubly
charged isobar. This combination of the two isobars is shown in
figure 34 and agrees much better with the data than either isobar
separately. Since the absolute value of the experimental points is
uncertain £o within 20 %o, the agreement could be quite good except
for the point at 950° This point might, of course, just be slightly
more than one standard deviation above the true value.

The results of recent experiments show what may be a second
resonance in -rr+ photoproduction at 700 Mev (9, 10). The evidence
indicates that the state has T = 1/2, but the angular momentum is still
uncertain and may be either 1/2 or 3/2. Since the resonance is in the
range of photon energies involved in our experiment, one may try to
extend the isobar model one step further and ask if the pair production

goes through two intermediate states:

Y+P—sIl—s I+

LP+1T

%
where I corresponds to an isobar at the second resonance, and I to
. . * e s . .

an isobar at the first resonance. If I has a definite isotopic spin,

one can predict the branching ratio of the decay into 1™ and 1°. For



-132-

T=1/2 I7/1° = 9/1; and for T = 3/2, I'7/1° = 9/4. The result of

our experiment indicates that t/1°

= 2/1 which agrees with the
T = 3/2 state. The evidence of the other workers is quite strong for
T = 1/2, so one may conclude either that the pair reaction does not

proceed through the second resonance isobar or that the isobar is no

longer a meaningful model at these energies.

D. Peierls Analysis

Peierls (45) has derived a general expressions for the angular
dependence of the cross-section for pion pair production in terms of
the unknown spacial and spin parts of the wave functions involved.
From this expression he has been able to show that if the azimuthal
dependence of the angular distribution is Fourier analyzed into terms
of cos Zn¢+ , then the Fourier coefficients will be zero for n >
where L is the maximum orbital angular momentum (of either meson)
which contributes appreciably to the production process. (Both mesons
must have similar energies. ) Our results seem to indicate that all
Fourier coefficients are zero except for the constant, and so one
concludes that only s-wave pions are involved in the interaction. Of
course, the experimental errors are so large that any term of the
form cos 2n¢+ could be present in the angular distribution, but it is
predominately isotropic.

If one further assumes that the reaction proceeds through a
compound state (corresponding to the 700 Mev resonance) with a definite
angular momentum (J), assumes that both mesons are emitted in

p-states, and assumes that both pions have energies relative to the



-133-

proton of about 150 Mev, then the coefficient of the cos 2¢+ term in
the angular distribution will be positive if J = 1/2 or 5/2, and negative
if J=3/2. Our data shows no azimuthal dependence, and so it is not

possible to identify the angular momentum of the proposed compound

state.
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VI. CONCLUSION

The angular correlation between the two pions produced from

+ + 7 has been studied as a function of the

the reaction y+ P—P + w
direction of emission of the -rr+ for a fixed m  energy (150 Mev) and
angle (350) and ét two photon energies (740 Mev and 950 Mev). The data
is presented as an angular correlation function in the C. M. system. At
950 Mev the experimental points have such lyarge errors that the shape of
the correlation function is undetermined. At 740 Mev the correlation
function does not show any azimuthal dependence, and as a function of
zenith angle the correlation is nearly constant but may be peaked some-
what in the forward direction. The predictions of the '"isobar model"
were compared with the experimental results at 740 Mev and there is
satisfactory agreement in the case where the reaction proceeds through
‘an intermediate state which contains a combination of the two different
charge states of the isobar (2/3 doubly - charged isobar and 1/3 neutral
isobar). The fact that neither of the two isobars dominates the pro-
duction process at 740 Mev is consistent with the findings of Bloch and
Sands.

The cross-section for the photopvroduction of 7~ from hydrogen
has been studied at 35° in conjunction with the angular correlation
measurement. When the cross-section is expressed in the C. M. system
and compared with the results of Bloch and Sands (20, 21), it seems to
indicate that the. m is emitted preferentially in the forward direction.

This result and the nearly isotropic distribution of the w' agrees with
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the preliminary results of work done on pion pair production by Sellen
et al. (28, 29).

The experimental arrangement used in this experiment seems to
be quite satisfactory for studying the correlation between the two pions
from the pair process. For the extension of the measurements to
higher photon energies, however, a high energy spectrometer must be
used. A measurement with good statistics of the correlation at 1000 Mev
would be useful in checking the validity of the isobar model.

It is hoped that this study will spur further experimental interest
in the photoproduction of pion pairs, and with the refinement of the
measurements perhaps the attempts to interpret and understand the

process will achieve success.
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APPENDIX L

m~ Backgrounds at 650 and 825 Mev.

No empty target runs vs./ere made when the m production rate was
measured at the bremsstrahlung cut-off energies of 650 and 825 Mev. An
empty target run was, however, made immediately afterwards at
Eo = 1080 Mev, and the backgrounds at 650 and 825 Mev can be inferred
from this data. At the time the spectrometer was first placed at 35° a
number of empty target runs were made at several bremsstrahlung cut-
off energies, and these results are given in the top half of Table AI
(see Section IV. A. 1 for the definition of my and M 4). Although the
errors are large the general behavior seems to indicate a constant back-
ground independent of E,- Bloch's background measurements (20) as
a function of Eo were also constant within the errors at 60° and at 120°.
Such a constant background can be explained if the source of the back-
ground is m and w° photoproduction and electron pair production in the
steel ends of the target. The m could be scattered by the target walls
or the lead bridges into the solid angle of acceptance of the spectro-
meter. Most of the m would be produced by photons which have energies
near the resonance at 300 Mev, and so the only dependence on the
bremsstrahlung cut-off energy of the m background would be due to the
Eo dependence of the bremsstrahlung energy spectrum near 300 Mev.
The spectrum is described in Section II. B. and is a slowly varying
function of Eo' For k = 300 Mev the spectrum decreases by 20 °/o from
Eo = 700 Mev to Eo = 1100 Mev. The electron component of the back-

ground could come from electrons produced in pairs in the target ends
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and then scattered by the target walls or the lead bridges into the count-
ing solid angle, or it could come from the conversion of the y-rays
from m° decay. The electron background arising from the w° decay
should have the same Eo dependence as the m background. The Eo
dependence of the electron background arising from the electron pairs
could be calculated exactly from the Bethe - Heitler formula, however,
for the purpose of this estimate the background was assumed to depend
only on the total number of photons in the beam with energies greater
than 250 Mev (the energy of an electron accepted by the spectrometer).
This number also varies slowly with Eo’ increasing by 30 °/o from
EO = 700 Mev to Eo = 1100 Mev.

The 650 and 825 Mev backgrounds have, therefore, been assumed
to be the same as the background measured at 1080 Mev. The errors
assigned to these two backgrounds are the statistical error in the 1080
Mev background plus an additional 20 /o uncertainty to take account of
possible slow variations in the background as a function of E, due to
the sources of background described above. The backgrounds are given

in the bottom half of Table A I.
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TABLE AL

Mev in X-Ray Beam

Eo(MeV) T(Mev) n, ny
1084 100 0.17 % 0. 07 0.02 + 0. 07
1084 150 0.17 £ 0.03 0.10 £ 0.03

972 100 0. 04 1 0. 07 0.10 4 0.06
972 150 0.09 £ 0. 06 0.10 £ 0. 05
896 100 0.10 £ 0.09 0.03 £ 0.09
896 150 0.23 £ 0.08 0.14 £ 0. 06
708 100 0.15 4+ 0. 11 0.18 £ 0. 14
708 150 0.054+ 0.13 0.054+ 0.12
Background Counting Rates Inferred from 1080 Mev Data

Eo(Mev) T(Mev) n, n,

825 100 0.50+0.12 0.07 £ 0. 05
825 150 0.55 % 0. 15 0+ 0.04
650 100 0.50 £ 0.12 0.07 £ 0. 05
650 150 0.554 0. 15 0+ 0.04
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APPENDIX IIL
Nuclear Absorption of Positive Pions in Lead

A number of workers (46, 47, 48, 49) have studied the absorption
of negative pions in lead for pion energies from 85 to 140 Mev, and their
results agree with a geometric absorption cross-section within the errors
of the measurements which are typically + 10 ®/o. The absorption cross-
section for positive pions can be deduced from the absorption cross-
section for negative pidns if the following assumptions are made.

(i) In the case of a large nucleus such as lead the absorption
cross-section for pions of either charge has an upper limit which is
essentially the geometric cross-section (for large enough pion energies
to é.llow Coulomb effects to be neglected). This assumption would seem
to be reasonable if the radius of the lead nucleus was much larger than
the characteristic pion-nucleon interaction distance which is roughly the
pion Compton wave-length. The radius of the lead nucleus is six times
the pion Compton wave-length.

(ii) The absorption cross-section for positive pions is larger

than for negative pions in lead because of the neutron excess.

Tﬁe positive pion absorption cross-section is, therefore, bounded both
above and below by the geometric cross-section for energies in the
interval from 85 to 140 Mev. There is one experiment which has been
reported on the abso‘rption of nT in lead at 700 and 1100 Mev (50) and
the results agree with a geometric absorption cross-section to within

the errors of + 15 °/o. For negative pions in the energy interval from
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30 to 80 Mev the absorption has been studied in nuclear emulsions (51)
and in Al and Cu (52). The results are consistent with the geometric
absorption cross-section for each of these materials. The summary of
the above results indicated that the absorption cross-section for 'rr+ in
lead is geometric for energies from 30 to 1100 Mev. The correction for
nuclear absorption in the telescope for the experiment reported in this
thesis is made assuming an absorption cross-section in lead which is

independent of the pion.energy and equal to

o = 2170 + 15 °/o mb.

Abs.

This cross-section was computed for ro= 1.4 x 10-13 cm. and gives a
mean free path in lead of 15.0 + 15 %0 cm.

In the experiments described above the attenuation of a pion beam
passing through an absorber was measured in poor geometry. Some
pions would be inelastically scattered in the absorber, but no discrimina-
tion was made between these and any other pions which were transmitted
through the absorber. The effect of these inelastically scattered pions
would be to lower the energy spectrum of the pions traversing the
telescope. Kessler and Lederman (49) have studied the inelastic scatter-
.ing' of 125 Mev 7 in lead and found that the cross-section for those
forward scattered pions (2 800) which loose more than 25 %/o of their
energy is about 5 /o of the geometric cross-section. In the largest
case in our experiment (Q+ = 220) this inelastic scattering would cause
a loss in.the (1+2-3-5-6) rate of about 1 ®/o, and so ;che effect is

-negligible compared to the statistical error.
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APPENDIX III.
LLAB. to C. M. Cross-Section Transformation

The volume element in four-space is invariant under a Lorentz
transformation because the transformation corresponds to just a
rotation of the coordinate system. The differential four-momenta of a

particle in two different inertial systems are, therefore, equal.

. 4 2 . |2 1 1 1
d’p = p dpdQQdE = p "dp dCL dE (1)

The primed and unprimed systems can be taken to be the C. M. and LAB.

systems, respectively. The condition

E°-p° = m (2)

is Lorentz invariant and can be imposed on momenta in equation 1.

. 1 1 1 1 1 1
p2dpdQ dE §(E%-p%-m?%) = p 2dp AL dE §(E %-p 2-m?) (3)

Integrating both sides of equation 3 over all values of the momenta

gives the result:

1

dQy dE  _ p (4)

1
dQ) dE P

In order to go one step further and derive an expression for the
ratio of the differential solid angles, the actual process being observed

must be specified. We have taken the case of a three body final state.



E = E; +E, +E, (5)
P0=P1+P2+P3 (6)

The conservations of momentum and energy are Lorentz invariant and

can be imposed on equation 4.

p,da dE, Gli(E -E;-E,)° -ml - (5, - B - *Z)Z:I -
(7)

i Ql 1 1] 1 '2 2 _‘-' _'l -.l
p;dQ,dE; § ((E) - E; - E;) -mg - (B, -Py-P,)

mé is the rest mass of the particle labeled number 3. Notice that we
have arbitrarily chosen to solve for the ratio d'Q" for particle 1,
dQy

and ha,ve' eliminated all the kinematical variables of particle 3. This
choice in no way restricts the identification of any of the three final
state particles. Expanding the argument of the delta - functions in

equation 7 and integrating over all values of the total energies give the

result:
1
dQ.l B Py (EO-—EZ) - (po cos 01 - p, cos 012) 1/131 )
1 7 1 1 1 1 1 1
d.Q.l Py .(EO-E‘H')— (p, cos 0,-p, cos 012)1/51

1
where Ol is the angle between —15'0 and 31 s Gl is the angle between

1 1
Eo and f)'l , 0, is the angle between f)'l and 'ié’z, and @, is the angle

\ 1
between —f)'l and _f)'z . In the case that the primed system is the C. M.
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system P, = 0. The LAB. to C. M. transformation for a three-body

final state cross-section is given by:

dﬂl dQZ dE

1 t
,dQ‘I d.Q.2 dE, P, P,

.(EO—EZ)— (po cos 01 - P, cos 012) 1/51

1 1 1 1 1
(Eo— EZ)+ p, cos 012 1/51
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