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Photoproduction of Positive Pions in Hydrogen-Magnetic Spectrometer Method*
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Positive pions produced in a cold, high-pressure hydrogen gas target by the 500-Mev bremsstrahlung of
the CalTech synchrotron, have been analyzed by a large magnetic spectrometer. The photoproduction cross
section has been measured as a function of photon energy at laboratory angles of 12.5', 30', 51', 73', 104',
140', and 180'. The energy region covered depends somewhat on the angle, but is typically from 200 to 470
Mev. From these excitation curves the angular distribution of the photopions in the center of momentum
system is obtained for various photon energies, and these angular distributions are analyzed in the form
A+8 cos8+C cos'8. The angular distribution has a backward maximum at low energies and a forward
maximum at high energies, the coefficient B changing sign at about 340 Mev. The total cross section shows a
striking maximum near 290 Mev, of magnitude 205&(10 ' cm2, and falls off above the maximum faster
than )~

INTRODUCTION

HE nature of the interaction between pions and
nucleons may be investigated most directly, per-

haps, by measurements of the scattering of pions by
nucleons. Many such pion-nucleon scattering experi-
ments have been performed, and the results analyzed in
terms of scattering phase shifts. "The analysis does not
yield unique results, and the problem of deciding which
phase shifts are probably the correct ones has been
extensively investigated by de HoGmann, Metropolis,
Alei, and Bethe. ' 4

A closely related process is photopion production,
which involves the interaction between photons and the
two particles, pion and nucleon, as well as the interaction
between pion and nucleon themselves.

The first measurements of the photoproduction of
positive pions in hydrogen were those of Steinberger and
Bishop' at Berkeley. They measured the cross section at
90' in the laboratory between photon energies 170 and
320 Mev, using targets of polyethylene and carbon, and
making a subtraction to obtain the cross section in

hydrogen. The pions were identified by requiring a
delayed coincidence from the x—p —e decay. The pion
energy was obtained from its range in aluminum ab-
sorber placed between target and counter. Steinberger
and Bishop found that the excitation curve at 90'
seemed to reach a maximum near 290 Mev and was
either Rat or starting to decrease between 280 and 310
Mev. They also measured the angular distribution at
255 Mev between 60' and 160' in the center of mass
system, and found a maximum in the backward

*This work was supported in part by the U. S. Atomic Energy
Commission.' See, for example: Anderson, Fermi, Martin, and Nagel, Phys.
Rev. 91, 155 (1953).' For a review of the experimental data and analysis, and a list of
references to the original work, see the forthcoming book: H, A.
Bethe and F. de Hoffmann, 3Eesons and Fields (Row, Peterson,
and Company, Evanston), Vol. 2.

8 de Hoffmann, Metropolis, Alei, and Bethe, Phys. Rev. 95, 1586
(1954).' H. A. Bethe and F. de Hoffmann, Phys. Rev. 95, 1100 (1954).' J. Steinberger and A. S. Bishop, Phys. Rev. 86, 171 (1952).

hemisphere. These results have been verified in suc-
ceeding work.

Further measurements of photopion production in
hydrogen have been made at Berkeley by White,
Jacobson, and Schulzs and by Jarmie, Repp, and
White. v

The most extensive measurements to date in the
region 200 to 300 Mev have been those performed at
Cornell with a double focusing magnetic analyser, and
targets of polyethylene and carbon. ' The Cornell group
6nds that the angular distribution at 200, 235, and 265
Mev is peaked in the backward hemisphere in agreement
with the data of Steinberger and Bishop. The cross
section increases with energy in this region.

The behavior of the photopion production near
threshold is of considerable interest, and has been
extensively investigated at Illinois using photographic
plates to detect positive mesons produced in a liquid
hydrogen target. ' Measurements at low energies have
also been made at CalTech using photographic plates"
and at the Massachusetts Institute of Technology using
counter techniques involving a m

—p —e decay detection
scheme" and a x —p, detection scheme. "

When the present experiments were begun, in June,
1953, we were especially interested in 6nding the be-
havior of the angular distribution above 300 Mev. The
suggestion" that there might be a resonant interaction
between pion and nucleon in a I'; state of isotopic spin ~

was consistent with pion-nucleon scattering data, and
could perhaps explain the marked peak in the photo-
production of neutral pions at 90', near 300 Mev. '4

White, Jacobson, and Schulz, Phys. Rev. 88, 836 (1952).
~ Jarmie, Repp, and White, Phys. Rev. 91, 1023 (1953).' Jenkins, Luckey, Palfrey, and Wilson, Phys. Rev. 95, 179

(1954).
'G. Bernardini and E. L. Goldwasser, Phys. Rev. 94, 729

(1954); Phys. Rev. 95, 857 (1954).
"Vincent Peterson and I. George Henry, Phys, Rev. 96, 850

(1954)."Goldschmidt-Clermont, Osborn, and Winston, Phys. Rev. 91,
468 (1953)."G. S. Janes and W. L. Kraushaar, Phys. Rev. 93, 900 (1954)."K. Brueckner, Phys. Rev. 86, 106 (1952).

'4 Walker, Oakley, and Tollestrup, Phys. Rev. 89, 1301 (1953).
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Calculations of photoproduction based on this idea had
already been given by Brueckner and Watson. "If such
a resonant interaction exists, one might expect the
forward-backward asymmetry in the photopion pro-
duction, which must arise from an interference between
even and odd states, presumably 5 and P, to change
sign at energies above the resonance. We find that this
does, in fact, occur, and that the total cross section falls
oG very rapidly at energies above 300 Mev as might be
expected from the resonance idea.

ION CHA M BER /g )POLE PIECE MAGNET COlL
NOT SHOWN

METHOD COLLIMATEO
BEAM

HOUSING

m E '(m '——-m '+m ')
k=

m„E+p, cos0,—
(2)

where m, m„, and ns„are the masses of pion, proton,
and neutron, respectively, "and E,= (p '+m ')' is the
total energy of the pion. The range of photon energies,
Ak, corresponding to the range of momentum, Ap,
accepted by the spectrometer, may be found by
multiplying hp by the factor,

0k p. (m„+k) —kE. cos0

&p E,(m„—E +p, cos0 )
(3)

The differential cross section o (0) is related to the ob-
served counts C per standard beam monitor reading
through the formula

C(k) =a(0)601V(k)hkEHR(k), (4)

where AQ is the solid angle accepted by the spectrome-
ter. E(k)hk is the number of photons of mean energy k
within an energy interval Ak in the Bremsstrahlung
beam. This number is known from an absolute beam
calibration to be discussed later. ÃH is the number of
target hydrogen atoms per cm'. R(k) is a correction
factor for the effect of decay of the pions before reaching
the counters. It will be discussed in a later section. The

'5 K. Brueckner and K. M. Watson, Phys. Rev. 86, 923 (1952).' A positive pion mass of 139.6 Mev/cm was used in the calcu-
lations.

Since the photoproduction of a pion in hydrogen is a
two-body process, a measurement of the energy and
angle of the emitted meson determines uniquely the
energy k of the photon producing the reaction

y+p~Tr++e.

This fortunately makes it possible to measure the cross
section at a specific photon energy in spite of the con-
tinuous bremsstrahlung spectrum from a synchrotron.
The present experiment consists of counting the number
of mesons produced at a given angle as a function of the
meson energy, measured with a magnetic spectrometer.
From the laws of conservation of energy and momentum,
it is easy to find the following relation between the
photon energy k and the pion momentum p, and
angle 0 .

FIG. i. Diagram of the magnetic spectrometer and the gas target.

preliminary reports of the present data" made use of a
rough calculation of the decay correction, and diBer a
little from the final results reported here.

The values of k and hk obtained from the simple
formulas (2) and (3) have been corrected for energy loss
of the pions in the walls of the target, as will be discussed
in the next section.

APPARATUS

The experimental arrangement is shown in Fig. 1.The
photopions are produced in a high-pressure hydrogen
gas target located about 8 meters from the internal
synchrotron target. The beam is collirnated to 3.8 cm in
diameter at the target by a primary lead collimator
which is backed up by successively larger holes in two
other lead collimators, the Anal one located immediately
in front of the target. The hydrogen gas is contained at
about 2000 psi in a bomb 2 inches in diameter and 17
inches long with 0.030-inch steel walls. This is connected
to a liquid nitrogen reservoir, and surrounded by about
1.5 inches of styrafoam insulation, so that the hydrogen
can be cooled to about 95'K, resulting in a typical gas
density of 0.030 g cm '.

The density is obtained from a pressure measurement
accurate to about one percent, and a temperature
measurement of approximate accuracy three percent.
The temperature is read at the two ends of the bomb
with thermocouples, the reference junction being in the
liquid nitrogen reservoir, at the temperature 77'K.

The thicknesses of the steel target walls, the styrafoarn
insulation, and the air path between target and magnet
are not negligible in stopping power for the mesons.
Thus a small correction must be made for energy loss of
the pions before they enter the magnet. This correction
shifts the photon energy k calculated from formula 2 by
4 to 12 Mev, depending on the meson angle and energy.
This energy loss also influences the momentum range
Ap accepted by the spectrometer, and thus the photon
interval Ak. The resulting correction to the cross section
amounts to only 1 to 3 percent in general, but becomes
as high as 12 percent at lowest energies.

"Walker, Teasdale, and Peterson, Phys. Rev. 92, 1090(A)
(1953).
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The energy analysis of the pions emitted at a given
angle is made with a conventional magnetic analyser
having wedge-shaped pole pieces as shown in Fig. 1.Two
geometrical arrangements were used, one capable of
measuring higher energy mesons than the other. The
"short-focus" arrangement (shown in Fig. 1) has a focal
distance (from the edge of the pole piece to the focal
point) of 170 cm and a radius of curvature of 72 cm.
This is suitable for measuring mesons of energies up to
200 Mev, using the maximum magnetic field of 15 000
gauss. A second "long-focus" arrangement has a focal
distance of 254 cm, a radius of curvature of 98 cm, and
can be used for meson energies up to 300 Mev. Neither
arrangement is double focusing although in both some
"focusing" in the vertical direction occurs in the fringe
field of the magnet"

The fringe field has been measured as a function of
distance from the pole tip edge, and its eGect on the path
of the particles is included in the relation between par-
ticle momentum and magnetic field. The field was
calibrated as a function of magnet current by means of a
proton resonance magnetometer.

The counters are high enough for the short-focus
arrangement to cover the full vertical height of the
"image" as limited by a three-inch vertical aperture at
the magnet entrance. This is not quite true for the long-
focus arrangement. Thus, a correction to the solid angles
for the long-focus measurements was made for the pions
missing the counters above or below. This correction of
6&3 percent was determined experimentally by count-
ing protons from the target with the normal 3-inch
magnet aperture and with an aperture decreased to 2
inches, for which the counters are definitelyhigh enough.

The momentum resolution of the spectrometer is de-
termined mainly by the width of the counters which is 9
inches. This gives a momentum range hp accepted of
approximately Ap = (0.090)p for both long- and short-
focus arrangements. The solid angle of acceptance is
determined by the lead aperture at the magnet entrance.
It varied from 0.002 to 0.011 steradian in the present
experiments. The effective length of target seen by the
spectrometer is defined by tungsten lined slits placed at
the focal point of the magnet and as near to the target as
possible. These slits, and the edges of the magnet
aperture were tapered to minimize the uncertainties
arising from slit penetration.

Mesons are counted by two large scintillation counters
in coincidence. Each is a liquid scintillation cell of
dimensions 6)&9)&1 inches, viewed by two RCA 5819
photomultipliers connected to the two ends of the cell by
short Lucite light pipes. These counters are enclosed in
lead shielding 4 inches thick on all sides, and additional
lead shielding is placed along the sides of almost the
entire meson path as shown in Fig. 1.

It was appreciated too late, unfortunately, that some

See for example E. Segre, Experimental Enclear I'hysi es (John
Wiley and Sons, Inc. , New York, 1953), Chapter by K. T.
Bainbridge, pp. 576 ff.
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mesons which scatter from this shielding pass through
the counters, so a 10 percent correction must be made
for this scattering. The experimental information for
this correction is given in item C3 under "Errors. "

Pulses from the two counters are amplified with
amplifiers having rise times of about 0.07 p,sec and delay
line clippers giving pulses about 0.5 @sec long. These
trigger pulse shaping circuits which form the inputs to a
coincidence circuit with resolving time of 0.1 @sec. The
coincidence circuit output is used to gate an 8-channel
pulse-height analyzer which measures the pulse-height
in the front counter. This is helpful in separating counts
caused by mesons from background counts. Sample
pulse-height spectra are shown in Fig. 2, the two curves
having been chosen from the best and worst obtained
during the experiment. This pulse-height analysis can be
used at low energies to help distinguish mesons from
electrons. Chance coincidence counts are monitored by a
duplicate coincidence circuit having a 1-@sec delay in
one input. The chance coincidences were 1 to 6 percent
of the true counts in general, but in some cases became
as high as 15 percent.

IDENTIFICATION OF PIONS

The magnet directs all particles having the appro-
priate momentum into the counters, and it is necessary
to count from these only the number of pions, or in
practice, pions plus decay muons. Discrimination against
protons is very simple since protons of the same momenta

I5 30 45 60 75
PULSE HEIGHT (VOLTS)

FIG. 2. Pulse-height spectra from the front counter, showing the
pion peak. Background, as measured with the magnetic field of the
spectrometer reversed, is shown by the cross-hatched areas. The
two spectra are chosen from among the best and the worst obtained
during the experiment.
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TABLE I. Negative field backgrounds.

Lab angle
Negative field counting rate/~+ counting rate

Low-energy region Central energies High energies

12.5'
30'
30'
51'
51'
73

104'
140'
180'

LF a

S.F.
L.F.
S.F.
L.F.
S.F.
S.F.
S.F.
S.F.

1.0 -2,0
0.4 -0.6
0.30—2.0
0.10—0.26
0.06—0.13
0.09—0.17
0.03—0.06
0.15—0.46
1.0 -1.6

0.5 -0.8
0.07—0.4
0.13—0.30
0.04-0.10
0.04—0.10
0.04—0.06
0.02—0.04
0.10-0.30
1.3

0.23—0.4
0.04-0.07
0.18—0.27
0.04-0.06
0.07—0.10
0.04—0.05
0.03—0.10
0.30—0.36
2.7 -3.4

a L.F. and S.F. indicate long- and short-focus arrangements, respectively.

a,s the pions observed in these experiments have very
much smaller ranges than the pions. Thus a small
thickness of lead absorber between the two counters
prevents any coincidences from protons. Discrimination
against positrons is more difficult, except at the lowest
energies, where the ionization of pions in the first
counter is appreciably above minimum, so that the pion
pulse height peak is shifted above that of electrons.
However, since one may expect the numbers of high-
energy electrons and positrons to be about equal, it is
easy to subtract the positron background by making a
measurement with the magnetic field reversed. Fortu-
nately, these negative field backgrounds were not high
for most of the measurements, although they become
large at the extreme angles. The magnitude of these
backgrounds is given in Table I. At 12.5' no slits could
be used at the target so the ends of the bomb were in
view of the magnet, and the electron background was
quite serious. The electron counts could be reduced to 25
to 50 percent for the high-energy points by using 5 cm of
lead absorber between the two counters. For the lower
energies where the mesons could not safely penetrate
this thickness of absorber, no measurements could be
made.

Incidentally, the procedure of subtracting electron
backgrounds taken with the magnetic field reversed also
eliminates counts which might arise from the possible
production of positive and negative pion pairs. This
experiment measures the cross section for single pion
production.

The number of high-energy electrons emitted from
the hydrogen target at angles of 30' or more is small, of
course, because the usual shower processes of pair
production, bremsstrahlung, Compton scattering, and
electron scattering, occur at very small angles in hydro-
gen. In fact, it seems likely that most of the electrons
which we do observe at the central angles originate
from m' decay photons converted in the target wall or
elsewhere.

As a test of the fact that the counts observed are
actually caused by mesons, we measured the absorption
curve in lead for the particles being counted (with the
electron background subtracted). One such range curve
is reproduced in Fig. 3. This shows that most of the
particles have the range corresponding to pions, al-

RANGE CURVE
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FIG. 3. Range curve for the particles observed at 73' with mo-
mentum corresponding to 90-Mev pions. The tail is probably due
to muons from m —p, decay in flight. The curve marked p, indicates
the fraction of counts expected to come from muons according to
the calculations made for the decay correction. The pion counting
rate has been corrected for nuclear absorption in the lead absorber.

though a tail of longer-range particles is present. This
tail is expected since we have no good way to separate
decay muons from the pions. Corrections for x —p decay
involve a calculation of the number of muons counted
compared to the number of pions. The height of the
dashed curve marked p in Fig. 3 is taken from these
decay correction calculations, which are described in a
later section.

The range curve of Fig. 3 has been corrected for
nuclear absorption of the pions in the lead absorber. In
fact, all the data taken for the cross-section measure-
ments have been corrected for nuclear absorption in the
target walls, in the front counter, and in the lead
absorber (if any) between the two counters. The ab-
sorption cross sections assumed were "geometrical, "
corresponding to a mean free path of 160 g cm ' of lead,
for example. This nuclear absorption correction factor
amounts to 0.95 to 0.90 in most of the present measure-
ments, but is 0.62 for the 12.5' data.

INCIDENT PHOTON SPECTRUM

To obtain the absolute di8erential cross section from
the number of counts observed, one must know the
number of photons in the collimated beam per unit
energy range at energy k. This number, the 1V(k) of
Eq. - (4), is normalized to a standard beam monitor
reading, as are the observed counts, C. The beam
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FIG. 4. Excitation curves at laboratory angles 12.5' and 180',
taken with the long-focus arrangement (crosses) and short-focus
arrangement (circles), respectively. The differential cross section
in the laboratory system is plotted as a function of photon energy.
The resolution functions shown at the bottom are approximately
correct for both sets of data.

pair spectrometer whose absolute eKciency is known.
These measurements will be described elsewhere. "The
shape of the photon spectrum observed with the pair
spectrometer agrees with the theoretical Bremsstrahlung
shape within the experimental accuracy of three or four
percent. Each of the two beam calibration methods has
an estimated accuracy of about 5 percent, but the
results disagree unfortunately by 15 percent. The pair
spectrometer calibration gives Q = 4.75&& 10" Mev/
coulomb. The shower method gives Q=4.12&(.10' .Thus
until further work is done to clear up this discrepancy,
we use Q=4.44&(10" Mev per coulomb at STP for
these experiments. "

The photon spectrum 1V(k) near the upper end, i.e.,
near the synchrotron energy, Eo, depends on how the
electron beam of the synchrotron is "spilled out. " In
these counter experiments, the beam was spread out for
about 15 milliseconds at the peak of the magnetic field,
giving a duty cycle of 0.015. This results in a spread of
electron energies of about 15 Mev, and a resulting
region of uncertainty at the upper end of the spectrum.
From the pair spectrometer measurements, taken under
these same conditions, we conclude that measurements
at energies 450 Mev or below, with resolution similar to
that of the present experiments, are not inQuenced by

monitor is an air ionization chamber similar to the one
designed at Cornell, with one-inch-thick copper walls in
which a shower is generated, the shower maximum
falling approximately at the ion collection region. The
ionization charge produced by the beam is integrated by
a circuit which is similar to those described by Lewis and
Collinge" and by Littauer. "The charge collected from
this chamber is very nearly proportional to the total
energy in the synchrotron beam, independent of the
synchrotron energy. (The constant of proportionality is
10 or 12 percent less at 500 Mev than at 300.) In addi-
tion to this feature, the thick walls of the chamber make
it insensitive to its nearby surroundings. For example,
the reading is very little affected by stacks of lead
behind or at the sides of the chamber.

The calibration of the synchrotron beam, i.e., the
measurement of the total energy in the beam corre-
sponding to a given charge collected from this ion
chamber, has been made by two methods in this labora-
tory. One involves a measure of the total energy
liberated in a shower produced in aluminum, by a
method similar to that of Blocker, Kenney, and
Panofsky. " This was done by J. C. Keck. The other
consisted of measuring the photon spectrum 1V(k) with a

9I. A. D. Lewis and B. Collinge, Rev. Sci. Instr. 24, 1113
(1953).

'0 Raphael Littauer, Rev. Sci. Instr. 25, 148 (1954).
~' Blocker, Kenney, and Panofsky, Phys. Rev. ?9, 419 (1950).

20 X 10 CM /STER
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FIG. 5. Excitation curve at laboratory angle 30'. The points
shown by crosses in this data and in the 51' data of Fig. 6 were
obtained with the long-focus arrangement. The points indicated by
circles in all the excitation curves were obtained with the short-
focus arrangement.

"D. H. Cooper, thesis, California Institute of Technology, 1954
(unpublished).

"This corresponds to 3.91)&10'8 Mev/coulomb at 300 Mev,
compared to the Cornell calibration of 3.71+10".For this reason
alone, our cross sections would be 5 percent lower than those
measured at Cornell (and Illinois).
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the uncertainties of the upper end of the bremsstrahlung
spectrum. The synchrotron energy Eo as measured with
the pair spectrometer is 500 to 505 Mev.

180' DATA

Some relatively uncertain measurements were made
at a meson angle of 180', and since the conditions
applying to these measurements are somewhat special,
they are described in this section. Obviously the photon
beam must pass through the spectrometer magnet be-
fore hitting the target so that background troubles are
apt to become serious.

This background was reduced as much as possible by
appropriate lead shielding, and by evacuating the mag-
netic field region of the spectrometer. The beam entered
and left this region through long evacuated tubes capped
with thin aluminum windows. Even with these precau-
tions, the backgrounds were as high or higher than the
meson counting rates. Furthermore, if mesons were to
come through the cylindrical target wall at a very small

angle, the effective wall thickness would be quite large.
Thus, the magnet entrance aperture was reduced to 8.4
cm in diameter so that only mesons coming through the
hemispherical end cap of the target would be accepted.
Nevertheless, this geometry makes the measurement
rather sensitive to scattering effects in the bomb walls.

Fragmentary calculations of a portion of these scattering
effects have been made and gave no corrections for this
portion. However, it seems likely that the scattering
effects would increase the fIux of pions out of the ends of
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Fza. 6. Excitation curves at laboratory angles 51' and 104'. The
resolution curves are for the 51 data. Those for the 104' data are
approximately 15 percent wider at low energy and 50 percent
wider at high energy.
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FIG. 7. Excitation curves at laboratory angles 73' and 140'. The
resolution curves are for the 73' data. Those for the 140' data are
approximately 25 percent narrower.

the target, and thus give cross sections that are too high
since no corrections have been made. A somewhat
arbitrary error of +10, —20 percent has been assigned
for this eGect. Thus, the 180' cross sections are probably
good as upper limits, but they have not been included in
the least squares fits of the angular distributions. Good
measurements at 180' could probably be made using a
liquid hydrogen target.

RESULTS

The differential cross section as a function of energy
at each of the laboratory angles measured, is shown in

Figs. 4, 5, 6, and 7. These cross sections are calculated,
using relation 4, from the observed counting rates after
making the various corrections already mentioned.

The data of Figs. 4 to 7 have been analyzed to obtain
angular distributions in the center of momentum system
at energies from 200 to 470 Mev, in 30 Mev intervals.
These angular distributions are shown in Figs. 8, 9, and
10.The points shown are simply the cross sections taken
from the solid curves of Figs. 4 to 7, converted to the
center of momentum system and plotted at the center of
momentum angle. The errors include both random
statistical errors and systematic errors which affect the
shape of the angular distributions.

The solid curves of Figs. 8, 9, and 10 are derived from
a least-squares fit of the data to the form

0(8)=/1+8 cose+C cos'0.

The values of the coefFicients 2, 8, and C.thus obtained
are given in Fig. 11. The most striking feature of the
angular distributions is the shift from a backward
maximum at low energies to a forward maximum at high
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c.m. system is shown as a function of the photon energy
in Fig. 12.

DECAY CORRECTIONS

The distance between the target and counters in the
magnetic spectrometer is long, so that the pions have an
appreciable probability of decaying'before reaching the
counters. If one assumes the mean life for z —p, decay
r= (2.55&0.11)X10 ' sec,"" it is a simple matter to
calculate the fraction of pions which arrive at the
counters before decay. This is plotted as the curves
marked E in Figs. 13 and 14. H a pion decays before
reaching the counters, the decay muon may still pass
through the two counters and be recorded. Furthermore,
the counters will be traversed by some muons from the
decay of pions which themselves would not have been
counted, either because they have the wrong energy or
direction of emission from the target. Since our counters
cannot in general tell the difference between pions and

energies. This is described, of course, by the coeKcient
8 changing sign near 340 Mev.

The total cross section,

0 =4s.(A+C/3), (6)

FIG. 8. Angular distributions. The differential cross section in
the center of momentum system is given as a function of the c.m.
pion angle for incident photon energies 200, 230, 260, and 290 Mev
in the laboratory. The errors on the points represent both the
random statistical errors, and those systematic errors which affect
the shape of the angular distribution. The solid curves are obtained
from least squares Qts of the angular distributions to the form
4 (8) =A+8 cose+C cos'e.
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is given in Table II. The total cross section divided by
the square of the incident photon wavelength P in the 0
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FIG. 9. Angular distributions at incident photon energies 320,
350, and 380 Mev.

FIG. 10. Angular distributions at incident photon energies 410,
440, and 470 Mev.

muons, it is necessary to add to E the fraction R„of
counts which come from decay muons, in order to
obtain the decay correction factor, R(k), of Eq. (4). A
considerable effort has been spent calculating this cor-
rection factor, and we believe that it is accurate in
general to about 5 to 7 percent. Since a description of the
details of the method used for these calculations would
be rather lengthy, and not of general interest, '~ only the
results will be given, namely, Figs. 13 and 14. The
calculations involve a computation of the number of
muons which get into the counters from decays at
various distances along the particle trajectory through
the spectrometer. This takes into account the spectrum
of pions at the angle of the spectrometer, (this spectrum
is obtained from the measurements, using a preliminary

'4 Jacobson, Schulz, and Steinberger, Phys. Rev. 81, 894 (1951).
~5 C. E. Wiegand, Phys. Rev. 83, 1085 (1951)."Durbin, Loar, and Havens, Phys. Rev. 88, 179 (1952).
~~ A description of the procedure used in these calculations is

available for those interested.



P HOTOP ROD UC TI ON OF POS I TI VE P IONS 21

value for the decay corrections); the rr —p, decay dy-
namics, both in energy and angle; geometrical proper-
ties of the spectrometer; and the fact that the muons
will not count if their range is too small to get into the
second counter. Fortunately, the decay position making
the greatest contribution to the muon counting rate is at
the source, where the calculation is both simple and
accurate, involving simply a conversion of the observed
pion spectrum to a spectrum of decay muons.

TABLE II. Total cross sections in units 10 "cm'. The errors are
obtained from the least-squares fits of the angular distributions.
Errors of type A are not included.

h (Mev)=200
0-(p,b) =89&7

u (Mev) =350
(tgb) = 158%5

230
133&6

380
125~4

260
175&5

410
102&3

290
204&5

440
84~3

320
192%5

470
68&3

ERRORS

The errors have been classified into three types: (All
errors quoted are intended to be standard statistical
errors).

(A) Errorsi e the absolute cross section which are inde-
pendent of meson energy and angle.

(1) Beam calibration: 7 percent.
(2) Average Hs gas density: 3 percent.
(3) Part of the vr —p decay correction, R: 4 percent.
(4) Part of the correction for scattering from the lead

shielding: 4 percent.
(5) Error in the momentum range, Ap, accepted by

the spectrometer: 2 percent.
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(3) Error in the correction for scattering from the
lead shielding: 3 percent. This correction was measured
experimentally at 0 =49' by taking data with the lead
shielding very far apart and comparing to the counts
obtained with the shielding normal. This gave the
following results for this scattering correction:

k = 200 Mev: 1.092&0.070,

k =300 Mev: 1.089&0.029,

k =400 Mev: 1.126&0.024.

-l6
l60 200 240 280 320 360 400 440 480

INCIDENT PHOTON ENERGY, MEV IN LAB

Fro. 11.CoeKcients A, 8, and C obtained by a least-squares fit
of the angular distribution to the form 0 (O) =A+8 cose+C cos'O.
The dashed curves give the "average" experimental coefficients of
Table III, taking into account all the data shown in Fig. 15.

The resulting over-all error in absolute values of the
cross sections is about 10 percent.

(B) Rartdom statistical errors which fluctuate from
point to point. These are indicated as errors on the
individual points in the excitation curves of Figs. 4, 5, 6,
and 7. They are mainly counting errors arising from the
limited numbers of counts, and from uncertainty in the
determination of upper and lower limits for the meson
peaks such as shown in Fig. 2. However, included in
these random errors are the effects of those variations
in the temperature of the ion chamber monitor, the
target gas density, and the synchrotron energy, which
could not be corrected.

(C) Systematic errors which vary smoothly from point
to point on an excitation curve or angular distribution.
These are indicated on the excitation curves by dashed
curves on either side of the solid one. These errors
include the following:

(1) Part of the s.—p decay correction error: 2 to 6
percent (typically 4 percent).

(2) Error in the nuclear absorption cross section: 10
percent of the absorption cross section. This amounts to
an error in the correction factor of 1 to 2 percent except
for the 12.5' data where it is 5 percent.

This shows no definite or sensible variation with energy,
so a uniform correction of 10 percent has been applied to
all the data.

(4) Slit penetration errors: 1 to 2 percent.
(5) Uncertainties in the angle 0 (&1') and in meson

$20 X IO
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I 60 200 240 280 320 360 400 440 480
INCIDENT PHOTON ENERGY, MFV IN LAB

FIG. 12. The total cross section 0 divided by X~. 2m%. is the c.m.
photon wavelength.
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momentum (&1 percent) as they affect the cross
section: 1 to 3 percent.

(6) Uncertainty in solid angle because the counters
are not sufficiently high: 3 percent for long-focus
measurements only.

COMPARISON WITH OTHER EXPERIMENTS

An experiment described in an accompanying paper
has been done in this laboratory" by using a counter
telescope to measure these same cross sections. These
two experiments are completely independent except for

l.o
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FIG. 13. Decay corrections for data obtained with the short-focus
arrangement. See section on decay corrections.
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the beam monitor and the hydrogen target gas density.
(The two sets of data were taken simultaneously, using
the same target. ) Furthermore, the two experiments
have different difficulties in general. For example, the
sects of x—p, decay are large for the magnet experi-
ment, especially at low energies, but are quite unim-
portant for the telescope experiment. On the other hand,
corrections for nuclear absorption in the stopping
material become large for the telescope data, especially
at high energies, but are not very important for the
magnet data.

The data obtained by the two methods agree well in
their general features, but differ some in detail. At low
energies, the magnet data are low compared to the
telescope data in the forward direction, and high in the

.8
0 R-

5I ~~»
/m

FIG. 15. Comparison with other experiments. The solid curves
are reproduced from Fig. 11 for the present experiment. The
dashed curves are the corresponding ones from the telescope data
of Tollestrup, Keck, and Worlock. The Cornell data of Jenkins,
Luckey, Palfrey, and Wilson (see reference 8) are shown by the
circle points; and the Hlinois data of Bernardini and Goldwasser
(see reference 9) are shown by the crosses and solid curve for A at
low energies.

backward direction. At high energies, the magnet data
are considerably higher in the forward direction. These
differences result in a smaller coefFicient 8 of the coso
term in the angular distribution for the telescope data
than for the magnet data. This may be seen in Fig. 15,
where the curves of Fig. 11 giving the coefricients A, 8,
and C are reproduced together with the corresponding
curves from the telescope experiment.

The data of Jenkins, Luckey, Palfrey, and Wilsons at
Cornell are also compared to the present data in Fig. 15
by giving the coefficients A, 8, and C from the Cornell
experiment. The agreement with the present data is
reasonably good.

The low-energy 90 measurements of Bernardini and
Goldwasser' are also shown in Fig. 15. These were ob-
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FIG. 14. Decay corrections for data obtained with the long-
focus arrangement.

sa Toilestrup, Keek, and Worlock, following paper t Phys Rev. .
99, 220 (1955lj.
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tained with the Illinois betatron by using photographic
plate detection and a liquid hydrogen target. These data
6t rather well onto the coefFicient A of the present
experiment.

For use in comparison with theory, we have tried to
draw an average experimental curve for all the data
shown in Fig. 15, for each of the three coefFicients. The
curve for A follows the values of Bernardini and
Goldwasser at low energy, then the average of the
CalTech magnet and telescope data at high energy. The
curves for 8 and C are essentially the average of the
magnet and telescope data. All three curves are given an
energy dependence at threshold expected theoretically,
i.e., approximately (k—ko)', (k —ks), and (k —ke)& for
A, 8, and C, respectively. ko is the threshold photon
energy 151 Mev. These curves are shown in Fig. 11 by
dashed curves, and values of the average A, 8, and C
are given in Table III at 30-Mev intervals.

INTERPRETATION

Several more or less phenomenological descriptions of
pion photoproduction have been given. "'~33 Most of
these relate the photoproduction to pion nucleon scat-
tering since the pion-nucleon interaction plays a domi-
nant role. Chew" has used a cutoG form of meson theory
to calculate the photoproduction as well as the scat-
tering. The most satisfactory theory at present for
comparison with experiment is the phenomenological
one of Gell-Mann and Watson, "as extended recently by
Watson. '4 This (and also the other theories) gives a
description in terms of photoproduction into states of
definite angular momentum and isotopic spin. Thus a
full comparison with experiment must treat the produc-
tion of charged and neutral pions together. Such an
analysis is being prepared in collaboration with K. M.
Watson, so not much analysis of the positive pion cross
sections will be given here. However, it seems clear that
the most striking features of the data may be explained

by the idea of a resonance"" in the pion nucleon
interaction in the state of angular momentum and
isotopic spin 2.

s9 B.T. Feld, Phys. Rev. 89, 330 (1953).
~ M. Ross, Phys. Rev. 94, 454 (1954).
n Geoffrey F. Chew, Phys. Rev. 95, 1669 (1954).
» K. M. Watson, Phys. Rev. 95, 228 (1954).
3' M. Gell-Mann and K. M. Watson, Ann. Rev. Nuc. Sci. 4, 219

(1954).
'4 K. M. Watson, Lectures at California Institute of Technology

during the summer, 1954 (unpublished).

YAWL& III.Average experimental values of the coefficients A, 8,
and C in the center-of-momentum angular distribution: 0 (S) =A
+& cosg+C cos'8. These averages include all the data shown in
Fig. 15, from CalTech, Cornell, and Illinois. The errors are esti-
mates based on the accuracy of individual experiments and on the
degree of consistency among diferent experiments. Since these
values of A, 8, and C have been taken from smooth curves, the
values at neighboring energies are correlated, and the errors indi-
cate merely the estimated accuracy of the coeKcients in this
energy region.

k
(Mev~

170 Mev
200
230
260
290
320
350
380
410
440
470

5.2+0.5
9.3&0.5

13.1&0.5
16.9&0.5
18.9+0.5
18.4&0.5
15.3+0.5
11.3&0.4
8.2&0.4
6.2&0.3
4.7&0.3

B
(units 10 8o cm~/sterad)

—1.8+1.0—3.0&0.9—4.3&1.0—3.8%1.2—1.1%0.9
+1.1+0.6
+2.5~0.6
+3.2%0.8
+3.5+0.7
+3.7%0.6

—3.3&1.6—5.7&1.0
7.4&1.0—7.9%0.9—7.2%0.9—5.4+0.9—3.0+0.7—0.8&0.8

+0.4&0.8
+1.0%0.8

One of these features is, of course, the rapid decrease
in the cross section above 320 Mev, appreciably faster
than ) '. The other is the change in the angular distribu-
tion from a backward maximum at low energies to a
forward maximum at high energies. In a simple "reso-
nance" theorys' the coefficient 8 of the cos8 term con-
tains a factor icos(nss —ns)+2 cos(n3s —nr)$, where nss,

e3, and o.~ are the phase shifts for pion nucleon scattering
in the 7=J= ss p-state, and the two s-states of isotopic
spin T=~3 and T=~, respectively. According to the
choice of phase shifts made by Bethe and de Hoffmann, 4

in which a resonance is indicated by o,» going through
90', the above factor changes sign at about 340 Mev.
This agrees very well with the energy at which our
coefFicient 8 goes through zero.
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