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Positive Photoyion Production from Hydrogen Near Threshold*
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Differential cross sections for photopion production from protons were measured for 32 photon energies
from 154 to 185 MeV with the Alvarez 4-in. liquid-hydrogen bubble chamber in the bremsstrahlung beam of
the Berkeley electron synchrotron. High photon intensities of 1.5)&10 MeV /pulse were used by collimating
the beam down to a narrow "ribbon" which was viewed edge on by the camera. Although the pion origins
were obscured by the heavy electron background, the remainder of the 21. track was visible for most events.
Of 5000 m. —p, decays seen, 3400 were deemed suitable for calculations. The results are in excellent agreement
with the theoretical calculations by Ball, who applied the Mandelstam representation to the process. The
measured values of the square of the matrix element, averaged over c.m. angles, are:
Photon energy (Mev) 154 156 160 165 170 175 180
tsb/sr 16.6~4.8 15.1~0.8 14.3~0.4 15.5~0.5 16.2~0.7 16.3~1.0 12.9~1.2
All data are subject to an additional correlated error of 4.1%because of the uncertainty in the beam normali-
zation. The cross section for the process is the product of the square of the matrix element times the kine-
matic factor p*/k*, where p" and k* are the c.m. moments of the pion and the photon. Also a value of
A = (+0.931+0.59)e was obtained, where A is the multiplicative factor associated with the matrix element for
photopion production from pions as calculated by Wong.

I. INTRODUCTION

'HE theory of photopion production involves the
least uncertainty at energies near threshold,

where comparisons of theory and experiment involve the
interactions in a relatively simple way. There is an inti-
mate connection between threshold photopion produc-
tion and other experimental quantities of the low-energy
pion-nucleon system which have become known quite
accurately in recent years. ' These phenomena form a
closed system that gives some hope of "complete"
understanding if enough attention is directed toward the
outstanding problems. The topic has become even more
interesting since realization of the possibility of detect-
ing contributions from the two- and three-pion reso-

nances, and determination of new coupling constants.
Current theoretical work in photopion production is

based upon dispersion relations. A series of papers is

discussed to summarize the progress of this theory. ' '
In 1957, Chew and Low evaluated the photoproduction
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amplitude to order 1/M (where 3II=nucleon mass),
assuming a nonrelativistic Yukawa interaction between
the pion and nucleon and the dominance of the 3-3 reso-
nance in final-state scattering. ' Chew, Goldberger, Low,
and Nambu (CGLX) generalized this treatment by
forming Lorentz- and gauge-invariant amplitudes ex-
pressed in terms of fixed-momentum-transfer dispersion
relations. ' 5'inally, Ball' extended the Col,N formalism,
using the double spectral representation of Mandelstam.

Chew and Low first calculated the amplitudes non-
relativistically by using the interaction Hamiltonian

H= — j Adr.

They considered the nucleon mass heavy enough so that
nucleon recoil is negligible. The current j is broken into
a sum

J=j~+jiv ~

The current j~ is assumed to be independent of the
meson field, and gives rise to meson production only
through interaction with the magnetic moment of the
nucleon because there is no nucleon-recoil term. Parity
and angular-momentum considerations show that this
is a magnetic-dipole interaction, with the 6nal state
having orbital angular momentum l=1. Part of this
state has isospin -,'and part has isospin —,'. It is assumed
that the 3—3 phase shift dominates all others, so that
only final-state scattering in the 3—3 state is considered.

The current j„gives rise to the interaction between
the meson cloud and the photon. Near threshold, the
most important production is by electric dipole into an
s-wave final state. At threshold, this is the only mecha-
nism for production. Chew and I.ow were not able to
evaluate secondary scattering for this amplitude because
the 3—3 final state is not involved in the s-wave dipole
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term and because the other phase shifts were not well-

known at this energy.
Presently, the basic theory for pion photoproduction

is the dispersion-relation approach developed by CGLN. '
They assume that microscopic causality holds for the
production process, and also that unitarity of the 5
matrix determines the phases of the production ampli-
tudes. To simplify the evaluation of the dispersion rela-

tions, further assumptions are made —-in particular, that
the ~

—
~ resonance "exhausts" the dispersion integrals.

The results are expressions, expanded to order 1/M,
that contain the renormalized coupling constant f' and

the resonance energy coo as parameters.
Some calculational uncertainties are encountered,

particularly in the choice of the small p-wave scattering
phase shifts employed.

The generalization by CGLN led to a cross section
similar in appearance to that of Chew and Low, the
most significant addition being an anomalous magnetic-
moment electric-dipole term. The final-state scattering
contributions in the s-wave electric-dipole production
were still excluded.

The CCxIN approach gives an amplitude for the
reaction

whose dominant terms near threshold are given by the
expression

F(y+ p ~ 7r++rr)

ef g„+KI''E 1 o~+o~'N& &

v2(1+o~/rV) 2M

by eRective range formulas. He tabulated his calcula-
tions for photon energies from threshold to 450 MeV.
The cross sections are isotropic near threshold, as ex-
pected from the important electric dipole-s-wave terms
in Eq. (2), and the matrix element squared is nearly
constant, but drops slightly above threshold owing to
interference of the direct interaction term' with the
electric dipole terms.

Important corrections have been made to the CGLN
formulas since the introduction of the Mandelstam two-
dimensional dispersion relations. ' These re6nements in-
volve contributions due to intermediate two- and three-
pion resonances. These states, which were originally
postulated in applying the Mandelstam representation
to the problem of the nucleon electromagnetic form
factors, ' have since been experimentally observed as the
p and ~ mesons. ' '

Ball' has applied the Mandelstam representation to
the photoproduction amplitudes, and incorporated the
parameter A of 4Vong, ' which characterizes the strength
of the photon-three-pion interaction. The interaction
comes about through the exchange of a p meson between
the nucleon and incident photon. The correction to the
z+ amplitude amounts to the addition of approximately
0.037A to the first bracketed terms of Eq. (2). Positive
photopion production is not affected by intermediate
states involving the co particle.

The treatment by Ball using double-dispersion rela-
tions resulted in essentially the same result as that ob-
tained by CGLN, except that a term related to the
photopion production from a pion was added to the
amplitude. ' Using methods characteristic of the applica-
tion of the Mandelstam representation, Ball postulates
that the amplitudes representing the reactions

7+N ~ 1V+s. ,

7+N ~N+rr, (3)
where e is the electronic charge, f the renormalized pion
coupling constant, q and or the meson c.m. momentum
and total energy, M the nucleon mass, o the nucleon

spin operator, ir and. e the photon c.m. momentum and
polarization vector, and g„and g„the full proton and
neutron magnetic moments. The leading term within
the first brackets is a Born term that may be interpreted
as arising from the requirements of gauge invariance.
The second brackets contain a Born term variously
known as the direct-interaction terIn, or retardation
term, and is completely analogous in form to the expres-
sion for the ordinary photoelectric e6ect. Because these
terms are almost classical in origin, their importance
here supports confidence in these results. The second
term in the 6rst brackets is a Born term arising from the
photon interaction with the nucleon magnetic moments,
and 37&—

& is a term believed to be small.
The complete CGLN amplitude for reaction (1) has

been evaluated. Robinson, ' in particular, assumed g &
—

&

to be zero, and the small p-wave phase shifts to be given

and

are representations of a single set of functions that can
be expressed in terms of the two-dimensional Mandel-
stam representation. By virtue of this common repre-
sentation, there are contributions to the channel
y+N -+ s+N from the other two channels. According
to Chew, these contributions are dominated by the inter-
mediate states of lowest energy. For instance, the re-
action y+vr —& N+N is considered in the form

y+s —+ s.+s —+ N+N,
~ W. R. Frazer and J. R. Fulco, Phys. Rev. 117, 1603, 1609

(1960).
8 A. R. Krwin, R. March, W. D. Walker, and E. West, Phys.

Rev. Letters 6, 628 (1961).
B. C. Maglic, L. W. Alvarez, A. H. Rosenfeld, and M. L.

Stevenson, Phys. Rev. Letters 7, 1'4 (1961).
MHow-Sen Wong, Phys. Rev. Letters 5, 70 (1960). A more

detailed account is given in Lawrence Radiation Laboratory
Report UCRL-9251, 1960 (unpublished).
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where the x, x system is the intermediate state with the
lowest energy. Wong has studied the y+z. ~w+z.
problem and concludes that at low energy the major
contribution comes from magnetic-dipole production
into the state t'=1, I=1, where 1 and I are orbital
angular momentum and isotopic spin. "Because he had
to neglect inelastic processes, Wong obtained a homo-
geneous integral equation for this magnetic-dipole ampli-
tude M~ which required him to introduce a multiplica-
tive constant A. Using the pole approximation of Chew
and Mandelstam, Wong expressed 3E~ in "one-pole" and
"two-pole" formulas. The "one-pole" formula is

have stated that a negative value A= —1.5~0.5 was
required to fit their higher-energy photoproduction data
at backward angles. Their calculation did not include
the 2, ~ rescattering term of Warburton and Gourdin. "

These results point to the conclusion that the theory
including pion-pion resonances is in an unsatisfactory
state at present, and the "complete" understanding
hoped for until recently has not yet been realized. It
appears that experimental data on reaction (1) near
threshold agree with the CGLN formulas with no pion-
pion resonance correction required, and that consistency
with the other low-energy parameters is satisfactory. '
The effects of corrections to the CGLN formulas have
not yet been detected near the photopion threshold.

The present work was undertaken in order to test the
theory by measuring more accurately the differential
cross section for the reaction y+p ~ z+n very near
threshold. The svstematic uncertainties in these ob-
servations, taken in a hydrogen bubble chamber, are
qui. te diferent from those of other techniques, using
counters or plates. Our measurements are reduced to the
energy-dependent matrix element for the reaction under
study, and a value for A is found.

(1+a) D,(1)
Mt(s) =A Mt(1) —=A,

(s+a) Dt(s)

II. EXPERIMENTAL TECHNIQUE

In this experiment 180000 photographs were taken
of interactions in the 4-in. liquid-hydrogen bubble
chamber situated inthe bremsstrahlung beam of the
Berkeley electron synchrotron. The accelerator was
operated at 189.1 MeV. Acceptable photoproduction
events were restricted to photons in the interval 153
to 186 MeV.

The photon beam incident upon the bubble chamber
had a thin ribbonlike rectangular cross section which
was approximately uniformly intense. The camera
viewed this "ribbon" beam edge-on. The beam intensity
was high enough to mask a strip along the center portion
of the chamber with a ribbon of bubbles created by the
large number of electrons produced in the forward
direction.

The beam intensity was limited to 1.5&&10' Mev/
pulse by our tolerance for electron background outside
the beam volume. This intensity was, however, 15 times
that used in previous bubble-chamber threshold photo-
production experiments. ' Miller and Hill originated
this technique. '7

Figure 1 is a photograph of a m —p, decay in a liquid
hydrogen chamber. The uncertainty in the origin of this
pion is only the half-width of the beam, 0.20 cm. For a
5-MeV pion at 90 deg, this corresponds to an uncer-
tainty of ~0.4 MeV kinetic energy, or an uncertainty
of ~0.6 MeV in laboratory-system photon energy.

"D. C. Gates, R. W. Kenney, D. A. McPherson, and W. P.
Swanson, Rev. Sci. Instr. 31, 565 (1960).

'7 Donald H. Miller and D. A. Hill, private communication to
Robert W. Kenney.

where s is the center-of-mass energy, and D&(—a)/Dt(s)
is the pion form factor obtained by Frazer and Fulco. ~

The parameter (—a) is the location of the effective pole
on the real axis, and is given by Wong as a=5.7,
(A =c=fz= 1).

Frazer and Fulco have studied the remaining process,
z.+z.—+ iV+8. Using a one-pole approximation, they
were able to express the amplitude in explicit form.

By combining these results, Ball was able to calculate
the contributions from the y+z —+ 1V+g channel. In
addition he was able to avoid the 1/M expansion used

by CGLN; however, he did not include the secondary
scattering effects in the s-wave state. If M' is the ampli-
tude for production without the m~ effect, then accord-
ing to Ball the rr—x interaction changes

~

M'
~

' by a factor
1+(0.074A/e), wereh c is the electronic charge.

Ball estimated the value of E& & to be 4.5&&10 '. His
comparison with experimental data allowed values of A

as large as &1.8.
Other workers have calculated the effects of an inter-

mediate pion-pion reasonance, and compared them with

data, particularly with R," the ratio of negative to
positive photopion production from deuterium. DeTollis
et at "found th. at A=+0.6 would produce satisfactory
agreement with experimental values for R and for
neutral pion production.

Besides the pion-pion resonance contribution, War-
burton and Gourdin" have calculated the effect of a
pion-nucleon intermediate state with J=—,'.Their results
favor a value A.=+2.0, to 6t experimental values of R
at higher energies, but state that the bipion and re-
scattering terms cancel at threshold.

Robinson et a/. ,
'4 using calculations by McKinley, "

"See, for example, W. R. Hogg, Proc. Phys. Soc. (London) 80,
729 (1962), for a review of data on R."S.De Tollis and A. Verganelakis, Nuovo Cimento 22, 406
(1961);and 3. De Tollis, E. Ferrari, and H. Mnnczelr, i' 18, .
198 (1960).

"A.E. A. Warburton and M. Gourdin, Nuovo Cimento 22, 362
(1961)."C.S. Robinson, P. M. Baum, L. Criegee, and J.M. McKinley,
Phys. Rev. Letters 9, 349 (1962).

'~ J. M. McKinley, University of Illinois Technical Report No.
38, 1962 (unpublished).
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. p. ,

Fn. 1. A m-p, decay. Background is so heavy at the center that
it blanks out the light and causes the dark streak at the beam
region. The beam enters from the left.

Figure 2 is a schematic diagram of the experimental
apparatus. The tubes of lithium hydride shown in Fig. 2

were placed in the beam to absorb selectively the very-
low-energy photons which produce only electron back-
ground. Nearly all photons below 10 MeU were ab-
sorbed, whereas the transmission of photons about the
threshold energy was 0.512.

The thick-wall ionization chamber shown in Fig. 2

was identical to the chamber developed at Cornell, "and
was used as the primary monitor of the beam. The
magnets between the two walls of lead shielding swept

Lithium

hydride A

20-mil target

Lithium hydride B
Thick-woll

ionization chamberPb-slit collimotor
Vacuum window

j
Stereo camera

Subble chamber

Pb-brick shielding
b collimator

I
~ ~—Pb shielding

'8 D. R. Corson, J. W. DeWire, B. D. McDaniel, and R. R.
wilson, QKce of Naval Research Report, 1953 (unpublished).

eus ionization
chamber

~Thin-wall ionization
chamber

Synchrotron

FIG. 2. Experimental setup for film taking. Beam leaves the
synchrotron on the left and is "hardened" by the tubes of lithium
hydride, A and B.After being collimated by the slit collimator, it
enters the vacuum system of the bubble chamber. The thick-wall
Cornell ionization chamber which monitored the beam is on the
far right.

charged particles from the beam. A vacuum pipe,
coupled directly to the bubble-chamber vacuum system,
was extended into the final sweeping magnet so that
electrons from its entrance window, as well as from the
slit collimator, were also swept from the beam, allowing
the pure photon beam to traverse the entrance window
of the bubble chamber. The window was a 7.5-mil 61m
of Mylar, and the electron background it produced was
not obtrusive. The size of the photon beam pro6le in the
chamber was 0.37&(1.7 cm.

The chamber repetition period was 6 sec, which
afforded sufhcient time between pulses for stable opera-
tion. Pre-expansion temperature and pressure were
29.5'K and 115 psia. The hydrogen density was 0.0552
g/cm". (This was determined by substituting the muon
energy and average range into a range-energy relation-
ship and solving for density. ) The chamber was operated
so that the ionization of single relativistic electrons gave
a very low bubble density, although the more heavily
ionizing pions left visible tracks.

III. SCANNING AND MEASURING

The film was scanned three times by a group of seven
people using stereoscopic devices. It is obvious from
Fig. 1 that scanning efficiency close to the beam v.as
below average. However, the over-all scanning efficiency
of three scans was greater than 99~y& in all regions of the
chamber farther than 1 cm from the beam region.

The events were measured on a digitized apparatus to
determine (a) range of the ir, (b) angle of the ir with re-
spect to the beam 0, (c) muon range, (d) an.gle between
the p and the~, (e) location of the event in the chamber.
Items (a) and (b) are used to calculate the kinematics
of the photoproduction. Item (c) is used to determine
the density of the liquid hydrogen from range-energy
relations. The last two are used to calculate the proba-
bility of seeing and identifying an event. The pion
kinetic energy T was determined from the range-energy
relation,

ln& =3.O56+0.548 inR; R given in g/cm&.

The rms errors of the measured pion angle include
multiple-scattering effects. Because of the origins of the
events were obscured, there is an inherent uncertainty
in a pion track length of more than one-half the v.idth
of the photon beam profile. This constitutes an error on
the order of 1 MeV in photon energy. Actual measuring
errors also contribute about 1 MeV error, so the energy
resolution is between 1 and. 2 MeU. The angular resolu-

tion in the lab frame of reference is 2 deg.

IV. PHOTON BEAM NORMALIZATION

In order to calculate the photon Aux that passed
through the chamber, the following parameters were

required:



POSI TI VE P 8 OTOP ION P ROD U CT I ON F ROM H a 1469

V. RESULTS

The differential cross section for laboratory photon
energy k and c.m. pion angle 0* is related to the number
of events seen in a solid-angle interval AQ* and energy
interval Ak as follows:

do- protons
an*ok X

~
XX(k)XEff(k, ())

d0* E cm'

events seen in region r in AkAQ*

scanning efficiency in region r
(6)

where K(k) is the total photon iiux per MeV and Eff(k, e)
is the geometrical chamber efficiency. Notice that allow-
ance is made for uneven scanning efficiencies by sum-

ming over various regions in the chamber.
The chamber efficiency is the ratio of the pion solid

angle in the chamber in which an event could be
identified to the total pion solid angle in which the event
could be produced in the chamber. For this calculation
the beam region is considered as though enclosed be-
tween two slightly diverging planes at an angle of 8 deg
to each other. The fiducial volume excludes the wedge-
shaped beam. It was required that each acceptable
event have its ~—p, vertex within the fiducial volume and
have its muon positively identified.

' F. J. Loeffler, T. R. Palfrey, and G. W. Tautfest, Nucl. Instr.
Methods 5, 50 (1959).

'0 H. Olsen and L. C. Maximon, Phys. Rev. 114, 887 (1959)."H. W. Koch and J.W. Motz, Rev. Mod. Phys. 31, 929 (1959).
(This is a complete review of bremsstrahlung cross sections. )"K.Hisdal, Phys. Rev. 105, 1821 (1957).

~ R. Wilson, Proc. Phys. Soc. (London) A66, 638 (1953).

Peak energy, 189.1~3.7 MeV;
LiH transmission, 0.512+0.006;
LiH in-out ratio, 0.484~0.007;
Cornell chamber response, (3.83+0.12)X 10"MeV/C.

The first two items were determined by using a pair
spectrometer. The LiH transmission was constant in the
photon energy interval from 150 to 185 MeV. The third
item, the LiH in-out ratio, was determined by monitor-
ing the synchrotron beam with a thin-walled ionization
chamber placed in front of the LiH and by measuring
the increase in the charge per unit beam collected from
the Cornell chamber when the LiH was removed. The
Cornell chamber response was calculated from the data
of Loeffler et gl."

The bremsstrahlung spectrum was calculated from
the bremsstrahlung cross section of Olsen and Maxi-
mon. ""Multiple scattering of electrons in the target
was accounted for by a method similar to that of
Hisdal. " Other synchrotron target corrections were
made according to the method of Wilson. " The rec-
tangular shape of the collimator was accounted for in
the calculation of the spectrum.

An essential complication must be considered. The
latitude allowed in operating temperature of the bubble
chamber was approximately ~1~y&. If the temperature
dropped more than 1%%uo, the pions did not leave satis-
factorily dense tracks, and if the temperature rose more
than 1%%, the background obscured a large portion of
the chamber. Therefore the film was classified according
to the appearance of the background near the beam.
These classifications were:

Type 0. Chamber insensitive (cold).
Type 1. Obscuring background within two diverging

planes 0.93 cm apart at center of chamber.
Type 2. Same as type 1 except with a 1.98-cm

separation.
Type 3. Same as type 1 except with a 3.40-cm

separation.

events seen in region r in AQ*Ak

scanning efIiciency in region rdo

dQ* (protons)
—~X Q &;(k)XEff'(k, &) XDQ*Ak

cm&

About 3400 m.—p decays were observed within the
6ducial volume of the chamber and also within the
angular range that was free from systematic observa-
tional errors.

For the data from 161 to 185 MeV, the angular regions
in which the data were considered free of systematic
error were chosen by considering the geometrical effi-

The separation for type 1 was so chosen that 155-MeV
events could be included in the analysis. Type 3 was set
so that there was no noticeable drop in the distribution
of muon origins outside the beam region for any type of
film. Type 2 was established arbitrarily at some inter-
mediate position. Of the usable 61m (types 1, 2, and 3),
two-thirds was of type 1, one-third was of type 2, and
only a few percent was of type 3.

The 61m was classified on the appearance of the elec-
tron background only. To avoid bias, we scanned first
for background quality at the high rate of 2 or 3 pictures
per second. The x—p decays were not distinguishable at
that speed and presumably did not affect our judgment
of the film. Whenever changes in operating conditions
were observed, the film classification was changed. Any
given frame was then assigned the classification of that
region of the film in which it was located.

The relation of the cross section to the number of ob-
served events must be generalized to sum over various
film types i (where i = 1, 2, 3). The geometrical chamber
efficiency, Eff(k, t)), is different for each type of film, so
Eff(k, e) ~ Eff;(k,g). The number of photons in the
energy interval Ak must be subdivided into the number
that traversed the chamber for pictures of type i. The
final expression for calculation is then
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FIG. 3. Typical angular distribution for the matrix element
squared. These data are for photopions produced by 164-MeV
photons. The forward hemisphere is included in data for other
energies. Errors are counting errors only.

m(k, r)

ciencies for each photon energy and accepting only that
range of c.m. angles in which eKciencies were greater
than one-half the maximum value.

For energies from 154 to 160 MeV the limits were
chosen wherever the actual pion distribution or the
distribution predicted by geometrical efficiency fell off

by a factor of 2 from the maximum. Of the 4400 avail-
able events, 3400 were within these angular limits and
were usable for further calculations.

Figure 3 is the angular distribution at 164 MeV. The
ordinate is the differential cross section multiplied by
the kinematic factor k*/p*, where k* and p* are the
c.m. photon and pion momenta. Figure 3 is typical of
the angular distribution and is consistent with an iso-

tropic distribution in the center of mass. Experimental
data'4 "at k= 185 MeV show essentially no cosa com-
ponent. Our data, taken nearer threshold, are not ex-

pected to show p wave properties, particularly in view
of their statistical accuracy.

In the appropriate averaging process over pion angles,
Eq. (7) becomes

The nunierator SI, is the sum of all events in the energy
interval k&ra MeV (actually the sum of the inverses of
the scanning efficiency for each event), and the denomi-
nator 8'I, is the appropriate weighting factor. The
product

I
Ml,

I

'8's is Poisson-distributed, so the proba-
bility for measuring some particular

I
3EI,

I

' is given by

(I ~~ I
slit~)Ns

~(Im, I
slur, ) =

p t

exp( —
I M„

I
'W'g, ). (10)

versus lab photon energy. As before, the ordinates are
the actual cross sections multiplied by the kinematic
factor k*/p*. The solid line in Fig. 4 is the theoretical
cross section calculated by Ball with A=O. The two
dashed lines represent the cross section with A= ~1.8e,
which are considered to be the largest reasonable limits
for A, consistent with the experiment. Previous experi-
mental points are included as noted on the figure.

The standard deviations quoted in Table I and Figs. 3
and 4 are counting errors only. In addition, there is a
correlated beam normalization error. In Sec. IV, four
parameters were used to normalize the beam. The errors
on these parameters constitute a relative error of 4.1%
for all cross sections. This normalization error was not
included in Fig. 4 because it is a scale factor that does
not aGect the relative energy distribution of the events.

We fit the theory to the data by adjusting the value
of the parameter h. This parameter (discussed in Sec. I)
is the multiplicative constant of the matrix element for
pion photoproduction from a pion into a final state of
angular momentum /= 1.

The A fitting procedure must be compatible with the
statistical distribution of the data. First we write the
form

k da
= IMMI'= —--; k=-154, , 185.

p* dQ* wg

~=iscan efficiency in region r

(protons/cm') P K;(k) Ak Elf;(k, e)dQ*

, (8) From Sec. I we have

0.074A
I
~&

I

'=
I
1+

e

wherei is the film classification, r is the scanning region,
and e(k,r) is the number of events in region r within the
acceptable angular range, produced by photons in the
energy range hk.

The results are listed in Table I and are plotted in
Fig. 4, which shows the average matrix element squared

where the matrix element IMs'Is for the photop&on
production without a bipion correction is given by

TmLE I. Matrix element squared, averaged
over center-of-mass angles.

24M. I. Adamovich, E. G. Gorzhevskaya, V. G. Larionova,
V. M. Popova, S. P. Kharlamov, and F. R. Yagudina, Zh. Eks-
perirn. i Teor. Fiz. BS, 1078 (1960) (English transl. : Soviet
Phys. —JETP ll, 779 (1960)j.

"G. M. Lewis and R. E. Azuma, Proc. Phys. Soc. (London}
A73, 873 (1959).
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~lab
(MeV)

154
156
160
165
170
175
180

M'
(pb/sr)

16.6+4.8
15.1~0.8
14.3a0.4
15.5&0.5
16.2a0.7
16.3&1.0
12.9~1.2
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I I I that the value of A is also affected by error in the pion-

nucleon coupling constant f'=0.08, which he used in
calculating the theoretical cross section.

VI. CONCLUSIONS

12—
-Threshold

150

I

ISO
.I

160 I TO

photon energy(lab) (Merci)

FIG. 4. Matrix element squared, averaged over c.m. angles, as
a function of laboratory photon energy. Errors are counting errors
only and all data are subject to correlated normalization error of
4.1%. ~ This experiment. ~ Adamovich e$ al. (Ref. 24). o Lewis
and Azutna (Ref. 25). ~ Barbaro et at (Ref. .26). E Beneventano
et al. (Ref. 27). The solid line is Ball's result for A=O. The two
dashed lines give his results for A. =+1.8e; the upper curve is for
A =+1.8e.

1.0
0.074A

= 1.0689,
Q /Mp'/'Wy

Ball. Using the ~Mt, '~' and knowing the probability
P(1M» ) 'Wt, ) we can calculate the most probable A from

The measured angular distributions are consistent
with isotropy within angular ranges of the acceptable
data. This agrees with the prediction that near threshold
the process is primarily electric-dipole into a final s-wave
state.

Table I shows the squares of the matrix element
averaged over the c.m. angle of the pion. These data,
which are plotted in Fig. 4, show that the variation with

hoton energy and the magnitudes of the matrix element
~ ~ ~

squared are in general agreement with the theoretica
calculations by Ball, although there is scatter in the
data. In addition, there is good agreement with the
previous experimental data, except for the 172.5-MeV
point of Adamovich et al. '4

Finally, the value obtained for the parameter h. shows
that the effect of the n.+y —+X+X channel on the
reaction studied here is small.

which gives A.=0.931.The sum over k is the sum over
all energy bins.

The effect of the counting statistics on the error in A

is negligible, since 3351 events were used. The absolute
error on 1+0.074A/e is the relative normalization error

(4.1%, given above). Thus the error on A is due to the
normalization error only, and we have

A.= (+0.931&0.59)e.

Further improvement in beam calibration techniques
will permit the error on A to be decreased. Ball notes
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