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ABSTRACT 

An accurate measurement of the differential cross section for the 

photoproduction of positive pions from protons has been made at the ·Berkeley 

synchrotron for photon energies of 260 and 290 Mev. The mesons were 

produced in a thin=walled liquid-hydrogen target, and the meson-detection 

. apparatus utilized the characteristic decay of the pion. The measurements 

were done in two steps, from 0° to 50° with equipment specifically designed 

to reduce a very high forward-angle positron background, and from 30° 

to 160° with equipment whose efficiency and solid angle could be accurately 

determined. 

The abrupt flattening of the observed cross section in the region 

forward of 40° is due to "photoelectric ejection'' __ of pions from the cloud 

surroundirtg the nucleon. The results are compared to the theory of 

photoproduction derived from the dispersion relations, and the agreement 

is satisfactory within the limitations of the theory. 
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Radiation Labor a tory 
University of California 
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October 3, 19 58 

INTRODUCTION 

The pho'toproduction of positive pions from hydrogen is one of the 

fundamental reactions encountered in the study of pi -meson phenomena ·and 

as such has been investigated quite extensively wherever high-energy photon 

beams have been available. l-lO Recently, however, with the advent of more 

refined theories describing the photopion interaction, ll, 12 there has been a 

revival of interest in the measurement of the reaction, for the existing data 

are insufficient to confirm some of the finer details of these theories. 

Very little experimental information has hitherto been available on 

the angular distribution of this reaction in the angular region from 0° to 40°, 

where it is more difficult to make accurate measurements owing to the high 

electron background present. Furthermore» the existing data over the re.,. 

maining angular range were neither internally consistent between the various 

laboratories nor statistically accurate enough to enable a critical selection 

between the various forms of the theories to be made. 

With this in mind,· the measurement of th.e differential cross section 

was undertaken, with the dual aims of obtaining data in the re~ion forward of 

40° (c~ m.) and of materially reducing the er.rors associated with the values of 

the cross section over the angular interval from 40° to 160°. Our measure

ments were made in two steps: from 0° to 50° (c. m. ) with equipment 

specifically designed to reduce the background, and from 30° to 160° with 

more conventional apparatus, which allowed enough overla,.p for careful 

normalization. 

Similar experiments on the forward-angle region have been done by 

Lazarus 
13 

at Stanford ~niversity and by Malmberg and Rqbinson 
14

at the 

University of Illinois. These experiments (performed at different energies 

and by different techniques) show essentially the same behavior as the results 

reported here. 
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EXPERIMENTAL PROCEDURE 

A. Electronics 

In both the small-angle and large-angle regions the mesons were de

tected by identifying their ·1T-IJ. decay by the use of a well-known delayed-co

incidence techniques. A full description of the electronic apparatus used in 
15 . 

this experiment has been reported elsewhere. Figure 1 shows a block 

diagram of the electronics. Briefly, its operation is as follows: When the 

correct combination of coincidence and anticoincidence pulses is registered 
-8 . 

in the multiple coincidence-anticoincidence unit, a 6X 10 -sec gate is formed 

by the gate generator. This gate is placed in delayed coincidence with pulses 

from the scintillator in which the pion stops, the delay being so adjusted that 

a pion which has come to rest in the stopping counter (and thus is of the correct 

energy) is registered in Coincidence 1 if it decays between 3X 10-
8 

and 
-8 

9X 10 sec after coming to rest. It is also possible for accidental counts 

to occur in Coincidence 1 from two particles passing through separated by 

between 3 and 9X 10- 8 sec., 6r from p.-e decays in this intervaL Since these 

events are not strongly dependent on the .delay time of the gate, they may be 

measured by making a coincidence with an identical gate delayed several pion 

half-lives from the pulse of the stopping pion. Coincidence 2 delayed by 
-8 

12 X l 0 sec serves this function. 

B. Counter Telescopes and Experimental Arrangernents 

The channel and telescope used in the small-angle measurements 

are shown in Fig. 2. The 340-Mev bremsstrahlung beam from the Berkeley 

synchrotron was incident on a liquid-hydrogen container; the mesons produced 

were deflected by a magnetic channel and were detected by the counter 

telescope shown at the end of the channel. The target had thin walls made 

of Mylar, a material which, by virtue of its low atomic number, does not 

produce a large background of electron pairs. 

The entrance and exit windows of the target vacuum jacket were 

sufficiently isolated from the target volume so that they made no appreciable 

contribution to the background. A sweeping magnet was provided between 

the entrance window and the target to remove any electrons or positrons from 

the incoming beam. 
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Positive particles, deflected by the magnetic field, were incident upon 

a lead filter placed as shown in Fig. 2. The positrons incident on this lead 

initiate showers with quite high probability and thus are removed from the 

beam, while the pioris undergo some Coulomb scattering but are attenuated 

much less than the positrons. The thickness of this. lead was chosen to 

minimize the positrort flux at the telescope while keeping the loss of mesons 

due to multiple Coulomb scattering as small as possible. For the 260-Mev 

photons, 1.5 em of lead was used, as shown in Fig. 2, presenting 2. 7 5 

radiation lengths to the positrons. For the 290-Mev photons, 2.5 em was used. 

The counter telescope required a triple coincidence (l, 3, and 4) to 

trigger the gate generator. Counters 2 and 6 were placed in ant~coincidence. 

Counter No. 2 is a Cherenkov counter viewed by two RCA-6810 photo

multiplier tubes whose outputs were added. The sensitive area was made.of 

plexiglas, which has an index of refraction of 1.49, an·d is 2 in. thick. Any 

particle passing through the counter with a value of ~ greater than 0.67 produces 

a pulse, and hence a coincidence will not be recorded. Mesons entering this 

counter have ~ = 0.64 and thus do not make anticoincidence pulses. Positrons 

and electrons will produce pulses and thus will not trigger the gate. Counter 

6 rejects any particle which passes through the entire telescope. All of 

these scintillators utilized 30-in. light pipes to remove the photomultiplier 

tubes from the high magnetic-field region. 

The energy of the meson is determined by its range, which is set by 

changing the amount of copper absorber placed before the telesc~pe. The 

.6E accepted by the telescope is sufficiently narrow so that the magnetic 
'IT 

selection had no effect on the energy band accepted by the counter tel,escope. 

The arrangement used for the wide-angle measurements is shown 

m Fig. 3. The mesons are again produced in a liquid-hydrogen target, 

which in this case is a cylinder 3 in. in diameter. The telescope consists of 

three scintillators to trigger the gate generator, a stopping ~cintillator, and 

a large scintillator in anticoincidence to reject all particles passing through 

the entire telescope. The solid angle subtended by this telescope is deterl.. 

mined by the area of the front scintillator. The following counters are sueces sive}y 

larger in such a way that multiple-coulomb scattering of the mesons in coming 

to rest may be neglectJd or easily estimated. This removes one energy

dependent correction from the analysis of the data. The laboratory energy 
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of the meson is determined by the amount of copper absorber placed between 

the second and third scintillatorso The whole counter-telescope assembly was 

placed on a cart which was pivoted about the center of the target volume, and 

angles could be set of 0.1° accuracy. 

C. Monitoring · 

The primary monitor for the brems strahhmg beam in this experiment 

was a thick-walled ion chamber identical to one calibrated versus the .total 

energy content of the beam at Cornell University. 
16 

This chamber has l-

in. -thick copper walls, making it pTeferent:ially sensitive to the high-energy 

portion of the bremsstrahlung spectrum and insensitive to low-energy electrons 

in the·beam. 

·The calibrated efficiency of this chamber is 3. 79 X 10
12 

Mev per 

microcoulomb of charge collected; this number is then the value used in 

computing the absolute eros s sections given in this paper. 

COUNTER-TELESCOPE CALIBRATION 

The efficiency of the rr-1-1 counter telescope used in the wide-angle 

measurements was determined experimentally in 2. pi-meson beam at the 

Berkeley 184-inch cyclotron. The efficiency of this counter may be separated 

into two factors: one which arises from the loss of mesons that decay outside 

the gate pulse (electronic efficiency}, the other from the loss of mesons by 

nuclear absorption and scattering as they come to rest in the stopping scintillator o 

At the cyclotron. both the electronic efficiency and the total efficiency were 

measured. When the absorption l~ss was calculated from previous experi

mental data and combined with the electronic efficiency, the two methods of 

calibration agreed very well, as shown in Fig. 4. 

In order to determine the total efficiency experimentally, which is the 

product of the two factors above. first the various constituents of the pi beam 

were determined. This was done by measuring a range curve. Since the 1-1-

meson and electron contamination in the beam have longer ranges than the 

pions, it is possible to determine the fraction of pions in the original beam. 
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Then the 1T-j.1 counter was placed in the beam, and the number of mesons 

counted by 'IT-j.l decay were determined. Because the .6E of the telescope 
'IT 

was somewhat smalleri than the .6E ·of the beam, the telescope counting rate 
'IT . . 

was determined for several values of the mean pion-acceptance energy within 

the energy band of the beam, and the total number counted was-determined by 
I 

an app:rlopriate summation. The ratio of the pions counted by 'IT-j.l decay to 

the number incident determines the efficiency. This procedure was undertaken 

at pion energies of 7 2, 87 .5, and 115 Mev. 

The efficiency may a:)..s>o be determined in an independent manner, 

which serves as a check on the method described above. It is possible to 

determine the electronic efficHmcy separatelyj and then .C.OrnP-ute the total 

efficiency from this. In order to accomplish this, the telescope absorber was 

adjusted so that only pions stopped in the stopping scintillator. Then the 

gate was centered on the pulse of th~ stopping pion. The ratio of delayed 

counts to undelayed counts gi:ves directly the efficiency due to electronics. 

The loss due to nuclear absorption was calculated from the known absorption 

eros s sections in various elements, 
17 

and the number of pions lost by 

multiple-coulomb scattering and diffraction scattering was estimated. The 

total efficiency was obtained in an independent way by combining the electronic 

efficiency with the other calculated losses. 

Figure 4 shows the results of these measurements. The solid line is 

the efficiency determined by the calculation of the absorption loss coupled with 

the electronic efficiency. The experimental points represent the efficiency 

directly determined from the cyclotron calibration described above. The 

errors quoted on these points represent estimates on possible systematic 

errors and do not represent statistical counting .errors which were much 

·smaller. 
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CALCULATION OF CROSS SECTION FROM MEASURED 
COUNTING RATES 

A general expression relating the observed counting rate in the-wide

angle telescope to the differential cross section may be written 

* dQ 

Here 

= y. dQ 

* dn 

1 

n 
1 

t 

1 A 

E n 

k (dE\ 
h -a:] 0 

/ lab 

1 
--~· 
.M: 

1T 

du 

dn* 
is the differential cross section in the center-of-mass system; 

{1} 

Y is the number of counts per microcoulomb charge integrated from the 

"Cornell" ionization chamber; dn * is the lab. to c. m. solid-a11gle trans

formation; n is the solid angle 'l:%btended by the telescope in the laboratory 

system; t is the thickness of the liquid-hydrogen target in hydrogen,nuclei 

.per Cm
2 ,· · h ff" · f h 1 A 1. s (

0

340kN(k)dk for e 1s t e e 1c1ency o t e counter te escape; j ~ 

for the bremsstrahlung spectrum, normalized to GN(k_~ k = 0=1, measured in 

Mev; n is the ratio of the total energy in the beam to the integrated charge 

from the ionization chamber in Mev per microcoulomb; k is the mean energy 

of the photon indu.cing the :ieac:t'i'on; h e~uals kN(k) for the normalize-d 

bremsstrahlung spectrum at k; (dE1T is the change in pion energy 
dk 

. elab 
with photon energy evaluated at a fixed laboratory angle; and M is the pion 

1l" 

energy interval accepted by the telescope. 

The kinematics of this reaction have been calculated on the Illiac digital 
. 18 

computer by Malmberg and Koester,- and these tables have been used to de-

* termine the quantities do/dn and 

photon energy. Here (dE
1
/dk)e 

lab. 

E 
1T 

as a function of the angle for a given · 

was obtained by numerical differentiation 

of these tables. The value of N is obtained from a calibration of the ioni

zation chamber undertaken at Cornell University, and is taken to be 

3.79 X 10
12 

Mev/microcoulomb at k = 340 Mev. The pion-energy interval 
max 

to which the counter was sensitive was computed by determining the range of 

energy covered by pions that would stop in the stopping scintillator, with a 

small correction applied for edge effecte,. This quantity is a function of the ,_. 
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mean energy of pions stopped in the scintillator and thus ,varies with angle for 

a given photon energy. The efficiency, E, of the counter used in the large 

pion-angle investigation is determined from the calibration data taken at the 

,:~ cyclotron, with an additional correction applied for meson decay in flight. 

In the small-angle studies, only a relative measurement of d;~ was 

required, so that only the parts of the above general expression dQ 

which depend on the angle need be evaluated, In this case, we have 

* - * _-
do/drl ex: Y • drl/drl · 1/e' · (dE /dk) · l/6E , 

1T 1T 
(2) 

where in this expression E 1 need not be absolute but need only reflect the 

variation of efficiency with pion energy. This may be computed from the 

known pion absorption cross sections. The other quantities are computed as 

before. 

The error associated with the relative angular- distributions is taken to 

be that introduced!. by the counting statistics only. Systematic errors that would 

alter the distribution might occur in the computation of .6E and e', but it is 
- - 1T 

felt these quantities are known well enough to be certain that their contribution 

to the error is negligible, However, more serious systematic errors are 

possible in the evaluation of the absolute value of these points, the most 

serious of which is the calibration of the photon-beam ionization chamber. 

Estimates of the uncertainties in the absolute determinations gives an error 

for the total cross section of about 7%. 

Table I gives the data in terms of the differential cross section in the 

center-of-mass system. 

The small-angle measurements have been normalized by a least-squares 

procedure to the large-angle data in the angular region of overlap. In no case 

were these points separated by more than one standard deviation after 

normalization and the normalization error has been propagated to the small

angle points. 
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Table I 

Dtotal = 185 ± 13.5 microbarns u = 199 ± 14 m:i.crobarns total 
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DISCUSSION 

The data from Table I are shown in Figs. 5 and 6, along with the data 
6 

(~ obtained previously at the California Institute of Technology by magnet and 

counter telescope 7 tech,niques, and with the data compilation of Bernardini 

et al. 
8 

Examination of these points shows that while all previous sets of 

data have the same gross f~atures, namely the peaking around 90° c. m., 

and the asymmetric forward-to-backward ratio, there ·are inconsistencies 

in the specific shapes of the curves which appear to he outside that ascribed 

to the statistical errors as.sociated with the measurements. This inconsistency 

is most apparent at 290 Mev, where the counter-telescope data from the 

California Institute of Technology is larger than the magnet data in the for

ward direction, and smaller in the backward direction. The saine effect will 

be noted in the 260-Mev data, although to a lesser degree. The measure

ments reported here indicate thatthe behavior of the differential cross section 

is essentially that of the magnet group forward from 90° and that of the 
' ' 0 

counter telescope group at angles greater than 90 • 

In the angular region forward from 40° c. m., the measured differential 

cross section at both 260 and 290 Mev is constant within the statistical 

accuracy of our measurements. Moravcsik 19 has pointed out that this behavior 

arises from the existence in the dispersion-relations theory for photoproduction
12 

of a term with the following form: 

-1> =". -1> ~ -f> 
( E • q} 0" • (k = q) 

' .... _. 
qk-q•:K 

0 
_., _., -

where k and e are the ph?ton momentum and polarization, q and q 0 are 
-<> 

the momentum and energy of the meson, and u is the nucleon spin. The 

denomin:tor of this expression may also he written as q
0
k(l-13 cos e*). 

where e""" is the pion emission angle in the center-of-mass system and 13 

is the meson velocity. Since 13 is quite large at these energies, this term 

* can become quite important in the forward angular region where cos f) is 

(3) 

close to 1. This term in the matrix element corresponds to the direct ejection 

of a virtual meson from the cloud surrounding the nucleon. The remaining 

terms in the photoproduction amplitude correspond to absorption of the photon 

by the nuclear core and involve positive powers of cos 8. 
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To include all the terms in the data analysis, Moravcsik has suggested 

fitting the observed angular distribution with an expression of the form: 

4' n * du 
A cos 8 

L 
n (4} --... = 

-r> 2 ... 
dQ 0=13 cos 8 ~ 

n=O 

where the An are to be determined by a least-squares fit to the data. This 

expansion has been performed for our data, and the resulting curves are 

shown in Figs. 7 and 8. The values of the A obtained are given in Table IJ[. 
n 

These coefficients are not simply related to quantities of physical interes-t. 

However, the curve they represent gives a true indication of the shape of the 

angular distribution and may be used to compare experimental distributions 

with theoretical predictions. 

Thus, in a recent paper, Taylor, Moravcsik and Uretsky
20 

have used 

the analytical form for the differential cross section given in Eq. (4) to 

calculate the pion-nucleon coupling constant by the following extrapolation 

procedure. These authors show that by making an analytic continuation of 

the functional form for d<T ~:c to an imaginary angle . eo where cos . eo = 1/13. 
dQ. 

they can then evaluate the residue at the pole at that angle. Then the coupling 

constant f
2 is determined by· their· theory frorn the m·easured differential 

cross se·ctions alone,· without any assumptions about charge independence. 

The values obtained for f
2

, using the values of the coefficients A· 
n 

given in Table H are: 

f
2 

= 0.131 ± 0.037 for E = 260 Mev 
'I 

f
2 

= 0.016 ± 0.031 for E = 290 Mev. 

The errors in the values of £2 
obtained by this ~ethod are quite large be

cause the numerical acturacy of the extrapolating procedure depends heavily 

on the experimental errors in the small-angle measurements. 

A theoretical formula based on dispersion theory12 has recently been 
21 

evaluated by Uretsky et al. using various assumptions about the small pion-

nucleon phase shifts that enter the calculations but which are not known well 

experimentally. 
22 

In the initial calculations made by Uretsky, the P-wave 

~~ 



·.: 

Ey 
(Mev) 

260 

290 

17.467 

19.524 

-12~ 

Table II 

Values of A at 260 and 290 Mev 
n 

-31.475 

=36.867 

A 
2 

9.907 

9.479 

6.603 

16.272 

UCRL~8354 Rev. 

-2.118 

=8.132 
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pion-nucleon scattering phase shifts were computed from the effective..,range 
. 23 

relations of Chew, Goldberger, Low, and Nambu, and the S-wave phase 

shifts were taken to obey the relation 

whiah is suggested by Orear's analysis. 
24 

The results of this computation 

are shown by the solid line in Figs. 9 and 10. 

In order to determine how sensitive the theory is to the choice of 

these smaU phase shifts, Uretsky then made three changes. First, he 

set o ll to zero. The results here were incompatible with the experimental 

data presented, because the cross section became very large at the back

ward angles. Secondly he set o
31 

and o
13 

equal to zero,· leaving the 

other parameters unchanged. The results of this computation are shown by 

the dotted lines in Figs. 9 and 10. Lastly, he used Anderson1 s values for 
25 . . . 

the phase slJ.ifts o
11

, o
31 

and o
13

, with the result shown by the "dash 

dot" curves in Figs. 9 and 10. Comparison of these predictions to the 

experimental points shows that the choice &
31 

= o 
13 

= 0 yields the best fit 

to the data in both cases. 

The results of Uretskys1 calculations are surprisingly sensitive to 

the choice of these small phase shifts, which are not weB known e~perlm.ehtal.ly. 
I 

However, the photoproduction data probably cannot be used at this time to 

determine the values of these small phase shifts ... This inability arises in 

part from the large number o! free parameters and in part from the errors 

in the theoretical expression due to the assumptions made in its derivation, 

which ar:e estimated to be of the order of 1 Oo/o. The verification of the 

theoretical differential cross section must therefore await more accurate 

determinations of the small pion-nucleon phase shifts. 
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Fig. l. Block diagram of rr-!Jo electronics. 
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MU-14841 

Fig. 2. Counter telescope used in the- small-,angle measurements. 
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Fig. 3. Counter telescope used in the wide-angle measurements. 
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PION ENERGY (Mev) 
MU-15~20 

Fig. 4. Wide-angle telescope efficiency as a function of pion 
energy, from the cyclotron calibration. The solid 
surve represents the calibration utilizing the half-life 
curve and the measured absorption cross sections; the 
experimental points represent the ratio of pions incident 
to pions counted by means of 1T-!J. decay. 
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Fig. 5. The differential cross section for positive photopion 
production from hydrogen at a photon energy of 260 Mev. 
Superimposed on the data reported here are the results 
of the magnet and counter groups' determinations at the 
California Institute of Technology and the data taken from 
Bernardini's compilation. 
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Fig. 6 .. The differential cross section for positive photopion 
production from hydrogen at a photon energy of 290 Mev. 
Superimposed on the data reported here are the results 
of the magnet and counter groups' determinations at the 
California Institute of Technology .. 
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Fig. 7. Differential cross section for positive photopion pro· 
duction from hydrogen at 260 Mev. The solid curve 
represents the Moravcsik fitto the data. 
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Fig. 8. Differential cross section for positive photopion 
production from hydrogen at 290 Mev. The solid 
curve represents the Moravcsik fit to the data. 
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Fig. 9. Differential eros s section for positive photopion
productiol1- from hydrogen at 290 Mev .. For an 
explanation of the curves. see the text. 
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Fig. 10. Different~al cross section for positive photopion 
production from hydrogen at 290 Mev. For an ex
planation of the curves, see the text. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, express 
~r implied, with respect to the accuracy, com
pleteness, or usefulness of the information 
contained in this report, or that the use of 
any information, apparatus, method, or process 
disclosed in this report may not infringe pri
vately owned r-ights; or 

B. Assumes any liabilities with respect to the use 
of, or for damages resulting from the use of any 
information, apparatus, method, or process dis
closed in this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the 
Commission to the extent that such employee or contractor 
prepares, handles or distributes, or provides access to, any 
information pursuant to his employment or contract with the 
Commission. 
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