
I 
SLAC-PUB-2275 
March 1979 
(T/E) 

A STUDY OF CHARGED PSEUDOSCALAR MESON PHOTOPRODUCTION 

FROM HYDROGEN AND DEUTERIUM WITH 16 GEV 

LINEARLY POLARIZED PHOTONS* 

D. J. Quinn, (a> J. P. Rutherfoord (b) and M. A. Shupe (cl 

Tufts University, Medford, Mass. 021-55 

D. J. Sherden, R. H. Siemann Cd) and C. K. Sinclair . 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 94305 

Abstract 

The asymmetries in forward X-N, r-A, and K+- (A+C> photoproduction 

have been measured with a 16 GeV linearly polarized beam. The experi- 

mental method and the procedures for extracting cross sections and 

asymmetries from the data are discussed in detail. Information on the 

energy and momentum transfer dependence of cross sections for natural 

and unnatural parity exchange, interference between exchanges of opposite 

G- parity, and Vector Meson Dominance is obtained and discussed. 

Submitted to Physical Review D 

* Work supported by the Department of Energy under contract number 
EY-76-C-03-0515. 

(a) Present address: SRI International, Menlo Park, Calif. 94025. 
(b) Present address: University of Washington, Seattle, Wash. 98195. 
(c) Present address: University of Illinois, Urbana, Ill. 61801. 
(d) Present address: Cornell University, Ithaca, N.Y. 14853. 



-2- 

1. Introduction 

The study of pseudoscalar meson photoproduction, although often 

included as a branch of lepton and photon physics, shares many concepts 

with purely hadronic interaction studies. Through connections such as 

Vector Dominance the photon can be thought of as a strongly interacting 

particle. It is therefore not surprising to find similar theoretical 
.- 

interpretations for photoproduction and strong interaction experiments. 

There are, however, important differences which distinguish 

pseudoscalar meson photoproduction from other strong interaction 

processes. Since the photon has two possible spin states and does 

not have a unique isospin, more amplitudes are necessary to describe 

photoproduction, as opposed to production by pseudoscalar mesons, of 

any particular final state. This complication is compensated for by 

several advantages of photoproduction studies. For example, it is 

possible to study the photoproduction of all members of the pseudoscalar 

nonet, free of any diffractive channels, with a single beam. Further- 

more, many reactions can be measured with a single experimental setup, 

providing a relatively systematic-free view of a large body of data. 

A significant advantage of photoproduction is that with a linearly 

polarized photon beam one can obtain information on the naturality of 

t-channel exchanges. The asymmetry in pseudoscalar meson photo- 

production with linearly polarized photons is defined as 

dal daII --- 
(1) 

where da,/dt (da /dt) is the cross section for photons polariz perpendi- II 
cular (parallel) to the production plane defined by the photon and 
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detected pseudoscalar meson. Using crossing symmetry arguments 

Stichel' showed that to leading order in t/s, daL/dt (doll/dt) can 

receive contributions from only natural (unnatural) parity exchange 

in the t-channel. Stichel obtained this result for single pion 

photoproduction from nucleons; other authorsL have extended this 

result to the general case of any allowed pseudoscalarmeson plus 

baryon final state. 

In 1962 Cabbibo et al 3 
--* proposed using coherent pair production 

in crystalline material to polarize high energy photon beams, and in 

1970 Berger et alq4 -- verified this polarization technique using compres- 

sion annealed pyrolytic graphite. Based on this work, we constructed 

a polarized photon beam which allowed significant new measurements of 

the asymmetry for many pseudoscalar photoproduction reactions. In this 

paper we present a detailed description of the experiment as well as the 

final results. These results are for three separate classes of 

reactions: single pion photoproduction (yp+r+n and yn-tn-p), IT- A 

photoproduction 
-+-I- 

(yp-tn A +o 
, YP+~ A , yn+IT-A+ and yn+r+A-), and K' 

photoproduction (yp+K+A, yp+K+C and yn+KT,Z-). Brief summaries of 

our results, some of which have been published in previous papers,5y6 

and their relationship to previous experiments follow. 

(i). Single pion photoproduction. Before this experiment, the 

asymmetry for single B ' photoproduction has been measured up to 12 GeV 

incident energy. 7?8,g$10 These measurements showed that the asymmetry 

is essentially energy independent, and that this reaction is dominated 

by natural parity exchange for ItI > rnt, Our results are in agreement 

with these earlier measurements. 
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The IT- asymmetry had been measured up to only 3.4 GeV incident 

energy. 
11,12 At that energy there are significant contributions from 

unnatural parity exchange. Combining these lower energy measurements 

with our data shows that the unnatural parity exchange cross section is 

energy dependent; this dependence is consistent with that expected from 
- 

a simple pion Regge trajectory. 

Our data and the lower energy data for both A+ and IT- photoproduction 

have several features in common, There is evidence for significant 

interference between natural parity exchanges of opposite G-parity, and 

no evidence for such interference between unnatural parity exchanges. 

The Vector Dominance comparison between our measured asymmetries and 

the density matrix elements for x-p +p"n shows poor agreement. 

(ii) IT- A photoproduction. Previous measurements of the asymmetries 

for these processes are limited, 10,13,14 and our measurements are the first 

with statistical significance. All four processes are dominated by 

natural parity exchange at large ItI and unnatural parity exchange at 

small ItI. 

Charge ratios for both perpendicular and parallel photons show 

significant interference between exchanges of opposite G-parity. For 

perpendicular photons this interference is almost completely destructive 

at t e -. 15 GeV2 leading to a dip in the natural parity exchange cross 

-+I section for ~P+IT A and for the sum YP+IT+A' plus yn+.+A- (measured 

from a deuterium target). 

A Vector Dominance comparison between our data and data from 

oft IT+P+P A shows good agreement for the asymmetries and a similar 

t-dependence for the cross sections. 
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(iii) K+ photoproduction. These are the first measurements of the 

K+ polarized photon asymmetry. Because of the small difference between 

the A and C masses, the asymmetries for individual processes are difficult 

to determine. Much greater confidence can be placed in the asymmetry for 

the sum of processes Ce.g., for the sum yp+K+A, +o yp+K C and yn+K'C- 
_- 

from a deuterium target). This combined asymmetry has been measured from 

both hydrogen and deuterium targets, and for each target it rises from 

0 at tmin to 1.0 for ItI > .05 GeV2. Therefore, K+ photoproduction is 

dominated by natural parity exchange. 

We also present asymmetry results for individual processes, and make 

some qualitative arguments about the nature of the s-channel helicity 

amplitudes for K+ photoproduction. 

II. Experimental Details 

A plan view of the experimental arrangement is shown in Fig. 1. A 

16.05 GeV linearly polarized bremsstrahlung beam was incident on either 

a liquid hydrogen or liquid deuterium target. Photoproduced mesons were 

identified and momentum analyzed with the SLAC 20 GeV/c spectrometer. 

Analysis of the pion or kaon momentum spectra permitted a separation of 

the various two body reactions contributing to the total yield of these 

particles. 

In the following sections, we describe the components of the experi- 

ment in some detail, indicate the sources of various uncertainties and 

corrections, and describe our data taking procedures. 
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A. Polarized Photon Beam 

A thorough description of the photon beam developed for this experi- 

ment has been published. 15 Only a summary of the beam production and its 

characteristics is presented here. 

A 16.05 GeV electron beam from the Stanford Linear Accelerator 

passed through a beam transport system containing 20.25% energy defining 

slits, struck a 0.0285 radiation length aluminum radiator, and was then 

deflected into a beam dump. The unpolarized bremsstrahlung from the 

radiator passed through 61 cm of compression annealed pyrolytic graphite, 

in which it was partially linearly polarized and unavoidably attenuated. 

The polarization mechanism was the preferential absorption, through 

coherent pair production, of one linear polarization state from the 

unpolarized incident bremsstrahlung. The polarization plane was rotated 

by rotating the graphite about an axis along the beam. 

The beam was collimated immediately before and after the polarizing 

graphite crystals, and at two other locations further downstream, before 

reaching the experimental target. Sweeping magnets were located after 

each of the latter two collimators, and the polarizing crystals were 

located in the field of a third sweeping magnet. With the collimation 

normally employed, the beam spot size at the target was approximately 

2 cm by 2 cm. The photon beam position at the target was controlled by 

two small steering magnets upstream of the aluminum radiator. The 

electron beam position at the radiator was monitored by a remotely viewed 

helium Cerenkov position monitor immediately downstream of the radiator, 

while the photon beam position at the target could be observed remotely 

on removeable zinc sulphide screens upstream of the target. These screens 
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were removed during data taking. The photon beam was dumped into a 

secondary emission quantameter 16 located beyond the target. 

The intensity of the initial bremsstrahlung beam was attenuated by 

a factor of about twenty in the polarizing crystal. The energy spectrum 

of the attenuated and polarized beam near the endpoint energy was similar 

to that of ordinary bremsstrahlung. Thus we chose to-relate the number 

of quanta of energy k to k+dk in the final beam, Cn(k)dk, to the number 

in the initial bremsstrahlung beam, Cono(k)dk, by an attenuation function 

A(k), such that: 

n(k) = A(k) no(k) . 

Both n(k) and no(k) are normalized such that: 

EO EO 

I 
kn(k) dk = 

s 
kno(k) dk = E , 

0 

0 0 

where E. is the bremsstrahlung endpoint energy. Co and C thus represent 

the number of equivalent quanta in the initial and final beams. Typical 

values in the present experiment were Co = 4x 10' and C = 2x lo8 equiva- 

lent quanta per SLAC beam pulse. 

The incident spectrum n,(k) was calculated to an accuracy of 53% 

near Eo. 17 A(k) was determined by comparing the incident and attenuated 

bremsstrahlung spectra, which were measured with the SLAC pair spectro- 

meter. 18 The measurements of A(k) in the region near E. are shown in 

Fig. 2(a). We have parametrized A(k) as a linear function of k, as 

expected from the calculated properties of the crystal polarizer. The 

uncertainty in our one parameter fit to A(k) is estimated to be -10.8%. 

In Fig. 2(b) we show n(k). 
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While uncertainties in A(k) and n,(k) affect the normalization of 

measured cross sections they do not influence aqmmetry measurements. 

Asymmetry measurements are affected only by differences in A(.k) between 

the two beam polarizations. We have determined A(k) for both beam polari- 

zations, and the results are consistent with A(k) being polarization 

independent. We estimate the systematic uncertainty in our quoted 

asymmetries due to any polarization dependence of A(k) to be less than 

kO.025. 

The polarization of the beam was measured to be 0.255+ 0.020 for 

photon energies between 13.5 and 16 GeV by using a second graphite crystal 

assembly 30.5 cm long to analyze the polarization produced by the first 

crystal. The uncertainty in the measured polarization introduces a 

systematic uncertainty into each asymmetry of 58% of itself. Measurements 

of the asymmetry in yp+r'n at t=O.15 (GeV/c) 2 , made several times during 

the course of the experiment, demonstrated that the beam polarization 

remained constant to within +0.008. 

B. Beam Flux Measurement 

For all data but that obtained at the smallest angle, the secondary 

emission quantameter (SEQ) served as our primary photon beam monitor. 

The beam was also monitored by a thin ion chamber and a helium filled 

Cerenkov monitor, 16 both located upstream of the target. The electron 

beam incident on the radiator was monitored by a precision toroid. 
19 

Yields from these various monitors were intercompared at the end of each 

run to check for beam steering drifts, incorrect collimator settings, etc. 

The measurements of A(k) were done at very low beam intensities to 

obtain reasonable counting rates in the pair spectrometer. A gas filled 

quantameter 20 was used to monitor the beam for these measurements. This 
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point is important, since the quantameter responds to the total beam 

energy as does the SEQ used as the beam monitor for the asymmetry 

measurements. 

The SEQ response was compared to that of a precision silver calori- 

meter16 using the Cerenkov monitor as an intermediary. The SEQ response 

varied by less than 1% with respect to that of the silver calorimeter 

during the experiment, and was independent of beam polarization to less 

than 0.3%. 

Both the ion chamber and the Cerenkov monitor were found to have 

polarization dependent responses when compared to the SEQ. For the 

Cerenkov monitor, this difference is typically less than 0.6% between 

the two polarizations. As the beam spectrum was found to be polarization 

independent when monitored with a total absorption device, we attribute 

the polarization dependence observed in the thin monitors to slight 

differences in the beam halo, rather than to the SEQ. Both the ion 

chamber and the Cerenkov monitor are much more sensitive to beam halo 

than the SEQ. 

For the data obtained at the smallest angle, 0.3', the SEQ could 

not remain in the beam as it would have blocked the spectrometer 

aperture. For these data, the Cerenkov monitor was used to measure the 

beam flux. The polarization dependence of the Cerenkov monitor was 

removed by performing frequent SEQ - Cerenkov monitor intercomparisons 

for both polarizations. This procedure introduces an additional 50.5% 

uncertainty in both the cross section and asymmetry measurements at this 

angle. 

For data taken at 0.7', it was necessary to move the SEQ partially 

out of the beam. This resulted in a different SEQ calibration and an 
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additional +0.6% uncertainty in the 0.7' cross sections. We do not 

believe this procedure introduced additional error into the asymmetry 

measurements at this angle. 

In determining the photon beam flux, a correction was made for pair 

production in the material in the beam after the last sweeping magnet. 

There were 0.011 radiation lengths of material in addition to the target; 

half the target length was used in calculating its contribution to the 

correction. The uncertainty in this correction adds an uncertainty of 

50.5% to all cross sections and does not affect the uncertainties in the 

asymmetry measurements. 

C. Hydrogen and Deuterium Targets 

One meter long condensation type 21 liquid hydrogen and deuterium 

targets were used. These targets and a third identical dummy cell were 

arranged in a remotely driven vertical array. The downstream end of the 

targets was horizontally wider than the upstream end to insure that all 

detected particles left the target through the 0.10 mm stainless steel 

end windows. 

The target cell lengths were measured warm and a correction for the 

decrease in length with temperature was calculated. The uncertainty in 

the target length at liquid hydrogen temperatures was +O.l%. The target 

liquid was circulated with pumps to insure there were no gas bubbles in 

the target. The target temperature was monitored with hydrogen vapor 

pressure thermometers, and was observed to be constant to +0.5OK, 

corresponding to density fluctuations of +_l%. 

D. The SLAC 20 GeV/c Spectrometer 

The SLAC 20 GeV/c spectrometer, 22 shown in Fig. 3, was used to detect 

particles photoproduced in the target. The spectrometer contains four 
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dipoles, four quadrupoles, and three sextupoles, mounted in a frame 

which can be remotely rotated about the target center. The detectors 

are mounted in a mechanically separate concrete shielding hut which 

moves with the magnet frame. 

(i> Spectrometer optics. The first order optical properties of 
_- 

the spectrometer are illustrated in Fig. 4. Information on the measured 

optical properties is available in the SLAC User's Handbook. 23 All 

trajectory measurements for the present experiment were made with 

scintillation counter hodoscopes in the detector hut. 

In the horizontal plane, the spectrometer is parallel-to-point 

focussing, causing particles of the same horizontal production angle 

to be focussed along a line in the theta focal plane with a dispersion 

of 1.622 cm/mrad. The position of a particle in this focal plane was 

measured by the 0 hodoscope. A second point on the horizontal plane 

trajectory was measured by the X hodoscope, located 4.44 m upstream of 

the 8 hodoscope. In addition to determining the horizontal production 

angle, information from these two hodoscopes was combined to determine 

the horizontal angle of the ray through the detection system, the target 

coordinate perpendicular to the beam in the horizontal plane, and the 

horizontal coordinate of the ray at the end of the last bending magnet. 

Cuts were made on these quantities to remove spurious events. Typically, 

about 5% of the triggers were removed by these cuts. 

In the vertical, momentum dispersing, plane the spectrometer is 

point-to-point focussing. An "S" - shaped double bend with a momentum 

cross-over midway along the spectrometer is used so the central ray 

leaving the last bending magnet is horizontal. Particles leaving the 
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target with a given momentum are focussed along a line in the momentum 

focal plane with a dispersion of 3.259 cm/%. The 6 hodoscope measures 

the position in this plane. 

There is an approximate vertical production angle focus 5.5 m 

upstream of the momentum focus, where the Q, hodoscope is located. In 
- 

addition to determining the particle momentum, information from the $ 

and 6 hodoscopes was combined to determine the vertical production 

angle and the vertical angle of the ray through the detection system. 

Satisfactory separation between pions and kaons in the differential 

Cerenkov counter required rejection of events with a vertical angle 

in the counter greater than 16 mrad. Typically, fewer than 1% of the 

triggers were eliminated by this requirement. 

The photon beam spon at the target is imaged onto the momentum 

focus with a magnification of 1.35. Thus, to improve the momentum 

resolution, the vertical size of the beam should be kept small. Some 

of the data presented here were taken with a reduced beam height to 

+o aid in separating the reactions yp+K+h and yp+K .Z . 

(ii) Magnet control and momentum scanning. To set the spectrometer 

to a given central momentum, the proper current in each magnet was 

calculated, set, and the measured value checked, by an online XDS 9300 

computer. Current measurement was done with both precision shunts and 

transductors. The current values were calculated under the assumption 

that the magnets had a specified recent history, a requirement we did 

not in general satisfly. This led to a slight disagreement between the 

momentum calibration of the spectrometer and the electron beam transport 

system. The fitting programs, discussed below, employed one parameter 

to accommodate this small difference. 
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The momentum acceptance of the spectrometer was not large enough to 

cover, with a single setting of the central momentum, the entire missing- 

mass region we wished to study. Since adding data taken with different 

central momenta can be a source of systematic error, due to the imperfect 

knowledge of the spectrometer acceptance, we adopted the technique of 

momentum scanning, developed by Boyarski 24 - 
to minimize such errors. 

In this method, the spectrometer acceptance was divided into bins 

of constant missing-mass-squared, as discussed in Appendix A. Short runs 

were taken with the spectrometer central momentum centered in each 

missing-mass-squared bin, over the entire missing-mass region to be 

covered. In this way, the cross section at a given missing-mass-squared 

was measured with each part of the spectrometer acceptance. 

The procedure followed during a momentum scan was: 

(1) Data were accumulated for unit of beam flux at a particular spectro- 

meter central momentum. Typically, such a "mini-run" lasted one 

minute, and fifty to sixty mini-runs were necessary to cover the 

desired range in missing-mass-squared. 

(2) Upon completion of a mini-run the detectors and beam monitors were 

gated off and commands were issued to the magnet power supplies to 

lower the spectrometer central momentum by the width of one missing- 

mass-squared bin. While the magnets were being set, beam monitors 

and scalers were read by the computer. Typically, two seconds were 

required to set the new momentum value. 

(3) The detectors and beam monitors were gated on, and data were accu- 

mulated for another mini-run. During the data accumulation, the 

computer read the shunts and transductors to insure that the momentum 

had been correctly set. 
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ciii) Event trigger and particle identification. Figure 5 shows 

a schematic representation of the particle detection system used in this 

experiment. For most of the experiment, the event trigger was a triple 

coincidence between the three trigger counters. For data taken,at the 

smallest angle, a shower counter veto requirement was added to the trigger. 
- 

Muons were identified by their penetration of a 14 collision length 

iron range telescope, and electrons by their large pulse height in a 

17.4 radiation length lead-lucite shower counter. Hadrons were defined 

as those events which did not penetrate the range telescope and which 

did not produce a large pulse height in the shower counter. The range 

requirement introduced a negligible inefficiency for hadrons, while the 

shower counter pulse height requirement eliminated 5% of the hadrons. 

The threshold Cerenkov counter, which served as the sole identifier 

of pions among the hadrons, was filled with nitrogen of sufficient pressure 

for pions to produce Cerenkov light at 28 mrad. The efficiency was 98.2% 

for negative pions and 98.8% for positive pions. This difference was due 

to stray magnetic field at the phototube. We estimate that fewer than 

3% of the particles identified as pions by the threshold counter were 

kaons or protons. 

The differential Cerenkov counter was used to identify kaons. Light 

produced in this counter was focussed into two annular regions which 

accepted light between 40 and 60, and 60 and 95 mrad to the central axis, 

respectively. The inner region was separated into two optically isolated 

halves, and the outer region into four optically isolated quadrants. 

Each of these areas was viewed with a separate photomultiplier which 

was independently pulse height analyzed. The counter was filled with 

Freon 13 of sufficient pressure to place the light from pions in the outer 
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ring and that from kaons in the inner region. Protons were below 

threshold for Cerenkov light production, 

Hadrons not identified as pions by the threshold counter were 

grouped into three classes by the differential counter: kaons, protons, 

and pions misidentified by the threshold counter. Even though the number 
- 

of pions in this latter category was small, the larger pion production 

cross sections and smaller decay losses could make this a serious back- 

ground in the kaon yields. By placing conservative cuts on the pulse 

height distributions we have eliminated this problem at the expense of 

kaon identification efficiency. A negligible fraction of our kaon yields 

were due to misidentified pions, and our overall kaon detection efficiency 

was 0.937 + 0.010. 

Two small aperture counters were used to study the rate dependence 

of the trigger. It is particularly important to understand this rate 

dependence, as it could affect the asymmetry measurements. Since the 

aperture counters covered only a small fraction of the full acceptance, 

their counting rate was correspondingly lower than the trigger counters. 

By measuring the efficiency of the trigger counters for detecting parti- 

cles which went through the small counters, the normal deadtime monitors 

(circuits with fixed deadtimes) were calibrated. The deadtime corrections, 

made on a mini-run by mini-run basis were typically less than 2%, and were 

very nearly identical for data taken with the two beam polarizations. 

E. The On-Line Computer 

An XDS 9300 computer, used on-line, provided a number of monitor, 

control, and analysis services. For each event, the computer read and 

logged on magnetic tape the data from the counters described above. It 
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was possible to read only one event per SLAC beam pulse. A correction 

for events lost due to this restriction was made by scaling the number 

of events read by the computer to the number of triggers, 

Other tasks performed by the computer included magnet control, 

polarizer control, monitoring of target temperatures and slit settings, 
- 

and on-line analysis of the data, Typically, over 80% of all events 

were analyzed on-line, making cross section and asymmetry results 

available as data accumulated. 

F. Data Taking Procedures 

Data were taken in sets of four runs, each run consisting of approxi- 

mately 55 mini-runs. The beam polarization was fixed during a run, and 

each four run set had two runs of each polarization. The polarization 

pattern for these four run sets was either 11-~-~-!1 or I-II-II-L to cancel 

any linear drifts in the experimental equipment. Between runs, the beam 

steering was checked, and the polarization changed, if required. 

Since the cross sections we measure are momentum dependent, an error 

in the asymmetry is possible if the central momentum of the momentum bins 

differed between runs of different polarization. Hysteresis in the 

spectrometer magnets could be the source of such an error, since in 

setting the central momentum, the current, rather than the field, was set. 

Schwitters25 determined that the magnetic field differed by 0.1% when the 

spectrometer momentum was cycled up versus cycled down over 10% of the 

central value. A shift of this magnitude, corresponding to about half 

a missing-mass-squared bin, could cause a significant error in the measured 

asymmetries. 



-17- 

For most of the experiment, such hysteresis effects were eliminated 

by running the spectrometer momentum scans in one direction only. How- 

ever, the serious nature of this problem was not recognized until some 

data had been accumulated with the momentum scans done in both directions. 

The errors on these data have been enlarged to include our estimate of 
- 

these effects. 

Most data were obtained under identical beam, beam monitor, and 

spectrometer conditions. Deviations from standard beam monitor conditions 

at 0.3' and 0.7' have already been noted. For the 0.3' running, the 

trigger was modified by adding a shower counter veto, and a lead jaw on 

the small angle side of the spectrometer, midway through the magnetic 

system, was moved into the horizontal aperture to reduce the rate from 

electron pair production. 

III. Data Reduction 

A. Cross Section Determination 

For a given mini-run, the counts in any momentum bin may be due to 

more than one reaction, and the photons which produced these counts can 

be from any kinematically accessible portion of the spectrum. The 

experimentally measured result is the cross section per equivalent 

quantum differential in the solid angle and momentum acceptance of the 

bin. 

COUNTS = 

where Q indicates the cross section is per equivalent quantum, An and Ap 

are the solid angle and momentum acceptance of the bin, NA the number of 
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2 target nucleons/(cm) , NE9 the number of equivalent quanta, and E the 

detection efficiency. This efficiency refers to particle type only, and 

does not include any bin-to-bin efficiency variations because these are 

included in the acceptance. 

It is convenient to relate the above cross section to one differential 
- 

only in solid angle by: 

(2) 

where dk/dp is the Jacobian relating detected particle momentum and 

incident photon energy and n(K) is the photon flux (see section II-A) 

evaluated at K = E -0.05 GeV. 26 We use this definition of cross section 
0 

and the convention of evaluating quantities at K when presenting our 

results. Our measurements of NA and N EQ were discussed in Section II, 

where many of the necessary corrections to the detection efficiency were 

also covered. Details on various other corrections necessary in deter- 

mining the cross sections have been discussed in Ref. 22, and are 

summarized in Table I for each particle type and target combination. 

The acceptance of each of the twenty missing-mass-squared bins were 

determined by obtaining the relative acceptances of these bins and the 

acceptance of the full aperture. A technique adapted from that of 

Schwitters 25 was used to determine the relative acceptances. The cross 

section for a given detected particle momentum, p,, was measured by each 

of the twenty bins as a consequence of the momentum scanning. The number 

of counts when this cross section was measured by bin i is directly 

proportional to the cross section (which is independent of i), the 

acceptance of the bin (which is independent of p,), and the measured 
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flux factors for the particular mini-run. Assuming for convenience of 

discussion that these flux factors were equal for all mini-runs, and 

denoting them as FLUX, one has for the mean number of counts expected 

v(.i,p,) = 
d2u (PO> ha ( FLUX 

i 
. 

- 

The unknowns in the problem are the cross sections and bin acceptances. 

The likelihood for observing these data is 

2 = n n u(i,Po) c(iypo) exp (- n(i,po)) 

i PO c(i,p,) ! 

where c(i,p,) is the number of counts observed. By constraining the 

total acceptance to be a constant, the maximum likelihood problem can be 

solved by use of Lagrange Multipliers. The relative acceptances deter- 

mined in this way for all runs at one spectrometer angle were averaged 

to give the relative bin acceptance for each angle setting. 

The acceptance of the full aperture was determined by a combination 

of experimental and Monte Carlo techniques. This is necessary because 

of the physical complexity of the spectrometer. There are a number of 

apertures throughout the spectrometer magnetic system, some of the 

magnetic elements differ noticeably from ideal behavior, and the spectro- 

meter frame is not perfectly rigid, allowing the relative positions of the 

magnets to vary somewhat with spectrometer angle. 

Our procedure was to use the hodoscopes to define a small stringent 

acceptance, unrestricted by any apertures. The acceptance of this 

stringent region was obtained by calculation, using the measured transport 

matrix elements of the spectrometer. The full acceptance was then measured 
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relative to the calculated stringent acceptance by lowering the spectro- 

meter momentum to a value where the particle yield did not depend strongly 

upon momentum or angle, and comparing the number of counts in the full 

and stringent acceptances. 

The acceptance of the stringent region was calculated by tracing 
- 

randomly generated rays through the spectrometer elements. The ray 

tracing program 27 used the best available model of the spectrometer 

elements, and included all physical apertures. This calculation verified 

that the stringent acceptance was not limited by any aperture and was 

independent of the central angle of the spectrometer to within 22%. 

The calculation further predicted the ratio of the full to stringent 

acceptances should be of the form a+bsin26 
0’ 

where e. is the central 

angle of the spectrometer. Our measurements of this ratio are consistent 

with this behavior. 

The value we obtain for the stringent acceptance is 3.6% smaller 

than that obtained by Boyarski et al., 2% who followed a similar procedure, 

and remains an unresolved normalization difference between these experi- 

ments. We estimate the overall uncertainty in our determination of the 

full acceptance to be +4%. 

B. Asymmetry Determination 

In an experiment such as ours, in which the detector was fixed and 

the photon polarization vector was rotated, the azimuthal acceptance of 

the detector must be included in determining the asymmetry. If B is the 

angle between the photon polarization vector and the production plane, 

the cross section is given by 

$ (B) = g Cl - C(t) cos 261 
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where 

is the unpolarized photon cross section, and C(t) is the asymmetry defined 

in Eq. (1). The situation is illustrated in Fig. 6. 
- 

If Q is the azimuthal angle between the production plane of a parti- 

cular event and the central production plane (defined by the incident 

beam direction and the central ray to the spectrometer aperture), then 

the cross sections measured with parallel and perpendicularly polarized 

photons are: 

s A(O) cos 2@ d@ 

C(t) - 

A(@) d@ 

= $l- C(t) <cos 2@>1 

and 

da > da Cl + c(t) <cos 20>1 %?iI = dR 

where A(@) is the azimuthal acceptance of the spectrometer. The best 

measurement of <cos 2@>, defined above, is the weighted mean of the values 

obtained with parallel and perpendicular photons. Denoting these quanti- 

ties by <cos2@>,, and <cos~@>~, 

<da> <cos29> 
dQ I 

I + <do> <cos 2@>,, 
dQ II 

<cos 2@> = 
da da 

\dn), + \dn) ,, 
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and, therefore, 

<*> - .&E> 
c(t) = dQ 1 dQ II . 

<$$ 1 <cos2@>l + <g>,,<cos 2q 

(3) 

Equation (3) gives the asymmetry in terms of the measured cross sections 

and values for <cos2@>. The unpolarized cross section in terms of the 

measured cross section is 

>+<g-+, . . 
1 1 

Knowledge of the vertical and horizontal production angles from the 

hodoscopes was used to determine the azimuthal angle for each event, and 

from these measurements, <cos2@> was determined. Typical values for 

<cos2@> ranged from 0.67 at a spectrometer angle of 0.7' to 0.99 at a 

spectrometer angle of 4.5'. The error in <cos2@> was a negligible 

contribution to the error in the asymmetry. 

C. 0.3 Degree Analysis 

At the 0.3' point, the full spectrometer acceptance extended very 

nearly to 0' in the polar angle and included a very large region in 

azimuthal angle. Since both the cross section and asymmetry for photo- 

produced pions varies dramatically over this region, it was necessary to 

subdivide the acceptance to extract meaningful results. To this end, 

the full acceptance was separated into three polar angle (0,) and nine 

azimuthal angle ($,) regions. The 0.3O acceptance, as subdivided, is 

shown in Fig. 7, Data from the nine azimuthal angle regions were added 

symmetrically about the horizontal midplane of the spectrometer to form 

five 15' wide azimuthal bins. The kaon data from the three polar angle 
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bins was averaged, since the kaon yields do not vary strongly over the 

acceptance at this point. 

In principle, the relative acceptances of the twenty missing-mass- 

squared bins may differ in each (es,+,) bin. However, the data available 

for determining these relative acceptances could not be divided this 
- 

finely and still give reasonable error bars. Therefore, in the analysis 

of the 0.3' data, we have assumed that all relative acceptances were 

equal. The data were consistent with this assumption. Given equal 

incident beam fluxes for each mini-run, the effect of differing relative 

acceptances is apparent only near the ends of a momentum scan, where all 

missing-mass-squared bins do not contribute to the data. The quoted 

uncertainty on the 0.3' results includes a contribution to the error 

to account for possible differences in the relative acceptances. 

For each (es,+,) bin, an experimental asymmetry was obtained as a 

function of missing-mass-squared. These asymmetries were divided by 

<cos2@> for the particular bin, and a weighted average for the five 

experimental asymmetries thus obtained at each polar angle was used for 

the final fitting. An unpolarized cross section was obtained by summing 

the counts in the five azimuthal angle bins and averaging over the incident 

beam polarization. Given the cross section and asymmetry as a function of 

missing-mass-squared for each of the three polar angle bins, fits for the 

cross section and asymmetry for specific processes were made as for the 

rest of the data. 

These procedures for the small angle data had the advantages that 

knowledge of the acceptance of the individual azimuthal angle bins was 

not necessary, and that the relative acceptance of the three polar angle 

bins does not enter into the final asymmetries. We report values for the 
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pion asymmetry at three angles, and an average kaon asymmetry from our 

analysis of the 0.3' data. 

IV. Analysis of the Momentum Distributions 

For each combination of target, spectrometer angle, and spectrometer 

polarity, the cross section and <cos2@> were measured-as a function of 

momentum. These measurements were made for both photon polarizations 

and for pions and kaons. The asymmetries and unpolarized cross sections 

were then obtained from relations (3) and (-4). Typical results for pions 

are shown in Fig. 8 along with fits to these data. 

The dependence of the particle yields on the spectrometer momentum 

is predominantly a consequence of the beam energy spectrum and two-body 

kinematics. If the beam were monochromatic and the detected particle 

was recoiling against a fixed missing-mass, the yield would have a sharp 

spike at a momentum given by two-body kinematics. For a fixed momentum 

transfer, this momentum depends on the particle masses and the beam energy. 

On the other hand, a continuous beam spectrum produces a continuous 

detected particle momentum spectrum. A rapid variation in the beam 

spectrum has some of the features of the monochromatic beam. For example, 

the "step" which occurs at the end point of the attenuated bremsstrahlung 

spectrum (see Fig. 2(b)) produces similar steps in the particle yield for 

each possible two-body process. The step in the pion yield from the 

process yp+T+n is clearly visible in Fig. 8. The rate of rise of a 

particular step is determined by 

(i> the rate of rise of the photon beam at the endpoint, 

(ii) the spectrometer resolution, 
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Ciii) the natural width of the recoil mass, and 

(iv) Fermi motion of the target nucleons in the case 

of a deterium target. 

Processes without a fixed recoiling missing-mass also contribute to 

the yield. These contributions, however, do not reflect the step in the 

beam spectrum, but rather rise smoothly from their kinematic thresholds -- 

as the available phase space increases. 

The asymmetry measured at any particular momentum is that of the 

total yield, and thus contains contributions from all allowed processes. 

At a given momentum, the contribution of a process to the asymmetry 

depends on its contribution to the yield. Therefore, to determine the 

asymmetry of any process, it was necessary to simultaneously fit the 

average cross section and asymmetry distributions. The free parameters 

for these fits were the asymmetry and unpolarized cross sections for 

each process, the experimental resolution and an overall energy shift 

(see Section II.D.ii). 

A. Fitting the Pion Data 

A x2 minimization program 29 was used to simultaneously determine the 

cross sections and asymmetries for II- N, TT- A, IT-N(1520) and elastic p 

production. The r-N(1520) process was included only where allowed by 

isospin conservation. Details of the parametrizations used for the photon 

beam spectrum, the nucleon resonance shapes, the shape of the steps in 

the case of a sharp recoil mass, and the rho production background are 

given in Appendix B. 

Pions of the highest momentum arise from the reaction yN+rN. The 

spectrometer resolution and the sharpness of the step at the endpoint of 

the beam spectrum are such that the yield from this process is nearly at 

its full value before any other process contributes significantly. Thus, 
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results for this reaction are relatively easily extracted. The only 

difficulty occurs in the case of large momentum transfer and a deuterium 

target, where the Fermi motion effectively broadens the momentum resolu- 

tion. The errors shown include the uncertainties introduced by this 

effect. 

Pions from the decay of diffractively photoprodu>ed p's and from 

non-resonant double pion production can contribute to the yield in the 

region where we extract our IT-A results. Pions from p decay are not a 

serious background, however, because at the photon energies of this 

experiment the p and A bands in the Dalitz plot do not overlap, as shown 

in Fig. 9. Only p’s with a mass much greater than the central p mass 

can contribute pions in our region of interest. As noted in Appendix B, 

we have included a parametrized p decay background in our fits to the 

pion yield. 

The contribution from non-resonant double pion production is small, 

and consequently poorly determined by our measurements. The uncertainties 

on the cross section and asymmetry for this process, as determined by the 

fitting procedure, are much larger than one would estimate from the data 

of other experiments. Including such a background in our fits thus 

increases the uncertainties on the V-A results unreasonably. We have 

therefore not included any non-resonant double pion production in our 

fits, but rather have made a liberal estimate of the possible contribution 

of this process to our pion yields, assigned a 100% error and an asymmetry 

of O.OtO.6 to this estimate, and included these effects in our overall 

error bar. The small size of the estimated effects, discussed below, 

make this a reasonable procedure. 
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We have used the SBT bubble chamber results 30 for the total yp+~~+n-p 

cross section, subtracted their yp+"A and "parametrization" yp+pp total 

cross sections, and taken the remainder as the non-resonant double pion 

total cross section. These results, shown in Fig. 10, are reasonably 

represented as a = 24k -1.4 
non-resonant ub with k in GeV, and we use this 

expression to estimate the total cross section at 16 GeV. Similar data 

for the other double pion channels are not available; we estimate these 

cross sections to be equal to the yp+n+n-p cross section. 

At 16 GeV, we estimate the non-resonant cross section for yp+*+~-p 

-+I- as approximately four times that for yp++ A . Howeveri these cross 

sections have very different distributions in the available phase space. 

We have used two different distributions for the non-resonant process to 

estimate the contribution to our yields. The first is the assumption 

that the non-resonant events are distributed in mass and four-momentum 

transfer uniformly in phase space. This assumption leads to larger back- 

grounds at large Itl. The second was the measured distributions in x 

(the Feynman scaling variable) and transverse momentum. 
31 This procedure 

leads to larger backgrounds at small Itl. In Fig. 11, the ratio of the 

non-resonant double pion contribution to our T- A cross section is plotted. 

In calculating the contribution of this non-resonant production to the 

error in the IT- A cross sections and asymmetries, we have used the larger 

of the two estimates. 

The magnitude we find for the ratio of non-resonant two pion produc- 

tion to 71- A production is consistent with what one would expect from the 

Drell model. 32 In this model, the cross section for yN+rA is proportional 

to the IT-N total cross section at the energy of the exchanged pion. In 



-28- 

the region of the A, the IT-N total cross section is dominated by the A, 

and the non-resonant cross section is much smaller than the A cross 

section. 

An alternative way to view photoproduction for the purpose of con- 

sidering backgrounds is related to the p exchange diagram of Fig. 12(a). 

Neglecting off-mass-shell effects and the contribution of longitudinal 

P’S, equating charged p and neutral p exchange, and using Vector Dominance, 

one has a cross section for p exchange which is proportional to the total 

photoproduction cross section (at an energy equal to the energy of the 

exchanged p). The tenuous nature of the theoretical argument negates 

the value of a detailed calculation, but the argument does suggest that 

the missing mass distribution in high energy photoproduction may be 

related to the total photoproduction cross section at low energies. 

These cross sections are presented in Fig. 12(b); 33 one sees that 

-I- the IT cross section has a structure other than the A at low energy. 

Both the energy dependence and the angular distribution indicate that 

this structure is a non-resonant S-wave contribution to the cross 

section. 34 Such a structure in our measured missing mass distributions 

would affect some of our results. 

We have studied the shape and other features of our measured momentum 

distributions, but our resolution in missing-mass is inadequate to give a 

conclusive answer concerning the existence of any such background. The 

tests we performed indicate that enhancements at low missing-mass are not 

present, however, and thus in our analysis we have assumed the effect is 

absent. The measurements of cross sections and small magnitude asymme- 

tries for yp+rr+AO 
-+ 

and yn+r A are most sensitive to this assumption. 
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B. Fitting the Kaon Data 

Just as the pion data can be characterized by IT-N, 7~- A, and 

multi-pion production, the kaon data is described by K-A, K-C, and a 

background without a fixed recoiling missing-mass. This background rises 

smoothly from the K-no-A threshold. + A K yield curve, together with 

the IT+ yield measured at the same time, is shown in Fig. 13. The cross 

section above the K-A threshold is negligible indicating that pions 

are not a serious background to the kaon data. 

The K-A and K-C reactions are not observed as separate steps; 

the resolution smears these steps together. Comparison of the rates 

of rise of the IT + step and the K+ step clearly indicates the presence 

of more than one contribution to the K+ step. Since the pion and kaon 

yields were measured at the same time, the contributions of beam-steering, 

beam size, and magnet hysteresis to the momentum resolution and offset 

were the same for both sets of data. Without the information about the 

resolution and offset from the pion data, it would be impossible to 

separate the K-A and K- C reactions. In fitting the kaon data, the pion 

data were used to determine these two quantities. Even with this 

additional information, the separation of K-A from K-C cross sections 

is tenuous, and the resultant separation has large correlated errors, 

since the sum of the two cross sections is well determined. The errors 

in the individual asymmetries are further magnified by the small beam 

polarization. We have carefully checked our procedures for handling the 

correlated errors, and have included the effects of uncertainties in the 

momentum resolution and offset in our results for the separated reactions. 

The sum of the K-A plus K- C cross sections is not affected by the 

percentage of the step attributed to the individual reactions. The most 
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significant uncertainty in the determination of the cross section and 

asymmetry of this sum is the character of the lower momentum background. 

Fortunately, no backgrounds are kinematically possible over most of the 

region where the step rises; the sum of the two cross sections is rather 

well determined and is not sensitive to the background parametrization 

chosen. -_ 

V. Results and Discussion 

A. Single Pion Photoproduction 

Our results for single pion photoproduction from hydrogen and 

deuterium targets are presented in Tables II, III, and IV. Some of these 

results have been published previously. 5 

The ratio of our measured cross sections for yp+?r'n to those of 

Boyarski et al. 35 is 1.19*0.03. This ratio shows no t dependence within -- 

the quoted error. Known t-independent differences in the analysis of the 

two experiments account for 0.08 of this ratio, leaving an unaccounted 

normalization difference of l.ll+ 0.03. We estimate our overall normali- 

zation uncertainty to be 0.07, while that of Boyarski et al. 
35 was given -- 

as 0.06. In Fig. 14, we compare our measurements for the ratio R between 

the cross sections for yD+r-pps and yD+n+nns with those of Boyarski 

et al.36 (ps -- and ns denote a spectator proton and neutron respectively). 

The agreement between the two experiments is excellent over the entire 

t range. We conclude that any differences between our results and earlier 

experiments are t independent. We furthermore believe that the small 

normalization differences between these measurements do not affect our 

asymmetry measurements in any significant way. 



-31- 

Figure 15(a) shows the ratio of our single r+ photoproduction cross 

sections from hydrogen and deuterium. Since single positive pions can be 

photoproduced only from the proton of the deuterium nucleus, the value of 

this ratio tests the adequacy of approximating the deuterium cross sections 

as the sum of free proton and free neutron cross sections. As expected, 

this ratio falls below unity at small momentum transfers, due to the ex- 

clusion principle, and is consistent with one at higher momentum transfers. 

This comparison indicates that there are no significant systematic errors 

in isolating single pion production from deuterium, and that any Glauber 

scattering or Fermi motion effects are small. 

Figure 15(b) compares our measurements of the asymmetries in yp+n+n 

and yD+~~+nn 
S’ 

The good agreement obtained indicates we can interpret the 

asymmetry in yD+n-pps as that from the reaction yn-tn-p. Calculations by 

Julius37 show that any difficulties with such an interpretation should be 

small compared with the accuracy of our measurements. These calculations 

are only weakly dependent upon the photoproduction amplitudes used. Julius 

has used the amplitudes of Kellet 38 which do not describe our results 

particularly well. 

The asymmetry for yp+r+n, presented with other data in Fig. 16, is 

seen to have little or no energy dependence over the range of incident 

photon energies from 3 to 16 GeV. However, the asymmetry in yD+*-pps, 

shown in Fig. 17, shows significant energy dependence. 

By parametrizing the differential cross sections for perpendicular 

and parallel polarized photons in a Regge form: 
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dal II 2al II (t) - 2 
- = f(t) s ' dt 

we can calculate the effective Regge trajectories for natural and 

unnatural parity exchanges, respectively. These are given by 

a: ,,(t) , 

In 
1+ C+(s2,t) L 1 15 C+(sl,t) 

s2 21n - 
( ) s1 

, 

and 

In 
15 Z+(s2,t) + R(s2,t)(l * I-(s,,t)) 

a:, IP = ai + 
lrf: Z+(sl,t) -I- R(sl,t)(lfC-(sl,t)) 1 

where the superscripts +, -, + and I refer to the reactions yp+n n, 

yn-t.rr-p, and their sum, which is the isovector photon cross section; 

the subscripts I, II, and o refer to perpendicular, parallel, and un- 

polarized photons, the + (-) sign in the 1+ C terms is used with per- 

pendicular (parallel) photons, R is the ratio of the differential cross 

sections for 7rr- to 71 + photoproduction from deuterium, and sl and s2 

refer to the two different GM energies used. For these calculations, 

we have used our data at 16 GeV, the R measurements of Bar-Yam et al. 39 
-- 



-33- 

at 3 GeV and Heide et al. 40 
-- at 3.4 GeV, and the asymmetry measurements 

of Bar Yam et al. 11 at 3 GeV. -- The low energy data was linearly inter- 

polated in t where necessary. 

Uncertainties in the beam polarization were included in these 

calculations. Ordinary error propagation was used in the calculations 

for perpendicular photons. For the case of parallel photons, where 1-C 

may be within an error bar of zero, a Monte Carlo technique was necessary. 

A value for each of the measured quantities on the right hand side of 

relations (5) was randomly generated. The distribution of each of the 

generated quantities was Gaussian, with a mean and standard deviation 

given by the measurements. The effective trajectory was calculated for 

each resulting set of values for the quantities. The procedure was 

repeated 20,000 times. The median of the resulting values for the 

effective trajectory is given in Fig. 18. The error bars indicate the 

range containing 68.3% of the values. 

The effective trajectory of photoproduction of single pions with 

perpendicular photons is close to zero, as is the case with unpolarized 

photons. With parallel photons, the effective trajectory is consistent 

with that expected of a conventional pion Regge trajectory of either unit 

slope, or a slope determined by the pion and A3 41 masses. Both 71 and B 

exchange can contribute to r- photoproduction with parallel photons. 

The effect of any energy dependence of r- B interference can be eliminated 

by calculating the effective trajectory for the sum of IT+ and 'IT- produc- 

tion. The result, labelled isovector photons in Fig. 18, is similar, 

consistent with weak IT-B exchange degeneracy. 
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In general, Regge cuts introduced to explain the non-zero forward 

cross section for single pion photoproduction would be expected to 

dominate the energy dependence of the cross section for parallel photons, 

giving results similar to those with perpendicular photons. This does 

not appear to be the case. Photoproduction models involving pion con- 
-- 

spiracy can explain both the non-zero forward cross section, and the 

energy dependence of the parallel photon cross section. 

Lower energy data have shown that the decrease in R for ItI 2 0.1 

(GeV/c>' is associated with perpendicularly polarized photons. 
39,40 

Interference between t-channel exchanges of natural parity and opposite 

G-parity produce this effect. Our data, shown in Fig. 19, indicate that 

this is the case at 16 GeV also. We see no statistically significant 

evidence for interference between unnatural parity exchanges of opposite 

G-parity. 

The ratio RI for perpendicular photons has significant energy 

dependence over the entire t range for which it has been measured. 

At small ItI, this dependence is clear even in the unpolarized photon 

data (Fig. 19), while at large ItI the energy dependence of R is a 1 

reflection of that of the IT- asymmetry. 

As the reactions yp+r+n and yn-tr-p are related by line reversal, 

their cross sections are expected to become equal asymptotically. 42 

Deviation of R from unity is thus an indication that the photoproduction 

amplitudes have not reached asymptotic behavior. At large ltl, R is at 

least moving toward unity with increasing energy, while at small Itl, 

this ratio is decreasing with increasing energy. It is clear that the 

natural parity photoproduction amplitudes in the forward direction are 

very far from asymptotic behavior at the energy of the present measure- 
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ments. There is no statistically significant evidence that R,, is 

different than one at both 3.4 and 16 GeV, and thus one cannot conclude 

that the photoproduction amplitudes with parallel photons are not 

asymptotic. 

B. IT-A(l.236) Photoproduction 

-+!- 
Our cross section and asymmetry results for the reactions YP-+IT A , 

+o 
YP+~ A , yD+s-ANS, and yD+a+AN S' where NS indicates a spectator nucleon, 

are given in Tables V and VI. The deuterium reactions represent the sums 

-+I- of the reactions ~D+IT A n s plus yD+a-A+ps, and yD+v+A"ns plus yD+n+A-ps 

respectively. 

The ratio between our measured cross sections and those of Boyarski 

et al.43 is 1.282 .07, independent of both reaction and momentum transfer -- 

within the stated error. Based on the ratio of measured cross sections 

for yp+r+n and different procedures for normalizing the Breit-Wigner 

for the A (see Appendix B), we expect a ratio of 1.34+ .04. As before, 

we do not believe that small normalization uncertainties influence our 

asymmetry results in a meaningful way. 

The asymmetry results, plotted in Fig. 20, show that all four 

reactions are dominated by unnatural parity exchange at small ItI and 

natural parity exchange at large Itl. In Fig. 21 we have combined our 

cross section and asymmetry measurements to obtain the cross sections 

for perpendicular and parallel photons. 

The unnatural parity exchange cross sections of all four reactions 

vary approximately as e 11.5t for rn: -< -t < .2 GeV2. Since unnatural 

parity exchange is dominant in this t region, the unpolarized~photon 

cross section displays similar t dependence. At large ItI the unnatural 
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parity exchange cross sections fall as e 6t to e8t depending on the 

particular reaction. 

The natural parity exchange cross sections have considerable 

reaction dependent structure in the small ItI region. Both yp+n-A* 

and yD+r-ANS have large dips in the cross section for perpendicular photons 

at t = -0.15 GeV/c2. The presence of a dip at this t-value is suggestive 

of a cross section dominated by net s-channel helicity flip = 0. How- 

ever, when the polarized photon asymmetry is different from zero, as is 

the case, there must be more than one s-channel amplitude present. This 

can be seen by writing the polarized photon asymmetry in terms of the 

s-channel amplitudes 

c 
2Re (HIH; +, H2H; + H3H; + H5H;) 

= 

i=l 

where Hl and H2 are the helicity flip zero amplitudes, H3, H4 and H5 are 

the helicity flip one amplitudes, H6 and H7 are the helicity flip two 

amplitudes, and H8 is the helicity flip three amplitude. The asymmetry 

arises from an interference between different s-channel amplitudes. 

Therefore, the cross section for perpendicularly polarized photons 

d5l dta 51 I H 2 i + 2Re(HlHz + H2H; + H3Ht -I- H5Hi) Y 
i=l 

can be dominated by a single s-channel amplitude only through a fortuitous 

cancellation of many terms. A similar dip at about the same t value has 

-I-+ 0 44 
been seen in the closely related reaction n+p+A p . This paper shows 

that a rapid decrease in the absorption corrected One Pion Exchange 
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combined with an increase in the A2 exchange contribution can explain 

this observation. 

The cross sections 

fixed t-channel quantum 

for TA production in terms of amplitudes with 

numbers are: 43 

and 

Ai 
. 2 

TA i +A= 
1' 1+ 2- / i= 1 

(6) 

where the summation is over the eight helicity amplitudes, the subscripts 

1 and 2 refer to the t-channel isotopic spin, and the + and - subscripts 

denote the G-parity of the t-channel. Positive G-parity exchanges corres- 

pond to isoscalar photons and negative G-parity to isovector photons. In 

the approximation that any I=2 amplitudes are small, the ratio of r-A to 

IT+A production from deuterium depends on the interference of I=1 exchanges 

of different G-parity: 

R = 
$ (YD +r-ANS) 

g (YD +n+ANS) 

8 . 2 
- A' 

1+ I 
Y 

8 c(- . 2 
A; + A1 

1+ 
i= 1 

In Fig. 22(-a) we compare our measurement of R for unpolarized photons with 

that of Boyarski et al. 43 
-- The agreement is excellent. In Fig. 22(b) we 

present our measurements for polarized photons. For parallel photons R 

is slightly greater than one for fi < .4 GeV2 and falls below one at 

larger Itl. This is an indication of interference between unnatural parity 

exchanges of opposite G-parity. 
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The ratio R for perpendicular photons shows that there is signifi- 

cant interference between natural parity exchanges of opposite G-parity 

over the entire t region of this experiment. This interference is com- 

parable to that seen in single pion photoproduction (see Fig. 19) except 

around t = -0.15 GeV'. 

Mesons with two units of isospin are exotic, andno such particle 

has been discovered. However, there is evidence of I= 2 t-channel 

exchanges. Boyarski et al. 43 measured the ratios of cross sections for -- 
+ 

IT-A and IT A from deuterium and hydrogen. These ratios should be 4/3 

and 4 respectively in the absence of I= 2 exchanges (see Eqs. 6). Our 

results are compared with theirs in Fig. 23; we agree with their measure- 

ments. The 7~~ data are consistent with the predicted ratio, and the a+ 

data are clearly inconsistent. 

In Fig. 24 we present these cross section ratios for perpendicular 

and parallel photons. Both ratios for r+A production disagree with the 

expected value of 4. The average ratios are 2.94kO.21 and 2.97t 0.34 

for perpendicular and parallel photons respectively. The I=2 exchange 

does not have a definite parity; this makes Regge cuts the probable 

explanation. 

As discussed in Section IV.A, we assume that the A is the only con- 

tribution to the momentum distribution which is rapidly varying near 

the A threshold. If the p exchange model discussed in that section 

were correct, this would not be the case. In particular, the cross 

section for yp+n+A' would be most strongly affected thereby raising 

the IT+ deuterium-to-hydrogen ratio closer to the value expected in the 

absence of I=2 exchanges. Data with better missing-mass resolution 
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are required to rule out backgrounds of this type, and therefore, one 

must be cautious about conclusions related to I= 2 exchanges. 

Several theoretical models have been developed for r-A photo- 

production using these polarization data. Goldstein and Owens 45 use 

Regge poles, absorption corrections and Regge-Regge cuts. Clark46 uses 

a phenomenological extension of amplitudes which are constrained by 

gauge invariance at low \tl. 

C. Photoproduction at Small ItI 

The extreme small-angle region in single pion photoproduction has 

played a crucial role in the development of theories for this process 

at high energies. The first measurements 35,40 discovered that the cross 

section rises by a factor of two in the region between t z -m 2 and 7r 
35 t = t min, in contrast to the expected dip. The experimenters noted 

that the cross section in this region agreed approximately in magnitude 

as well as in t- and s-dependence with the results of the gauge-invariant 

electric Born approximation. 

In 1964, Stichel and Scholz 47 calculated the minimal gauge invariant 

contribution of one pion exchange to yN+n'A. Their calculation is in 

good agreement with the cross section data 43'48 for ItI 2 rni, Campbell, 

Clark, and Horn, 49 applying "low t theorems" to yN+ .‘A, as well as to 

yN-+.?N, set limits on the t-dependence of the cross sections based on 

constraints that must be satisfied at the pion pole, t = -I%:. Given the 

zero degree cross section, they were able to determine the t-dependence 

of both the cross section and asymmetry for yN+nA and ItI 5 rnz. Their 

result is similar to that obtained by Stichel and Scholz. 
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Polarized photon asymmetries for these processes can be simply 

related to differential cross sections in the small t region through an 

argument given by Harari. 50 Based on angular momentum considerations, 

at zero degrees dp/dt must equal do /dt; hence either C or du/dt must II 

go to zero as e-+0'. Sfnce only pion exchange is expected to produce 

a strong variation in the cross section in the regionIt. -< mf) this 

variation should appear in da,[/dt, with dol/dt being relatively feature- 

less. Thus, the reaction yp+a+n, with a factor of two spike in the 

cross section near O", should have a polarized photon asymmetry near +l 

at t m -2, --H- while ~P-+IT A , which dips at 0' to about half of the value 

it has at t N -mt, 2 should have an asymmetry near -0.5 at t w -m . a 

Measurements of the polarized photon asymmetry at small ItI test the 

simple ideas behind Harari's argument; they do not test specific models. 

In Fig. 25 we plot the yp+n+n and yp+-~-A +I- cross sections for 

perpendicular and parallel photons at small ItI. The yp+n+n data clearly 

show that the rapid variation of the cross section at small (tl is due to 

unnatural parity exchange in agreement with Harari's argument. The 

-+!- 
YP+~ A data are consistent with expectations, but the natural parity 

exchange cross section does show significant variation for ItI < rnz. 

This variation is apparently associated with the dip in the cross section 

at t= -0.15 GeV2. The yp-t~~'A' data have larger error bars and are not 

plotted. 

In Figs. 16 and 17 we compare our asymmetry results for single pion 

production with the electric Born approximation. The agreement is good for 

ItI 5 rnt in the IT+ case. The asymmetries for TA photoproduction at low ItI 

from the minimal gauge-invariant calculation of Campbell, Clark and Horn 
49 
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are plotted in Fig. 20. Our measurements are in qualitative agreement, 

but it should be noted that the model has a constant dul/dt, which is 

not in agreement with the data. 

D. Vector Meson Dominance 

Many photo- and electroproduction processes have been discussed 

within the framework of Vector Meson Dominance. More-recently these 

ideas have been extended to give a picture of the hadronic nature of 

the photon. 51 This hadronic nature plays a significant role in photon 

interactions, and in many ways the qualitative features of this picture 

are more satisfactory than the detailed predictions of the conventional 

Vector Dominance Model. 

One such straightforward detailed prediction is the comparison of 

the cross section and density matrix elements for T-p-tp'n with the cross 

section and asymmetry for single pion photoproduction. For purposes of 

comparison, the photoproduction cross section used is 

$-($ (VP +IT+~> + E (yn+T-p) ) , 

which.eliminates the interference between isoscal'ar and isovector 

photons. Bulos et al. 52 
-- have compared their measurements of r-p-tp'n 

at 15 GeV with the asymmetry data of Burfeindt et al. 9 and Geweniger -- 

et al. 8 
-- They conclude that the unnatural parity exchange cross sections 

are in good agreement as is the asymmetry for ItI I 2mi. At almost all 

values of Itl, the natural parity exchange cross section for photo- 

production is significantly larger than that for p production by pions. 

In Figs. 26 and 27 we compare our measurements with those of Bulos 

et al.52 Our conclusions are the same, thereby removing whatever uncer- -- 
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tainties may have been present due to the different energies of the p 

production and photoproduction data. Although the amount and quality 

of the data have improved wfth time, this particular failure of the 

Vector Dominance Model is essentially unchanged since the first experi- 

mental results and the early discussions by Diebold and Poirier. 53 

Oft A comparison of the reaction a'p+p A with IT- A photoproduction 

is also possible. However, this comparison involves line reversal (not 

merely time reversal as does the comparison for single pion production) 

as well as Vector Dominance. Any interference terms between Regge 

exchanges of opposite signature change sign under line reversal. 54,55 

- Taking the sum of the cross sections for the reactions yp-fr A tt- and 

yn+rr+A- eliminates isoscalar-isovector interference and allows compari- 

son to the cross section and helicity frame density matrix elements for 

+ Oft- ~~p-tpA . The cross section and asymmetry relationships are 

2 (YP -+ r-A*) + z (yn -t *+A-) 

27ra = 2 p&f (a+p -+ p"A*> , 

yP 
and 

Boyarski et al. 
43 

-- have compared their photoproduction measurements 

O+l- with the n+p-+p A measurements of Aderholz et al., 56 and they find that 

the photoproduction cross section is larger by about a factor of five. 

Cross section measurements of the double resonance process are difficult, 

and factor of two disagreements at the same incident energy are not un- 

common (see Fig. 1 of Ref. 57). This can explain some, but not all, Of 



-43- 

the discrepancy found by Boyarski et al. 43 
-- * 

In Fig. 28, we compare our data with the 13.2 GeV cross section 

measurements of Gaidos et al., 58 measurements which these authors 

consider to be upper limits. In making this comparison we have multiplied 

both our cross sections and those of Gaidos et alv58 by (~-rn~>~. This -- - 

is equivalent to scaling our 16 GeV measurements down to the 13.2 GeV 

incident energy of Gaidos et al.58 The scaled cross sections have the -- 

same t dependence, but differ by a factor of approximately 1.75. 

A substantial part of the change from earlier results comes from using 

different data for the r+p+p O-H- A cross section, the different A 

normalizations, and the different energy dependences of the two 

processes.48~57~5g This latter dependence is, of course, inconsistent 

with Vector Dominance. 

The asymmetries for the two processes are in good agreement (Fig.29). 

This test should be free of the systematic uncertainties in determining 

the cross sections, The good agreements between the t dependences of 

both cross sections and the asymmetries indicate that much of the previous 

trouble with the Vector Dominance comparison for ad photoproduction may 

be associated with the absolute normalization of the cross sections. 

E. Single K+ Photoproduction 

The cross sections and asymmetries for yp+K+(A,C') and YD+ 

K+(JI,C',C-)N~ are given in Table VII. The measurements from a hydrogen 

target agree with both the t dependence and the absolute normalization 

of Boyarski et al. 60 This normalization agreement is in contrast to the -- 

disagreement found in pion photoproduction. Many of the uncertainties in 

the absolute cross sections are shared by both pions and kaons, and we 

have not been able to understand why our kaon cross sections agree with 
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the earlier measurements while the pion ones do not. We believe that 

this normalization uncertainty does not affect our asymmetry measurements. 

The asymmetries are shown in Figure 30. These measurements are 

consistent with one over most of the t range of the experiment; the only 

structure we observe is the rise of the asymmetry from zero as ItI 

increases. At large It] the cross sections for all measured pseudoscalar 

photoproduction processes are dominated by perpendicularly polarized 

photons. This includes the measurements presented in this paper and both 

0 IT and n photoproduction. 61,62 This common feature, together with the 

similar t dependences and comparable magnitudes of cross sections, gives 

a strong hint that similar mechanisms must be important for all these 

reactions. 

Since the asymmetries for the sum of the kaon photoproduction 

reactions are close to one, and since the individual reactions have 

comparable cross sections, the asymmetries of the individual reactions 

must be close to one. In Table VIII we present the cross sections and 

asymmetries for the individual processes. The difficulty in determining 

the contribution of individual processes to the total yield (section 

1V.B) is reflected in the large error bars. The ratios of cross sections 

do not compare well with those of Boyarski et al. 60,63 This comparison 

is discussed in Appendix C. The asymmetry results for yp -f K+A are the 

least uncertain; they are shown in Figure 31. The asymmetry, which is 

consistent with one for -t 2 .13 (GeV/c)Z, agrees with several photo- 

production models. 64,65 

Our measurements can be combined with recoil A polarization measure- 

ments at 5 GeV by Vogel et al 
66 (see Figure 31) to give a qualitative 
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picture of the s-channel amplitudes for K-A photoproduction. In terms 

of the s-channel amplitudes the polarized photon asymmetry is 
67 

2Re klgt 
* 

c 
+ g2gj) 

= 

where g, is the helicity non-flip amplitude, g2 and g3 are single flip 
I 

amplitudes and g4 is 

is necessary to have 

the relative size of 

the double flip amplitude. For C close to one, it 
* 

81 = gc and g2 M g3 , but 

the pairs of amplitudes. 

nothing can be said about 

The recoil A polarization 

is given by 67 

* 
P = 

2Im klg3 - P,P) 

ci I 
2 

gi 

With the recoil A polarization close to -1, g3=gte -iv/2 * in/2, 
and g2zg4e 

but we can tell nothing about the relative sizes of these pairs of ampli- 

tudes. Combining these two results we find that all four s-channel ampli- 

tudes must be approximately equal in magnitude with the single flip ampli- 

tudes being 90° out of phase with the non-flip and double-flip amplitudes. 

VI. Conclusions 

From our study of the polarized photon asymmetries in pseudoscalar 

meson photoproduction, we conclude the following: 

(1) All the reactions we studied are dominated by natural parity 

exchange at large Itl. 

(2) The energy dependence for single pion photoproduction with parallel 

polarized photons is consistent with that expected from a pion 

Regge trajectory. 
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(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 
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There is significant interference between natural parity exchanges 

of opposite G-parity in both single pion and B-A photoproduction. 

There is evidence for some interference between unnatural parity 

exchanges of opposite G-parity in IT-A photoproduction, but no 

evidence exists in single pion photoproduction. 
. 

Although we observe a dip in the natural parity exchange cross 

-* 
section for yp + 71 A at t = -0.15 GeV2 , it seems unlikely that 

this channel is dominated by a single s-channel amplitude. 

The asymmetries at small )t I f or single pion and IT-A photoproduction 

are well described by qualitative arguments relating them to the 

cross sections. 

Simple Vector Meson Dominance describes the unnatural parity single 

pion photoproduction cross sections,and the asymmetry for this 

process at low t. It fails completely for the natural parity 

cross section. It does describe the asyrnnetry for IT-A photoproduc- 

tion, and the shape, but not the magnitude, of the cross section. 

For It 1 > 4 the K+ asymmetries are consistent with one. 

For K+A photoproduction the asymmetry is close to +l and the recoil 

A polarization to -1, which implies all four s-channel amplitudes 

are of comparable magnitude. 

The fact that all pseudoscalar meson photoproduction processes 

observed to date show dominance of natural parity exchange, 

similar t dependencies, l/k2 scaling, and cross sections of 

comparable magnitude, strongly suggests a common underlying 

mechanism for these reactions. 
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APPENDIX A 

Missing-Mass-Squared in an Experiment with a 

Focussing Spectrometer and a Bremsstrahlung Beam 

The intersection of a particle trajectory with the momentum and 

theta focal planes of the spectrometer measures both 6, the percentage - 

deviation of the momentum from the central momentum p,, and O-eo, the 

deviation of the horizontal production angle from eo, the central angle 

of the spectrometer. For conceptual purposes, these focal planes can 

be combined into a single 6-8 plane, shown in Fig. 32. 

Given the masses of the target and detected particles, mT and mD 

respectively, and assuming a photon energy k, the missing-mass-squared 

of the undetected particle(s) is given by: 

MM2 =mG+<- (2mTpo/~)(1+6/100)+2k(mT-po(l+6/100)(1/B- case COST)) . 

In this equation 8 is the normalized velocity of mD, taken to be a con- 

stant over the spectrometer acceptance, and @ is the vertical production 

angle. Thus lines of constant missing-mass-squared have a slope in the 

6-8 plane of 

a6 -100k(lf6/100) sine coscD 
ae MM2=const =mT /8+k(l/8-cosecos~) l 

This slope is independent of p,, and the dependence on 6, 8, and @ is 

sufficiently weak that within the spectrometer acceptance the slope may 

be considered independent of these variables. 

In the present experiment the spectrometer accepted only particles 

produced by photons of energies very near the bremsstrahlung end point. 

Thus one can divide the 6-8 plane into bins of constant missing-mass- 

squared which are essentially independent of k. At a fixed photon 
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energy, the principal variation in the cross section at fixed po is due 

to the change in missing-mass with angle. By using bins of constant 

missing-mass-squared rather than bins of constant momentum, this varia- 

tion of cross section within a bin is avoided. In labelling a bin, we 

have used the convention K=E -0.05 GeV, where E. is the end point 
0 - 

energy. 
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APPENDIX B 

Parametrizations Used in Fitting the Momentum Distributions 

. 1. Photon Spectrum 

The photon beam spectrum employed in the fits was determined by 

multiplying the calculated bremsstrahlung spectrum 17 from an amorphous 

radiator by the experimentally determined attenuation function. 15 This 

attenuation function, which accounted for the spectrum degradation by 

the graphite absorber, is discussed in Section 1I.A. In fitting data 

from the deuterium target, the photon beam spectrum was "smeared" to 

account for the Fermi motion of the target nucleons. The Hulth&68 

wavefunction for the deuteron was used for this modification. In the 

remainder of this appendix, we denote the photon beam spectrum by n(k). 

The normalization is such that the number of photons per equivalent 

quantum between k and k + dk is n(k)dk. 

ii. The Reactions yN -f nN, yN -+ KA, and yN + KC 

As these reactions all have stable undetected recoil baryons, for 

any given detected particle momentum p, and production angle 6, only 

photons of a particular energy, ko, can produce a yield. k. is given by: 

k = mh-G4+2%E 
0 2(mT-E+p cos e) 

where mR, mI,, and mD are the masses of recoil, target, and detected 

particles, respectively, and E is the laboratory energy of the detected 

particle. The number of photons per equivalent quantum which can con- 

tribute to the yield is 

n(ko)dk = n(ko) $$ dp 
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We evaluate the derivative ak/ap at the nominal photon energy K 

(= 16 GeV). The cross section per equivalent quantum is given by 

1 d20 --= 
Q da !iP pap 0 * n(k ) w . 

P 

At high energy, the cross sections for pseudoscalar meson photo- 

production reactions differential in the laboratory solid angle are, to 

an excellent approximation, independent of the photon energy at a fixed 

t. Thus, at a fixed laboratory angle, the cross section depends on 

momentum only through the momentum dependence of t. We therefore use 

the approximation 

g (P) = g (PO) exp@~po(P-Po)A) 

where p, is the detected particle momentum produced by a 16-GeV photon. 

The parameter A, the t dependent logarithmic slope of the T--N, K-A or 

K-C cross section, is taken from the results of Boyarski et a1.35,6o -- 

g (p,), the single unknown, is the cross section for photoproduction 

by 16-GeV photons. Combining these relations, we obtain: 

1 d20 - - = p -$ n(ko) exp(~~po(P-Po)~ g (PO) l 

Q dS2: 
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iii. The Reactions yN + 1rA(1236) 

For this case, where the recoil mass is not sharp but has a broad 

resonance shape, the differential cross section for a photon of energy 

k to produce a TA final state with a A of mass m is: 

-$ (k,m) = 
do 
-$ (k,m) BW(m)d m2 - 

du 
= 7-t (k,m) 

where m 0 is the central mass of the A(= 1.236 GeV/c2), l'(m) is the mass 

dependent width, and doo/dR (k,m) is the "stable particle" production 

cross section. We use the CERN 3-3 phase shifts 69 to calculate this 

width: 70 

2 2 l?(m) = tan 633 mo-m ( > /m. . 

We assume the only mass and energy dependence of duo/de is due to 

the dependence of the r-A two-body phase space on mass and energy and to 

the variation of t with these quantities. Thus, we have 

- t(K,mo)) > 

where A nb is the t dependent logarithmic slope of the VA cross section 

and K is the nominal photon energy, 16 GeV, We take AnA from the 

results of Boyarski et al.43 -- Denoting the phase space ratio as PS(m,k), 

we obtain: 

[E" b(k) PS(m,k) expe.n(t(k,m)-t(K,%,,)BW(m)I$/]dk 
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where k min is the lowest photon energy which can contribute to the yield. 

Again, the single unknown is the cross section for IT-A production with a 

A mass m. by photons of energy K. 

Note that our definition of the cross section is analogous to that 

suggested by Spital and Yennie 71 for p meson production. The cross sec- 

tions we quote are larger than those of Boyarski et al. -- 43,48 and 
-- 

Bingham et al. 72 
-- by constant factors of 1.13 and 1.22 respectively. 

These differences arise because these authors have chosen to normalize 

the Breit-Wigner forms they use, something we have not done. 

iv. The Reactions yN + nN*(1520) 

To obtain acceptable fits to our pion momentum spectra, it was 

found necessary to include ~N*(1520) production in those channels where 

it is allowed by isospin conservation. We have parametrized the cross 

section for this reaction in the same way as for V-A production, using 

the general form for the mass dependent width for baryon resonances. 
70 

The uncertainties are sufficiently great that we quote no results for 

this reaction. 

V. Pions from p Decay 

The complete p decay distribution is given in Refs. 13 and 14. We 

have approximated the helicity frame density matrix elements as: 

0 0 0 1 1 1 2 
poo = RePlO = plml = pll = PO0 = RePlO = ImplO = 0 

and 

1 2 
pl-l = -ImplB1 = 0.5 . 
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The resulting decay distribution is: 

W(COS e,++) = $ sin2 8 (1-P cos 2(+Qy)) , 

where the angles are defined in Fig. 33 and P is the degree of linear 

polarization. 

The only variable fixed by the experiment is one pion momentum. 

The distributions of photon energy and p meson mass are also known. We 

express other quantities in terms of these three variables and, for con- 

venience, work in the y-p center of mass. Variables in this frame are 

denoted with an asterisk. The relation between the p mass, mxlTI; p 

momentum, p*; 
P 

and photon energy k* is: 

k* = 

where m 
P 

is the proton mass. For a given p momentum and mass, the pion 

momentum determines the decay angle 82 by 

cos e* = d 2E*E* 
P 71 

- rnin 
I 

/2P;P; . 

p mesons with momentum vectors lying on the surface of a cone of half 

angle e* d 
with an axis along the pion momentum can decay into pions of 

momentum p,*. The angular range of the detected pions is determined by 

the pion momentum bite by 

d(cos 8;) = dp; 
d(cos ep 

The ITS production cross section is 

d2u = 
dt dmz, dt (BW) 
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where u is the stable particle production cross section and BW is the 0 
Breit-Wigner for the p: 

l 

The mass dependent width is taken from Jackson 70 _ 

where 

is the IT momentum in the p rest frame. We have used r = 0.125 GeV/c2 
P 

and m = 0.765 GeV/c2. 
P 

We assume that the stable particle cross section depends on the 

photon energy and p mass through the dependence of t and the two body 

phase space (for yp + p(~r)) on these factors, and on the p mass through 

a Ross-Stodolsky factor: 73 

dt 

where A is for 16 GeV photons, b and n(t) = a+f3t are given in Refs. 13 

and 14, and PS is the phase space ratio 

J 

A ssmfT,mi ( ) so 
PS = 

X s m2 m2 s l 

( 0’ P’ P 1 
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In this equation so is the square of the center of mass energy for the 

reaction when a photon energy of 16 GeV is assumed. Also, 

X(a,b,c) = a2 + b2 + c2 - 2ab - 2ac - 2bc . 

The integration over the azimuthal angle of the cone can be done 

analytically, and the resulting center of mass cross section is trans- 

formed into the laboratory to be integrated over the photon spectrum 

and the p mass shape. The only free parameter is A. Despite the ex- 

tensive p photoproduction data available, we have allowed A to be a 

free parameter, as the background to the RA reaction is from a p mass 

region where data is unavailable. 
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APPENDIX C 

K+ Photoproduction. Cross Section Ratios and Exotic Exchanges. 

In Table VIII we present the cross section and asymmetry results 

for the processes yp -t K+A, yp + K+C" and yD -f K+(C',C->. To determine 

these results it is necessary to determine the contribution of each - 

process to the step in the yield. A look at Fig. 13 should convince 

the reader of the difficulty of the procedure. The resultant errors 

are large and highly correlated, and the possibility of additional 

errors in the data and fitting procedures cannot be eliminated. The 

determination of the results for each of the three processes has differ- 

ent problems. 

For yp + K+A the asynrnetry is determined reasonably well. With our 

known momentum resolution the highest momentum portion of the K+ yield 

must be due to K+A production. The K+A asymmetry is determined by this 

portion of the yield. The K+A cross section is more difficult to deter- 

mine because one in effect uses the momentum resolution and the initial 

rate of rise of the yield to measure the cross section. Small effects 

such as magnet hysteresis or non-Gaussian resolutions could significantly 

affect the results. 

Both the cross section and asymmetry for yp -t K+C" are affected by 

any error in the K+A quantities. The reason is that K+A is contributing 

to the yield at all momenta which are being used to measure the K+C" 

cross section and asymmetry. The ratio of K+C" to K+A cross sections is 

shown in Fig. 34. We find a generally lower result than Boyarski et al. 60 
-- 

The results for yD+K+(Z' ,c-) suffer from the same problem; they are 

very sensitive to any error in the yp+K+A measurements. In Fig. 34 we 
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compare our results for the ratio R c of yD + K+(C" ,I-) to yp -f K+C" with 

measurements at 11 GeV. 63 At 11 GeV where the A-C separation is easier, 

this ratio averaged over all data points is 2.37 + 0.11. This is not 

consistent with the value of three expected for pure isotopic spin l/2 

in the t-channel. 
- 

Our ratio has an average value of 2.73 f 0.18 which is consistent 

with three. We see no evidence for exotic exchanges in K+ photoproduc- 

tion. However, we do not feel this result is in disagreement wjth the 

result at 11 GeV because of the difficulty in measuring this ratio from 

our data. 
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Table I 

Corrections for Detection Inefficiencies (not including deadtimes) 

Source of Lost Events 

Hodoscope inefficiency (blank hodoscopes, 

undecodable patterns, extra tracks) 

Failure to reach first range counter due to 

interaction in the differential counter 

Hadron identified as an electron by 

shower counter 

Gamma ray loss in target and material 

upstream of target 

Absorption of hadrons in target 

Absorption of hadrons in counters 

Threshold Cerenkov counter inefficiency 

or misidentification 

Differential Cerenkov counter inefficiency 

Decay in flight (p is the momentum in GeV) - 

Typical total corrections 

H2 

D2 

=r, H2 

rr, D2 

K, H2 

K, D2 

+ 71 

IT- 

K 

K 

71 

K 

TTT, H2 

R, D2 

K, JJ2 

K, D2 

Correction 

1.081 + 0.020 

1.026 + 0.006 

1.055 + 0.006 

1.059 f 0.005 

1.067 + 0.005 

1.050 + 0.010 

1.117 + 0.020 

1.036 + 0.010 

1.082 If: 0.020 

1.073 + 0.010 

1.012 + 0.005 

1.018 + 0.005 

1.025 t 0.005 

1.042 rt 0.010 

exp(46.8/55p) 

exp(46.8/7.5p) 

1.50 + 0.03 

1.60 + 0.03 

2.20 ir 0.03 

2.30 + 0.03 
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Table II 

Cross Section and Asymmetry Results for yp + r+n at 16 GeV 

-t (GeV/c)2 

0.0055 

0.0122 

0.0173 

0.0337 

0.0530 

0.0826 

0.155 

0.257 

0.418 

0.602 

0.826 

1.499 

da/dt (pb/(GeV/c)2) 

* 

* 

* 

0.185 + 0.006 

0.152 + 0.010 

0.147 t- 0.007 

0.136 t 0.006 

0.113 f 0.003 

0.086 k 0.003 

0.0559 5 0.0023 

0.0297 2 0.0010 

0.0028 5 0.0003 

c 

0.27 zk 0.09 

0.55 Z!I 0.08 

0.78 ?I 0.19 

1.01 + 0.05 

1.02 -+ 0.05 

0.89 I!Z 0.09 

0.80 IL 0.04 

0.77 it 0.06 

0.74 + 0.04 

0.88 2 0.05 

0.93 5 0.04 

1.13 -I 0.13 

*The analysis of these data points did not give absolute 

cross sections. 

- 
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-t (GeV/c)2 

0.0055 * 

0.0122 * 

0.0173 * 

0.0337 0.93 5 0.06 

0.0530 0.86 ?z 0.06 

0.0826 0.99 c 0.04 

0.155 1.00 it 0.06 

0.257 1.09 + 0.05 

0.418 1.08 + 0.07 

0.602 1.00 + 0.09 

0.826 1.07 J- 0.08 

1.193 ** 

Table III 

Results for yD + n+nns 

da/dt (yD -+ .+nns) 

da/dt (yp + r'n) 
c 

0.19 +- 0.12 

0.47 2! 0.13 

0.69 5 0.17 

1.02 -I- 0.13 

0.96 ?E 0.12 

1.07 ?I 0.12 

0.67 +- 0.11 

0.82 + 0,07 

0.86 -f 0.06 

0.96 + 0.07 

1.11 + 0.06 

1.08 0.10 

*The analysis of these data points did not give 
- 

cross section ratios. 

**The cross section for yp + n'n was not measured at this 

t value. 
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-t (GeV/c)2 

0.0055 

0.0122 

0.0173 

0.0337 

0.0530 

0.0826 

0.155 

0.205 

0.257 

0.418 

0.602 

0.826 

1.193 

Table IV 

Results for yD j. IT-pps 

RZ 
da/dt (YD -f ~-PP~) 

do/dt (YD -f rf,ns) 

* 

* 

* 

0.708 Z!I 0.043 

0.662 I!Z 0.046 

0.473 -t- 0.020 

0.318 ?I 0.022 

** 

0.294 2 0.019 

0.357 iI 0.034 

0.496 AZ 0.058 

0.569 5 0.057 

0.55 * 0.11 

c 

0.04 Ik 0.10 

0.38 z!z 0.10 

0.59 iz 0.16 

0.98 + 0.07 

0.91 + 0.07 

0.57 f 0.10 

0.47 + 0.07 

0.35 2 0.10 

0.55 IL 0.09 

0.74 c!Y 0.07 

0.85 If: 0.07 

0.94 t 0.07 

1.06 f 0.11 

*The analysis for these data points did not give 
- 

cross section ratios. 

**The cross section for yD -t r'nn s was not measured at this 

t value. 
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TABLE V 

0.0058 

0.0122 

0.0173 

0.0337 

0.0520 

0.0816 

0.152 

0.252 

0.408 

0.592 

0.806 

Cross Section and Asymmetry Results for rA 

Photoproduction from'Hydrogen 

+o 
YP+"A 

la/dt(ub/(GeV/c)2) I: 

* 

* 

* 

0.426 2 0.053 

0.315 2 0.045 

0.260 f 0.040 

0.177 f 0.024 

0.124 t 0.013 

0.0774 + 0.0058 

0.0521 f 0.0031 

0.0216 * 0.0022 

-0.28 f 0.21 

-0.33 +- 0.20 

-0.52 t 0.25 

-0.30 t 0.19 

-0.59 It 0.21 

-0.10 f 0.21 

0.03 2 0.20 

0.39 f 0.16 

0.89 + 0.17 

0.85 ic 0.18 

0.88 * 0.21 

-+l- 
YP+~A 

do/dt(ub/(GeV/c)2) c 

* -0.16 k 0.08 

* -0.25 + 0.08 

* -0.43 + 0.19 

1.039 It 0.035 -0.47 iz 0.05 

0.690 f 0.041 -0.64 f 0.08 

0.492 + 0.024 -0.67 2 0.10 

0.218 f 0.013 -0.89 f 0.14 

0.1116 t 0.0064 -0.62 L!I 0.10 

0.0732 5 0.0026 0.23 + 0.06 

0.0531 t 0.0013 0.75 2 0.07 

----__-_ ------ 

* 
The analysis of these data points did not give absolute cross sections. 
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TABLE VI 

Cross Section and Asymmetry Results for aA 

Photoproduction from Deuterium 

yD + r+AN S yD -f n-AN S 

-t(GeV/c)2 da/dt(vb/(GeV/c>2> c da/dt(ub/(GeV/c>2) c 

0.0337 1.52 + 0.11 -0.23 f 0.11 

0.0520 1.008 f. 0.098 -0.27 10.10 

0.0816 0.878 k 0.062 -0.20 2 0.11 

0.152 0.547 t 0.040 0.19 + 0.09 

0.252 0.361 5 0.021 0.28 c 0.08 

0.408 0.244 k 0.014 0.57 + 0.09 

0.592 0.150 f 0.012 0.59 + 0.11 

0.806 0.0836 t 0.0048 0.79 t 0.09 

1.173 0.0224 C 0.0033 0.47 2 0.18 

1.36 + 0.10 

0.851 + 0.086 

0.614 t 0.060 

0.316 f 0.038 

0.141 k 0.019 

0.105 + 0.010 

0.0728 f 0.0062 

0.0452 t 0.0030 

0.0128 + 0.0021 

-0.49 f 0.09 

-0.66 2 0.10 

-0.68 * 0.13 

-0.75 f 0.16 

-0.41 + 0.13 

0.21 t 0.11 

0.55 + 0.10 

0.76 2 0.10 

0.76 + 0.22 

- 
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TABLE VII 

.015 

.037 

.056 

.086 

.16 

.26 

.42 

.60 

.83 

Cross Section and Asymmetry Results for K+ 

Meson Photoproduction from Hydrogen and Deuterium 

YP -t K+<k Co> 

da/dt(ub/(GeV/c)2) c 

0.0454 t 0.0035 

0.0638 + 0.0050 

0.0701 + 0.0054 

0.0762 -+ 0.0059 

0.0860 ?r 0.0065 

0.0801 f 0.0015 

0.0665 + 0.0011 

0.0324 +- 0.0008 

0.0149 + 0.0005 

0.04 t 0.11 

0.61 + 0.12 

0.73 f 0.09 

0.76 f 0.10 

0.98 f 0.06 

1.02 f 0.07 

0.92 + 0.07 

0.94 f 0.09 

0.97 + 0.08 

yD + K+(h,C',C-)Ns 

da/dt(pb/(GeV/c)2> c 

0.0574 + 0.0051 0.05 f 0.28 

0.104 * 0.009 0.97 zk 0.23 

0.105 f. 0.009 0.80 5 0.18 

0.127 jt 0.010 1.37 f 0.15 

0.148 + 0.012 1.20 * 0.09 

0.135 2 0.004 0.96 + 0.07 

0.101 + 0.002 0.90 t 0.09 

0.0554 + 0.0015 0.93 + 0.11 

0.0265 -+ 0.0008 0.94 2 0.12 
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FIGURE CAPTIONS 

1. Schematic of the photon beam line and experimental layout. The 

pair spectrometer was used during studies of the beam spectrum 

and polarization. The numbered elements in the beam line before 

the target are: 

1) Toroid, 6) 'Graphite Polarizer, 

2) Radiator, 7) Sweep Magnet, 

3) Cerenkov Position Monitor, 8) Graphite Analyzer 

4) Electron Beam Dump Magnets, 9) Collimators, and 

5) Collimator 10) Sweep Magnet 

2. a) Measured attenuation function, A(k), of the beam. The solid 

curve is a fit to the data. See Ref. 15 for details. 

b) Photon beam energy spectrum obtained by multiplying the 

bremsstrahlung spectrum for a 16.05 GeV electron beam times the 

fit to A(k). 

3. Plan and elevation views of the SLAC 20-GeV/c spectrometer. The 

magnet arrangement is shown at the bottom of the figure with the 

symbols B, Q and S representing dipole, quadrupole, and sextupole 

magnets, respectively. 

4. Calculated trajectories through the spectrometer for selected 
- 

initial values of horizontal and vertical angles (0 and (p), hori- 

zontal position (x), and momentum deviation (6). 

5. Detector arrangement in the spectrometer hut. 
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6. Polar angle plot of the cross section versus B, the angle between 

the electric vector and the production plane, for a process with 

C=l. The spectrometer averages over a range in angle @. 

7. Spectrometer acceptance for the 0.3' point. Counts with a polar 

angle greater than 9.4 mrad are not used. The azimuthal angle bins, 

after folding about the horizontal midplane of the spectrometer, 

are each 15' wide. The horizontal acceptance is flat within the 

aperture used and the vertical acceptance is bell-shaped with half- 

maximum points indicated by "H" in the figure. 
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9. 

10. 

11. 

12. 

13. 
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Typical a) cross section and b) asymmetry momentum distributions 

for pion photoproduction. The lines are fits described in the text. 

The contributions of single pion and nh photoproduction to the 

cross section are shown (ns and Ns mean spectator neutron and 

nucleon respectively). 

Dalitz plot boundary for yp + ~'a-p. The overlap between the p 

and A bands occurs outside the boundary. 

The non-resonant cross section for yp + ~'n-p. The line is a 

parametrization used in estimating background contributions from 

non-resonant pion production. The data are from Ref. 30. 

The ratio of the cross sections for non-resonant to XA production 

in the momentum region used to determine the rh cross section and 

asymmetry. This ratio is evaluated two ways; by assuming the events 

are distributed according to phase space and by assuming they are 

distributed according to the results of Moffeit et al. (Ref. 31). -- 

a) Model for pion photoproduction via p exchange. Making the 

assumptions discussed in the text, the cross section in this model 

is proportional to the total photoproductEon cross section at low 

energy. 

b) The smoothed data from von Holtey (Ref. 33) shows a low mass 

+ 
enhancement in the r total cross section. 

Yields for pion and kaon photoproduction. The step for single pion 

photoproduction is clearly steeper than the combined K+A, K+C" step. 

Any momentum shift and the momentum resolution were determined from 

the pion data. Thresholds for various reactions are indicated by 

the arrows. 



14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

Comparison of our measurements of the r-/r + ratio made with 

unpolarized photons and those of Boyarski et al. (Ref. 36). -- 

a> Cross section ratio for single r+ photoproduction from hydrogen 

and deuterium. 

b) Comparison of the single IT+ photoproduction asymmetry from 

hydrogen and deuterium. 

The polarized photon asymmetry for single r+ photoproduction. In 

addition to our measurements we show the results of Refs. 7-10. 

The curve is the asymmetry in the electric Born model. 

The polarized photon asymmetry for single IT- photoproduction. Also 

shown are the lower energy results of Refs. 11 and 12 and the asym- 

metry in the electric Born model. 

photons. 

The effective Regge trajectories for a) perpendicular and 

b) parallel polarizations. aeff for perpendicular polarization 

is roughly consistent with zero while for parallel polarization 

it is consistent with either of the two possible Regge trajectories 

shown. 

The r-/r' ratio for single pion photoproduction with polarized 

and unpolarized photons. Also included in the figure are the lower 

energy results of Refs. 11 and 12. 

The polarized photon asymmetries for ITA photoproduction. The 

T+A' data are compared with the lower energy data of Ref. 10 and 

with the minimal gauge invariant calculation of Ref. 49. This 

-+I calculation is also compared with the TF A data. 

Cross sections for nh photoproduction with polarized and unpolarized 
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22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

The IT-/IT+ cross section ratio for ITA photoproduction with polarized 

and unpolarized photons. 

The deuterium-to-hydrogen cross section ratios for unpolarized 

photons compared with those of Boyarski et al. (Ref. 43). The -- 

dashed lines show the values expected in the absence of I-2 

exchanges. 

The deuterium-to-hydrogen cross section ratios for polarized 

photons. 

The small ItI 
+ cross sections for a) single TI -+l- and b) IT A 

photoproduction from hydrogen. 

Vector dominance comparison of single 7~ photoproduction and 

IT p + pan (data from Ref.52) for a) natural parity exchange 

(perpendicular photons) and b) unnatural parity exchange 

(parallel photons). 

The polarized photon asymmetry from single pion photoproduction 

compared with that for a-p + o'n. The IT- data is from Ref. 52. 

Comparison of the ITA photoproduction cross section with that for 

?p + o ' * (Ref. 58). A 

The n+p + p ' * A (Ref. 58) asymmetry compared with the ITA photo- 

production asymmetry. 

The polarized photon asymmetry for single K+ photoproduction 

a) hydrogen and b) deuterium. 

The recoil A polarization measurements of Vogel et al. (Ref. -- 

and the polarized photon asymmetry measurement for yp -t K+A. 
7 

from 

66) 

The 6-8 plane. Lines of constant missing-mass-squared = mL are 
P 

shown for two values of the central spectrometer angle. 
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33. The angles used in the p" decay parametrization. 

34. The Co/A ratio for single K' photoproduction from hydrogen, com- 

pared with the results of Ref. 60, and the deuterium-to-hydrogen 

ratio for C photoproduction compared with the results of Ref. 63. 
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