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I . I NTRODUCT I ON 

The study of inclusive reactions has been of considerable 

interest for several years1 and has rnceived added impetus 

from the large center-of-mass energies now available at the 

ISR and FNAL.2 Features predlcted from several theoretical 

approaches, such as the asymptotic scaling of the invariant 

cross section with energy, the develooment of a plateau in the 

invariant cross section at small c.m. rapidity, and 

diffractive scattering consistent with triple-Renge models, at 

least qualitatively, have been verified. Furthermore, some 

unexpected features, such as the large cross sections at large 

transverse momentum, -have been observed. This behavior at 

large transverse momentum is of considerable interest from the 

point of view of parton models.3 

At lower energies it is of interest to obtain more 

detailed measurements of inclusive reactions to test 

theoretical models on a more quantitative basis. The s 

dependence and approach to scaling can be studied within the 

Vuel ler-Regge frameworkP Relative yields of different 

particles and reactions can be used to study factorization, 

and inclusive sum rules offer some hope of correlating 

different coup1 ing constants. At large values of transverse 

rnomentum one can explore a domain in which p/pmax is close to 

unity, where, at high energies, cross sections are 

nrohfbitively small. 

Exclusive photoproduction processes have been found to be 
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hadronic in nature, and inclusive photoproduction data5 in - 

the target fragmentation region have been successfully related 

through factorization to the equivalent K* reactions. 697 It is 

then of interest to compare inclusive photoproduction 

processes in the photon fragmentation region with hadron 

induced react ions. Through charge symmetry, the Muel ler-Regge 

model predicts that particle and antiparticle yields 

asymptotically should be equal in the photon fragmentation 

region. Thus the approach to asymptotic behavior can be 

studied in a manner relatively free of systematic errors by 

measuring the relative yields of particle and antiparticle. 

At 1 arge transverse momentum, important power law differences 

in the pI dependence between photon, meson, and baryon induced 

reactions are predicted by parton models. Such differences 

have al ready been observed in large angle exclusive processes.8 

In addition to its importance for comparison with hadron 

induced react ions, photoproduction is the q2=0 1 imit of 

electroproduction, and thus provides an iimportant tie point 

for electroproduct ion react ions. A summary of previws 

inclusive photoproduction experiments is given in Table l.5,g-16 

In this paper we present the results of an experiment to 

measure inclusive photoproduction of T’, K*, p, and 5 from 

hydrogen and deuterium in the forward hemisphere for 18 GeY 

incident photons.’ A small amount of data was also taken at 3 

and 13 GeY. The deuterium data allow us to test the 

prediction common to several theoretical aoproaches that the 
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structure functions in the photon fragmentation region should 

be independent of target particle. This is of parti-ular 

interest for K- and 5 photonroduct inn, where, in the 

lrluel ler-Regge model, non-Pomeron exchange should be 

suppressed. 

Ne describe the details of the experiment in Section II, 

and in Section III describe the analysis of and corrections to 

the data. The results and a qualitative description of the 

IV, and an interpretation of the data are presented in Section 

results is given Section V. 

-I I . DESCRIPTION OF THE EXPERli4ElJT 

The experiment used the SLAC 20 GeV/c spectrometer to 

momentum analyze, detect, and identify charged particles 

photoproduced by a bremsstrahlung beam incident on liauid 

hydrogen or deuterium targets. 

A. The Photon Beam 

A schematic of the experimental layout is shown in Fig. 1. 

The SLAC electron beam was incident on a .a285 radiation 

length aluminum radiator and deflected vertically out of the 

beam line by four bending magnets, The undef 1 ected 

bremsstrahlung beam passed through two sets of collimators, 

each followed by a sweeping magnet, and struck a liquid 

hydrogen or deuterium target 51 m downstream of the radiator. 

The combination of electron beam optics, multiple scattering 
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in the radiator, and the first co1 1 imator size produced a beam 

spot size of -2x2 cm at the target. The second set of 

co1 1 imators was shadowed by the first and did not intercept 

the primary beam. For the 2.85% radiator used, typically 2.7% 

of the electron beam energy was transmitted to the target in 

the bremss t rahl ung beam, resulting in beams of up to lOlo 

equivalent quanta per 1.6 psec long SLAC pulse (at 180 

pulses/set). 

Two pairs of correctlon magnets upstream of the radiator 

were used to properly steer the beam to the target. The 

ion just downstream of the radiator was 

lium-filled Cerenkov monitor17 viewed with 

electron beam posit 

monitored with a he 

a television camera 

of the target could 

l The photon beam position just upstream 

be monitored with removable zinc sulfide 

screens mounted behind variable thicknesses of copper and 

viewed with a television camera, 

Because a bremsstrahlung beam has a continuous energy 

spectrum, it was not possible to directly measure cross 

sections for a fixed photon energy. Consequently data were 

taken with the electron beam set at energies above and below 

the deslred photon energy. To the extent that the 

bremsstrahlung beam had a l/k spectrum, the number of incident 

photons below the endpoint energy of the lower energy beam 

cancelled for the two beams. Hence by subtracting the yield 

of the lower energy beam from that of the higher energy beam, 

one obtained a yield due to ohotons of energies bntwnen the 
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two endpo i nts. A more realistic calculation of the effective 

beam spectrum after subtraction is shown in Fig. 2. For most 

of the 18 GeV data, endpoint energies of 17 vs 19 GeV were 

fused to make the bremsstrahlung subtract ion. At very low 

momenta, however, the subtracted yields were only a small 

fraction of the unsubtracted yields, so endpoints of 16 vs 20 

GeV were used to enhance the subtracted effect. For several 

data points, endpoint energies of both 17 vs 19 GeV and 16 vs 

2Q GeV were used to check for systematic differences between 

the two. The 9 and 13 GeV data were taken with 8 vs 10 GeV 

and 12 vs 14 GeV endpoints, respectively. 

At the lowest particle momenta measured, the subtracted 

cross sect ions were ,100: of the unsubtracted cross sections. 

Hence small systematic differences between the measurements at 

the two energies could cause sizeable errors in the subtracted 

results. To minimize time-dependent systematic errors, it was 

therefore highly desirable to be able to switch frequently 

from one energy to the other, To accomol ish this, two 

complete pulse patterns,17 one for each of the desired 

ener,K ies, for all of the pulsed components of the accelerator 

(e.g. klystrons and pulsed steering nagnets) were prepared. 

One of these patterns was always suppressed. The energy 

changes were controlled by the XDS 9300 computer used online 

in the experiment, la which initiated the following sequence of 

events : (i) both trigger patterns were suppressed to stop beam 

acceleration entirely; (ii) through a link to a remote XDS 925 
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computer, 17 the currents in the beam switchyard magnets were 

chansed to values appropriate to the new energy; (iii > a 

rotating flip coil was read to check the value of the momentum 

defining magnets in the beam switchyard; (iv) the trigger 

pattern for the new energy was unsuppressed, de1 iverini: beam 

at the new energy. Approximately 40 seconds were required to 

complete the eneray change. 

The electron beam current was monitored by a precision 

toroid 
19 

located just upstream of the radiator. The photon 

beam was monitored by a helium filled Cerenkov monitor 
20 

and 

two hydrogen filled ion chambers of different thicknesses 

upstream of the tat-net. A small secondary emicsinn 

quantameter (SEQ) 2o located downstream of the target but 

upstream of the spectrometer served both as the primary photon 

beam mon itor and as the beam dump. 

6. Targets 

The target assembly consisted of long (30.= cm) and short 

(15.2 cm> hydrogen, deuter i urn, and dummy ccl 1 s, as we1 1 as two 

“no target” posit ions, all contained within a common vacuum 

chamber, The long and short cells were used to check for 

absorption and double scattering effects. All cells were 

cyl indrical (with axes along the bean direction) with a 

diameter of 8.9 cm. The mylar cylinder walls were 0.25 mm 

thick, while the aluminum endcaps were 0.13 mm thick. The 

scattering chamber had aluminum entrance and exit windows of 
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3.10 and 0.20 mm respectively. Forced circulation was used 

the liquid targets to maintain stable target temoeratures. 

The cells were arranged in two vertical arrays, with the 

axes of one array perpendicular to those of the other. The 

entire assembly could be rotated about a vertical axis_ 

upstream of the targets to position one of the two arrays 

along the beam line. The assembly could be translated 

vertically to select one of four positions within the array. 

The target motion could be controlled by the computer to 

facil itate rapid target changes. The computer also read 

hydrogen vapor pressure thermometers used to monitor the 

target temperature. 

n 

C. The 20 GeV/c Spectrometer 

The SLAC 20 GeV/c spectrometer21 is shown in Fig. 3, and 

its first-order optics are illustrated in Fig. 4. lmoortant 

parameters of the spectrometer are listed in Table II. 

Line-to-point focusing in the horizontal plane is used to 

measure the horizontal production angle, and point-to-point 

focusing with momentum dispersion in the vertical plane is 

used to measure the momentum of the detected particle. 

Momentum dispersion is provided by four bending magnets giving 

a total bend of 20.8’. Focusing is obtained from four 

quadrupol es, and three sextupoles are used to raise .the 

momentum focal plane from 3” to 42’ relative to the central 

ray. The optics in the vertical plane provides a crossover 
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midway up the spectrometer, so that the beam emerges from the 

spectrometer parallel to the floor. 

The spectrometer rolls about the target on four concentric 

rails, and can be remotely driven to angles as large as 220. 

The size and location of the SEQ limited the smallest 

spectroneter angle to -1’. Detectors for the experiment were 

locate3 in a concrete hut with walls 1.3 - 3.5 m thick mounted 

at ttle end of the spectrometer. The magnet currents were 

controlled by the computer and monitored by precision shunts 

and transductors for each magnet. !Ihen changing the magnet 

pol ar i ty of the spectrometer, the magnets were not degaussed. 

However, a fixed hysterisis pattern was followed and a small 

correction was applied to obtain the correct momentum. 

D. Detect ion Scheme 

The particle detection scheme used was similar to that of 

previous photoproduct ion experiments 22 with the 20 GeV/c 

spectrometer, and is shown schematically in Fig. 5. Incoming 

particles were detected by three scintillation trigger 

counters and their trajectories within the spectrometer 

acceptance were local ized by two pairs of crossed 

scintillation counter hodoscopes. Two smal ler “aperture” 

scintillation counters were Iused in determining the 

spectrometer acceptance. Particle identification was provided 

by a nitrogen filled threshold Cerenkov counter, a freon-13 

differential Cerenkov counter, a lead-lucite shower counter, 
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and a scintillation counter - irnn r=npe telescane. 

The momentum and angular resolution provided by the 

hodoscopes was not necessary to the experiment, and the 

results presented for each snectrn-eter setting are summed 

over all hodoscope elements. The hodoscones wet-p used to 

define the acceptance of the soectrnmeter and to obtain 

several corrections to the data. Ry rejecting events with 

multinle tracks in the hodnscopes, unambiguous oarticle 

identification in the Cerenkow counters was obtained. 

Addi % ional 1 y, only a 1 imi ted port ion of the hodoscope 

acceptance was used i n order to reduce the divergence of 

particle trajectories, thus producing cleaner particle 

separation in the differential counter. 

The threshold Cerenkov counter, used to identify pions, 

had a path length of 200 cm of nitrogen. Cerenkov 1 ight was 

def 1 ected 90’ by a plane aluminized mirror through an 

aluminized conical light guide to a single photomultiolimr. 

The counter was operated at pressures ranging from 1.5 to 6.G 

atm to give a pion Cerenkov angle of 28 mrad. 

The differential Cerenkov counter, used to distinguish 

kaons and protons, had 0.95 cm aluminum entrance and exit 

windows and a path length of 231 cm of freon 13, Cerenkov 

1 ight was focused by a spherical mirror onto two sets of 

photomultipliers. The inner “ring” consisted of two 

photomultioliers accepting Cerenkov angles between 40 and 60 

mrad. The outer ring used four photonultioliers to accept 

- 10 - 



I 

1 ight with Cerenkov angles between 60 and 96 mrad. For most 

of the data taking the pressure was set to give a kaon 

Cerenkov angle of 50 mrad. Since the relative Cerenkov angle 

for pions and kaons is momentum dependent, this resulted in a 

pion Cerenkov angle of greater than 96 mrad for momenta below 

5.8 GeV/c. At momenta greater than 9.7 GeV/c, corresponding 

to a pion Cerenkov angle of 70 mrad, the pressure was 

increased to give a kaon Cerenkov angle of slightly greater 

than 50 mrad to increase pion rejection. Pressures used in 
7 

the differential counter ranged from 2.5 to 19 atm. The 

pressure and temperature of both the threshold and the 

differential Cerenkov counters were monitored remotely by the 

computer. 

The 17.4 radiation length shower counter, used to veto 

electrons, consisted of 16 slabs of 1.27 cm UVT lucite 

interspersed with fl.64 cm lead slabs. Cerenkov light from the 

lucite was detected by a single Amperex 60AVP photomultiplier. 

The range telescope, used to veto muons, consisted of nine 

1.27 cm scintillation counters, interspersed with a total of 

seven 26 cm thick blocks of iron, giving a total thickness of 

16 co1 1 ision lengths. The first range counter was placed 

between the differential Cerenkov counter and the shower 

counter, and was used, in effect, as a fnurth trigger counter. 

In addition to the shower counter there were 8 cm of tungsten 

between the first and second range counters. 
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E. Electronics and Triegering Scheme 

Because of the high triggering rates ohtained for much of 

the data, combined with the short 1.G psec pulse length of the 

SLAC beam, and because of the high ratio of photoornduced 

pions to other particles, it was desirable to use a triggering 

scheme in which pion events could be read by the computer on a 

sampling basis only, but in which kaon or proton events were 

read with as loose a trigger as possible. Therefore, the fast 

electronic logic was set UD to measure pion cross sections 

using scaler information alone (“hardware yields”), while the 

kaon, proton, and sampled pion cross sections were obtained 

using the more detailed event information available to the 

computer (“software yi el ds”). For the cross sections 

presented in this paper, all pion results were obtained from 

the hardware yields, while the kaon and proton yields were 

obtained from the software yields. 

The hardware pion identification consisted of a 

coincidence between the three trigger counters, the threshold 

Cerenkov counter, and the first range counter. Additionally, 

events were vetoed by a signal from the last range counter or 

a large signal from the shower counter. Signals from the 

shower counter passed through a variable attenuator before 

entering the discriminator so that the effective discriminator 

threshold could be varied as a function of spectrometer 

momentum to match the expected electron shower pulse height. 

The event trigger to the computer consisted simply of a 
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coincidence between the three trigger counters, which could be 

vetoed by some variable fraction of the hardware pion signals. 

For each triggered event the computer read the pulse heiehts 

of the threshold counter, the shower counter, and each of the 

photomultipl iers of the differential counter. The hodoscooe 

and range telescope information, as well as a variety of 

signals from the fast electronics logic, were read through 

gated latches. 

F. Data Taking Procedure 

For virtually all points data were taken with the short 

hydrogen and dummy targets for both positive and negative 

particles. In most cases data were also taken with the short 

deuterium target, and for a smaller number of points data were 

taken with the long targets. Targets and beam energy were 

cycled as frequently as was practical. At least two runs were 

taken for each target and energy setting, usually separated by 

one or more target or energy changes, thus allowing one to 

monitor the short term reproducibility of the measurements. 

As a check on the long term reproducibility of the 

measurements, several points were repeated at different times 

during the experiment. 

In addition to reading event data and performing many of 

the frequently exercised control functions of the experiment, 

the computer read and logged the beam monitors, scalers, and a 

variety of slit settings, magnet settings, and status 
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indicators. Between 20 and 100% of the events (depending uoon 

counting rate) were analyzed online to produce preliminary 

cross sections and a’variety of diagnostic displays and 

printouts. 

III. DATA REDlJCT I nN 

f 

A list of corrections and estimated uncertainties in the 

data is given in Table Ill. In the following sections these 

corrections are discussed in detail. It is important to 

distinguish between uncertainties which are applied as a 

percentage of the unsubtracted cross sections and those which 

are appl ied as a percentage of the subtracted cross sections, 

since the former have a much larger effect on the final 

(subtracted) answers. We also distinguish between three 

general classes of uncertainties. \/de refer to errors which 

are not correlated from point to point as random errors. 

Those errors which vary in a systematic way with the 

kinernatlcs are referred to as systematic errors, while those 

which are the same for all points are referred to as 

normalization errors. For each point, uncertainties from 

different sources within each class have been added in 

quadrature. 

A. Ream Normal ization 

1. SEQ calibration: The SEQ used as the primary beam monitor 

in this experiment was frequently calibrated against two 

silver ca10rimeters20 using the Cerenkov monitor as a transfer 
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standard. Consistent results using the two calorimeters were 

obtained early in the run, and use of the second was 

subsequently dropped. 

t 

Because of its small size, the SEQ is not quite a total 

absorption device, and consequently its calibration constant 

has some (O.‘l%/GeV) energy dependence. This energy dependence 

was found to be consistent with a 1 inear behavior over the 

entire 8 to 20 GeV energy range used by this experiment. 

The calibratjon constant was also observed to have a slow 

(-lb/month) time dependence which could be adequately 

parametrized by two linear functions of run number. Wl th the 

exception of runs take~n very early in the experiment (which 

LIere erratic for a known reason), the calibrated values had an 

rms deviation of 0.5% from the assumed form. This error is 

included in the random errors as a percentage of the 

subt ratted cross sect ions. Similarly the energy dependence of 

the calibration constant showed an rms deviation of O.l%/GeV, 

which has been included in the systematic errors as a 

percentage of the unsubtracted cross sections. Slightly 

larger errors were assfgned to the early runs to account for 

the erratic behavior of the SEQ. 

No dependence of the SEQ calibration constant upon beam 

power was observed, al though the range over which the 

calorimeter could conveniently be operated was smaller than 

the range over which data was actually taken. 
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2. Calorimeter calibration: The calorimeters were cal ibrated 

using internal electric heaters to deposit a known amount of 

energy. A 1-2’2: correct ion based on shower calculations was 

applied to account for shower lea!tage. SEQ cal ibrations 

against the two calorimeters agreed to 0.52, and heater 

calibrations of the same calorimeter were consistent to 0.2%. 

However, an earl ler calibration of the calorimeters against a 

Faraday cup, using an electron beam, gave a 2% discrepancy 

between beam and heater calibrations.20 The heater 

calibration value obtained in this experiment was also 1% 

different from the original value. !iJe have assigned a 3% 

normal ization.error to the overall calorimeter cal ibration. 

3. Sremsstrahlung correction: To the extent that the 

bremsstrahlung spectrum deviates from a l/k behaviar (where k 

is the photon energy), the cancellation of lower enerrry 

primary photons is not exact. To correct for thic one must 

know the shape of the bremsstrahlung spectrum, which is 

readily calculated, 
23 

and the energy dependence of the cross 

section for fixed spectrometer setting. As will be discussed 

1 ater, an empirical fl t was made to the 18 GeV results as a 

function of the transverse momentum pL, and a tnndified Feynman 

seal ing variable 24 x1 = PK/Plrnax(PL 1 l Were p$ is the c.m. 

longitudinal momentum of the observed partfcle, and p;,, is 

Its maximum kinematically allowed value. To the extent that 

Feynman scaling is valid, the invariant cross section is a 
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function of XI and pL, independent of incident energy. Thus 

the fits to the 18 GeV subtracted data could be used to 

roughly calculate the energy dependence of the laboratory 

cross sect ion. (Note that for fixed laboratory kinematics, the 

effect of decreasing k is to increase x’, leaving p fixed.) 
1 . 

In this way a correction was made for low energy photons and 

for the variation In kinematics at energies between the two 

endpoints. (Thus the final cross sections are always quoted 

for the nominal energy and its associated c.m. kinematics.) 

As will be seen, Feynman seal ing is a poor approximation 

at 1 arge transverse momentum. A measure of this inadequacy 

could be obtained by using the fits to the subtracted 18 GeV 

data to calculate the unsubtracted yields, assuming Feynman 

seal ing. The correction for low energy photons was then 

modified by the ratio of the observed to calculated 

unsubtracted yield. At large transverse momenta this ratio 

was as small as 0.5. For the yp A p X data, the assumption 

of Feynman scaling proved to be a particularly poor 

approximation, and better results were obtained by assuming 

scaling in pII in the laboratory system, with a kinematic 

cut-off l Thus the energy dependence of this reaction was 

calculated using the form 

In spite of the somewhat ad hoc nature of the kinematic i- 
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cut-off term, the use of this form gave better results in 

calculating the unsubtracted yields than were obtained for the 

pion and kaon yields. 

The bremsstrahlung correction ranged from 0 to 25% of the 

subtracted yields, and three terms were added in quadrature to 

the systematic error: (1.1 1% of the subtracted yield, (ii.) 

20:; of the bremsstrahlung correction, and (fi i .I 100% of the 

correction for deviation from Feynman scaling. The 

uncertaintles thus obtained ranged from 1 to 10% of the 

7 subtracted yields. An additional 38 of the subtracted yields 

has been included in the normalization error to account for 

co1 1 imat ion effects and- uncertainties in the bremsstrahlung 

calculation. 

8. Target Correct ions 

1. Target length: Target cell lengths were measured at room 

temperature, and a correction of 0.4% was applied to the data 

to account for shrinkage in going to liquid hyfdrogen 

temperatures. 

2. Target density: Target temperatures were ;rloni tnred by 

hydrogen vapor pressure thermometers in thermal contact with 

the 1 iquid cells. The temperature of the targets over the 

entire experiment remained stable to -+O.l’K, corresponding to 

a density change of *0.2%, which has been included in the 

random error as a percentage of the subtracted yields. An 

additional 0.7% of the subtracted yields has been included in 
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the normalization error to account for the uncertainties in 

the pressure cal ibration and conversion from pressure to 

density. 

3. Target contamination: Gas samples from the target ccl 1s 

were taken periodically and analyzed with a mass spectrometer. 

The only significant finding was a hydrogen contamination of 

the deuterium samples which varied between 0.2 and 1.6% by 

volume. 5Je have applied a 0.4ztI).3% correction to the 

deuterium data to account for this, where the uncertainty has 

been applied to the random error as a percentage of the 

4. Dummy target correction: When using the short targets, 

dummy target da ta were always taken, resulting in typical 

corrections of ~~10%. Long dummy target data were not always 

taken, and a parametrization of the ratio of long to short 

dum;rly target rates as a function of angle was used for points 

in which direct measurements were not made. (Note that this 

subtracted cross sect ions. 

ratio is determined by the spectrometer acceptance, which is 

angle, but not momentum, dependent. 1 

5. Electromagnetic absorption in the target: Correct ion was 

made for the loss of photons by pair production in material 

upstream of and in the target. The electron pairs contribute 

to tjle beam flux measured by the SEQ, but give a negligible 
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contribution to the cross sect Ion. There were ~0.~1 radiation 

lengths of material upstream of the tareet, and the 

half-length of the short target was ,O.nl radiatinn length. 

6. Hadronic absorption in the target* A l-5% cnrrection was 

made for hadronic absorption in the tarPret, taking into 

account the dependence of oath length in the target unon 

scattering angle. A momentum dependent par=metrizatinn of the 

particle cross sections per nucleon was used. No corrpction 

was made for double scattering of particles into the 

spectrometer acceptance. While double scattering must be 

present at some level,~ its neglect can be justifipd by the 

agreement obtained for long and short target data. An 

uncertainty of 50% of the correction has been included in the 

systematic error as a percentage of the subtracted cross 

sectlon. 

C. Acceptance Determination: 

In an earlier test of the 20 GeV/c spectror~eter,25 the 

first and second order matrix elements at the momentum and 

angle foci were determined using an unscattered electron beam 

with the spectrometer at 0’. This, however, is insuff iciant 

to determine the acceptance of the soectrometer since one must 

know the matrix elements at each of the possible apertures of 

the system. Because of the large number of elements in the 

system, and because several of the magnets differ noticeably 
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from ideal elements, a correct detailed model of the 

spectrometer optics does not exist. To determine the 

acceptance of the spectrometer a “living Monte Carlo” 

technique was adopted. Using the hodoscopes one can define a 

smaller acceptance which is not limited by apertures in-the 

spectrometer. The acceptance of this “stringent” region can 

then be calculated from the final matrix elements alone. Ry 

then ooerating the spectrometer at a momentum with high 

count in8 rate and negligible angular and momentum dependence 

T 
over the spectrometer aperture, one can determine the “normal” 

acceptance of the spectrometer by comparing the number of 

particles detected with-in the normal acceptance to the number 

detected in the stringent acceptance. Simi larl y the trigger 

counter hardware acceptance was deterzlined by comparing the 

trigger counter rates to those in the smaller aperture 

counters, which in turn were compared to the stringent 

software acceptance. 

To calculate the acceptance of the stringent region, two 

independent Monte Carlo programs were used, which included the 

effects of beam size, target length, scattering angle, and 

hodoscope bin size. One program used only the matrix elements 

from the spectrometer optics test, while the second used a 

25 model of the spectrometer based on data from the optics 

test. Qoth calculations agreed that for angles less than 15’, 

the aperture counter and stringent software acceptances were 

independent of target length and beam spot size. Beyonri 15’, 
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the spectrometer model indicated that for the long tarpets 

(hut not the short targets for whfch most of the data were 

taken) these acceptances were being 1 imited by aoertures in 

the spectrometer. (The orovr=rm using only the ftnal matrix 

elements, of course, had no knowlege of these aoerturns and 

consequently gave no lnformatinn on the subiect.) At 1s”. the 

largest angle for which long target data were taken, this was 

calculated to be a 1.0% effect for the aperture counters and a 

2.4% effect for the stringent hodoscope acceptance. We have 

appl led this correction to the ‘long target data, and have 

assi Bned a systemat i- uncertainty rising linearly from 0. at 

12’ to 100% of the correction itself at 18’. 

The two calculations disagreed by 5% in the absolute value 

of the stringent acceptance, which is barely consistent with 

the estimated *3% uncertainty in the individual calculations. 

Ne have used the value obtained from the matrix elements, 

which is felt to be the more reliable of the two calculations, 

and have assigned a 3% normalization uncertainty to the 

stringent acceptance. An additional l.G% uncertainty in the 

determination of the aperture counter acceptance Is present 

for the hardware yields. 

The normal hardware and software acceptances are functions 

of scattering angle because the effective width of the target 

normal to the spectrometer Is angle dependent. The ratio of 

the normal to stringent acceptances was therefore deter,mined 

from the data as a function of angle. This ratio was found to 
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be adequately described by a constant at small angles and a 

linearly falling function at larger angles. The total change 

in the normal software acceptance from 0’ to 21’ was 6% for 

the short targets and 10% for the long targets. For the 

hardware acceptance, the comparable changes were 10 and 29% 

respectively. The rms deviation, in excess of statistical 

counting uncertainties, of the measurements from the assumed 

form was 0.9%, which has been included in the systematic 

uncertainty. No dependence was found upon spectrometer 

lnomentum or upon whether hydrogen or deuterium targets were 

used. The spectrometer model was able to reproduce the 

changes in acceptance in a qualitative but not quantitative 

manner. 

The “1 iving Monte Carlo” techniclue a-ssumes the absence of 

nonlinear variation of the cross section across the 

spectrometer acceotance. The empirical fits to the 18 GeV 

data were used to correct for the presence of such effects. 

These correctlons ranged from 0 to 3.7% for the angular 

acceptance and !I to 1.4% for the momentum acceotance. The 

fits were also used to calculate the systematic uncertainty in 

cross section due to the estimated 3.015’ uncertainty in 

spectrometer angle and 0.010 GeV/c uncertainty in snectrometer 

momentum. These resulted in cross sectinn uncertainties of 0 

to 2.7% and 0 to 2.5% for the angular and momentum 

uncertainties respectively. The effect of an additional 0.003 

GeV/c tolerance in setting the spectrometer momentum has been 
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included in the random errors, 

D. Shower Counter Losses 

The variable attenuator on the shower counter 

discriminator input was set to trigger the discriminator at a 

level which varied linearly with momentum and which 

conservatively triggered for virtually all electrons and 

consequently for 7=5% of the hadrons. The shower counter 

discriminator was flagged and read by the combuter, which also 

. read the shower counter pulse height. From the flagged 

discriminator information an electron cut was placed on the 

pulse height distribution which matched the hardware 

definition. 

A correction was applied to the data for hadrons which 

were misidentified as electrons. At large angles electron 

contamination is negligible (=0.2%), and one may determine the 

correction simply by assuming the absence of real electrons 

and plotting the fraction of counted “electrons” as a function 

of momentum. A noticeable dependence unon particle type and, 

to a lesser extent, charge was observed in this correction. 

The correction varied between 1 and lo%, depending ubon 

momentum and particle type. The data were found to be 

consistent with the assumed parametrization to 0.3% of the 

measured yields, which has been included in the systematic 

uncertainty. For the hardware pion yields an additional 0.5% 

error has been included in the random uncertainty to account 
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for differences between the hardware shower counter attenuator 

and the software pulse height cut. 

E. Absorpt ion and Hodoscope Correct ions 

. 

1. Absorption in the differential Cerenkov counter: Because 

of the thick windows and high pressure required in the 

differential Cerenkov counter at low momenta, a sizeable 

fraction of the hadrons interacted and failed to reach the 

7 first range counter located in front of the shower counter. A 

correction to the software yields was easily obtained by 

plotting, as a function-of .momentum and particle type, the 

fraction of events with good hodoscope codes which failed to 

trigger the first range counter. The good hodoscope code 

requirement was necessary for the very low triggering rate 

points in order to eliminate random coincidences. (This is 

also the reason the f I rst range counter was required in the 

hardware pion definition.) Similarly comparison with scaler 

data in regions of moderate triggering rates showed that the 

correction thus determined was the same for hardware and 

software yields. An uncertainty of 1% has been included in 

the systematic error of the hardware yields to account for 

differences between the hardware and software electron 

correct ion, different ial counter absorption correct ion, and 

thresh01 d Cerenkov counter efficiency. 

The absorption correction for pions varied from 4 to 25% 

depending upon momentum. The correction was observed to be 
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=26% (of itself) larger for protons than for pions. For kaons 

(and, to a lesser extent, also for protons) the correction 

cannot be well isolated since kaon identification will be 

ambiguous for particles interacting in the differential 

counter. We have assumed the K+, K-, p, and 6 corrections to 

be 76, 90, 130, and 156%, respectively, of the pion 

correct ion, independent of momentum, on the basis of total 

absorption measurements from nuclei. 26 The rms deviation of 

the pion data from the assumed parametrization was 0.6%, which 

I has been inclurled in the systematic uncertainty as a 

percentage of the subtracted yields. An additional 10% of the 

correction has been included in the systematic uncertainty for 

kaons and protons. 

2. ,Absorption in the hodoscopes and trigger counters: 

Correct ions were made to the data for events which failed to 

reach the third trigger counter and consequently failed to 

trigger the computer. These corrections were based on a 

previous spectrometer study 27 in which varying amounts of 

absorber were inserted along the detection system, and were 

checked by relating this absorption correction to that for the 

differential counter. The correct ion is momentum dependent 

and varied from 7 to 14% for pions. As with the differential 

counter, the correction for kaons and protons \Jas related to 

that for pions by the total absorption cross section. Ye have 

added an estimated 2% error to the normalization uncertainty 
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and 30% of the mnmentum dependent term in the cnrrectlon to 

the systematic uncertainty. 

3. Corrections for bad hodoscope codes: Good events giving 

multiole tracks in the hodoscopes were due to delta rays, 
_ 

accidental coincidences, and to interactinns In the hodoscooes 

and trigger counters. The rate dependent correction wil 1 be 

discussed below. The rate independent correction was 

determined as a function of momentum by examining the fraction 

of bad hodoscope events for runs with moderate counting rate. 

The hodoscope correction varied between 5 and 8% at 3 and 15 

GeV/c respectively, with an estimated uncertainty of 1% which 

has been included in the normal izatinn error. 

4. Miscellaneous hodoscope corrections. Cuts placed on the 

particle trajectories were used to eliminate spurious events 

which could not have come directly from the target. Ni th one 

exception these cuts eliminated a negligible fractinn of 

events not already el iminated by other criteria. This 

exception was a result of having placed an overly stringent 

cut such that, at low momenta, multiple scattering In the 

hoJoscopes caused the loss of real events. A correction was 

therefore made to undo this loss. 

F. Decay and Yuon Corrections 

1. Decay corrections: Pions which decayed in flight either 
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failed to reach the detectors or were counted as muons by the 

range telescope. The effective decay path was therefore the 

distance between the target and the mean penetration distance 

in the range telescope. Using a decay path of 46.8 m, this 

resulted in corrections between 6 and 30%. >Jo error has been 

assigned to this correction. 

Some kaons which decayed between the differential Cerenkov 

counter and the range telescope could still be Identified as 

kaons. Hence a slightly smaller decay path was used 

(4Ij.fl-+!I.4 ml, resulting in corrections between 50.+0.5% to 

890.*17.%, where the uncertainties have been included in the 

systematic error. 

2. Muon corrections: Below 5 GeV/c it is possible for muons 

from pion decay to fail to penetrate the last range counter. 

In the software yields one could account for this by not 

requi ring the rear-most counters of the range telescone i- the 

muon definition. For the hardware pion yields, only the last 

range counter was used for muon identificati-n, so a 

correction was necessary to account fnr muons whirh were 

misidentified as pions. This correction was obtained from the 

software information and ranged from 0 to lo%, with a 

systematic uncertainty of 10% of Itself. 

r;. Rate Dependent Correct ions: 

1. Fast Electronirs Dead Time: On the basis of several runs 
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made at varying intensities, an emoirical formula using the 

singles and coincidence rates in the trieger counters was used 

to account for dead time in the fast electrnnirs trigger. 

Because the relative singles and coincidence rates varied 

widely as a function of spectrometer setting, this formula did 

not adequately describe the rate dependence for all settings. 

Hence we have assigned an uncertainty to the correction of 

1002 of itself. However, counting rates in the soectrometer 

were kept sufficiently low that this correction was almost 

always less than 2%, and, for a given point, the counting 

rates at the high and low energies were nearly identical. We 

have appl ied the difference in the rate correction between 

high and low energies as a percentage of the unsubtracted 

cross sect ions, and the average rate correction as a 

percentage of the subtracted cross section to the random 

error. 

2. Hodoscope rate correct ions : The Increase in bad hodoscope 

codes due to rate effects was found to be 2.7 times as large 

as tile electronics dead-time. Again an uncertainty of 100% of 

the correction has been assigned, and the uncertainties have 

been han:iled in the same manner as the electronics dead time. 

3. Computer dead time: Recause of the short 1.6 psec length 

of the SLAC beam pulses, the computer was able to read at most 

one event per pulse. The computer dead time correct ion was 

made by normalizing the total number of computer sampled 
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events to the total number of triggers in the fast 

electronics. The correction thus obtained ranged from 0 to 

30%. 

4. Accidentals corrections: The largest correction for 

accidental coincidences was for hadron events which were 

vetoed by a random count in the last range counter, which, 

owing to a weakness in the shielding at the rear of the 

spectrometer, had a rather high singles rate. This 

T correct ion, which was as large as 102, was made only to the 

hardware yields, since the software yields used the first 

blank range telescope counter to define the particle range. 

Corrections for random coincidences in the shower counter or 

Cerenkov counters were less than 1% and were not applied. 

H. Cerenkov Counter Efficiencies 

1. Thresh01 d Cerenkov counter: Pion identification in the 

hardware yields was determined by the threshold Cerenkov 

counter discrimination level, while the software yields used 

the pulse height informat ion. tJs ing data from the 

different ial counter, the threshold counter was determined to 

be 99.5% efficient in the software yields. Because of 

dead-times in the gated latches, the hardware efficiency was 

not determined as accurately; however, the overal 1 discrepancy 

between hardware and software identification, Including 

differences in the Cerenkov counter efficiency, shower counter 
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vetoes, and absorption in the differential Cerenkov counter, 

was less than l%, which, as has al ready been mentioned, is 

included in the systematic errors. The threshold counter had 

an efficiency of 2.5% for detecting non-pions in the software 

yields. The same figure (with an assigned 1% systematic 

uncertainty) was assumed for the hardware yields to correct 

for non-pion contamination. 

2. Differential Cerenkov counter: Events for which the 

7 threshold counter failed to trigger were classified as pions, 

kaons, or ambiguous on the basis of the pulse heights in the 

inner and outer rings of the differential counter. The pulse 

heights from the two inner ring counters and the four outer 

ring counters were summed to form the inner and outer ring 

pulse heights respectively. The Inner vs. outer pulse height 

plane was then divided into different regions to make the 

particle identification. Because the divergence of particle 

trajectories in the spectrometer is greater in the vertical 

plane than in the horizontal, ambiguities between kaon and 

pion identification were in some cases resolved on the basis 

of the two outer ring counters which lay in the horizontal 

plane (i.e. ignoring the two outer ring counters in the 

vert ical plane). 

Efficiencies and contaminations for proton and kaon 

identification were determined by lowering the pressure of the 

differential counter such that Cerenkov light from pions fell 
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in the inner ring. Particle identification in the kaon and 

proton regions could then be directly compared to the 

threshold counter identifications of p/on and non-pion events. 

The cuts used and the resulting efficiencies were somewhat 

momentum dependent. Efficiencies for kaons and protons 

(including the Inefficiency due to misidentification in the 

threshold counter) were typically 90 and 93% respectively. 

The assigned systematic uncertainties in the kaon and proton 

efficiencies were typically 2.2, but, at the lowest momenta 

‘I were as large as 10% for kaons. 

3. Particle contaminations: Because the proton signature 

depends upon a null signal in ,the Cerenkov counters, and 

because of the small p/n- ratio (typically l/60), the P yields 

were susceptible to contamination by other particles. 

However, the requirements placed on the software yields were 

quite stringent. We feel confident that the quadruple trigger 

counter coincidence requirement combined with the hodoscope 

single track requirement and particle trajectory restrictions 

were adequate to eliminate spurious events not co;ning directly 

from the target. Consequently we concern ourselves only with 

contamination from “real” pions and kaons. 

Near the kinematic boundary, relative n-/p” rat 10s larger 

than 1000/l were measured at the lower of the two beam 

energies, giving us confidence that any reasonably momentum 

independent effects, such as pion interactions in the 
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apparatus, are unimportant. Below 5.8 GeV/c, however, the 

pion Cerenkov angle in the differential counter was larger 

than the acceptance of the outer ring. Consequently the 0.5% 

pion inefficiency in the threshold counter caused a 

contamination which was as large as 50% of the p yield. We 

have corrected the b yields assuming a threshold counter 

inefficiency of 0.5*0.254, where the uncertainty has been 

included in the systematic errors. (For momenta between 5 and 

6 GeV/c it was also necessary to parametrize the efficiency 

T for pions to count as protons in the differential counter.) 

For momenta below e3.5 GeV/c, one must also consider the 

effect of kaons which decay in flight, particularly between 

the threshold counter and the differential counter. A 

reasonable fraction of the decays will be el iminated by the 

thresh01 d counter and the muon telescope and, because of the 

relatively large opening angles involved in the decay, the 

trajectory restrictions. The fraction of such events which 

count as p’s is difficult to calculate, and we have not made a 

correction for this effect, but have included a contribution 

to the systematic errors assuming that 50% of the kaons which 

decayed between the last bending magnet and the differential 

counter were counted as p’s. 

in spite of the large systematic uncertainties in the 5 

yields, we note that they are severe only at very low momenta 

where the statistical errors resulting from the bremsstrahlung 

subtract ion are al ready large. The only other serious 
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contamination occurred in the K’ yields at very low momenta 

where, because of the large fraction of kaons which decay 

before reaching the detectors, the observed proton to kaon 

yield was as large as 85/l. IJe have corrected for the 

estimated 0.4*0.2% of the proton yield which was counted as 

kaon s . 

I . Consistency Checks 

T 1. Short term reproducibi 1 ity: Because long term drifts in 

the measuring system tend to cancel in the bremsstrahlung 

subtract ion, they are less important than short term random 

errors, where a small error in the unsubtracted yield results 

in a substantial percentage error in the subtracted yield. 

For almost all data points, more than one run was taken for 

each setting. One could then determine the rms 

non-statistical error, which we define as the percentage error 

which must be added in quadrature with the statistical 

counting error for each point in order to obtain a chi-squared 

of 1.0 per degree of freedom for agreement of the individual 

measurements with the mean for all points at the same setting. 

The error thus determined was 9.27%. This error is larger 

than can be accounted for on the basis of rate effects, and, 

for some points, is comparable to the statistical error. We 

have therefore included this figure in the random error as a 

percentage of the unsubtracted cross sect ions. 
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2. Long term reproducibil ity: Several points were repeated at 

different times throughout the experiment, and a large number 

of points were also taken with both 16 vs 20 and 17 vs 19 GeY 

endpoints. Comparison of the 18 GeV average of these runs 

indicated a non-statistical error 0.7% of the unsubtractkd 

yields, while the errors in the subtracted yields were 

consistent with counting statistics. The 0.7% figure is 

consistent with that expected from rate effects and 

7 time-dependence of the SEQ calibration, and has not been 

included in the uncertainty in the subtracted cross sections. 

3. Comparison of hardware and software pion yields: For those 

points in which the plan software data were taken on a 

sampling basis, small inefficiencies in some of the gated 

latch signals from the fast electronics caused the software 

pion yields to be unreliable. However, only the hardware 

yields were used for the final pion cross sections, and 

sufficient data were taken in the non-sampling mode to 

determine all the necessary corrections to the data. The kaon 

and proton yields were unaffected by the sampling process. 

Pion yields determined from the software analysis for those 

runs taken In the non-sampling mode agreed with those 

determlned from the hardware identification to, on average, 

0.3%, with an rms deviation of 1.5%, consistent with the 

systematic uncertainties of the two analyses. 
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4. Comparison of long and short target yields: The 

unsubtracted yields determined from the long and short targets 

were consistent overall to f3.62, although at the largest 

angles systematic differences of ~2% were discernable. This 

is consistent with uncertainties in the long target sol I‘d 

angle and double scattering and absorption effects in the 

target, and has a negligible effect on the subtracted yields, 

for which the two targets gave results consistent to within 

t counting statistics. 

IV. PRESENTATION OF THE DATA 

A. The Data 

The kinematic points at which the 18 GeV pion data were 

taken are shown in the Peyrou plot of Fig. 6. !iere the 

vertical axis represents the transverse momentum pI of the 

detected pion. The horizontal axis shows the c.m. 

longitudinal momentum ph of the pion and, equivalently, the 

Feynman seal ing variable x, which we define here as x=2pl/fi ,’ 

where s is the total center of mass energy squared. Since the 

kaon and proton data were taken at the same laboratory momenta 

and angles as the pion data, the corresponding proton and kaon 

points are shifted to slightly smaller values of x and pi. 

The measured values of the invariant cross section 

Ed 
3 

o-E da 
- - T dQdp 
dP3 P 
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and the associated random and systematic uncertainties are 

presented in Tables IV-IX. (The random errors are those 

listed in Table Ill added in quadrature with the uncertainty 

due to counting statistics.) The tables also give the 

laboratory angle ,g, the laboratory momentum pl,b , the 

transverse momentum p 
1’ 

the Feynman scaling variable x, -and 

the “projectile frame” rapidity y = y - y* of the detected 
P 

particle. Here y* is the c.m. rapidity defined by 

E* = p cash y* 

t PI = p sinh y* 

where E* is the c.m. energy of the detected particle and 

2 P = I/’ p2+m is the longitudinal mass of the detected particle 
1 

wi tfi rest mass m. The maximum c.m. rapidity Y is defined (for 

incident phptons) by28 

s - M2 
,Y = P 

P&- 

where blp is the nucleon mass. 

Because of the profusion of kinematic variables commonly 

used in the anal-ysis of inclusive reactions, and because the 

data were taken at discrete kinematic points, it was 

frequently desirable to interpolate the data to fixed values 

of some variable. To this end, an empirical fit was made to 

the 18 Ge!l results. The measured points could then be 

kinematically shifted small amounts by multiplying the 

measured cross section by the ratio of the fitted value at the 
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desired kinematic point to the fitted value at the measured 

point. These fits were also used in determining the 

bremsstrahlung corrections and the corrections for the finite 

momentum and angle acceptance of the spectrometer. In all of 

the subsequent figures the data have, where necessary, been 

interpolated to constant values of the appropriate transverse 

or longitudinal variable. 

The fitted function had the form 

Ed 
3 

--$ (xl,pl) =lOOO i 
-vnPI ) 

(1 -x1 in ewDp 
t dp n=l 

where An, Bn, Cn, and D are free parameters. Here 

X’ = P*,,/P~~~(P~), where pTImax (p ) is the maximum longitudinal I 

c.m. momentum allowed for the specified value of p 
1’ 

calculated assuming a three body final state with the minimum 

possible masses. For 7~’ product ion, for example, @ 
ilrnax(p~ ) Is 

the maximum K+ longitudinal momentum allowed for the reaction 

YP - 7r+7r”n. In fitting the pion data, all the parameters 

were allowed to vary. For the other reactions some parameters 

were set to zero (i.e. not used), and a common value of the 

parameter C was used for all powers of (1-x’). The fitted 

values of the parameters thus obtained are given in Table X. 

While the resulting chi-squares are rather poor, particularly 

for the 7r+ reactions, the fits provide a qua1 itat ive 

representation of the data and are adequate for purposes of 

interpolation. 
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B. Transverse Momentum Dependence 

Fig. 7 shows the 18 GeV invariant cross sections for 

target protons and detected n*, K*, p, and i; at a fixed value 

of x as a function of the transverse momentum p . The values 
1 

of x shown are 0.22, 0.20, and 0.15 for the pion, kaon and 

proton data respectively. In Fig. 7, as well as all 

subsequent figures, only the random errors are shown. As with 

inclusive cross sections for hadron induced reactions, the 

cross sect Ions at large p 
1 

values fall exponentially in p 
L 

-1 
T with slopes =7 (GeV/c) . At small values of pL, the cross 

sections deviate from an exponential, particularly for heavier 

mass part icl es. 

As has been observed elsewhere, 
29 the differences in the 

transverse momentum dependence of the different detected 

particles can be noticeably reduced by using the transverse 

variable P = 
2 

J-f- p +m rather than p . 
1 

Data for a variety of 

fixed x values are shown plotted against p in Figs. 8 and 3. 

For small x and pL, the X* data show some deviation from an 

exponential, while the ik K , p, and 5 data show none. At large 

values of x, all of the reactions deviate from an exponential 

for small values of pI. No significant difference in slope is 

seen between 7r 
f 

or between K*, nor is there any significant x 

dependence of the slope, except at the largest values of x 

where the exponential character -f the data is questionable. 

The data corresponding to a pion x value of 0.22 were fit 

to an exponential in p, and the resulting slopes are given in 
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Table Xl. For the pfon data, points with pL <0.5 GeV/c were 

excluded from the fit. The fitted exponent ials are shown in 

Figs. 8 and 9 and, for comparison, are repeated for each value 

of x. The curves for detected 7r’ are also shown as the dashed 

curves on the corresponding figures for kaons and protons. 

C. Longitudinal Momentum Qependence 

The 18 GeV invariant cross sect ions for target protons are 

shown as a function of x for fixed pL in Figs. 10 and 11. 

Note the changes in scale for the different pL values. The 

figures also show the empirical fits used in interpolating the 

data. As in other non-leading particle hadronic inclusive 

reactions, the **, K* and 5 data at smal 1 pL tend to be 

sharply peaked toward x=0, while at larger p 
1 

they show a 

broader maximum, slightly off-set from x=3. The data for 

detected protons rise for negative x as expected in the proton 

f raamentat ion region. Particularly at large values of pL’ the 

+ 
71 and K+ yields tend to be noticeably more flat in x than for 

the corresponding z- and K- reactions. 

D. Deuterium to Hydrogen Ratios 

The ratios (D/H) of the invariant cross sections for 

target deuterons to those for target protons at 18 GeV are 

shown in figures 12 and 13 as functions of x and p . 
I 

Typical 

D/H ratios for negatively charged detected particles appear to 

be slightly larger and closer to 2 than the corresponding 
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ratios for positive particles. At large x the D/H ratio for 

detected r- increases with increasing p 
L’ 

while that for T+ 

shows a decreasing trend. 

One would 1 ike to interpret the cross sections from 

deuterium as the sum of those from the proton and neutron. 

This naive view is known to be modified by shadowing30 and 

smearing 31 correct ions. The smearing corrections, which arise 

from the Fermi motion of the nucleons within the deuterium 

nucleus, have very 1 ittle effect on the transverse momentum 

dependence of the cross section, but, in effect, smear the 

c.m. energy of the collision. Because of the small energy 

dependence of t~he observed cross sections, this effect should 

be small except perhaps at the largest values of x. Shadowing 

photoproduct ion processes yp- ?r+ n and 

di rect comparison of hydrogen and deuter 

no shadowing effects at the level of &3% 

comparable energies (except at very smal 

yp- K+h” , where a 

ium data can be made, 

have been observed at 

1 fti, where Pauli 

corrections in yN total cross sections have been calculated to 

be =7% of the nucleon cross section, 32 while for the exclusive 

exclusion principle effects are important). 33 In this 

analysis we have neglected shadowing and smearing corrections, 

and have defined tfle neutron target cross sections to be the 

difference between the deuterium and hydrogen target cross 

sect ions. In the absence of such corrections, and in view of 

the near equal ity of cross sections for neutron and proton 

targets, one cannot accurately determine, for example, the 

-41- 



d i f fe rence between T’ yields from protons and neutrons, On 

the other hand, because the T’ and T- yields are quite 

similar, one expects nearly equal shadowing corrections. 

Hence, for example, the uncertainty in the difference between 

+ 
rr and z-- cross sections from neutrons should be dominated by 

counting statistics rather than shadowing effects. 

E. Particle to Antiparticle Ratios 

The detected T+ to n, K+ to K-, and p to P cross section 
t 

ratios at 18 GeV for target proton and neutron are shown in 

Figs. 24 and 15 as functions of p and x. For small values of 
I 

pl 
or x the 7r+/7r- ratio for target protons is greater than but 

close to unity. At large x, however, this ratio rises with 

increasing p 
1’ 

reaching a value &?. In contrast, the T+/T- 

ratio for target neutrons is approximately equal to or 

slightly less than unity everywhere. The K’/K- ratios show a 

s imi 1 ar hehav ior, except the deviations from unity are larger 

and at large x the K+/K- ratio is greater than unity for 

target neutrons as well as protons. At large x and p,, the 

K+/K- ratio for target protons reaches a value o-f -9, and the 

ratio for target neutrons shows a similar rise to a value of 

=3. The p/p ratio rises for either large or negative values 

of x, and is typlcally CY~ at moderate x values. The rise at 

large x is presumably due to the difference in the kinematic 

1 imit for the two react ions, or to baryon exchange processes 

leading to a detected proton. The rise at small x is 
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presumably due to the tai 1 of the proton fragmentation region. 

The relatively constant value of the p/F ratio at intermediate 

values of x is perhaps indicative of behavior unique to the 

photon fragmentat ion region. 

V. I NTERPRETAT I ON 

A. The Mueller-Regge Model in the Photon Fragmentation Region 

Mueller4 has utilized the fact that, in analogy to the 

opt ical theorem, the invariant cross section for the inclusive 

react ion a + b- c + X is related to the discontinuity of the 

forward scattering amp1 itude for a + b + c- a + b + c. For 

incident particle (projectile) a, target particle b, and 

detected particle c, this amplitude ma y be appropriate1 y 

Reggeized in the projectile fragmentat 

where u is the square of the invariant 

ion region (large u, 

momentum transfer 

between b and c> to give the Regge exchange diagram of Fig. 

16. The expression for the invariant cross section thus 

obtained is given by 

where the sum is over the possible Regge exchanges, p. is the 
1 

Regge res i due, andcui(0) is the Regge trajectory intercept. 

If, asymptotically, the amp1 i tude is dominated by Pomeron 

exchange, with a(O)=l, then for fixed p and y the invariant 
1 P 

cross section becomes independent of s, in agreement with the 
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limiting fragmentation (scaling) hypothesis of Benecke, Chou, 

34 
Yaw, and Yen. At finite energies meson Regge exchanges 

with intercepts 01 (0)=1/2 give an s -l/2 contribution to the 

invariant cross section. 

Even in the absence of direct measurements of the energy 

dependence of inclusive cross sections, information on the 

relative contributions of different exchanges may be gained 

from a comparison of related reactions. From charge symmetry, 

differences between the photoproduction of particle and 

ant ipart icle must be due to exchanges of odd charge 

conjugat ion. Similarly, for a given detected particle, 

differences between target proton and target neutron must be 

due to exchanges of non-zero isospin. Since the Pomeron 

carries the vacuum quantum numbers, one then expects that 

asymptotically the invariant cross section for production of 

particle and antiparticle for target proton and target neutron 

should all be equal. Thus the measurement of differences in 

the invariant cross sections for these reactions provides a 

measure of the deviation from asymptotic behavior. 

Ry taking the appropriate sums and differences of the 

invariant cross sections for target proton, target neutron, 

detected particle, and detected antiparticle, one may isolate 

the exchanges of different isospin and charge conjugation (or, 

equivalently, G-parity). In Table XII we list the four 

possible combinations of isospin, I, (neglecting I>11 and 

charge conjugation, C. For each set of exchanged quantum 
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numbers we list the relative sign of its contribution to the 

cross section for the four combinations of detected particle 

sign and target. The associated exchange amplitudes have been 

labelled by the most common Regge exchanges: P, f, AZ, p, and 

w. (Even if one adopts a more complicated set of Regge 

exchanges, these serve as useful mnemonics to identify the 

exchanged quantum numbers.) To illustrate the relative sizes 

of the different exchanges, the P+f, p, and w contributions to 

the amp1 itude for detected pions at p =l GeV/c are shown in 
1 

Fig. 17 as a function of y . In the absence of deuterium 
P 

shadowing correct ions the A2 exchange contribution cannot be 

determined. 

The p and w contributions for detected pion and kaon at 18 

GeV are shown in Fig. 18 as a function of y for different 
P 

values of pL . We note here the interpretation, within the 

tvluel ler-Regge picture, of the large n+/~- ratio at large x and 

pI for target protons compared to the near unity value for 

target neutrons (see Fig. 14). At large x, the p and w 

contributions have the same sign and are approximately equal 

in magnitude. The deviation from unity of the n+/n- ratio is 

determined by the p and w exchanges, which add constructively 

for target protons but approximately cancel for target 

neutrons. 

Because the quantum numbers of the abc system are exotic 

for detected K- or 6, some theories predict early scaling in 

these reactions. 
35,36 

In the Mueller-Regge picture this is 

accompl ished by the cancel lat ion through exchange degeneracy 
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of the meson Regge exchanges, leaving only the background 

(Pomeron) exchange contribution. This would then predict the 

equal ity of target proton and target neutron invariant cross 

sect ions for these react ions. In Figs. 12 and 13 the D/H 

ratios for K- and i are seen to be consistent with 2, but with 

poor stat 1st ical accuracy. Because the equal ity of target 

proton and target neutron cross sectlons should be valid over 

the entire photon fragmentation region, however, one can gain 

better statistical accuracy by using the unsubtracted rather 

than subtracted bremsstrahlung yields. This, of course, T 

results in a measurement which spans a range in incident 

energy and x. Fig. 19 shows the D/H ratios for detected K*, 

PI and p for fin= 0.2 as a function of pI. The D/H ratios for 

K and i appear independent of pL. If the points are averaged 

over p 1’ one obtains average D/H ratios of 1.90&0.03 and 

1.94-10.05 for the K- and 5 reactions respectively, which 

should be compared to ratios of 1.74hO.03 and 1.82-+0.03 for 

the K+ and p reactions. If, on the basis of total cross 

section and exclusive reaction measurements, 
32,33 one assumes 

deuterium corrections of less than 10% of the nucleon cross 

sect ions, then the results are consistent with the equal ity of 

target proton and target neutron cross sections for detected 

K- and p, but not for detected K+ and p. We note, however, 

that the non-exotic reaction yp A. T-X shows a D/H ratio 

similarly closer to 2 than the corresponding ratio for 

detected r?. 
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6, Ene rgy Dependence 

Figs. 20-22 show the invariant cross sections for target 

protons obtained in this experiment, compared to other 

5,12,13 experiments at lower energies. For the detected pion 

and kaon reactions the contributions from the two-body 

react ions yp --, pp and yp - $p respectively are shown as 

the sol id (18 GeV) and dashed (6 GeV) curves. These were 

obtained from a calculation of the decay spectrum using the 

measured p and + differential cross section data of Anderson 

et al. 
37 

t The small differences in the decay spectra at the 

two energies are due primarily to the energy dependence of the 

differential cross sections. For the 4 cross sections in 

particular this energy dependence is comparable to the 

uncertainties of the measurements. 

Duality arguments require that in a simple Regge model, 

invariant cross sections should approach their asymptotic 

values from above. 
36 For detected 7r* and k this appears 

consistent with the data at small values of P 
1’ 

At large 

values of pI, however, the cross sections for detected P’, K-, 

and to a lesser extent, K+ are seen to be rising with energy. 

Furthermore, if one attempts to describe the data with only 

contributions of s 
0 and sB112 , then at large P 

1’ 
the Pomeron 

contribution would have to be almost entirely absent in order 

to accomodate the observed energy dependence between 6 and 18 

GeV. Thus it appears likely that at large pL, the simple 

Regge picture must be modified by, for example, kinematic 
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eff ects36,38 with a larger energy dependence than the simple 

siven by meson Regge exchange. 

,-l/2 

The prediction of early scaling 
35,36 

for the detected K- 

react Ion appears moderately satisfied at low pL , but clearly 

fails at larger pl. No measurements exist from other 

experiments for detected 6. The limited measurements ai 

lower energy from this experiment indicate that at large pL, 

the 5 cross sections are rising rapidly as a function of 

energy. 

l/hen plotted against y p for fixed pL, the cross sections 

for detected protons show a rapid fall with increasing energy. 

Because the data at 6 GeV have a somewhat limited range of 

rapidity, and in view of the fact that the most obvious source 

of protons is from fragmentation of the target, we have 

plotted the detected r>roton cross sections in Fig. 23 against 

laboratory rapidity rather than projectile rapidity. The 

maximum allowed rapidities (y = 0.1 at 6 and 18 GeV are 
P 

indicated by the arrows in Fig. 22. In the 1 imited region 

near %b =2, where overlap exists between the 6 and 18 GeV 

experiments, the cross sections are quite comparable. This 

consistent with the generally accepted range of the target 

fragmentation region of ylab E 2. 

iS 

Ilhile deviations from the predicted Mueller-Regge behavior 

are clearly present for large values of p 
L’ 

it has been argued 

that these effects enter only the vacuum quantum number 

exchan:es . 
38 

By isolating the exchange contributions with 
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non-vacuum quantum numbers one may therefore still hope to 

observe the simple s -l/2 energy dependence given by 

convent ional meson Regge exchange. In Fig. 23 we have plotted 

the difference between detected particle and antiparticle 

invariant cross sections for detected pions and kaons with 

proton target, multiplied by s ‘12, for this experiment and the 

DESY experiment at 6 GeV.12 The qua1 i+i**e agreement in shape 

between the two experiments is quite good, particularly 

considering the very low missing mass values of some of the 

data of the 6 GeV experiment. 

The large rise in the cross section difference between n+ 

and 7rIT- at large x (small yp) and p is similar to the large 
1 

7r+ /n- ratio observed in exclusive pion photoproduction at 

large t, and suggests the applicability of a triple-Regge 

model . Unfortunately our data are not sufficiently finely 

spaced at large x to permit such an analysis. In particular, 

the data do not establish a range over which the logarithm of 

the cross section is linear in the logarithm of the missing 

mass squared, as requi red by the model. 

C. The Mueller-Regge Model in the Central Region 

In the central region (t and u large) the Mueller-Regge 

model with factorization predicts cross sections of the form4 

E d& [“li(o)+~j(o)‘21/2 

dP3 
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corresponding to the Regge exchange diagram of fig 24. Here 

the y’s give the coupling between the exchanged Reggeon and 

the target or projectile; these may be determined from total 

cross sect ion data. The p’s give the coupling between the two 

Reggeons and the detected particle c. For given exchanges i 

and j and detected particle c, the coup1 ing p.. is a function 
1J 

only of pL. Thus, assuming convent ional Regge exchanges wi th 

trajectory intercepts a(O)=1 (Pomeron) or l/2 (meson), one 

expects contributions to the cross sect ion of so 

(Pomeron-Pomeron), s -li4 ( Pomeron -meson 1, and s -l/2 
7 

(meson-meson) for fixed ps and y*. 

Ferbel” has shown that for a variety of inclusive 

reactions at y*=O, the invariant cross sections integrated 

over p 0 are consistent with an s + s -l/4 dependence, where 
1 

the data extend to remarkably low incident energies. However, 

several features have arisen in the central region which are 

somewhat disturbing from the point of view of the most naive 

Yueller-Regge models. There is some evidence that p p -+ r*X 

data, at fixed values of p 
1’ 

fail to extrapolate to a cominon 

value at s -l/4 = 9 when assumed to be 1 i near in s -l/4 40 . 

Relations between different react ions demanded by 

factorization appear to be badly violated. 
41 Inclusive cross 

sections in the central region usually approach their 

asymptotic values from below, in contradiction to the si:nplest 

dual i ty arguments. 
36,38 

React ions such as p p - K- X or 

P P -i X, for which one expects early scaling, show larger 
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energy dependences than reactions such as p p - n*X. The 

latter two points are again frequently attributed to kinematic 

effects, and it has been argued that these effects cancel if 

one treats the differences between particle and antiparticle 

cross sect ions. 38 lnami42 has further emphasized the 

importance of investigating the energy dependence for fcxed 

values of p 
1 

. For the reaction p p - r*X he has shown that 

the detected r* cross section difference is consistent with an 

S -l/4 behavior at large pL, but not at small P . 
1 

If only s -l/4 terms are included, our data for the . 

difference between particle and antiparticle yields may be 

compared to the corresponding pp data through factorization. 

Noting that only exchanges of even charge conjugation couple 

to the photon vertex of Fig. 24, and keeping only 

meson-Pomeron terms, we may write 

3 
Ap;oT*,w) - E%j (PP d 

3 
--X)-E- ‘7@p -CX) 

dp dp3 

= 4x 9 yP/?: (1) cash (y”/2) 
-l/4 

i Pi lP 

and 
3 

Aycpb*‘p,s) = E t-C (yp d3r 

dp3 
--X)-E- - CX) = 2 C yyy?pY (p)e 

-l/4 

dP 
3 WP i PllP 



over allowed odd charge conjugation exchanges where the sum is 

(i=p/*’ for c=K; 

are the asymntot 

i=p for c=r), andc 
PP 

= (yp12 and 
P YP 

= &y 
PP 

ic total cross sections. Hence 

A'$y*,p,s) = ;>A' 
-l/4 

PP pp 
Pd-bsl)e 

Thus to leading order in s the photoproduct ion cross sect ion 

differences are related to the equivalent pp cross section 

differences solely through the ratio of the asymptotic total 

cross sect ions. Using values of 40 and 0.1 mb for the pp and 7 

Yp total cross sections respectively, the predicted results 

for the Yp reactions are shown in Fig. 23. The dashed curves 

are obtained from the 12 and 24 GeV data of the 

Bonn-tiamburg-Munchen co1 1 aborat ion, 43 while the solid curves 

are obtained from the ISR data of the British-Scandinavian 

40 
(F3S) collaboration. For detected pions, the prediction is 

seen to fail at both large and small values of P . 
1 

Noting that at 18 GeV there is only a factor of 2.5 

difference between s -l/4 and sm112 , it is difficult to justify 

the neglect of s -l/2 terms. In fact, from our data alone we 

can see from Fig. 18 that, if one accepts the simplest 

9uell er-Regge model, then s -l/2 terms must be present in the 

pion product ion react ion. The p and w exchange amp1 i tudes 

extracted in the previous section for the single Regge model 

give, in the double Regge model, the p and w exchanges between 

the pion and proton vertices of Fig. 24. In order to conserve 
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G-parity at the pion vertex, the w exchange must be 

accompanied by A2 exchange between the pion and gamma legs of 

Fig. 24, which would contribute an s --l/2 dependence. From 

Fig. 18 the w exchange contribution appears to be non-zero 

near y*=O. We note further that the signs of thew 

contribution are consistent with the discrepancies between the 

high energy pp prediction and the observed data. An 

additional s -l/2 
contribution, on which we have no 

informat ion, can come from p-f exchange. 

The problem of s 
-l/2 

terms may be circumvented by 

K 
comparing A yp and A K 

PP’ 
and imposing exchange degeneracy 

requirements. He note that for yp- K- X (or p p -. K- X) 

the fact that K+p is exotic in the s channel should result In 

the cancellation of non-Pomeron exchanges between the kaon and 

proton. For yp - K+ X (or p p- K+ XI, while neither K-p nor 

K-y is exotic, meson-meson terms should nonetheless be 

suppressed, 
44 

as can be seen from the quark diagram of Fig. 

25. To the extent that the photon may be treated as a 

non-strange quark - anti-quark pair, the presence of the 

strange quark in the K- requi res Pomeron exchange in one leg 

or the other of Fig. 24. Thus for the detected kaon cross 

sect ions, the neglect of s 
-1i2 terms is more plausible. 

Meson-meson terms can arise from the strange quark - 

anti-quark component of the photon, but this ($11 component is 

considerably more weak than the non-strange (p,w) components 
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of the photon. The prediction obtained from the BS data40 

shown in Fig. 23 for kaon production is in noticeably better 

agreement with the data than the corresponding prediction for 

pions. 

D. The Const i tuent Interchange Model 

One of the unexpected features which emerged from 

inclusive reactions at high energies was the observation of 

cross sections at large pL which are larger than would be 

expected from extrapolation of the exponential behavior of T 

lower pL data.45 This has given rise to much theoretical 

activity in parton models, which predict invariant cross 

sections of the form3 

& = 1 f(c,e*) 
dp3 @;jN 

E* Ed-E* 
max 

where N Is an integer power, E* is the c.m. energy of the 

detected part icl e, E* max Is its maximum kinematically allowed 

value, and f is an arbitrary function of E and the c.m. angle 

O* of the detected particle. 

in the constituent interchange model (CIM) of 

Blankenbecler, Brodsky, and Gunion, 46 the E dependence of the 

cross section is further specified. In the CIM, large p 
L 

inclusive processes A + B - C + X are assumed to arise from 

basic hard scattering sub-processes a + b -. c + d in which the 

particles a, b, c, and d may be hadrons, quarks, or 
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di -quarks, and C is is either identical to or a fragment of c. 

The basic sub-process is masked by the “hadron ic 

bremsstrahlung” of particles A, 6, and c, the products of 

which do not participate in the basic sub-process. 

Through dimensional counting rules, the invariant cross 

section Is then given by a sum of terms of the form 

where Pi and Ni are integer powers, Mi is a fixed parameter to 

account for finite mass effects, and fi is (in practice) an 

arbitrary function of the c.m. angle 0”. The subscript i 

refers to the specific sub-process and bremsstrahlung 

products. For a given sub-process, the powers N and P are 

given by 

p = 2nhadronic + ne. m, 
passive passive 

_ 1 

w he r e n active is the number of elementary fields participating 

In the basic sub-process, and npassive is the number of 

“passive” fields which do not take part in the basic 

sub-process. The superscrlpts “hadronic” and “e.m.” refer to 

the number of passive quarks coup1 ing to hadrons or photons 

respectively. 

In the absence of knowlege of which are the important 
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sub-processes, the number of possible values of N and P is 

1 a me, as is shown in Fi,g. 26 for the photoproduction 

react ions cons idered here. 47 For comparable strengths f (e*>, 
i 

terms with minimal values of N and/or P will dominate. 

As is traditional in the absence of high precision data 

over a broad kinematic range, we shall make the optimistic 

assumption that a single term of the form of eq. 1 dominates 

the cross section. In order to conveniently use the data of 

this experiment and that of ref. 12, we utilize the fact that 

1 
the measured cross sections for small x are relatively slowly 

varying in e* and consequently use data for fixed x4.2 rather 

than for fixed c.m. angTe. :Je have therefore fit all tiO.2 

data (including 9 and 13 GeV points near x=0.2) with pL>0.5 

GeV/c to the form of eq. 1. The values of the parameters 

obtained are given in Table XII I, and the preferred values of 

P and N are shown as the sol id squares in Fig. 26. The 7r- 

data and the corresponding fit are shown in Fig. 27. The 

resulting chi-squares are rather poor, but, considering the 

1 iberties taken in matching the data and the theory, may be 

considered acceptable. Vith the exception of the K+ reaction, 

the preferred values of N and P lie near the boundary of 

minimal N+P values. The large value of N obtained for the K’ 

reaction is probably an artifact of the strong correlation 

between the parameters M and N, and the anomolously large 

value obtained for M. 

For all reactions the data prefer smaller values of P in 
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preference to smaller values of N. The values N=%, P=l, 

favored for the pion reactions, correspond to sub-processes of 

the form quark + baryon - meson + di-quark or 

meson + di-quark - meson + di-quark. (In either case the 

photon acts as a vector meson rather than an elementary field. 

The values N=5, P=l, would correspond to the sub-process 

photon + di-quark- meson + di-quark, with the photon as an 

elementary field.) 

Because of the strong correlations in the fitted 

parameters, the statistical weighting of the data toward small 

pL ’ and the larger number of points at the highest energy, it 

is of some interest to attempt to determine the parameters P 

and id separately. In Fig. 28 we show the pL=l. GeV/c data as 

a function of E*/E&=. These data were fit separately to 

integer powers of P, and the 18 GeV data alone, with fixed 

values of P, were then fit to integer powers of N. The range 

for P and 14 over which acceptable fits could be obtained are 

shown as the shaded areas in Fig. 26. While the K- and 5 data 

appear to prefer sl ightly larger values of P than do thew 
f 

and K+ data, the quality of the data are not sufficient to 

establish the larger values of P and/or N predicted by the 

model for these two reactions. In fact, the data for all 

reactions are consistent with the values N=5-7, P=l. \;.I e n 0 t e 

that had we defined c as l-2p*/Js rather than l-E*/E&& 

higher values of P would have been obtained for the 5 and, to 

a lesser extent, kaon reactions. 

Eisner et al. 
16 

have analysed no photoproduct ion data at 
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larger values of x and obtained values of P t-.5) and N t-6-7) 

quite similar to those obtained here. In contrast, Carey et 

al. 
48 

have analysed pp data using a value of N=4.5 and obtained 

values for P of 4, 4, 5, and 7 for TO, T-, I<-, and I? 

product ion respectively. 

VI . SUMMARY 

Inclusive photoproduction of charged particles in the 

photon fragmentation region show qua1 itat ive features similar 

to those of hadron induced inclusive reactions: Invariant t 

cross sections fall exponentially with /L = Jp2+m2 for 

sufficiently large 1-1 and small x, with slopes - 6.5 - 9.5 

(GeV/c)-l . Dependence upon longitudinal momentum is 

not iceably weaker than upon transverse momentum, and x 

distrfbutions are broader at large pL than at small pI. 

bJithin the context of the Mueller-Regge model we find: 

1. Except in the reaction yp- p X, invariant cross sections 

for small pL are consistent with Mueller-Regge predictions of 

a dominant energy-independent Pomeron term, al though 

differences between particle and antiparticle yields and a 

finite s-dependence indicate the presence of non-leading Regge 

terms. At large pL a more pronounced energy dependence 

requires modification of the most simple Regge model by, for 

example, introduction of kinematic terms. At small p 
1 

invariant cross sections are decreasing with energy, as 
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expected from duality arguments, jtihile at large p cross 
L 

sections are increasing with energy. 

2. The invariant cross sections for detected K-, which are 

expected to show early scaling, are consistent with the * 

absence of energy dependence at small p 
L’ 

but are increasing 

with energy at large p 
1’ 

3. The reaction yp- p X for fixed y and p 
P L 

shows a strong 

‘I falling s dependence when compared to data at 6 GeV, 

indicating that a Regge expansion of this reaction in the 

photon fragmentation region is not val id for y < 2. 
lab - 

4. For the detected K- and ‘; reactions, the expected equal i ty 

of target proton and target neutron cross sections appears to 

be satisfied to within the uncertainties of deuterium 

correct ions. 

5. For large x and large pL, the large n+/n- and K+/K- ratios 

for target proton, combined with the smaller ratios for target 

neutron require both p and w exchange. 

6. The difference between detected 7r+ and A- cross sections 

and between detected Kf and K- cross sections, when compared 

to data at 6 GeV data, are in reasonable agreement with the 

predicted s -l/2 dependence for fixed y and p . 
P .L 
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7. Predictions to leading order in s of the r* cross sectinn 

difference in the central region obtained from high energy pp 

data are in poor agreement with the data. The combination of 

proton and deuteron target data indicate the presence of s -l/2 

terms of the correct sign to account for the discrepancy. A 

similar prediction for the K* cross sect ion difference, where 

s-1/2 terms should be suppressed, is in better agreement with 

the data. 

The data for x==O.2, pI)/O .5 GeV/c were fit to the form 

3 -d CT _ E- - EP 
dp3 2N f @+I) 

given by the constituent interchange model. The data prefer 

small values of P in preference to small values of N. The 

powers of N and P obtained are consistent with those obtained 

from 7r” photoproduction data at a comparable energy, and 

differ noticeably from those obtained from pp reactions 

(mostly at higher energies). 
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TABLE I I I. Corrections and uncertainties as a percentage of the 
final (subtracted) cross sect ions. 

N3RMAL I ZPIT I ON ERRORS : 

Source Correction Uncertainty 

SEQ-calorimeter cal ibration: 3.3 
Bremsstrahlung calculation and collimation: - 3.2 
Target length-and density: 
Electromagnetic absorption in target: 
Stringent software acceptance: 
Aperture counter vs stringent acceptance: 
Hodoscope and trigger counter absorption: 
Bad hodoscope codes (software only): 

Total normal izatton error: 

0.7% 
2.% * - 

3.z 
1.5% 
2.% 

5.-g.% l.% 

6 0, 
l ‘0 

RANDOM ERRORS : 

Source 

SEQ time dependence: 
Target dens i ty: 
Target contamination (IJz only): 
Tolerance in magnet settings: 
Shower counter attenuator setting: 
Hardware dead-time: 
Software rate dependence: 
Fluon accidentals (hardware yields only): 
Short-term reproducibility: 
Computer sampl ing efficiency: 

Total random errors 
2 ’ 

e, p, and Pi 

Correction 

o.-2.1% 
o.-5.7% 
o.-lO.“s 

Cl.-302 

Uncerta i nty 

0.53 
0.2% 
0.3% 

O.-0.8% 
0.5% 

O.-3.1% 
O.-8.4% 

0.4-3.% 

l.-4.z 
l.-lO.% 
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TABLE III (continued) 

SY ST EMAT I C ERRORS : 

Source Correction Uncertainty 

SEQ energy dependence: 
Bremsstrahlung subtraction: 
Hadronic absorption in target: 
Stringent and aperture counter acceptances 

(long targets, e>i2O 1: 
Relative acceptances: 
Cross section variation over B-acceptance: 
Cross section variation over p-acceptance: 
Uncertainty in spectrometer angle: 
Uncertainty in spectrometer momentum: 
Shower counter losses: 
Differential counter absorption: 
Hardware-software differences: 
Hodoscope and trigger counter absorption: 
Decay correction (pions): 
Decay correct ions (kaons): 
Muon identification (pions, <5 GeV/c): 
Kaon and proton detection efffciency: 
Proton contamination of pion yields: 
Proton contamination of kaon yields: 
Pion contamination of i; yields: 
Kaon contamination of b yields: 

l.-3.2 0.2-2.7% 
O.-25.5 l.-lo.% 
l.-5.% 0.5-2.53 

O.-2.5% 
0. -20.2 
O.-3.7% 
O.-l.SZ 

l.-10.:: 
3.-40.t 

7.-22.Z 
6.-30.% 

so.-S90.% 
O.-Cl.% 
7.-25% 
0. -3.0% 
13 . -34% 
O.-50.“: 

O.-2.5% 
0.9% 

O.-2.7% 
0. -2.5: 

0.3% 
0.6-4.02 

19 l ‘0 

l.-3.% 

0.4-1.9% 
O.-0.9% 
2.-1o.z 
13.-1.3% 
O.-17% 
O.-25.t 
0. -207; 

Total systematic errors f- 
7r : 2.-7.2 

. 
y$ 

3.-10.2 ’ 

Kf,b : 
3.-16.: 
3.-25.Z 
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TABLE IV. Invariant cross sections for 7r+ photoproduction from hydrogen and,deuterium. _ 
See text for the definitions of the kinematic variables. The first uncertainty quoted with 
each cross section is that due to random errors; the second is that due to systematic errors. 

yP 
0.77 
0.64 
0.46 
1.05 

k = 9 GeV 
hyclr0ge.f 
(Fb/GeV ) 

( 6.57+/-O-lo+/-0.17) IO** 1 
( 1.79+/-o-02+/-0.05)10** 1 
( 6.52+/-O.lO+/-o.la)lo**-1 
( 7.42+/-O.lE+/-0.28)10**-1 

k = 13 GeV 
hydrogen 
(pb/Gev2) 

( 6. Eat/-o.z8t/-o. 21) IO** 1 
( 3.47+/-o-04+/-O.O8)1O*t 1 
( 5.62*/-0.08+/-0.15)10**-1 
( 9.09*/-l-85+/-0.32)10**-3 

k = 18 GeV 
hvdroaen 
(;b/G;V2) 

( R-08+/-0.17+/-0.37)10** 1 
i 5.91+;-O-28+/-0.16;10** 1 
( 7.45*/-O.l6t/-0.31)10** 1 
( 4.29+/-0.08*/-O. 10) lo** 1 
.( 3.08+/-O-04*/-O.OE)lo** 1 
( 4.40+/-O-22+/-O.ll)lo** 1 
( 4.91+/-0.13t/-0.19)10** 1 
( l-46+/-O.Olt/-0.04)10** 1 
( 1.47+/-o. 04+/-o. 04) 10** 1 
( l-83+/-O-064/-0.05)10** 1 
( 2.11+/-O-04*/-0.07)10** 1 
c 2.49+/-0.09*/-0.12) 10** 1 
i 2.28tj-0.1 l+j-0.15; to** 1 
t 5.62+/-O-19+/-o.15)10** o 
i 5.76+/-O.llt/-0.19)10** 0 
( 1.57+/-o-04+/-0.05)10** 0 
I 2.88+/-0.06+/-O.OE)lO** 0 
i 1.33+;-O.O8t;-0.09jlo** 0 
( 4.22+/-O-07+/-O.lU)lO**-1 
( S-78+/-O-23+/-0.17j10**-1 
( 7.10+/-0.19+/-0.20)10**-1 
I 7.31*/-0.24+/-0.20)10+*-1 
i 8.46+/-0.33,;~0.23) lo**-1 
( 8.55+/-o.l3t/-0.24) lo+*-1 
( R-41+/-0.23+/-0.27)10**-1 
( 7.33+/-O.Ul+/-0.28)10+*-1 
( 8.03+/-0.45t~o.37) lo**-1 
i 7.34+/-0.28t;-0.43)10**-1 
( 7.57*/-0.55t/-o.53)lo**-l 
I 1.02+/-0.02*/-o.o4) lo**-1 
i 2.41+>-O.l2tj-o.O7jlo**-1 
f 2.07*/-O-lot/-0.12)10+*-r 
i 3.64+/-O-16+/-0.12)10+*-2 
( 5.85+/-O-38+/-0.17)10**-2 
I 5.10+/-0.64t/-0.25)10**-2 
i 1.19+;-0.05+/-0.04j10**-2 
I l.RO+/-O-12+/-0.05)10**-2 
i 1.76*/-O.lO+/-0.05)10**-2 
i 1.85+;-0.21+;-O.O6jlO**-2 
( 1.52+/-0.19*/-O-06)10**-2 
i 1.25+/-0.22t/-0.07)10**-2 
( U-67+/-0.46,/-O. 14) lo**-3 
( l-38+/-O.lEt/-0.05)10+*-3 
( 7.82+/-2.89*/-0.29)10**-4 

n I... 

deuterium 
(vb/GeV2) 

I 1.1e+/-o-02+/-O.O3)1Ot+ 2 
i 3.04+;-0.05+/-0.08~ lo** 1 
( 1.06+/-0.02*/-o. 03) lo** 0 

‘lab 
(deg) 
1.496 

pla.b pl X 
(GeV/c) (GeV/c) 

4.159 0.11 0.44 
4.773 0.50 0.47 
5.749 1.00 0.51 
3.226 1.00 0.16 

pl X 
(GeV/c) 

0.11 0.30 
0.24 0.69 
1.00 0.65 
1.60 0.10 

pI X 
(GeV/C) 

0.11 0.22 
0.17 0.34 
0.22 0.22 
0.24 0.51 
0.31 0.63 
0.33 0.33 
0.34 0.22 
0.37 0.77 
0.50 0.51 
0.50 0.32 
0.50 0.23 
0.50 0.15 
0.50 0.10 
0.62 0.63 
0.71 0.22 
0.76 0.77 
0.78 0.51 
0.90 -0.00 
1.00 0.77 
1.00 0.65 
1.00 0.57 
1.00 0.46 
1.00 0.39 
1.00 0.31 
1.00 0.21 
1.00 0.14 
1.00 0.06 
1.00 -0.00 
1.00 -0.05 
1.19 0.77 
1.20 0.22 
1.20 0.00 
1.38 0.63 
1.40 0.22 
1.40 0.00 
1.60 0.50 
1.60 0.34 
1.60 0.23 
1.60 0.10 
1.60 0.00 
1.60 -0.08 
1.80 0.22 
2.00 0.22 
2.00 0.00 

5.985 
9.986 

17.985 ( 1.29+/-o.out/-0.05j lo** 0 

I3 lab ‘lab 
w-3) (GeV/c) 
1.486 4.159 

*P 
1.14 
0.32 
0.31 
0.95 

1.4R6 9.415 
5.984 9.557 

17.984 5.168 

elab plab 
ww (GeV/c) 
1.485 4.159 

yP 
1.46 
1.04 

denteriffa 
Wb/GeV ) 

( l.46+/-0.07*/-0.06)10** 2 
1 1.06+/-O. 04t/-o.03)loet 2 
( l-38+/-O.O3t/-0.06)10** 2 
( 8.12+/-0.16+/-0.21)10** I 
( 5.93*/-0.09+/-O. 16) lot+ 1 

( 8.97+/-0.21t/-0.37)10** 1 
( 2.62+/-O.O3t/-0.07) IO** 1 
I 2.56+/-O-11+/-0.07) 10~ 1 
( 3.14+/-0.10+/-0.09)10** 1 
( 3.82+/-0.16+/-0.13) IO** 1 
( U-23+/-O.ll+/-0.20)10** 1 
( U-45+/-O-17+/-0.26)10** 1 

( l-00*/-o-02+/-0.03) 10** 1 
( 2.65+/-0.06+/-0.08)10** 0 
( U-87+/-O-10+/-O.lU)lo** 0 
( 2.41+/-O-14+/-0.16) lo+* 0 

( l-02+/-o-02+/-0.03)10** 0 

( l-40+/-o-03+/-o.oU)lo** 0 

1.485 6.390 
2.983 4.248 
1.485 9.415 

1.44 
0.65 
OF42 
1.04 

1.485 11.790 
2.985 6.390 
4.485 4.405 
1.405 14.309 
2.985 9.616 
4.485 6.363 

1.41 
0.23 
0.63 
1.04 

5.985 4.773 
7.9R5 3.583 

1.33 
1.62 

9.985 
2.985 
7.985 
2.985 
4.485 

17.985 
3.872 
4.485 

2.869 
11.990 

5.142 

1.84 
0.41 
1.26 

14.615 
9.971 

0.21 
0.59 

2.902 
14.900 
12.736 
11.504 

9.557 
8.414 

1.85 
0.19 
0.35 
0.45 
0.64 
0.76 
0.92 
1.15 
1.33 
1.56 
1.74 

4.967 
5.985 
6.802 
7.985 
9.985 

7.175 
5.749 I 1.55+/-0.04+/-o-05)10** 0 

11.985 
14.984 

4.800 
3.854 
3.226 

i l-60+;-0.09+;-0.06j lo** 0 
( l-43+/-O-06+/-0.07)10** 0 

17.984 
20.987 

4.485 
10.762 
17.986 

5.985 

( 1.30+/-0.05+/-O.OE;lO+t 0 
I 1.23+/-0.07t/-0.09)10** 0 
( l-69+/-O.O3t/-0.06)10**-1 

2.780 
15.154 

1.90 
0.17 

6.408 
3.873 

13.190 

1.04 
1.56 
0.31 
0.96 
1.41 
0.45 
0.68 
0.86 
1.09 
1.27 
1.43 
0.80 
0.73 
1.05 

( 6.lU+/-O.lEt/-O.20)10**-2 
( l-06+/-O-06+/-0.03)10**-1 

( 2.13+/-O.O7t/-0.08) lo**-2 
( 2.97+/-0.24t/-0.09)10**-2 
( 3.32+/-O.lU+/-0.10)10**-2 

11.539 6.980 
17.9617 4.520 

11.4R6 
9.204 
7.686 

1.986 
9.986 

11.985 
14.984 
17.987 
20.9A5 
12.702 
13.148 
17.907 

6.172 
5.168 
4.455 
8.166 
8.773 
6.462 
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I 

TABLE V. Invariant cross sections for 71 photoproduction from hydrogen and deuterium. - 

k f 9 Gev 
hydrogen 
(pb/Gev2) 

( 6.OOt/-o.o9t/-o.16)10** 1 
( 1.~q+/-0.02+/-0.04)10** 1 
( 4.08*/-0.07t/-0.12)10**-1 
( s-84+/-0.17+/-0.21) 10**-1 

k = 13 GeV 
hydrogen 
(pb/Gev2) 

( 6.10+/-0.26t/-0.20)10** I 
( 3.24*/-0.04+/-0.08)10** 1 
i 3.02t;-O.oS+;-0.06; lo**-1 
( 6.85+/-O-29+/-0,19)10**-1 
( 6.69+/-0.47+/-0.26)10**-1 
( l-16+/-0.17+/-0.04)10**-2 

deuteriya 
(Fb/GeV ) 

( 1.13+/-o-02*/-0.03)10** 2 
( 2.78+/-0.04t/-0.08)10** 1 
( 8.29+/-0.21+/-0.24) 10+*-l 
( 1.35*/-0.04*/-0.05)10** 0 

%b plab PI X 
(awl (GeV/c) (GeV/c) 
1.4R6 u-159 0.11 0.44 
5.985 4.113 0.50 0.47 
9.986 5.749 1.00 0.51 

17.985 3.226 1.00 0.16 

‘lab ‘lab pl 'I 
wea (GeV/C) (GeV/c) 
1.486 4.159 0.11 0.30 
1.486 9.415 0.24 0.69 
5.984 9.557 1.00 0.65 
9.985 5.749 1.00 0.33 

17.98U 3.226 1.00 0.06 
17,984 5.168 1.60 0.10 

plab 
(GeV/c) 

4.159 
6.390 
4.248 
9.415 

11,790 
6.390 
4.405 

14.309 
9.616 
6.363 
4.773 
3.583 
2.869 

11.990 
5.142 

14.615 
9.971 
2.902 

14.900 

B1Zlb 
(d-3) 
1.485 
1.485 
2.983 
1.485 
1.485 
2.985 
4.485 
1.485 
2.985 
4.485 
5.984 
7.985 
9.985 
2.985 
7.985 
2.985 
4.485 

17.985 
3.832 
4.485 
4.967 
5.985 
6.802 
7.986 
9.985 

11.985 
14.984 
17.984 
20.985 

4.465 
10.762 
17.986 

5.985 
11.539 
17.987 

7.986 
9.986 

11.985 
14,984 
77.986 
20.985 
12.702 
13.148 
17.987 

12.736 
11.504 

9.557 
8.414 
7.175 
5.749 
4.800 
3.854 
3.226 
2.780 

15.154 
6.408 
3.873 

13.190 
6.980 
4.520 

11.486 
9.204 
7.686 
6.172 
5.168 
4.455 
8.166 
8.773 
6.462 

pl x 
(GeV/c) 

0.11 0.22 
0.17 0.34 
0.22 0.22 
0.24 0.51 
0.31 0.63 
0.33 0.33 
0.34 0.22 
0.37 0.17 
0.50 0.51 
0.50 0.32 
0.50 0.23 
0.50 0.15 
0.50 0.10 
0.62 0.63 
0.71 0.22 
0.76 0.77 
0.78 0.51 
0.90 -0.00 
1.00 0.77 
1.00 0.65 
1.00 0.57 
1.00 0.46 
1.00 0.39 
1.00 0.31 
1.00 0.21 
1.00 0.14 
1.00 0.06 
1.00 -0.00 
1.00 -0.05 
1.19 0.77 
1.20 0.22 
1.20 0.00 
1.38 0.63 
1.40 0.22 
1.40 0.00 
1.60 0.50 
1.60 0.34 
1.60 0.23 
1.60 0.10 
1.60 0.00 
1.60 -0.08 
1.80 0.22 
2.00 0.22 
2.00 0.00 

yP 
0.77 
0.64 
0.46 
1.05 

yP 
1.14 
0.32 
0.31 
0.82 
1.42 
0.95 

k = 18 GeV 
hydrogen 
(pb/GeV’) 

( 7.32+/-o-16+/-o-31)10** 1 
( 5.81t/-0.26t/-0.15)10** 1 
( 6.87+/-O-13+/-O-26)10** 1 
( ~4.23+/-0.10t/-0.10)10** 1 
( Z-81+/-O.o4t/-0.07)10** 1 
( 3.88+/-0.22t/-O.lo)lo** 1 
( 4.45*/-0.13+/-0,16)10** 1 
f 1.26t/-O.Olt/-0.041 lo** 1 
i l-28+/-O.O3t;-o.o3jlo** ? 
( 1.51t/-0.07+/-0.04)10** 1 
( 1.89+/-O-03+/-0.06)10** 1 
( 2.15+/-o-07+/-0.09)10** 1 
I 2.29*/-0.09+/-0.12110** 1 
i 4.3utj-0.15tj-0.12; lo** 0 
( 4.90+/-0.09+/-0.15)10** 0 
1 9.75+/-0.24+/-0.31~10**-1 
i 2.14t;-O.OSt;-O.O6jlO++ 0 
( l-19+/-O-05+/-0.08)10** 0 
i 2.17+/-0.05t;-0.07)10**-1 
( 3.69+/-O.O9t/-O.ll)lo**-1 
( 4-97t/-0.13t/-0.14)10**-1 
( 6.22+/-0.19+/-0.17)10**-1 
( 7.25+/-o-27+/-0.19)10**-1 
( 7.48t/-0.20t/-0.21)10**-1 
( 7.91+/-0.20+/-0.23)10+*-l 
( 7.35t/-0.30+/-0.25)10**-1 
( 7.07t/-0.39+/-0.31)10**-1 
I 6.61+/-O-20+/-0.41) lo**-1 
( 6.14+/-0.51t/-0.49)10**-1 
( 5.12+/-0.13+/-O.lE)lO**-2 
( 2.16+/-0.09+/-0.06) lo**-1 
I 1.79t/-0.10+/-0.10) lo**-1 
i 2.76t j-o. 14+)-o. osj lo**-2 
( 6.21t/-O-37*/-0.18)10**-2 
i 4.52+/-0.59+/-o-22)10**-2 
( 1.01+/-o-05+/-0.03)10**-2 
( 1.44+/-o-13+/-0.04)10**-2 
( 1.54t/-0.09*/-0.05)10**-2 
( 1.37t/-0.21+/-0.04)10**-2 
I 1.30+/-0.14t/-0.05)10**-2 
( 5.99+/-2.57+/-0.35)10**-3 
( 3.80+/-O-55+/-O.ll)lo**-3 
( 1.33+/-O.l6t/-0.04)10**-3 
( 7.18+/-3.04t/-0.25)10**-4 

aeuterium 
(Pb/GeV’) 

( l-34+/-O-08+,'-0.06)10** 2 
( 1.05*/-0.0u+/-0.03)10** 2 
( 1.32+/-o-02+/-0.05)10** 2 
( 8.02+/-0.17+/-0.20)10** 1 
( 5.69*/-O-08+/-0.16)10** 1 

( 8.67+/-0.22+/-0.34)10** 1 
L 2.47+/-0.03+/-0.08110+* ? 
i 2,45tj-O.O9t/-0.07jlO** 1 
( 3.01*/-0.10*/-o.og)lo** 1 
( 3.55+/-0,07+/-o. 12j lo** 1 
( h.Oot/-0.12+/-0.18)10** 1 
1 4.27+/-0.13+/-0.23) lo** 1 

( g-27+/-o-21+/-o-30)10** 0 
( 1.94*/-0.07+/-0.06) lo** 0 
( 4.21*/-0.08+/-0.12)10++ 0 
( 2.58+/-O.l3t/-0.15) IO** 0 

yP 
1.46 
1.04 
1.44 
0.6-S 
0.42 
1.04 
1.41 
0.23 
0.63 
1.04 
1.33 
1.62 
1.84 
0.41 
1.26 
0.21 
0.59 
1.85 

( 7.75t/-0.13t/-0.23)10**-1 

( 1.22+/-0.03t/-0.03)10** 0 

0.19 
0.35 
0.45 
0.64 
0.76 
0.92 
1. 15 
1.33 

I l-62+/-O.OUt/-0.05) lo** o 
( 1.56+/-O. 09+/-o. 05) lo** o 
i 1.56+/J-O-06+/-0.07)10** 0 
( 1.43+/-O.OSt/-0.08\10** 0 
( l-21+/-O-06+/-0.09)10'* 0 
( 1.14+/-0.02+/-0.04) lo**-1 

1.56 
1.74 
1.90 
0.17 
1.04 
1.56 
0.31 
0.96 

( 6.04*/-O. 17+/-o. 19) IO**-2 
( 1.29+/-o.ost/-o.o4\1O**-r 

( 2.28t/-0.08+/-0.08) lo+*-2 
I 2.58+/-0.30+/-0.08)10**-2 
( 3.50*/-0.15t/-0.10)10**-2 

( 2.83t/-0.23t/-o.ll)lo**-2 
I 2.84+/-O.Slt/-0.16)10**-2 

1.41 
0.45 
0.68 
0.86 
1.09 
1.27 
1.43 
0.80 
0.73 
1.05 
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TABLE VI. Invariant cross sections for K+ photoprodtiction from hydrogen and deuterium. - 

‘lab plab pl X 
(deg) (GeV/c) (GeV/c) 
1.486 4.159 0.11 0.41 
5.985 4.773 0.50 0.45 
9.986 5.749 1.00 0.49 

17.985 3.226 1.00 0.13 

k = 9 GeV 
hydrogen 
(!-WGeV21 

( 8.16+/-0.64+/-0.30)10** o 
( 2.34*/-O.lSt/-O.OB)lO+r 0 
( 1.88t/-0.11t/-0.o6)1o**-l 
( 1.56+/-0.25+/-0.20)10**-1 

k = 13 GeV 
hydroqeg 
(Pb/GeV ) 

( 4.81+/-2.43+/-0.19) lo** o 
i 2.03+j-0.13+j-0.06j10*~ 0 
( 1.91t/-o.O8t/-0.06) lo*+-1 
(-1.85+/-3.24t/-o.o8)lo**-3 

deuteriua 
Wb/GeV2) 

( 1.69t/-0.14+/-O.o6)1o+* 1 
I 4.21+/-0.30+/-0.15)~0** 0 
( 2.98+/-0.23+y-o. lo, lo**-1 
( 7.37+/-5.51+/-0.q7)lo**-2 

0.77 
0.63 
0.45 
1.04 

%b plab 
(d-3) (GeV/c) 
1.486 4.159 
1.486 9.415 
5.984 9.557 

17.984 5.168 

pl X 
(GeV/c) 

0.11 0.28 

yP 
1.14 
0.32 
0.31 
0.94 

0.24 0.68 
1.00 0.64 
1.60 0.08 

k = 18 Gel 
hydrogen 
(wb/GeV2) 

( 1.1ot/-o.14t/-o.o4l1o** 1 
i 8.49t~-1.88+~-0.28jlO** 0 
( 7.26*/-0.93+/-0.30) lo** 0 
( 5.21+/-O. 36t/-0.16)10** o 
( 2.06+/-O. 16t/-0.06)10** o 
(.4.57*/-l-18+/-0.15) lo*+ o 
i 5.22+j-0.94+/-0.23j lo** 0 
( 1.38+/-O-06+/-0.04)10** 0 
f 2.28t/-0.21+/-o.o7)lo+* o 
i 2.97tj-0.49tj-0.10; lo** 0 
I 2.45t/-0.27t/-0.11)10** 0 
( 3.37+/-0.68+/-0.20)10** 0 
( 1.72t/-1.14+/-0.23) lo** 0 
( 1.05*/-0.07+/-o.03) lo+* 0 
i 7.82+>-0.98tj-o.4oj lo**-1 
( ~.30+/-0.16t/-0.17)~o**-1 
( 6.47*/-0.52+/-o. 22) lo**- 1 
( 1.80+/-O. 98+/-O. 29) lo**- I 
( 1.71t/-O.O8t/-0.06)10**-1 
( 2.01t/-0.40+/-0.07)10**-1 
( l-62+/-O.lPt/-0.06)10,*-1 
( 2.07+/-o-24+/-0.07) to**-1 
I l.434/-0.33t/-O.O5)lO**-1 
( 1.90t/-0.11+/-0.07)10+*-1 
( 2.13+/-O-24+/-0.08)10**-I 
( l-50+/-o-47+/-0.07) lo**-1 
( 2.84+/-0.62,~0,16)10**-1 
I l-06+/-0.404~0.15) lo**-1 
( 7.85+/-R-33+/-1.83)10**-2 
( 4.82+/-0.22+/-O. 18) lo**-2 
( 5.91+/-l-33+/-0.22)10**-2 
( b-92+/-1.21+/-0.501 lo**-2 
( l-37+/-0.18+/-O.OS)lo**-2 
( 2.49+/-o. 45+/-o.og)lo**-2 
( l-57+/-O-93+/-O.OE)lQ**-2 
1 4.22+/-0.63+/-0.15)10**-3 
( 5.96+/-l-38+/-0.21)10**-3 
( 5.42+/-1.13+/-o. 19) lo**-3 
( E-40+/-3.08t/-0.32)10**-3 
( 5.24+/-2.68+/-0.24)10+*-3 
( 4.93+/-2.59t/-O.3O)lO**-3 
( 7.24+/-6.68+/-0.27)10**-u 
( O-23+/-2.oOt/-0.15)?0**-4 
~-0.15*/-4.09t/-0.02)10**-4 . . n - ,. 

P, X 

1.485 4.159 
6.390 
4.248 
9.415 

11.790 
6.390 
4.405 

14.309 
9.616 
6.363 
4.773 
3.583 
2.869 

11.990 
5.142 

14.615 
9.971 

1.485 
2.983 
1.485 
1.485 
2.985 
4.485 
1.485 
2.985 
4.485 
5.985 
7.985 
9.985 
2.985 
7.985 
2.985 
4.485 

17.985 
3.832 
4.485 
4.967 
5,985 
6.802 
1.985 
9.985 

11.985 
14.984 
17.984 
20.987 

4.485 
10.762 
17.985 

5.9R5 
11.539 
17.987 
7.986 
9.986 

Il.985 
14.984 
17.987 
20.985 
12.702 
13.148 
17.987 

deoteriua 
(pb/GeVZ) 

( 1.91t/-0.53*/-O.OE)lO** 1 
I 1.02+/-0.22+/-o. 04) lo*+ 1 
( 1.29t/-0.12+/-0.06)10** 1 
( 8.31+/-O-53+/-o-27)10** o 
( 3.54t/-0.23+/-0.11)10** 0 

( 9.12t/-1.15+/-0.43)10** 0 
( 2.26t/-O.lOt/-o.06)10** o 
I 2.79t/-0.58+/-0.09110+* 0 
i 3.29t/-0.65t/-0.12j lo** 0 
( 2.64+/-1.25+/-o.l4)lo** 0 
( X16+/-0.72+/-0.24j lo** o 
( 3.37+/-1.37+/-0,45)1o** 0 

(Get/c) 
0.11 0.19 1.46 

1.03 
1.44 
0.65 
0.42 
1.03 
1.41 
0.23 
0.63 
1.04 
1.33 
1.61 
1.84 
0.41 
1.26 
0.21 
0.59 
1.84 
0.19 
0.35 
0.45 
0.64 
0.76 
0.92 
1.15 

0.17 0.32 
0.22 0.19 
0.24 0.49 
0.31 0.62 
0.33' 0.32 
0.34 0.20 
0.37 0.76 
0.50 0.49 
0.50 0.30 
0.50 0.20 
0.50 0.12 

( ~.41+/-0.18+/-0.08)10+* 0 
t 8.89+/-O. 28+/-o. 29) lo**-1 
( 1.01+/-0.09+/-0.03)10+* 0 
( 4.08+/-l-75+/-0,62)1o**-1 

( 3.13t/-o.14t/-o.11)1o+*-1 

( 3.70+/-0.32*/-0.13)1o**-~ 

0.50 0.06 
0.62 0.62 
0.71 0.20 
0.76 0.76 
0.78 0.49 
0.90 -0.04 
1.00 0.76 
1.00 0.64 

2.902 
14.900 
12.736 
11.504 1.00 0.56 

9.557 1.00 0.45 
8.414 1.00 0.38 
7.175 
5.749 

1;oo 0.29 
1.00 0.19 ( 2.93+/-0.34*/-0.12)10**-1 

( 2.73+/-0.96+/-O. 13) lo**-1 
I 4.22+/-0.6%/-0.25) 10+*-j 
i l-56+>-O.65+/-0.23j1o**-1 
( 2.08+/-l.OOt/-0.48)10+*-l 
( 6.95+/-0.28tPO.26) lo**-2 

4.800 
3.854 
3.226 

1.00 0.12 
1.00 0.03 
1.00 -0.04 
1.00 -0.10 
1.19 0.76 
1.20 0.20 
1.20 -0.03 
1.38 0.63 
1.40 0.21 
1.40 -0.02 
1.60 0.49 
1.60 0.33 
1.60 0.22 

1.33 
1.55 
1.74 
1.89 
0.17 
1.04 
1.56 
0.31 
0.96 
1.40 

2.780 
15.154 

6.408 
3.873 

13.190 
6.980 
4.520 

11.486 
9.204 

( 2.66+/-O-21+/-0.09)10**-2 
( 3.35+/-O-69+/-0.12)10*+-2 

0.45 
0.68 

( 8.13t/-O,81t/-O.3o)lo**-3 
( 9.46*/-2.70+/-0.34)10**-3 
i l-04+/-0.16+/-0.04j lot*-2 7.686 0.86 

( 8.1Ot/-3.04t/-o.3P)1o*+-3 
6.172 1.60 0.08 1.09 
5.168 1.60 -0.02 1.27 
4.455 1.60 -0.11 1.43 
8.166 1.80 0.21 0.80 
8.773 2.00 0.21 0.73 
6.462 2.00 -0.01 1.05 
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TABLE VII. Invariant cross sections for K- photoproduction from hydrogen and deuterium. - 

k = 9 GeV 
hydrogen 
(pb/GeV') 

( 4.69+/-0.42+/-0.17) to*+ o 
I 1.09+/-O-06+/-0.04)10** 0 
I 4.444/-0.384/-0.16)10**-2 
( 4.63+/-l.Slt/-0.52)10**-2 

k = 13 GeV 
hydrogen 
IPb/GeVZl 

I 2.02t/-1.82t/-0.08)10** 0 
( 8.44*/-O-61+/-0.24)10**-1 
( 3.924/-0.244/-0.13) lo**-2 
( 7.41+/-1.96+/-0.25)10**-2 
( 2.81+/-4.95+/-0.32) loss-2 
(-2.52+/-1.354/-O.lO)lO**-3 

k = 18 GeV 
hvdroaen 
(;b/G;V') 

( 5.784/-1.09t/-0.23)10** 0 
i 2.26+;-l-354;-O.OBjlO** 0 
( 5.504/-0.604/-0.21)10** 0 
I 3.504/-0.284/-O.lOIlO** 0 
i l-124;-0.104/-O.O3jlO** 0 
( 2.49+/-o. 944/-0.08) lo** 0 
i 2.92+/-0.72+/-O.ll)lO** 0 
( 5.46*/-0.26+/-O.lS)lO**-1 
( l.OE*/-O.114pO.O3)10** 0 
( 1.72+/-o-394/-0.05)10** 0 
( 1.70+/-0.2Ot/-O-06)10** 0 
I 1.73+/-0.44+/-0.08110** 0 
i 2.13+;-6.94+;-0.35jlO**-1 
( 4.264~0.344~0.13)10**-1 
i 6.69+/-O-62+;-0.24j lo**- 1 
( 1.24*/-O-064/-0.04)10**-1 
( 2.65+/-0.314/-0.08)10+*-1 
( 4.96+/-3.96t/-O-76)10**-2 
( 2.93*/-0.304/-o. 11) 10*+-z 
( 7.17*/-0.51+/-0.24)10**-2 
( 6.604/-o-724/-0.21) lo**-2 
( 9.74+/-1.26+/-0.31)10**-2 
( 1.22+/-0.18+/-0.04)10**-1 
( 1.134/-o. 144/-o. 04) IO**-I 
I 1.354/-o. 154/-0.05) lo**-1 
i 1.54tj-0.244j-o,o6j~o**-~ 
( l-36*/-0.36+/-0.08)10**-1 
( 6.96+/-2.18+/-0.92) lo**-2 
( 7.57+/-5.47+/-1.27) lo**-2 
( 5.50+/-0.594/-0.21)10**-3 
i 4.27t/-O-664/-O.lUjlO**-2 
( 3.34t/-o.904/-0.24) lo**-2 
( 4.944/-O-84+/-0.17) lo*+-3 
i 1.45*/-0.30t;-0.05j10**-2 
( 9.95+/-6.16*/-0.52)10**-3 
i ?.5Ot;-O-324/-0.05)10**-3 
( 3.62+/-O-914/-0.13)10**-3 
1 3.08+/-0.71,/-O. ll)lO**-3 
f 4.12t/-l-61+/-0.15)10**-3 
( 2.62*/-1.134/-O.lo)to**-3 
( 3.54t/-3.13tpo.25) lo+*-3 
( 1.17+/-0.424/-0.04)10**-3 
( 3.054/-1.14+/-0.11)10**-4 
( 1.3e4/-1.544/-0.06)10**-4 

deuterium 
(fib/GeV') 

( 1.05+/-0.094/-0.04) 10** 1 
( l-764/-0.144L-0.06)10,+ 0 
( B.llt/-0.98+/-0.29)10**-2 
( l-334/-0.354/-0.15)10**-1 

*lab ‘lab 
(Ge V/cl 
4.159 
4.773 
5.749 
3.226 

pl I 

0.77 
0.63 
0.45 
1.04 

(dw 
I.486 

(Gev/cl 
0.11 0.41 
0.50 0.45 
1.00 0.49 
1.00 0.13 

5.985 
9.986 

17.985 

‘lab ‘lab 
(GeV/c) 

4.159 

pl X 

1.14 
0.32 
0.31 
0.82 
1.41 
0.94 

WW 
1.486 
1.4R6 
5.904 
9.985 

17.984 
17.984 . 

(GeV/Cl 
0.11 0.28 

9.415 0.24 0.68 
9.557 1.00 0.64 
5.749 1.00 0.31 
3.226 1.00 0.03 
5.168 1.60 0.08 

‘lab ‘lab pl X 
We V/cl 

0.11 0.19 

IIP 
deuterium 
(lb/GeVZ) 

I l.l3t/-O-60+/-0.05)10** 1 
i 5.89+/-l-60+/-0.21) lo** 0 
( 1.03t/-0.094/-0.04)10** 1 
( 6.36+/-0.40+/-o. 19) lo** 0 
( 1.804/-0.144/-0.05) lo** 0 

(Ge V/c) 
4.159 1.46 

1.03 
1.44 
0.65 

1.485 
2.983 
1.485 

6.390 0.17 0.32 
4.240 0.22. 0.19 
9.415 0.24 0.49 

11.790 0.31 0.62 
6.390 0.33 0.32 
4.405 0.34 0.20 f 7.304/-0.934/-0.28)10+* fJ 

i l-13*/-o.o44j-o.o3jlo** 0 
I 2.214/-0.264/-0.07)10** 0 
i 3.37+/-0.52+/-O.ll;.lO+* 0 
( 3.22t/-O-334/-0.12) lo** 0 
( 3.66+/-0.60+/-o. 18) lo** o 
( 2.20*/-O-83+/-0.28) lo** 0 

1.485 
2.985 

0.42 
1.03 

4.485 1.41 
0.23 
0.63 
1.04 
1.33 
1.61 
1.84 
0.41 

Ii485 14.309 .0.37 0.76 
2.985 9.616 0.50 0.49 
4,485 
5.984 
7.985 
9.985 
2.985 
7.985 
2.985 
4.1185 

17.985 
3.832 
4.485 
4.967 
5.985 
6.802 
7.986 
9.985 

11.985 
14,984 
17.984 
20.985 

4.485 
10.762 
17.986 

5.985 
11.539 
17.987 

7.986 
9.986 

11.985 
14.984 
17.986 
20.985 
12.702 
13.148 
17.987 

6.363 0.50 0.30 
4.773 0.50 0.20 
3.583 0.50 0.12 
2.869 0.50 0.06 

11.990 0.62 0.62 
5.142 0.71 0.20 f 1.204/-0.134/-0.04\10*+ 0 

i 2.65*;-O.l9tj-o.Oqjio**-1 
( s-94+/-0.354/-0.19)10**-1 
i 2.03+/-0.92t/-0.31)10**-1 

1.26 
14.615 

9.971 
2.902 

14.900 
12.736 

0.76 0.76 0.21 
0.78 0.49 0.59 
0.90 -0.04 
1.00 0.76 
1.00 0.64 

1.84 
0.19 
0.35 
0.45 
0.64 
0.76 
0.92 
1.15 

( l-26,/-0.07+/-0.04) lo*+-1 

( 1.87t/-O.l7t/-0.06)10**-1 
11.504 1.00 0.56 

9.557 1.00 0.45 
8.414 
7.175 
5.749 
4.800 
3.854 
3.226 
2.780 

15.154 
6.408 
3.873 

13.190 
6.980 
4.520 

11.486 
9.204 
7.686 
6.172 
5.168 
4.455 
8.166 
8.773 
6.462 

1.00 0.38 
1.00 0.29 
1.00 0.19 
1.00 0.12 
1.00 0.03 
1.00 -0.04 
1.00 -0.10 
1.19 0.76 
1.20 0.20 
1.20 -0.03 
1.38 0.63 

( 2.62*/-0.2&e/-0.09) lo**-1 
t 4.53+/-6,28t/-0.30)10*~-2 
( 1.44+/-0.47t/-0.10)10**-~ 
( 2.09+/-o. 49+/-o. 29) lo+*- 1 
( 1.29t/-O.67t/-O.21) lo**-1 
( 1.254/-0.084~0.05) 1owb2 

1.33 
1.55 
l-74 
1.89 
0.17 
1.04 
1.56 
0.31 
0.96 
1.40 
0.45 
0.68 
0.86 
1.09 
1.27 
1.43 
0.80 
0.73 
1.05 

( 8.82+/-O. 93+/-o. 33) lo**-3 
( 1.99+/-o. 33*/-o. 07) to**-2 

( 2.50*/-O-444/-O.lO)lOs*-3 
f 5.03+/-2.104/-0.18) lo**-3 
( 6.37t/-1.06,~0.23)10**-3 

( 3.044/-1.72+/-0.13)10**-3 
( 5.34t/-5.16+/-0.28)10+*-3 

1.40 0.21 
1.40 -0.02 
1.60 0.49 
1.60 0.33 
1.60 0.22 
1.60 0.08 
1.60 -0.02 
1.60 -0.11 
1.80 0.21 
2.00 0.21 
2.00 -0.01 
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TABLE VIII. Invariant cross sections for proton photoproduction from hydrogen and 
deuterium. 

k = 9 GeV 
h ydrogef 
(!-WGeV I 

( 7.314/-o-334/-0.41)10** 0 
( 3.06*/-0.0%~o.17)10** 0 
( 2.41+/-o.oa+/-o.oa)lo**-1 
( 7.14+/-O-284/-0.34)10**-1 

k = 13 GeV 
hydroget 
f@/GeV ) 

( l-014/-O-124/-O.OS)lO** 1 
t 9.11t/-O-604/-0.26)10**-1 
( 1.20t/-0.04*/-0.04) lo**-1 
( l-134/-0.32+/-o-04)10**-2 

k = 18 GeV 
hydroge? 
(Pb/GeV ) 

( a-41+/-0.67+/-0.52)10** 0 
( 5.24t/-O-934/-0.16)10*+ 0 
t 6.66+/-0.55t/-o. 41) lo** 0 
( 2.51+/-O.lat/-0.07)10** 0 
i l.l84j-0.07+po.o3j lo** 0 
1-4.124/-0.68t/-0.13)10** 0 
i 5.67t/-0.52+/-0.34jlo** 0 
( 3.604~0.19t/-o.10)10**-1 
( l-814/-o-124/-0.05)10** o 
( 2.91+/-0.304/-0.09)10** 0 
( 3.064~0.174~o.la)lo** 0 
( 3.40+/-0.53t/-0.24)10** 0 
( 4.814~0.824~0.49) lo** 0 
f 6.114/-0.354/-0.19) lo+*-? 
i l-374/-o-074/-o.o6jlo** 0 
( 1.44+/-0.054/-0.05110**-1 
( 5.75+/-0.30+/-O.lE)lO**-1 
( l-21*/-O.lO+/-0.12)10** 0 
( 4.39tP0.26+/-O.lS)lO**-2 
f 9.804/-l-12+/-0.33ilO**-2 
i l-434;-o.l24j-0.05j lo**-1 
f 1.64t/-O-154/-0.05)10**-1 
i 2.474./-O-25+/-O.OBilO**-1 
i i-564&o.o9+j-0.09j lo**-? 
( 3.074/-0.20t/-0.11)10**-1 
i 3.504/-0.414j-0.17jlO*+-1 
( 5.07+/-0.62t/-0.30)10**-1 
( 6.45+/-0.444/-0.48)10**-1 
( ~.034/-0.114/-0.08)10** 0 
( 1.17+/-O.O8t/-O.OU)lO**-2 
( 9.61+/-1.294~0.33)10+*-2 
I 1.95t/-0.154/-0.10)10**-~ 
( U-544/-1.08+/-O-16)10**-3 
( 2.91*/-0.43+/-o.lo)lo**-2 
( 5.50+/-O-934/-0.25)10**-2 
( 3.174/-o-41+/-o.ll)lo**-3 
( 6.15+/-1.094~0.22)10**-3 
1 8.984~1.0u4/-0.31)10**-3 
f 1.42+/-O-28*/-0,05)10**-2 
( l-23+/-0.29t/-O.OS)lO**-2 
( 1.47t/-O-41*/-O.Oa)lO**-2 
( 2.62+/-0.58+/-0.09)10**-3 
( 6.864/-2.054/-O-24)101*-4 
( 1.97+/-0.40+/-o-07)10**-3 

a. _ 0 ^ _ ., 

deutarija 
fPb/Gev ) 

( l-30+/-O.O7t/-0.08)10** 1 
( 5.37t/-o.22+/-0.31)10** 0 
( 4.46+/-0.19+/-0.16)10**-1 
( l-284/-O.O7t/-0.06)10** 0 

%b ‘lab 
(de91 (GeV/c) 
1.4R6 4.159 
5.985 4.773 
9.986 5.749 

17.985 3.226 

pl X 
(GeV/c) 
0.11 0.33 0.76 

0.63 
0.45 
1.03 

0.50 0.38 
1.00 0.43 
1.00 0.03 

4 ah ‘lab pl X 
yP 

denteri PI 
B (@b/GeV ) (deg) WV/C) 

1.486 4.159 
(GeV/c) 

0.11 0.20 
0.24 0.65 

1.13 
0.32 
0.31 
0.94 

1.486 9.415 
5.984 9.557 1.00 0.60 

17.984 5.168 1.60 0.02 

elab ‘lab pl X YP denterivp 
Wb/Gev 1 

( l-29+/-O-254/-O.O9l10** 1 
i 9.3O+j-?.074j-0.31j lo+* 0 
( 1.264/-0.084/-0.08)10+~ 1 
i 4.59t/-0.28tPO.14) lo?* 0 
( 1.93*/-O.llt/-O-06)10** 0 

(d@g) (GFJV/C) 
1.485 4.159 

(GeV/cl 
0.11 0.1 
0.17 0.27 
0.22 0.12 
0.24 0.46 
0.31 0.60 
0.33. 0.27 
0.34 0.12 
0.37 0.74 
0.50 0.46 
0.50 0.25 
0.50 0.14 
0.50 0.03 
0.50 -0.05 
0.62 0.59 
0.71 0.14 

1.45 
1.03 1.485 6.390 

2.984 4.248 
1.485 9.415 
1.485 11.790 
2.985 6.390 
4.485 4.405 

1.43 
0.65 
0.42 
1.03 
I.40 
0.23 
0.63 
1.04 
1.32 
1.60 
1.82 
0.41 

( 9.16+/-O-78+/-0.57) lOa* 0 
( 6.504~0.304~0.20)1.0,*-1 
( 3.08+/-0.34t/-0.10) lo** 0 
i 4.41+/-0.45+/-o.t5;10** 0 
( 5.92+/-0.82+/-0.34) lo+* 0 
( 7.20+/-O. 69*/-O. 49) lo*.? 0 
( a.284/-1.32t/-0.76)10** o 

1.485 14.309 
2.985 9.616 
4.485 6.363 
5.985 4.773 
7.985 3.583 
9.985 2.869 
2.985 11.990 
7.985 5.142 
2.985 14.615 
4.485 9.971 

17.985 2.902 
3.832 14.900 
4.4R5 12.736 
4.967 11.504 
5.985 9.557 
6.802 8.414 
7.985 7.175 
9.905 5.749 

11.9R5 4.800 
14.984 3.854 
17.984 3.226 

1.25 
0.21 
0.59 
1.82 
0.19 
0.35 
0.45 
0.63 
0.76 

( 2.37+/-0.16+/-O.lO)lO+*.O 
( 2.49+/-0.094/-0.08)10**-1 
( 9..70+/-0.534/-0.33) lo**.-? 
( 2.40+/-O.lBt/-0.21)10** 0 

0.76 0.74 
0.78 0.46 

( 1.72+/-0.07+/-0.06)10**-1 

( 3.85tP0.21*/-0.13)10**-1 

0.90 -0.15 
1.00 0.74 
1.00 0.61 
1.00 0.54 
1.00 0.41 
1.00 0.34 
1.00 0.25 
1.00 0.14 

0.92 
1.14 ( 6.04+/-0.36t/-0.23)10**-1 

[ 6.23t/-o.9lt/-o.3o)lO**-1 
( 1.044/-0.094/;0.06) lo** 0 
( l-284/-O.OBt/-0.09)10** 0 
( 1.75+/-0.10+/-o-13)10** 0 
( 2.12*/-O.lOt/-0.08)10+*-2 

1.00 0.05 
1.00 -0.05 
1.00 --0.14 
1.00 -0.21 
1.19 0.74 
1.20 0.15 
1.20 -0.11 
1.38 0.60 

1.32 
1.54 
1.72 
1.87 
0.17 
1.04 
1.55 
0.31 
0.95 
1.40 
0.45 
0.68 
0.86 

20.907 2.780 
4.485 15.154 

10.762 6.408 
17.986 3.073 

5.985 13.190 
11,539 6.980 
17.987 4.520 

( l-424/-O-12*/-0.05)10**-2 
( 6.094/-O-744/-0.22)10**-2 

( 6.844~0.574/-0.31) lo**-3 
( 6.59+/-2.22*/-o. 2s) lo**-3 
( 1.62+/-O-164/-0.06) lo**-2 

( 2.62+/-0.36+/-O. 11) lo*+-2 

1.40 0.16 
1.40 -0.10 

7.986 11.486 
9.986 9.204 

11.985 7.686 
14.904 6.172 
17.987 5.168 
20.985 4.455 

1.60 0.46 
1.60 0.30 
1.60 0.17 
1.60 0.03 
1.60 -0.08 

1.08 
1.26 

1.60 -0.18 1.42 
12.702 8.166 1.80 0.17 
13.148 a.773 2.00 0.17 

0.80 
0.73 

17.987 6.462 2.00 -0.07 1.04 
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TABLE IX. Invariant cross sections for 5 photoproduction from hydrogen and deuterium. - 

k = 9 GeV 
hydroge$ 
(Ctb/GeV ) 

( 6.09+/-o-95+/-1.72) lo**-1 
( l-86+/-O-17+/-0.48)10**-1 
( 3.49+/-O-62+/-0.16)10**-3 
( 9.24+/-2.63+/-2.58) lo**-3 

k = 13 Gel 
hydrogen 
( Pb/GeV2) 

( 1.22+/-O-44+/-0.25)10** 0 
f 8.49+/-l.19+/-0.29)10**-2 
i 3.outj-o-44+;-0.11; 10**-3 
( 2.32+/-0.5Ot/-0.08)10**-2 
( 1.16*/-0.92+/-o. 31) lo**-2 
(-1.70+/-3.57+/-0.15)10**-4 

deuteri!a 
fkb/GeV ) 

( 6.93+/-z.lg+/-2.85) lo**-1 
( 4.31+/-O-39+/-1.06)10**-1 
( 7.15+/-1.72Y-0.37)10~*-3 
( l-93*/-0.64,~0.57) lo+*-2 

‘lab 
MegI 
1.406 
5.985 
9.986 

17.985 

‘lab pl r 
(GeV/c) (GeV/c) 

4.159 0.11 0.33 
4.773 0.50 0.38 
5.749 1.00 0.43 
3.226 1.00 0.03 

*lab PIab pl. X 

(de4 (GeV/c) (GeV/c) 
1.486 4.159 0.11 0.20 
1.486 9.415 0.24 0.65 
5.984 9.557 1.00 0.60 
9.985 5.749 1.00 0.25 

17.984 3.226 1.00 -0.07 
17.984 5.168 1.60 0.02 

e lab 
(deg) 
1.485 
1,485 
2.983 
1.485 
1.485 
2.985 
4.485 
1.485 
2.985 
4.485 
5.984 
7,985 
9.985 
2.985 
7.985 
2.985 
4.4R5 

17.985 
3.832 
4. U85 
4.967 
5.985 
6.802 
7.986 
9.985 

11.985 
14.984 
17.984 
20.985 

4.405 
10.762 
17.986 

5.985 
11.539 
17.987 

7.986 
9.986 

11.985 
14.984 
17.986 
20.985 
12.702 
13.148 
17.987 

‘lab pl X 

(GeV/c) (GeV/c) 
4.159 0.11 0.12 
6.390 0.17 0.27 
4.248 0.22 0.12 
9.415 0.24. 0.46 

11.790 0.31 0.60 
6.390 0.33 0.27 
4.405 0.34 0.12 

14.309 0.37 0.74 
9.616 0.50 0.96 
6.363 0.50 0.25 
4.773 0.50 0.14 
3.563 0.50 0.03 
2.869 0.50 -0.05 

11.990 0.62 0.59 
5.142 0.71 0.14 

14.615 0.76 0.7u 
9.971 0.78 0.46 
2.902 0.90 -0.15 

14.900 1.00 0.74 
12.736 1.00 0.61 
11.504 1.00 0.54 

9.557 1.00 0.41 
8.414 1.00 0.34 
7.175 1.00 0.25 
5.749 1.00 0.14 
4.800 1.00 0.05 
3.854 1.00 -0.05 
3.226 1.00 -0.14 
2.780 1.00 -0.21 

15~154 
a.408 

1.19 0.74 
1.20 0.15 

3.873 1.20 -0.11 
13.190 1.38 0.60 

6.980 1.40 0.16 
4.520 1.40 -0.10 

11.486 1.60 0.46 
9.204 1.60 0.30 
7.686 1.60 0.17 
6.172 1.60 0.03 
5.168 1.60 -0.08 
4.455 1.60 -0.18 
8.166 1.80 0.17 
8.773 2.00 0.17 
6.462 2.00 -0.07 

PP 
0.76 
0.63 
0.45 
1.03 

% 
1.13 
0.32 
0.31 
0.82 
1.40 
0.94 

k = 18 GeV 
hydrogen 
(pb/GeV') 

( 1.67+/-0.28+/-0.34)10** 0 
I 8.62+/-3.24+/-0.27) lo**-1 
( l-48+/-O.lEt/-0.27)10** 0 
( U-84+/-O-78+/-0.14) lo**-1 
( l.68+/-O-26+/-0.05)10**-1 
( 6.60+/-2.77+/-0.21) lo**-1 
( 1.25*/-0.23*/-0.20)10** 0 
f 2.13t/-O-42+/-0.08)10**-2 
i 2.66tj-0.32+j-o.oBilO**-1 
( 6.16+/-1.28+/-0.19)10**-1 
I 7.07+/-0.67t/-l.lO)lO**-1 
i 6.23;;-1.20+;-0.9$10**-1 
( 3.24+/-l.SSt/-0.61)10**-1 
i 7.61*/-0.84t/-0.25;10*+-2 
( 2.47+/-0.2Ot/-0.11) lo**-1 
i 7.OSt/-0.46+/-0.25)10**-3 
i 1.05+/-0.11+f-0.03j10**-1 
( 3.59*/-o-79+/-0.70)10+*-2 
i l-39*;-0.37+;-0.06)10**-3 
( l-07,/-o-13*/-O.O4)1O*t-2 
r 1.39+/-0.21t/-0.05)l0**-2 
i 2.70tj-0.4o+j-o.o9jlo*+-2 
I 3m96+/-0.6Ot/-O.13)1o*a-2 
( 3.52*/-0.46+/-0.13) lo**-2 
( 3.07+/-0.4U+/-0.11)10**-2 
( 4.09t/-0.72+/-0.71)l0**-2 
i 2. oltj-0.94+/-o. 40) lo**-2 

( 1.57*/-0.44+/-0.3-f) lo**-2 
(-0.23*/-l. 16+/-0.15) lo**-2 
( l.54+/-l.O6t/-0.09)10~~-4 
( 8.75*/-1.90+/-0.31)10**-3 
( 1.74*/-2.10+/-0.57)10**-3 
( U.87+/-1.47+/-o.20)10**-4 
( 2.22t/-O.73+/-0.08)lO~~~3 
i 2.19tj-1.31tj-0.52/10**-3 
( 2.01+/-0.76+/-O.OE)lO**-4 
f 8.78+/-2.83+/-O. 34)10**-4 

deuteriua 
(pb/GeV2) 

( 6.73*/-l-65+/-1.26)10*+ 0 
( Z-49+/-O,Ult/-O.lo)~o** 0 
( 2.73+/-0.27*/-0.52) lo+* 0 
( 8.50+/-0.99t/-o.31)10+*-1 
( 3.32*/-0.37*/-0.13) 10+*-l 

( 2.21+/-0.30+/-0.37)101+ 0 
( 5.43+/-0.56+/-0.30) lo**-2 
( 5.68+/-O.Elt/-0.20)10**-1 
( 1.214/-o. 17+/-0.04)10** 0 
( l-38+/-O.llt/-0.23) low 0 
( 8.82+/-l-61*/-1.56)10**-1 
( 6.02+/-1.81+/-l.lE)lWe-1 

( u.23+/-0.41+/-o.zl)lo**-1 
( 1.41+/-0.14+/-0.06)101*-2 
1 l-87+/-O.llt/-0.07) IO**-l 
( 4.68+/-1.92+/-0.99) low-2 

f 2.04*/-O.l7t/-0.08) IO**-2 

1 5.29t/-o.52+/-0.20) 10**-2 

1.45 
1.03 
1.43 
0.65 
0.42 
1.03 
1.40 
0.23 
0.63 
1.04 
1.32 
1.60 
1.82 
0.41 
1.25 
0.21 
0.59 
1.82 
0.19 
0.35 
0.45 
0.63 
0.76 
0.92 
1.14 
1.32 
1.54 
1.72 
1.87 
0.17 
1.04 
1.55 
0.31 
0.95 
1.40 
0.45 
0.68 

( 7*94+/-0.74t/-O.32)10**-2 
( g-92+/-2.08+/-1.66) lo+*-2 
( 7.16+/-l-43+/-1.17)lO**-2 
( 3.69*/-1.04+/-0.78) lo**-2 
( z-30+/-l.U7t/-0.46) lo**-2 
( 2.12+/-0.58+/-0.17)10**-4 

( ~.37+/-1.80t/-0.37)10**-4 
( 5.82+/-0.94+/-0.24) 10**-3 

( 6.08*/-1.29tPo.33) IO**-4 
( 2.01+/-0.66t/-0.08)10**-3 
1 1.19+/-0.30*/-0.05)10**-3 

( 8.91,~4.3lt/-0.54) lo**-4 
(-1.35+/-6.674/-1.02)10++-4 

0.86 i 4.3utj-1.99+j-o.l7j10~*-4 
1.08 ( 7.53+/-3.23+/-0.34)10**-4 
1.26 
1.42 
0.80 

i 3.82+/-2,43t;-0.24;10**-U 
(-7.19*/-4.09+/-O-36)10**-4 
I l-38+/-O-93+/-0.05)10**-4 
(-l.29+/-5.19+/-O.OS)lO**-5 
( 7.04+/-4.41+/-0.29)10**-5 

0.73 
1.04 

- 80 - 



TA
BL

E 
X.

 
P

ar
am

et
er

s 
ob

ta
in

ed
 

fro
m

 
th

e 
em

pi
ric

al
 

fit
s 

to
 t

he
 

18
 G

eV
 i

nv
ar

ia
nt

 
cr

os
s 

se
ct

io
ns

. 
Th

e 
fit

s 
w

er
e 

of
 t

he
 f

or
m

 

3 
$“

” 
4 

pI
 )

 =
 1

00
0 

c 
-(

C
nP

1?
 

> 
(~

-x
T)

~ 
ew

D
p 

n=
l 

P
ar

am
et

er
s 

in
di

ca
te

d 
w

ith
 

a 
* 

w
er

e 
co

ns
tra

in
ed

 
to

 a
 c

om
m

on
 

va
lu

e.
 

Th
e 

co
lu

m
n 

la
be

lle
d 

R
ea

ct
io

n 
sp

ec
ifi

es
 

hy
dr

og
en

 
@

I) 
or

 
de

ut
er

iu
m

 
(D

) 
ta

rg
et

 
an

d 
th

e 
de

te
ct

ed
 

pa
rti

cl
e.

 

R
ea

ct
io

n 
Al

 
81

 
C

l 
A2

 
82

 
C

l 
A3

 

+ 
H

a + 
D

* 

H
 1

; 

D
 

x-
 

R
 

Ii+
 

D
 K

' 

H
 K

- 

0 
Ic

- 

H
P 

D
 P

 

H
$ D
G

 

5.
42

3 

7.
07

6 

1.
15

4 

2.
30

0 

3.
17

5 

3.
69

9 

0.
29

4 

1.
19

1 

0.
13

0 

2.
07

8 

2.
22

3 

0.
10

4 

G
eV

 
G

eV
 -1

 
-5

.0
07

 
1.

27
6 

-8
.5

76
 

12
.2

07
 

1.
76

6 
8.

59
3 

-6
.5

06
 

1.
42

7 
-1

1.
17

 
21

-6
6 

2.
00

9 
12

.7
0 

-0
.3

19
 

1.
39

5 
-0

.5
31

 
1.

90
6 

2.
77

5 
0.

89
9 

-0
.7

56
 

1.
43

4 
-2

.2
24

 
6.

45
6 

2.
69

8 
3.

38
6 

-3
.2

54
 

1.
56

5*
 

-1
0.

19
 

9.
39

6 
1.

56
5+

 
12

.7
1 

-4
.1

87
 

1.
87

5*
 

-1
0.

18
 

10
.9

9 
l-8

75
* 

11
-4

4 

-0
.2

81
 

2.
07

6*
 

-0
.0

82
 

0.
37

2 
2.

07
6*

 
0.

11
5 

-1
.1

26
 

1.
87

4*
 

-1
.4

02
 

1.
17

8 
1,

87
4*

 
2.

52
9 

-1
0.

43
 

2.
00

8*
 

45
.8

2 
11

.2
6 

2.
00

8*
 

-6
9.

34
 

-1
6.

64
 

l-6
52

* 
78

.3
3 

13
.3

3 
1.

65
2*

 
-1

15
.0

 

-5
.7

74
 

1.
33

9*
 

17
.3

9 
7.

89
0 

1.
33

9*
 

-1
5.

34
 

-3
1-

34
 

3.
95

3*
 

37
.5

1 
40

.4
9 

3.
95

3*
 

-3
0.

30
 

-2
0.

98
 

-4
5.

50
 

-8
.8

77
 

-2
3.

81
 

-6
.8

62
 

-7
.2

77
 

c3
 

G
eV

 -1
 

2.
29

9 

2.
38

4 

2.
79

6 

2.
87

7 

1.
56

5*
 

l-8
75

* 

A4
 

84
 

2%
 

-3
,9

62
 

-6
.5

54
 

-0
.9

92
 

-2
.4

32
 

-5
.2

84
 

d-
52

3 

-0
.1

67
 

-1
.9

59
 

36
.7

7 

62
.7

3 

13
.6

7 

31
.4

4 

7.
70

9 

19
.3

7 

c4
 

G
eV

 -1
 

2.
45

0 

2.
44

4 

2.
58

0 

2.
78

3 

L 

D
 

G
eV

 -1
 

7.
13

9 

7.
03

0 

6.
59

7 

6.
46

3 

6.
66

2 

6.
54

2 

6.
44

4 

6.
94

4 

7.
52

7 

7.
57

1 

8.
59

9 

8.
38

6 

k2
,d

.f.
 

3.
8 

6.
8 1.
4 

1.
3 

1.
4 

1.
3 

1.
3 

3.
1 1.
3 

1.
2 

1.
5 

1.
2 

- 
81

 
- 



Table Xl. Fitted slope parameters for 18 GeV invariant cross 

sections for yp-c X at x=3.2, ~>0.5 GeV/c. Fits were of the 

form 

slope b 

(GeV/c 1-l 

x2/d.f. 

+ 
71 -6.570+/-0.033 

ll- -5.518+/-0.034 

K+ -6.336+/-0.128 

K- -6.368+/-0,122 

P -7.384+/-0.096 

p’ -9.189+/-0.240 

15/6 

3/6 

9/g 

3/9 

419 

7/9 
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Table XII. Relative signs of Regge exchange amplitudes of 

isospin,I, G-parity G, and charge conjugation C, for the 

inclusive photoproduction reactions (i,j), where i=p,n 

designates the target and j=+,- designates the charge of the 

detected particle. 

Amp1 itude IG(C) (p,+) (p,-) (n,+) (n,-1 

P,f O+(+) + + + + 

w o-c-1 + + 

P 1+(-I + + 

T 
A2 

l-C+) + + 

Table XIII. Fitted parameters for yp-c X at x=0.2, P, >0.5 

Geld/c, from the constituent interchange model. 

the form 

Reaction f P id 

+ 
7T 77. 0.71+/-0.99 ti.2+/-0.2 

7r- 35. 1.17+/-0.09 5.5+/-0.2 

K' 106OC. 0.80+/-0.33 8.7+/-2.1 

K- 72. 1.80+/-0.30 5.9+/-1.2 

'j 66 . 1.84+/-9.37 7.1+/-2.0 

L 

The fit was of 

M x2/d.f 

0.97 19/11 

0.90 29/13 

1.52 la/8 

1.19 22/10 

1.18 7/8 
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FIGURE CAPTIONS 

Fig. 1. Schematic of the photon beam line and experimental 

layout. The 1.6 and 8 GeV/c spectrometers were not 

used in this experiment. - 

Fig. 2. Effective beam energy spectrum after subtraction. 

B(EO,k) is the bremsstrahlung function normalized such 

that the number of photons per GeV per equivalent 

quantum at energy k for a bremsstrahlung beam of 

endpoint energy E. is given by B(EO,k)/k. 

Fig. 3. Plan and elevation views of the SLAG 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. 

Fig. 4. Calculated trajectories through the spectrometer for 

selected initial values of horizontal and vertical 

angle (0 and 41, horizontal position lx>, and momentum 

deviation (6 1. 

Fig. 5. Detector arrangement in spectrometer hut. The missing 

mass hodoscope (MM) was present but not used in the 

experiment. 
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Fig. 6. Peyrou plot showing c.m. kinematics for which the 18 

GeV pion data were taken. 

Fig. 7. 18 GeV invariant cross section at a fixed value of x 

vs. transverse momentum p 
1 

for photoproduction qf r*, 

K+, PI and T’ from hydrogen. 

Fig. 8. 18 GeV invariant cross section vs longitudinal mass p 

for production of pions and kaons from hydrogen at 

fixed values of x. Squares and circles have been used 

for alternate values of x for clarity. The sol id 

1 ines represent- an-exponential fitted to the 7r+ ( K+ ) 

data at x=0.2, pLLQ.5 GeV/c. The fitted exponential 

at x=0.2 has been repeated for the other values of x 

for purposes of comparison. The pion result is also 

shown as the dashed curve on the kaon figure. 

Fig. ‘3. 18 GeV invariant cross sections vs. longitudinal mass 

p for p and 6 product ion off hydrogen for fixed values 

ial f i tted 

show the 

of x. The sol id 1 ines represent an exponent 

to the x=0.15 GeV/c data. The dashed curves 

comparable result for detected n+. 



Fig. 10. 18 GeV invariant cross sections vs x for pion and 

kaon production off hydrogen for fixed values of 

transverse momentum p 
1 

. The curves represent the 

empirical fits used in interpolating the data and in 

obtaining some of the corrections used in the * 

analysis. 

Fig. 11. 18 GeV invariant cross sections vs x for production 

of p and p from hydrogen for fixed values of 

transverse momentum pL. See Fig. 10 for additional 

comments. 

Fig. 12. Deuterium to hydrogen ratios for pion and kaon 

photoproduct ion at 18 GeV as a function of x and 

transverse momentum pI. 

Fig. 13. iIeuterium to hydrogen ratios for p and 5 

photoproduction at 13 GeV as a function of x and 

transverse momentum pI. 

F ig. 14. Particle to antiparticle ratios for pion and kaon 

photoproduction at 18 GeV from protons and neutrons as 

a function of x and transverse momentun I-> I’ 

Fig. 15. p to p ratio at 18 GeV from protons and neutrons as a 

function of x and transverse momentum pI . 
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Fig. 16. 19ueller-Regge exchange diagram for a + b-c + X in 

the beam fragmentation region. 

Fig. 17. Separated exchange amp1 itudes Ai vs. “projectile 

frame” rapidity y p for pion photoproduction at oL=l. 

GeV/c. The amplitudes were formed by straight sums 

and differences of invariant cross sections as 

described in the text and Table XII. The sums have 

not been divided by 4 or otherwise renormalized. 

Fig. 18. Separated p and u exchange amp1 itudes vs. “project i le 

f Tame” rapidity- for y N - TX and Yfq -K X at fixed 

transverse momenta. 

Fig. 19. Deuterium to hydrogen ratios vs. transverse momentum 

for unsubtracted (see text) K*, p, and T’ yields. The 

dashed lines show the average values obtained for I<- 

and p production. 

F ig. 20. Invariant cross sections vs “projectile frame” 

rapidity yp for pion photoproduction off hydrogen at 

fixed values of transverse momentum pL. The 9, 13, 

and 18 GeV data are from this experiment. Additional 

data are from refs 5 (9.3 GeV), 12 (6 GeV), and 13 

(9.85 GeV) . The solid (dashed) curves are a 

calculation of the contribution from the 

quasi-two-body react ion yp -pp at 18 (6) GeV. 
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F 

t 

Fig. 21. Invariant cross sections vs “projectile frame” 

rapidity y 
P 

for kaon photoproduct ion off hydrogen. 

The 9, 13 and 18 GeV data are from this experiment, 

while the 6 GeV data are from ref. 12. The sol id 

(dashed) curves are a calculation of the contribution 

from the quasi-two-body react ion yp -+p at 18 (6) 

GeV. 

lg. 22. Invariant cross sections for p and 6 photoproduction 

vs laboratory (for p) or projectile (for E) rapidity 

at fixed transverse momenta. The 6 GeV data are from 

ref. 12. The a-t-rows indicate the values y =O. at 6 
P 

and 18 Ge\J. 

Fig. 23. 7?- 7rW and K’ - K- invariant cross section 

differences, multiplied by s’ to compensate for the 

expected energy dependence, plotted against 

“project i 1 e frame” rap id i ty y at fixed transverse 
P 

momen t a. The 6 GeV data are from ref. 12. The curves 

give the behavior expected from pp data in the central 

region using the Mueller-Regge model and 

factorization, neglecting meson-meson exchange (see 

text 1. 

Fig. 24. Mueller-Regge exchange diagram for a + b-c + X in 

the central region. 
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Fig. 25. Quark exchange diagram illustrating the expected 

suppression of meson-meson terms in the simple 

!*luel ler-Regge model for yp-K+ X. In this figure 

the photon has been shown as a p (or WI meson. To the 

extent that the photon also acts as a $ meson (Ax 

pair), the argument fails. 

Fig. 26. Summary of fits to the constituent interchange model 

of ref. 47. The blocked areas show the values of PJ 

and P, as defined in the text, allowed by the model. 

The sol id squares give the values most preferred by 

the data, while- the hatched areas show the range of 

values consistent with the data. 

F i ,g . 27. Comparison of the measured invariant cross section vs 

transverse momentum pL for yp-n-X at x-O.2 with 

the best fit values obtained from the constituent 

interchange model of ref. 46. 

Fig. 28. invariant cross sections for 7r*, K*, and i; 

photoproduction at x = 0.2 and pI = 1.0 GeV/c, plotted 

against E*/GBx, where E” is the c.t-11. energy of the 

observed particle and EL,, is its maximum value. The 

curves show the behavior of E for different values of 

P, where E = 1. - E*/E&,. The 6 GeV data are from 

ref. 12. 
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ADDEND’JM 

SLAC experiment E-66 was performed to measure inclusive 

charged part icl e photoproduct ion. From a physics viewpoint 

one is interested in cross sections for mono-energetic 

photons, whereas experimentally one uses a bremsstrahlung 

beam with a continuous energy spectrum. To obtain cross 

sections at the desired energy a subtraction technique was 

used which utll lzed bremsstrahlung beams with endpoints above 

and below the nominal energy. The purpose of this addendum is 

t to present 18 GeV particle yields from the unsubtracted 

bremsstrahlun.? beam. These data should be of value to other 

experimenters doing electroproduction or photoproduction 

experiments. 

To obtain the 18 GeV data, endpoints of either 17 and 19 

GeV or 16 and 20 GeV were used. in order to present data for 

a single endpoint energy over the full kinematic range covered 

by the experiment, we have averaged the 16 and 20 GeV or 17 

and 19 GeV yields and present these as approximating the 

yields from an 18 GeV bremsstrahlung beam. On the scale of 

the drawings presented, the error introduced by this simple 

averaging is negl igible. 

Figures Al-AS show the measured laboratory yields per 

dm 
equivalent quantum, ds2dp , of 7r*, K*, p, and P using a 

hydrogen target. The data are plotted vs laboratory momentum, 

and 1 ines have been drawn between points at the same 

1 aboratory angle to gu ide the eye. The error bars shown 

- Al - 



include both statistical and estimated systematic 

uncertainties in the data. in addition to these, there is an 

overall 6% normal ization error uncertainty not shown in the 

figures. 

FIGURE CAPTIONS FOR ADDENDUM 

Fig. Al. n* yields from hydrogen for an 18 GeV incident 

bremsstrahlung beam. 

Fig. A2. K’ yields from hydrogen for an 18 GeV incident 

bremsstrahlung beam. 

Fig. AS. K- yields from hydrogen for an 18 GeV incident 

bremss t rahl ung beam. 

Fig. A4. Proton yields from hydrogen for an 18 GeV incident 

bremsstrahlung beam. 

Fig. AS. 5 yields from hydrogen for an 18 CeV incident 

bremsstrahlung beam. 
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